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Table S5.  Table summarizing reactions that lead to the suggestion, discovery, and identification of various reaction intermediates

Acylium ions (oxocarbonium ions) 

C OR C OR
++

Reviews:
Olah, G.A.; Germain, A.; White, A.M. in Carbonium Ions (G.A. Olah; P.v.R. Schleyer, eds.) Wiley-Interscience:  New York, 1976, Vol. 5, p. 2049
- 2133 

COOH C

O

H2SO4

+

HSO4
- +  H2O

Treffers, H.P.; Hammett, L.P. J. Am. Chem. Soc. 1937, 59, 1708
Burton, H.; Praill, P.F.G. J. Chem. Soc. 1955, 729
Chmiel, C.T.; Long, F.A. J. Am. Chem. Soc. 1956, 78, 3326
Ladenheim, H.; Bender, M.L.. J. Am. Chem. Soc. 1960, 82, 1895
Bender, M.L.; Feng, M.S. J. Am. Chem. Soc. 1960, 82, 6318
Bender, M.L.; Ladenheim, H.; Chen, M.C. J. Am. Chem. Soc. 1961, 83, 123
Yamase, Y. Bull. Chem. Soc. Jpn. 1961, 34, 484
Cook, D. Can. J. Chem. 1961, 40, 445
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N-Acylonium ions (acylammonium ions)
 

O

R1 N

R4

R2

R3

+

Reviews:
Beckwith, A.L.J. in The Chemistry of Amides (Zabicky, J.; ed.) Wiley-Interscience:  New York, 1970, Chapter 2, p. 77-81

Kröhnke, F.; Heffe, W. Chem. Ber. 1937, 70B, 1720
Prey, A. Chem. Ber. 1942, 75, 537
Adkins, H.; Thompson, Q.E. J. Am. Chem. Soc. 1949, 71, 2242
Klages, F.; Zange, E. Ann. Chem. 1957, 607, 35
Cook, D. Can. J. Chem. 1962, 40, 2362

Alleneoxide
 

O

R2

R1
R3

R4

Reviews:
Chan, T.H.; Ong, B.S. Tetrahedron 1980, 36, 2269
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O

tBu

H

tBu

tBu

H

tBu

H

mCPBA

Camp, R.L.; Greene, F.D. J. Am. Chem. Soc. 1968, 90, 7349
 

O

O

OAc
OH

CH3(CO)OOH

64%

+

27%

Crandall, J.K.; Paulson, D.R.; Bunnell, C.A. Tetrahedron Lett. 1968, 5063 

O

O

OAc

O

OH

O

OAcHO O

O O

HOOAc

Crandall, J.K.; Machleder, W.H. J. Am. Chem. Soc. 1968, 90, 7292

Aromatic π-complexes
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X

Reviews:
Stock, L.M. Adv. Phys. Org. Chem. 1963, 1, 35
Berliner, E. Prog. Phys. Org. Chem. 1964, 2, 253
Baciocchi, E.; Illuminati, G. Prog. Phys. Org. Chem. 1967, 5, 1
Olah, G.A. Acc. Chem. Res. 1971, 4, 240
Lenoir, D. Angew. Chem. Int. Ed. 2003, 42, 854

(i) Charge transfer complexes

Reviews:
Dewar, M.J.S. Electronic Theory of Organic Chemistry, Oxford University Press:  New York, 1949
Kosower, E.M. Prog. Phys. Org. Chem. 1965, 3, 81
Blatchly, J.M. Educ. Chem. 1970, 7, 62
Ruasse, F. Adv. Phys. Org. Chem. 1993, 28, 207
 

NH2

NH

NH2
NH

H

NH2

HN

H

+

+ +

Dewar, M.J.S. Nature 1945, 156, 784 (first suggestion)
Dewar, M.J.S. J. Chem. Soc. 1946, 406; 777
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CH3 CH3

HAlCl4 H+   AlCl4
-

Brown, H.C.; Brady, J.D. J. Am. Chem. Soc. 1952, 74, 3570
 

Al Br

Br

Br

AlBr3

Brown, H.C.; Wallace, W.J. J. Am. Chem. Soc. 1953, 75, 6265
 

+N N+

O

O

O -

- O

Addison, C.C. Rec. Trav. Chim. Pays-Bas 1956, 75, 626
 

OH

NO2O2N

NO2

Ar

Kross, R.D.; Fassel, V.A. J. Am. Chem. Soc. 1957, 79, 38
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R

CHCl3

     

 
R2

R1

CHCl3

Reeves, L.W.; Schneider, W.G. Can. J. Chem. 1957, 35, 251
(proton NMR signal of chloroform as function of concentration of aromatic or olefinic compound)

Brown, H.C.; Stock, L.M. J. Am. Chem. Soc. 1957, 79, 1421
 

CNNC

NC CN

R2

R1
R1 = H, R2 = H

R1 = H, R2 = CH3

R1 = CH3, R2 = CH3

Merrifield, R.E.; Phillips, W.D. J. Am. Chem. Soc. 1958, 80, 2778
Cairns, T.L.; Carboni, R.A.; Coffman, D.D.; Engelhardt, V.A.; Heckert, R.E.; Little, E.L.; McGeer, E.G.; McKusik, B.C.; Middleton, W.J.;
Scribner, R.M.; Theobold, C.W.; Windberg, H.E. J. Am. Chem. Soc. 1958, 80, 2775
 

W

CO

OC
CO

OC Me6

Me6

+  W(CO)6
- 2 CO

W(CO)3
- CO

Manuel, T.A.; Stone, F.G.A. Chem. Ind. 1959, 1349
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R

HX X = Cl, Br

Brown, H.C.; Melchiore, J.J. J. Am. Chem. Soc. 1965, 87, 5269
 

O

NO2O2N

NO2

Ar

Schenk, G.H.; Vance, P.W.; Pietrandrea, J.; Mojzis, C. Anal. Chem. 1965, 37, 372

(ii) "Sandwich" complexes (metallocenes)

Reviews:
Jutzi, P. Pure Appl Chem. 1989, 61, 1731
Grebenik, P.; Grinter, R.; Perutz, R.N. Chem. Soc. Rev. 1988, 17, 453
Jonas, K. Pure Appl. Chem. 1984, 56, 63
Schloegel, K. Pure Appl. Chem. 1970, 23, 413
Schloegel, K. Top. Stereochem. 1967, 1, 39

Hein, F. Chem. Ber. 1919, 52, 195
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H Cl
H MgBr

Fe+2

H MgBr

3
- 3 MgBrCl
- FeCl2

2 FeCl3

EtBr
Mg

EtMgBr
- EtH

_

_
+

Kealy, T.J.; Pauson, P.L. Nature 1951, 168, 1039
Wilkinson, G.; Rosenblum, M.; Whiting, M.C.; Woodward, R.B. J. Am. Chem. Soc. 1952, 74, 2125
Woodward, R.B.; Rosenblum, M.; Whiting, M.C. J. Am. Chem. Soc. 1952, 74, 3458
Eiland, P.F.; Pepinsky, R. J. Am. Chem. Soc. 1952, 74, 4971
Wilkinson, G. J. Am. Chem. Soc. 1954, 76, 209

M = Co, Rh; X = Cl, Br

[MC6Me6]+n [AlX 4
-]nMXn  +  n AlCl3  +  2  Me6C6

Fischer, E.O.; Lindner, H.H. J. Organometallic Chem. 1964, 1, 307

Aromatic σ-complexes (see Meisenheimer-Jackson complexes and Janovsky complexes for negatively charged complexes;
Wheland intermediates for positively charged complexes)
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E R4

R1

R6 R2

R5 R3

E R4

R1

R6 R2

R5 R3

E R4

R1

R6 R2

R5 R3

Reaction with electrophiles, E+

+

+ +

 
R1 Nu

R2

R3

R4

R5

R6

R1 Nu

R2

R3

R4

R5

R6

R1 Nu

R2

R3

R4

R5

R6
_

_

_

Reaction with nucleophiles, Nu-

Reviews:
Ross, S.D. Prog. Phys. Org. Chem. 1963, 1, 31
Stock, L.M. Adv. Phys. Org. Chem. 1963, 1, 35
Berliner, E. Prog. Phys. Org. Chem. 1964, 2, 253
Baciocchi, E.; Illuminati, G. Prog. Phys. Org. Chem. 1967, 5, 1

Buncel, E.; Norris, A.R.; Russell, K.E. Quart. Rev. Chem. Soc. 1968, 22, 123
Olah, G.A. Acc. Chem. Res. 1971, 4, 240
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H H

+  HF  +  BF3 + BF4
-

Kilpatrick, M.; Luborsky, F.E. J. Am. Chem. Soc. 1953, 75, 577
Olah, G.A.; Kuhn, S.J.; Pavlath, A. Nature 1956, 178, 693
Olah, G.A.; Kuhn, S.J.; Pavlath, A. J. Am. Chem. Soc. 1958, 80, 6535; 6541
Doering, W.v.E.; Saunders, M.; Boyton, H.G.; Earhart, H.W.; Wadley, E.F.; Edwards, W.R.; Laber, R. Tetrahedron 1958, 4, 178

Arylium ions (see phenyl cation)

Aziridinium ions
 

N+

R R

R1 R2

Reviews:
Crist, D.R.; Leonard, N.J. Angew. Chem. Int. Ed. 1969, 8, 962
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N
ClCl

N+
Cl

N
ClHO

N+
OH

N
OHHO

- Cl- H2O

- H+

- Cl-

H2O

- H+

Golumbic, C.; Fruton, J.S.; Bergmann, M. J. Org. Chem. 1946, 11, 518
Fruton, J.S.; Bergmann, M. J. Org. Chem. 1946, 11, 543
Golumbic, C.; Stahlmann, M.A.; Bergmann, M. J. Org. Chem. 1946, 11, 550
 

N

Cl

R R

N+

R

R

Cl

N
R

R

Cl-

Kerwin, J.F.; Ullyot, G.E.; Fuson, R.C.; Zirkle, C.L. J. Am. Chem. Soc. 1947, 69, 2961
Hanby, W.E.; Hartley, G.S.; Powell, E.O.; Rydon, H.N. J. Chem. Soc. Abstr. 1947, 519
Schultz, E.M.; Sprague, J.M. J. Am. Chem. Soc. 1948, 70, 48
Fuson, R.C.; Zirkle, C.L. J. Am. Chem. Soc. 1948, 70, 2760
Freundlich, H.; Salomon, G. Z. Physik. Chem. 1933, 166A, 161
Bartlett, P.D.; Ross, S.D.; Swain, C.G. J. Am. Chem. Soc. 1947, 69, 2971

Benzyne (arynes)

Reviews:
Fields, E.K.; Meyerson, S. Adv. Phys. Org. Chem. 1968, 6, 1
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Gilcrist, T.L.; Rees, C.W. Carbenes, Nitrenes, and Arynes, Appleton-Century Crofts:  New York, 1969
Fields, E.K. in Organic Reactive Intermediates, (S.P. McManus, ed.) Academic Press:  New York, 1973, p. 449
Brown, R.F.C. Eur. J. Org. Chem. 1999, 3211
Sander, W. Acc. Chem. Res. 1999, 32, 669 (m-benzyne and p-benzyne)
Pellissier, H.; Santelli, M. Tetrahedron 2003, 59, 701 (arynes in syntheses)

pyrolysis
CH4  + + other products

Berthelot, A. Compt. Rend. 1866, 63, 790
Berthelot, A. Ann. Chem. 1867, 142, 254
Berthelot, A. Bull. Soc. Chim. Fr. 1867, 7[2], 218
Badger, G.M.; Spotswood, T.M. J. Chem. Soc. 1960, 4420
 

SO3R OH
NaOH

∆
+  RSO3Na  +  H2O

Kekule, A. Compt. Rend. 1864, 64, 753
 

Cl

RO3S

ClRO3S

OHHO
NaOH

∆

- RSO3Na
- H2O

Limpricht, H. Chem. Ber. 1874, 7, 1439
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Br

Br

CH3

NH2

NHNH

+  2  
NaOH

- 2 HBr

Kym, O. J. Prakt. Chem. 1895, 51[2], 325
 

Cl

Cl

Ph2N NPh2ClCl

Cl

Cl

+  2 KCl
2 Ph2N- K+

Haeussermann, C. Chem. Ber. 1900, 33, 939
Haeussermann, C. Chem. Ber. 1901, 34, 38
 

O

Br

O O

OEt

EtOHKOH / EtOH

- HBr
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Stoermer, R.; Kahlert,  B. Chem. Ber. 1902, 35, 1633 (first suggestion of existence of triple bond in small ring compounds)
 

Cl

Cl
Cl

300 C

- HCl

Ph-Cl

+

Meyer, K.H.; Bergius, F. Chem. Ber. 1914, 47, 3159

Bachmann, W.E.; Clarke, H.T. J. Am. Chem. Soc. 1927, 49, 2089 (first suggestion of existence of benzyne)

Lüttringhaus, A.; Saaf, G. Ann. Chem. 1930, 542, 250 (aryl-phenol rearrangement)
 

Cl NH2

NH2

* +  KNH2

* * *

- KCl

50% 50%

Roberts, J.D.; Simmons, H.E. Jr.; Carlsmith, L.A.; Vaughan, W.C. J. Am. Chem. Soc. 1953, 75, 3290
Roberts, J.D.; Semenov, D.A.; Simmons, H.E. Jr.; Carlsmith, L.A. J. Am. Chem. Soc. 1956, 78, 601
Roberts, J.D.; Vaughan, C.W. Jr.; Carlsmith, L.A.; Semenov, D.A. J. Am. Chem. Soc. 1956, 78, 611
Scardiglia, F.; Roberts, J.D. Tetrahedron 1957, 1, 343
Bottini, A.T.; Roberts, J.D. J. Am. Chem. Soc. 1957, 79, 1458
 

F F

Li

Li

Ph

Ph-Li

- Ph-H - LiF

Ph-Li

Wittig, G.; Fuhrmann, G. Chem. Ber. 1940, 73, 1197
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Br

F

Li

F

O

O

OH

O
H+

H2/ Pd

H+

- LiF

Li(Hg)

Wittig, G. Naturwiss. 1942, 30, 696
Wittig, G.; Harborth, G. Chem. Ber. 1944, 77, 306; 316
Wittig, G.; Pohmer, L.  Angew. Chem. 1955, 67, 348
Wittig, G.; Pohmer, L. Chem. Ber. 1956, 89, 1334
Wittig, G. Pure Appl. Chem. 1963, 7, 173
 

F

F

Ph (COOH)

COOH (Ph)
Ph-Li

- Ph-H
- LiF

Ph-Li
CO2

Huisgen, R.; Rist, H. Naturwiss. 1954, 41, 358
Huisgen, R.; Rist, H. Ann. Chem. 1955, 594, 137



16

Huisgen, R.; Knorr, R. Tetrahedron Lett. 1963, 1017

Levine, R.; Leake, W.W. Science 1955, 121, 780

Müller, E.; Roscheisen, G. Chem. Ztg. 1956, 80, 101
 

Cl R
RNa

R = amyl

Morton, A.A.; Davidson, J.B.; Hakan, B.L. J. Am. Chem. Soc. 1942, 64, 2242
Morton, A.A. J. Org. Chem. 1956, 21, 593

Heaney, H.; Mann, F.G.; Millar, I.T. J. Chem. Soc. 1957, 3930
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O

O

O

O

O

O

O

O

O

O

O

O

O

O O

O
benzyne

- CO

+

benzyne

. .
- CO

..

- CO

- CO

FVP

Brown, R.F.C.; Solly, R.K. Austr. J. Chem. 1966, 19, 1045
 

N
O

O

O

N

- CO
- CO2

hν
Ar / 10 K
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Nam, H.H.; Leroi, G.E. J. Am. Chem. Soc. 1988, 110, 4096 (first observation of 3,4-pyridyne)

Betaines (phosphonium betaines)
 

PR3

R3

R4

- O

R1

R2

+

Reviews:
Wittig, G. Pure Appl. Chem. 1964, 9, 245
Vedejs, E. Science 1980, 207, 42
Wittig, G. Science 1980, 210, 600
 

Br PPh3
PPh3

- nBuH
- LiBr

nBuLi

_

+

Br-
+

+  PPh3

ylide
 

O

R H

PPh3- O

R

PPh3

PPh3- O

R R
- LiOtBu
- O=PPh3

tBuOH

betaine

_

+

+

+ +

_ Li+
PhLi

- PhH

Wittig, G.; Schöllkopf, U., Chem. Ber. 1954, 87, 1318
Wittig, G.; Haag, W. Chem. Ber. 1955, 88, 1654
Wittig, G.; Pommer, H. DE 32741 BASF (1954)

Biradicals
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OH

R1

R2

R3
CH2 CH2

O

CH2

..
..

.
. .. . .

 

CH2CH2 OCH2

.

.

.. . . ..

          

 
O

C CR1

R2

R4

R3

..

Reviews:
Kuivila, H.G. Acc. Chem. Res. 1968, 1, 299 (organotin hydrides and organic free radicals)
Borden, W.T. (ed.) Diradicals, Wiley:  New York, 1982
Platz, M.S. (ed.) Kinetics and Spectroscopy of Carbenes and Biradicals, Plenum Press:  New York, 1990
Cramer, J. Chem. Soc. Perkin Trans. 2  1998, 1007 (biradicals - Paul Dowd)
Arnold, B.R.; Bucher, G.; Netto-Ferreira, J.C.; Platz, M.S.; Scaiano, J.C. Biradicals, Radicals in Excited States, Carbenes, and Related Species,
Springer-Verlag:  Weinheim, 1998
Sander, W. Acc. Chem. Res. 1999, 32, 669 (m-benzyne and p-benzyne)

Thiele hydrocarbon (biradical)
 

Ph

Ph

Ph

Ph

Ph

Ph

Ph

Ph

..
Thiele, J.; Balhorn, H. Chem. Ber. 1904, 37, 1463

Chichibabin hydrocarbon (biradical)
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Ph

Ph

Ph

Ph

Ph

Ph

Ph

Ph

Ph

Ph

Cl

Ph

Cl

Ph

. .
Na or K

- NaCl or
KCl

Chichibabin, A.E. Zh. Russ. Fiz.-Khim., Obshchestva 1907, 39, 925
Chichibabin, A.E. Chem. Ber. 1907, 40, 1810

Schlenk-Brauns hydrocarbon (biradical)
 

Ph

Ph

Ph

Ph

Ph

Ph

Ph

Ph

Cl Cl . .Na or K

- NaCl or
KCl

 
Ph

PhPh

PhCl Cl Ph

PhPh

Ph ..
Na or K

- NaCl
or - KCl

Schlenk, W.; Brauns, M. Chem. Ber. 1915, 48, 661; 716
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Müller hydrocarbon (biradical)
 

Cl

Cl

Cl

Cl

Ph

Ph

Ph

Ph

..

Müller, E.; Neuhoff, H. Chem. Ber. 1939, 72, 2063
Müller, E.; Tietze, E. Naturwiss. 1940, 28, 189
Müller, E.; Tietze, E. Chem. Ber. 1941, 74, 807
 

Ph

Ph

Ph

Ph

Ph Ph

PhPh

O O

ClPh

Cl Cl

Ph Ph

PhPh

HO OH

- CuCl
or AgCl

Cu or Ag

Fe
HCl

2 PhLi

AlCl3

2 PhCOCl

..
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Müller, E.; Pfanz, H. Chem. Ber. 1941, 74, 1051

Wittig, G.; von Lupin, F. Chem. Ber. 1928, 61B, 1627
Wittig, G.; Leo, M. Chem. Ber. 1929, 62B, 1405
Schönberg, A.; von Vargha, L. Chem. Ber. 1931, 64B, 1390
Wittig, G.; Leo, M. Chem. Ber. 1931, 64B, 2395
Schönberg, A.; Cernik, D.; Urban, W. Chem. Ber. 1931, 64B, 2577
Schönberg, A. Chem. Ber. 1934, 67B, 1404
Dufraisse, C. Chem. Ber. 1934, 67B, 2018
Schönberg, A. Chem. Ber. 1935, 68B, 162
Schönberg, A. Ann. Chem. 1935, 518, 299
 

Ph

Ph

Ph

Ph

Ph

Ph

Ph

Ph

. .
paramagnetism of biradicals:
Müller, E. Z. Elektrochem. 1934, 40, 542
Müller, E.; Klemm, W.; Schuth, W. Naturwiss. 1934, 22, 335
Müller, E.; Müller-Rodloff, I. Ann. Chem. 1935, 517, 134
Müller, E.; Müller-Rodloff, I. Chem. Ber. 1935, 68B, 1276
Müller, E.; Müller-Rodloff, I. Ann. Chem. 1936, 521, 81
Müller, E.; Bunge, W. Chem. Ber. 1936, 69, 2164; 2168
Müller, E. Naturwiss. 1937, 25, 545

Müller, E.; Dammerau, I. Chem. Ber. 1937, 70B, 2561
Müller, E.; Sok, G. Chem. Ber. 1937, 70B, 1990
Clar, E. Chem. Ber. 1935, 68B, 2066
Schönberg, A. Trans. Faraday Soc. 1936, 32, 514
Allen, F.L.; Sugden, S. J. Chem. Soc. 1936, 440
Dufraisse, C. J. Am. Chem. Soc. 1936, 58, 858
Hückel, E. Z. Physik. Chem. 1936, B34, 339
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O O

C
O

CHO

..hν

+  CO

+   CO

+   CH2=CH2  +  CO

Hα abstraction

Hδ abstraction
α cleavage

Norrish Type I

 

O

R1

R2

O

R1

R2
OH

R1

R2
OH

R1

R2

Norrish Type II

+

Hγ abstraction

.
.*3

hν β cleavage

Bamford, C.H.; Norrish, R.G.W. J. Chem. Soc. 1935, 1504
Norrish, R.G.W.; Bamford, C.H. Nature 1936, 138, 1016
Norrish, R.G.W.; Bamford, C.H. Nature 1937, 140, 195
Norrish, R.G.W. Trans. Faraday Soc. 1937, 33, 1521

Bawn, C.E.H.; Hunter, R.F. Trans. Faraday Soc. 1938, 34, 608
Fuson, R.C.; Lundquist, W.E. J. Am. Chem. Soc. 1938, 60, 1889
Enderlin, L. Ann. Chim. Phys. 1938, 10, 5
Bawn, C.E.H.; Milsted, J. Trans. Faraday Soc. 1939, 35, 889
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N N

O

- CO

hν..
- N2

hν

Dowd, P. J. Am. Chem. Soc. 1966, 88, 2587 (first observation of biradicals by ESR)
 

R4

R3

R1

R2

OR

R3

R4

R1

R2

R1

R2

R3

R4

ROH

.

.

Bergman, R.G.; Jones, R.R., J. Am. Chem. Soc. 1972, 94, 660 (Bergmann cyclization)
 

CH2 CH2..

Pagni, R.; Burnett, M.N.; Dodd, J.R. J. Am. Chem. Soc. 1977, 99, 1972
 

O CH2
..
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Rule, M.; Matlin, A.R.; Dougherty, D.A.; Hilinski, E.; Berson, J.A. J. Am. Chem. Soc. 1979, 101, 5098 

O O O O

. .CH2=CH2

*3

hν

Freilich, S.F.; Peters, K.S. J. Am. Chem. Soc. 1981, 103, 6255; 1985, 107, 3819 (evidence for biradical in Paterno-Büchi reaction)

Bridged carbocations (see halonium ions, non-classical ions, and phenonium ions)

+

Nevell, T.P.; de Salas, E.; Wilson, C.L. J. Chem. Soc. 1939, 1188 (first suggestion)

Carbanions
 

R1 C

R2

R3

_

:

Reviews:
Szwarc, M. (ed.) Carbanions:  living polymers and electron transfer processes, Wiley:  New York, 1968
Kaiser, E.M.; Slocum, D.W. in Organic Reactive Intermediates, (S.P. McManus, ed.) Academic Press:  New York, 1973, p. 337
Hogen-Esch, T.E. Adv. Phys. Org. Chem. 1977, 15, 154
Stowell, J.C. Carbanions in Organic Synthesis, Wiley:  New York, 1979
Buncel, E.; Durst, T. (eds.) Comprehensive Carbanion Chemistry, Part A:  structure and reactivity, Elsevier:  Amsterdam, 1980
Gau, G.; Assadourian, L.; Veracini, S. Prog. Phys. Org. Chem. 1987, 16, 237
Nibbering, N.M.M. Adv. Phys. Org. Chem. 1988, 24, 1
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Harder, S. Chem. Eur. J. 2002, 8, 3229

Buncel, E.; Dust, J.M. Carbanion Chemistry:  structures and mechanisms, Oxford University Press:  Oxford, 2003

stabilities of carbanions:
Breslow, R.; Balasubramanian, K. J. Am. Chem. Soc. 1969, 91, 5182 (thermodynamic stabilities of cations and anions via electrochemical oxidations)
Breslow, R.; Chu, W. J. Am. Chem. Soc. 1970, 92, 2165 (thermodynamic stabilities of cations and anions via electrochemical oxidations)
Breslow, R.; Chu, W. J. Am. Chem. Soc. 1973, 95, 411 (thermodynamic stabilities of cations and anions via electrochemical oxidations)
Breslow, R.; Mazur, M. J. Am. Chem. Soc. 1973, 95, 584 (thermodynamic stabilities of cations and anions via electrochemical oxidations)
Breslow, R.; Drury, R.F. J. Am. Chem. Soc. 1974, 96, 4702 (thermodynamic stabilities of cations and anions via electrochemical oxidations)
Breslow, R. Pure Appl. Chem. 1974, 40, 493 (thermodynamic stabilities of cations and anions via electrochemical oxidations)
Wasielewski, M.R.; Breslow, R. J. Am. Chem. Soc. 1976, 98, 4222 (thermodynamic stabilities of cations and anions via electrochemical oxidations)
Breslow, R.; Goodin, R. J. Am. Chem. Soc. 1976, 98, 6077 (thermodynamic stabilities of cations and anions via electrochemical oxidations)
Bank, S.; Ehrlich, C.L.; Zubieta, J.A. J. Org. Chem. 1979, 44, 1454 (trityl carbanions)
Bank, S.; Ehrlich, C.L.; Mazur, M.; Zubieta, J.A. J. Org. Chem. 1981, 46, 1243 (trityl carbanions)

organomagnesium compounds
Hallwachs, W.; Schafarik, F. Ann. Chem. 1859, 109, 206
Cahours, A. Ann. Chem. 1859, 114, 227
Grignard, V. Ann. Chim. Phys. 1901, 24, 433

Zincke, T.; Suhl, R.S. Chem. Ber. 1907, 39, 4148
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(i) Acetoxy (acetoxyl) radicals
 

O

R O.
Reviews:



195

None. 
O

Ph O
O

O

Ph
O

Ph O

.. 2 Ph
- CO2

2

Brodie, B.C. Ann. Chem. 1858, 108, 79
Hey, D.H. J. Chem. Soc. 1934, 1966
Waters, W.A. J. Chem. Soc. 1937, 113
Roberts, J.S.; Skinner, H.A. Trans. Faraday Soc. 1949, 45, 339

McDowell, C.A.; Thomas, J.H. J. Chem. Soc. 1949, 2208; 2217

Marcotte, F.B.; Noyes, W.A. Jr. J. Am. Chem. Soc. 1952, 74, 783
Volman, D.H.; Graven, W.M. J. Chem. Phys. 1952, 20, 919
Nicholson, A.J.C. J. Chem. Phys. 1952, 20, 1811
Norrish, R.G.W. Z. Elektrochem. Angew. Physik. Chem. 1952, 56, 705
Porter, G.B.; Benson, S.W. J. Am. Chem. Soc. 1953, 75, 2773
Nicholson, G.R.; Szwarc, M.; Taylor, J.W. J. Chem. Soc. 1954, 2767

Ausloos, P.; Steacie, E.W.R. Can. J. Chem. 1955, 33, 47

Farmer, J.B.; Lossing, F.P.; Marsden, D.G.H.; Steacie, E.W.R. J. Chem. Phys. 1955, 23, 1169
 

O O

O

(fast)

(slow)

.CO   +    CH3.

∆ .+   CH3.

Szwarc, M.; Taylor, J.W. J. Chem. Phys. 1955, 23, 2310



196

 

N

S

O

O

R

O

O

RN

S

O

O

RN

SR

.

.

.
.

+

+
R

Barton, D.H.R.; Crich, D.; Motherwell, W.B. Tetrahedron 1985, 41, 3901

(ii) Alkoxy radicals
 
R O.
Reviews:
Walling, C. Pure Appl. Chem. 1967, 15, 69

Griller, D.; Wayner, D.D.M. Pure Appl. Chem. 1989, 61, 717
Orlando, J.J.; Tyndall, G.S.; Wallington, T.J. Chem. Rev. 2003, 103, 4657
 

OO-OH

- Fe(CN)6
-3

H+

Fe(CN)6
-4

+  H2O.
Fordham, J.W.L.; Williams, H.L. J. Am. Chem. Soc. 1950, 72, 4465
Kharasch, M.S.; Fono, A.; Nudenberg, N. J. Org. Chem. 1950, 15, 763



197

 

O O O O

O O Ph O O Ph+
. .

..
+

Kharasch, M.S.; Fono, A.; Nudenberg, W. J. Org. Chem. 1951, 16, 105
Kharasch, M.S.; Nudenberg, N.; Arimoto, F.S. Science 1951, 113, 392 (addition to olefins)
Boardman, H. J. Am. Chem. Soc. 1953, 75, 4268

.
.

RO-   +   Fe+3RO   +   Fe+2

RO   +   Fe+3ROOH  +  Fe+2

Orr, R.J.; Williams, H.L. J. Am. Chem. Soc. 1955, 77, 3715
 

O OH O

O O OH O O OH+.+.

hν .+  HO.

Zwolenik, J.J. J. Phys. Chem. 1967, 71, 2464



198

 

O O O.2

Niki, E.; Kamiya, Y.; Ohta, N. Bull. Chem. Soc. Jpn 1968, 41, 1466
 

O

O

β-scission+  CH3
..

Howard, J.A.; Ingold, K.U. Can. J. Chem. 1969, 47, 3797

(iii) Iminoxyl radicals
 

N

OR1

R2

.

Reviews:
Rozantsev, E.G. Usp. Khim. 1966, 35, 1549
 

N

R1

R2

OH

N

R1

R2

O
R1        R2
t-Bu      Me
i-Pr       i-Pr
i-Bu      i-Pr

.
or PbO2
or AgO

K3[Fe(CN)6]

Fedtke, M.; Mitternacht, H. Z. Chem. 1964, 4, 389



199

 

N

OHR1

R2

N

OR1

R2

.
Pb(OAc)4

Lemaire, H.; Rassat, A. Tetrahedron Lett. 1964, 2245
 

N

OHR1

R2

N

OR1

R2

NH4(NO3)

Ce(NO3)4

.

Thomas, J.R. J. Am. Chem. Soc. 1964, 86, 1446
 

N

R1

R2

OH

N

R1

R2

OPbO2

.

Gilbert, B.C.; Norman, R.O.C. J. Chem. Soc. (Phys. Org.) 1966, 86
 

N
OH

N
O .Pb(OAc)4

 

Ar

N
OH

Ar

N
O

Ar

NO

OAc

_.
Pb(OAc)4

.



200

Lown, J.W. J. Chem. Soc. B 1966, 441
 

NH

N

R OH

NH

N

R OH

NH

N

R O

+  Br2
-.

+.
+  H+

.

- 2 Br-

Everett, S.A.; Naylor, M.A.; Stratford, M.R.L.; Patel, K.B.; Ford. E.; Mortensen, A.; Ferguson, A.C.; Vojnovic, B.; Wardman, P. J. Chem. Soc.
Perkin Trans. 2 2001, 1989

(iv) Nitroxyl radicals
 

O

N

R1 R2

.

Reviews:
Rozentsev, E.G. Free Nitroxyl Radicals, (translated by B.J. Hazzard) Plenum:  New York, 1970
Rozantsev, E.G.; Sholle, V.D. Synthesis 1971, 190
Rozantsev, E.G.; Sholle, V.D. Synthesis 1971, 401
Volodarsky, L.B.; Reznikov, V.A.; Ovcharenko, V.I. Synthetic Chemistry of Stable Nitroxides, CRC Press:  Boca Raton, FL, 1994
 

Ar1 N O

OH

N

Ar1 Ar2

O

N

Ar1 Ar2

.
[O]

- HOMgX

H2O

+ Ar2-MgX



201

 

R N

O

R

.

Wieland, H.; Roseeu, A. Chem. Ber. 1912, 45, 494
Wieland, H.; Offenbächer, M. Chem. Ber. 1914, 47, 2111
Wieland, H.; Roseeu, A. Chem. Ber. 1915, 48, 1117
Wieland, H.; Roth, K. Chem. Ber. 1920, 53, 210
Wieland, H.; Kögel, F. Chem. Ber. 1922, 55, 1798
 

OR

O -

N+ ORRO

O -

N ORRO

2
Zn

ClO4
-

+

1. HNO3/H2SO4

2. HClO4

Meyer, K.H.; Gottlieb-Billroth, H. Chem. Ber. 1919, 52, 1476
Meyer, K.H.; Reppe, W. Chem. Ber. 1921, 54, 327

 

NO N
HO Ph

N
O Ph.

PhMgBr [O]

Hückel, W.; Liegel, W. Chem. Ber. 1938, 71, 1442



202

Johnson, D.; Rogers, M.; Trappe, G. J. Chem. Soc. 1956, 1093 (postulated existence of free nitroxyl radicals)
Rogers, M. J. Chem. Soc. 1956, 2784
 

N+

NH

O -

N+

HN

- O

N

NH

O

N

HN

O..
. .

Niementowski, S. Chem. Ber. 1910, 43, 3012
Kuhn, R.; Blau, W. Ann. Chem. 1958, 615, 99
 

N O.

Lebedev, O.L.; Kazarnovskii, S.N. Treatises on Chemistry and Chemical Technology, Gorky, 1959, 3, 649
Il'yasov, A.V. Zh. Strukt. Khim. 1962, 3, 95
Garif'yasov, I.S.; Il'yasov, A.V.; Yablokov, Yu. V. Dokl. Akad. Nauk SSSR 1963, 149, 876
 

N O

tBu

tBu

.
 

N NR R
∆

N2  +  2 R

.



203

 

N O

tBu

R

R     +    tBu-N=O

. .

Hoffmann, A.K.; Henderson, A.T. J. Am. Chem. Soc. 1961, 83, 4671
Hoffmann, A.K.; Hodgson, W. J. Am. Chem. Soc. 1961, 83, 4675
Hoffmann, A.K.; Hodgson, W.; Maricle, D.; Jura, W. J. Am. Chem. Soc. 1964, 86, 631
Hoffmann, A.K.; Feldman, A.; Gelblum, E.; Hodgson, W. J. Am. Chem. Soc. 1964, 86, 639
Hoffmann, A.K. FR 1,357,477 (1964)
Hoffmann, A.K. US 3,253,015 (1966)
 

N NO O. .
Rozantsev, E.G.; Golubev, V.A.; Neiman, M.B. Izv. Akad. Nauk SSSR, Ser. Khim. 1965, 393
 

N

(CH2)6

N

CC

O O

N

O

OH

O

O NH
(CH2)6

NH

O

O

NN
O O..

.
+  2

 

O

NH NH

NHHN O

NH NH

NN
O O. .

MnO2



204

Rozantsev, E.G.; Golubev, V.A.; Neiman, M.B.; Kokhanov, Yu.V. Izv. Akad. Nauk SSSR, Ser. Khim. 1965, 572
 

NR O R = H, OH, O=, =NOH, OAc
.

Briere, R.; Lemaire, H.; Rassat, A. Bull. Soc. Chim. Fr. 1965, 3273
 

NH N

O

[O]

.

Rozantsev, E.G. Usp. Khim. 1966, 35, 1549
 

NH

O

N

O

O

[O]

.
Rozantsev, E.G. Izv. Akad. Nauk SSSR, Ser. Khim. 1966, 770
Rozantsev, E.G.; Neiman, M.B. Tetrahedron 1964, 20, 131



205

 

R1

NH

R2 R1

N

R2

O

[O]

.

Lebedev, O.L.; Khidekel, M.L.; Razuvaev, G.A. Dokl. Akad. Nauk SSSR 1961, 140, 1327
Rozantsev, E.G.; Neiman, M.B. Tetrahedron 1964, 20, 131
Rozantsev, E.G.; Krinitzkaya, L.A. Tetrahedron 1965, 21, 491
Rozantsev, E.G.; Burmistrova, R.M. Dokl. Chem. 1966, 166, 38
Rozantsev, E.G.; Kokhanov, Yu.V. Bull. Acad. Sci. USSR 1966, 1422
 

N+

O -

N+

OH

R

H N+

O -

R

N

OH

R

R' N

O

R

R'

RMgX [O] R'MgX [O]

.
Bonnett, R.; Brown, R.F.C.; Clark, V.M.; Sutherland, I.O.; Todd, A. J. Chem. Soc. 1959, 2094
Brown, R.F.C.; Clark, V.M.; Lamchen, M.; Todd, A. J. Chem. Soc. 1959, 2116
Keanu, J.F.W.; Lee, T.D.; Bernard, E.M. J. Am. Chem. Soc. 1976, 98, 3052

(v) Kenyon-Banfield radical
 

N+

N

O

Ph

- O Ph

N

ON

O

Ph

Ph

.
.



206

 

Ph

NH

OH

O Ph

N+

- O

Ph

N+

- O

CH2 -

+
- H2O

 

Ph

N+

- O

N

OH

Ph

Ph

N+

- O

N

O

Ph[O]

.

Banfield, F.H.; Kenyon, J. J. Chem. Soc. 1926, 1612
Baldry, P.J.; Forrester, A.R.; Thomson, R.H. J. Chem. Soc. Perkin Trans. 2 1976, 76

(vi) Peroxy radicals
 

R

O

O.
Reviews:

Ingold, K.U. Acc. Chem. Res. 1969, 2, 1
Swern, D. (ed.) Organic Peroxides, Wiley-Interscience:  New York, Vol. 1 - 3, 1970 - 1981
Ando, W. (ed.) Organic Peroxides, Wiley:  New York, 1992
Alfassi, Z.B. (ed.) Peroxyl Radicals, Wiley:  New York, 1997

Foner, S.N.; Hudson, R.L. J. Chem. Phys. 1953, 21, 1608 (detection of hydroperoxide radical)



207

 

O O.
Bersohn, M.; Thomas, J.R. J. Am. Chem. Soc. 1964, 86, 959 (detection by ESR)
 

O OH O

O O OH O O OH+.+.

hν .+  HO.

Zwolenik, J.J. J. Phys. Chem. 1967, 71, 2464

Howard, J.A.; Ingold, K.U. Can. J. Chem. 1969, 47, 3797

(vii) Phenoxy (phenoxyl) radicals
 

O

R

.

Reviews:
Becconsall, J.K.; Clough, S.; Scott, G. Trans. Faraday Soc. 1960, 56, 459 (ESR of phenoxy radicals)
Müller, E. Revista Portuguesa de Quimica 1972, 14, 129
Iley, J.; Taylor, P.G. in The Chemistry of Hydroxyl, Ether Peroxide Groups, (S. Patai, ed.) Wiley:  Chichester, 1993, p. 241
Prokof'ev, A.I. Russ. Chem. Rev. 1999, 68, 727

.2 ArO    +    2 NaI2 ArO-  Na+   +  I2



208

Müller, E.; Ley, K.; Kiedaisch, W. Chem. Ber. 1954, 87, 1605
Hunter, W.H.; Seyfried, L.M. J. Am. Chem. Soc. 1921, 43, 151
 

HO

t-Bu

t-Bu

t-Bu O

t-Bu

t-Bu

t-Bu

K3[FeIII (CN)6] .

Müller, E.; Ley, K. Z. Naturforsch. 1953, 8B, 694
Müller, E.; Ley, K. Chem. Ber. 1954, 87, 922
Müller, E.; Ley, K.; Kiedaisch, W. Chem. Ber. 1954, 87, 1605
Müller, E.; Ley, K. Chem. Ber. 1955, 88, 601
Cook, C.D. J. Am. Chem. Soc. 1953, 18, 261
Cook, C.D.; Kuhn, D.A.; Fianu, P. J. Am. Chem. Soc. 1956, 78, 2002
Blanchard, H.S. J. Org. Chem. 1960, 25, 264
 

O

PhPh

Ph

OH

tButBu

tBu

OH

PhPh

Ph

O

tButBu

tBu

..
+ +

Dimroth, K.; Kalk, F.; Sell, R.; Schlömer, K. Ann. Chem. 1959, 624, 51



209

 

HO

tBu

tBu

CH2 OH

tBu

tBu

O CH

tBu

tBu

tBu

tBu

O
PbO2

ether
.

Coppinger, G.M. J. Am. Chem. Soc. 1957, 79, 501
Joshi, B.S. Chem. Ind. 1957, 525
Bartlett, P.D.; Funahashi, T. J. Am. Chem. Soc. 1962, 84, 1605
ESR:
Besev, C.; Lund, A.; Vanngard, T.; Hakansson, R. Acta Chem. Scand. 1963, 17, 2281
Hyde, J.S. J. Chem. Phys. 1965, 43, 1806
Hausser, K.H.; Brunner, H.; Jochims, J.C. Mol. Phys. 1966, 10, 253
 

O

O

tBu

tBu

O

.

.

Yang, N.; Kastro, A. J. Am. Chem. Soc. 1960, 82, 6208



210

 
OH

tButBu

tBu

O

tButBu

tBu

O

tButBu

tBu

OH

tButBu

tBu

..
+ +

Kreilick, R.W.; Weissman, S.I. J. Am. Chem. Soc. 1962, 84, 306
 

O

tButBu

R1

OH

R2

O

O

tBu

tBu

R1

R2

OH

O

tBu

R1

R2

.
H.
..- H - tBu

Matsuura, T.; Nishinaga, A.; Cahnmann, H.J. J. Org. Chem. 1962, 27, 3620

.PhO
H2O2 / Ti+2

PhOH  

Dixon, W.T.; Norman, R.O.C. Proc. Chem. Soc. 1963, 97 (ESR of phenoxy radical)



211

 

O

tBu

tBu

N

NMe2

NMe2

.

Neuhoeffer, O.; Heitmann, P. Chem. Ber. 1963, 96, 1027
 

O

I

I

COOH

HO

.

Matsuura, T.; Kon, H.; Cahnmann, H.J. J. Org. Chem. 1964, 29, 3058.. CH4  +   PhOCH3  +   HOPh

Mulcahy, M.F.R.; Williams, D.J. Austr. J. Chem. 1965, 18, 20



212

 

N

NO2

NO2O2N

NPh2

OH

tButBu NH

NO2

NO2O2N

NPh2

O

tButBu
.

+ +

.

Ayscough, P.B.; Russell, K.E. Can. J. Chem. 1967, 45, 3019
 

O

tButBu

tBu

OH

R

OH

tButBu

tBu

O

R

..

++

 
O

tButBu

tBu

O

R

O

tButBu

tBu O

+

..

Mahoney, L.R.; DaRooge, M.A. J. Am. Chem. Soc. 1970, 92, 890



213

 
OH

tButBu

O

tButBu

.
1/4 PbO2

- 1/4 Pb
- 1/2 H2O

Stebbins, R.; Silicio, F. Tetrahedron 1970, 26, 291

Sulfur centred radicals:

Reviews:
Kice, J.L. in Free Radicals, (J.K. Kochi, ed.) Wiley:  New York, 1973, Vol. 2, p. 711
Davies, D.L.; Parrott, M.J. in Int. Rev. Sci.:  Org. Chem. Ser. 2 Butterworth:  London, 1975, Vol. 10, p. 47
Asmus, K.D. NATO ASI Ser. A 1990, 197, 155
Griller, D.; Simoes, J.A.M. NATO ASI Ser. A 1990, 197, 327
Alfassi, Z.B. (ed.) S-Centered Radicals, Wiley:  New York, 1999

(i) Sulfanyl (mercapto, thiyl) radicals
 
R S.
Reviews:
Kooijman, E.C. Pure Appl. Chem. 1967, 15, 81
Kellogg, R.M. Methods in Free Radical Chem. 1969, 2, 1
Ito, O. Trends Phys. Chem. 1992, 3, 245
Chatgilialglu, C.; Guerra, M. The Chemistry of Sulphur Containing Functional Groups, (Z. Rappoport, ed.) Wiley:  Chichester, 1993, p. 363
Ito, O. Res. Chem. Intermediates 1995, 21, 69

 

S

R

. R = H, p-MeO, p-Me2N, p-COOEt, p-Ph, o-OH



214

Schmidt, U.; Müller, A.; Markau, K. Tetrahedron Lett. 1963, 1091
 

MeS

tBuO.2
hν

tBuO-OtBu

.+   MeS.
+  tBuOH.MeS+ MeSH.tBuO

Kawamura, T.; Kochi, J.K. J. Organometallic Chem. 1973, 47, 79
 

S

R R

S

R

R

S-R'..

.2  R'-S
hν

R'-S-S-R'

+   R'-S

Alberti, A.; Bonini, B.F.; Pedulli, G.F. Tetrahedron Lett. 1987, 28, 3737

(ii) Sulfinyl radicals
 

R S

O

.
Reviews:
Chatgilialoglu, C. in Chemistry of Sulphones and Sulfoxides, (S. Patai, Z. Rappoport, C. Stirling, eds.) Wiley:  New York, 1988, p. 1081 - 1087



215

 

Ar S

OH

SAr

.+  Cl
.

Ar-S=O
hν

Ar-S(O)Cl

. . .
Ar-S=O
.HO

Ar-S-OH
H2O2

Ar-S
- H2O

Ar-SH  +  HO

.
..

Ar-S=O
- H+

- ArS-

Ar-S-S-Ar  +   HO 

Gilbert, B.C.; Kirk, C.M.; Norman, R.O.C.; Laue, H.A.H. J. Chem. Soc. Perkin Trans. 2 1977, 497...
R-S=O   +  other productsR-S-O-OR-S  +  O2

 
NH2

COOH
HS

NH2

COOH

O

NH

O NH

COOH

HS

cysteine

glutathione

Sevilla, M.D.; Becker, D.; Swarts, S.; Herrington, J. Biochem. Biophys. Res. Commun. 1987, 144, 1037
Becker, D.; Swarts, S.; Champagne, M.; Sevilla, M.D. Int. J. Radiat. Biol. 1988, 53, 767



216

 

R S

O

O S

O

O

R

R S SO S

O

SR

O

O

RR

R S

O

O S

O

O

R

O

R = Ph

2   RSO2-Cl 2  RSO2 R-S=O   +   R-SO2-O
. . .

2  R-S=O RS    +   RSO2

. . .

R-SO2-O    +    RSO2
..

Bennett, J.E.; Brunton, G.; Gilbert, B.C.; Whittall, P.E. J. Chem. Soc. Perkin Trans. 2 1988, 1359

R'-S=O    +   R'S-OH+  R'-SH
.

R'-S-O-O
.

. .
R'-S-O-OR'-S    +   O2

..
R-OOH  +   R'-SR-OO   +   R'-SH

Swarts, S.G.; Becker, D.; De Bolt, S.; Sevilla, M.D. J. Phys. Chem. 1989, 93, 155 (gamma irradiation in Cl2FC-CF2Cl at 77 K; ESR of radicals)

(iii) Sulfonyl radicals
 

R S

O

O

.
Reviews:



217

Freeman, F.; Keindl, M.C. Sulfur Reports 1985, 4, 231
Chatgilialoglu, C. in The Chemistry of Sulphones and Sulphoxides, (S. Patai, Z. Rappoport, C. Stirling, eds.) Wiley:  Chichester, 1988, p. 1089
Bertrand, M.P. Org. Prep. Proced. Inter. 1994, 26, 257
Crich, D. in Organosulfur Chemistry, (P. Page, ed.) Academic Press:  London, 1995, p. 49

. .
..

.

Et3Si-Cl   +   Ph-SO2Et3Si   +   Ph-SO2Cl

tBuOH  +  Et3SitBu-O   +   Et3SiH

2  tBu-O
hν

tBu-O-O-tBu

Chatgilialglu, C.; Gilbert, B.C.; Norman, R.O.C. J. Chem. Soc. Perkin Trans. 2  1979, 770
Chatgilialglu, C.; Gilbert, B.C.; Norman, R.O.C. J. Chem. Soc. Perkin Trans. 2  1980, 1429
Bennett, J.E.; Brunton, G.; Gilbert, B.C.; Whittall, P.E. J. Chem. Soc. Perkin Trans. 2 1988, 1359

(iv) Sulfuranyl radicals
 

R1

S

R2 R3
.

Reviews:
Anklam, E.; Margaretha, P. Res. Chem. Intermed. 1989, 11, 127
Chatgilialoglu, C. in Chemistry of Sulphenic Acids and Their Derivatives (S. Patai, ed.)  Wiley:  Chichester, 1990, p. 549 - 569
Margaretha, P. in S-Centered Radicals (Z.B. Alfassi, ed.) Wiley:  Chichester, 1999, p. 277 - 288

. .RO-SF4RO    +   SF4

. .RO    +    Cl
hν

RO-Cl



218

Gregory, A.R.; Karavelas, S.E.; Morton, J.R.; Preston, K.F. J. Am. Chem. Soc. 1975, 97, 2206
 

MeO

S

OMe MeO

S

OMe

OMe

.+  .MeO

Cooper, J.W.; Roberts, B.P. Chem. Commun. 1977, 228
 

S RR

R R

S RR

R R

O-SiMe3

S RR

R R

Me3Si-O.+

.

Me3Si-OH  +  .
Gara, W.B.; Roberts, B.P. J. Organometallic Chem. 1977, 135, C20
 

S RR

S RR

O-CMe3

S RR

Me3C-O.+

.

Me3C-OH  +  .
Gara, W.B.; Giles, J.R.M.; Roberts, B.P. J. Chem. Soc. Trans. Perkin 2  1979, 1444



219

 

SMe

O

O
O

tBu

SMe

O

O
O

S

O

...
hν

- tBuO

Perkins, C.W.; Martin, J.C.; Arduengo, A.J.; Lau, W.; Alegria, A.; Kochi, J.K. J. Am. Chem. Soc. 1980, 102, 7753
Nakanishi, W.; Kusuyama, Y.; Ikeda, Y.; Iwamura, H. Bull. Chem. Soc. Jpn. 1983, 56, 3123
 

O

Et S

O

tBu S

R1

S

R2

R1

S
R2

R1

S
R2

R1

S
R2

S(CO)tBu

S-CF3

S(CO)Et

.

.

.

.

.

.CF3S

Giles, J.R.M.; Roberts, B.P. J. Chem. Soc. Perkin Trans. 2 1980, 1497

(v) Thionitroxide radicals
 

N S

R1

R2

.



220

Reviews:
None. 

N S

N SO

N S NS

N S NS OO

∆
2

2
∆ .

.

Bennett, J.E.; Sieper, H.; Tavs, P. Tetrahedron 1967, 23, 1697
 

N S NS N S.2
∆

 

N S S N
N+

N
O

Ph

- O Ph

N S

N+

N
O

Ph

- O Ph

S
N

.+ . +

Danen, W.C.; Newkirk, D.D. J. Am. Chem. Soc. 1976, 98, 516



221

 

N S S N N S.hν
2

Maillard, B.; Ingold, K.U. J. Am. Chem. Soc. 1976, 98, 520

(vi) Thiophenoxy (phenylthio, phenylthiyl, benzenethiyl) radicals
 

S

R

.
Reviews:
None. 

X

S
S

X

X

S

X = H, MeO, Me2N, OH, EtOOC, Ph

hν
2

.

Schmidt, U.; Müller, A.; Markau, K. Chem. Ber. 1964, 97, 405

Selenium centred radicals:

Reviews:
Deryagina, E.N.; Voronkov, M.G.; Korchevin, N.A. Usp. Khim. 1993, 62, 1173
Deryagina, E.N.; Voronkov, M.G. Sulfur Reports 1995, 17, 89



222

(i) Phenylselanyl (phenylseleno) radical
 

Se .
Reviews:
None.

Schmidt, U.; Müller, A.; Markau, K. Tetrahedron Lett. 1963, 1091 (ESR)
 

Ph Se

Se Ph

Ph

Se

Se

Ph .
.

2  Ph-Se

2   PhCH2Se

hν

hν

Schmidt, U.; Müller, A.; Markau, K. Chem. Ber. 1964, 97, 405

.R-C(OO  )H-CH2-SePh+  O2R-CH-CH2-SePh
.
. .

R-CH-CH2-SePhPh-Se   +  R-CH=CH2

.2 Ph-SePh-Se-Se-Ph

Ito, O. J. Am. Chem. Soc. 1983, 105, 850



223

 

COOMeR

PhSe

R

COOMe PhSe

R COOMe

PhSe

R

COOMe PhSe

R COOMeSePh

SePh

.- Ph-Se

Ph-Se-Se-Ph

..+   .Ph-Se

.2 Ph-SePh-Se-Se-Ph

Back, T.G.; Krishna, M.V. J. Org. Chem. 1988, 53, 2533

(ii) Selanyl
 
R Se.
Reviews:
None.

X = Cl, Br..
Ph2Se-X  +    Ph

X-irradiation
Ph3Se-X

Franzi, R.; Geoffroy, M.; Ginet, L.; Leray, N. J. Phys. Chem. 1979, 83, 2898

Radical Anions

Reviews:
Kaiser, E.T.; Kevan, L. (eds.) Radical Anions, Interscience Publishers:  New York, 1968
Szwarc, M. Prog. Phys. Org. Chem. 1968, 6, 323
Melby, L.R. in The Chemistry of the Cyano Group (Z. Rappoport, ed.) Wiley-Interscience:  London, 1970. Vol. 2, p. 639
Russell, G.A.; Norris, R.K. in Organic Reactive Intermediates, (S.P. McManus, ed.) Academic Press:  New York, 1973, p. 423
Rossi, R.A. Acc. Chem. Res. 1982, 15, 164
Hertler, W.R.; Mahler, W.; Melby, L.R.; Miller, J.S.; Putscher, R.E.; Webster, O.W. Molecular Crystals & Liquid Crystals 1988, 171, 205
Saveant, J.M. Adv. Phys. Org. Chem. 2000, 35, 117



224

Rathore, R.; Kochi, J.K. Adv. Phys. Org. Chem. 1998, 31, 193
Webster, O.W. J. Polym. Sci. A 2002, 40, 210 (tetracyanoethylene radical anion)
Todres, Z.V. Organic Ion Radicals, Marcel Dekker, Inc.:  New York, 2003

K
2 K+

- 2
_

K
K+

.

Berthelot, M. Compt. Rend. 1866, 63, 836
Berthelot, M. Ann. Chim. Phys. 1867, 12, 1955

Na

_.
Na+

Schlenk, W.; Appenrodt, J.; Michael, A.; Thal, A. Chem. Ber. 1914, 47, 473

Weitz, E.Z. Z. Elektrochem. 1928, 34, 538
Willstätter, R.; Seitz, F.; Bumm, E. Chem. Ber. 1928, 61, 871
Schlenk, W.; Bergmann, E. Ann. Chem. 1928, 463, 1; 1928, 464, 1
Scott, N.D.; Walker, J.F.; Hansley, V.L. J. Am. Chem. Soc. 1936, 58, 2442
Walker, J.F.; Scott, N.D. J. Am. Chem. Soc. 1938, 60, 951
Hueckel, W.; Bretschneider, H. Ann. Chem. 1939, 540, 157
Lipkin, D.; Paul, D.E.; Townsend, J.; Weissman, S.I. Science 1953, 117, 534
Weissman, S.I.; Townsend, J.; Paul, D.E.; Pake, G.E. J. Chem. Phys. 1953, 21, 2227
Wertz, J.E.; Vivo, J.L. J. Chem. Phys. 1955, 23, 2441
 

NC

NC

CN

CN

NC

NC

CN

CN

.+   A+

._
+ A



225

Webster, O.W.; Mahler, W.; Benson, R.E. J. Org. Chem. 1960, 25, 1470
Webster, O.W.; Mahler, W.; Benson, R.E. J. Am. Chem. Soc. 1962, 84, 3678
Phillips, W.D.; Rowell, J.C.; Weissman, S.I. J. Chem. Phys. 1960, 33, 626 (ESR spectrum)
 

NC

NC

CN

CN

._

Acker, D.S.; Hertler, W.R. J. Am. Chem. Soc. 1962, 84, 3770

(tBu)2N-OtBu.+  tBu(tBu)2N-O.
.(tBu)2N-O.tBu-N=O  +  tBu

tBu-N=O  +  tBuO-.+  tBu._tBu-NO2

.NO2
-  +  tButBu-NO2

_.
._tBu-NO2tBu-NO2   +   e-

Hoffmann, A.K.; Hodgson, W.G.; Jura, W.H. J. Am. Chem. Soc. 1961, 83, 4675

Radical Cations

Reviews:
Michaelis, L. Chem. Rev. 1935, 16, 243
Kaiser, E.T.; Kevan, L. (eds.) Radical Ions, Interscience Publishers:  New York, 1968
Szwarc, M. Prog. Phys. Org. Chem. 1968, 6, 323
Ledwith, A. Acc. Chem. Res. 1972, 5, 133
Russell, G.A.; Norris, R.K. in Organic Reactive Intermediates, (S.P. McManus, ed.) Academic Press:  New York, 1973, p. 423
Bard, A.J.; Ledwith, A.; Shine, H.J. Adv. Phys. Org. Chem. 1976, 13, 156
Bard, A.J.; Faulkner, L.R. Electrochemical Methods, Wiley:  New York, 1980
Mattes, S.L.; Farid, S. Org. Photochem. 1983, 6, 233



226

Yoshida, K. Electro-oxidation in Organic Chemistry, Wiley:  New York, 1984
Hammerich, O.; Parker, V.D. Adv. Phys. Org. Chem. 1984, 20, 55
Mattay, J. Angew. Chem. Int. Ed. 1987, 26, 825
Roth, H.D. Top. Curr. Chem. 1992, 163, 131
Eberson, L. Adv. Phys. Org. Chem. 1998, 31, 91
Saveant, J.M. Adv. Phys. Org. Chem. 2000, 35, 117
Rathore, R.; Kochi, J.K. Adv. Phys. Org. Chem. 1998, 31, 193
Werst, D.W.; Trifunac, A.D. Acc. Chem. Res. 1998, 31, 651
Todres, Z.V. Organic Ion Radicals, Marcel Dekker, Inc.:  New York, 2003
Wiest, O.; Oxgaard, J.; Saettel, N.J. Adv. Phys. Org. Chem. 2003, 38, 87

.+Ph2NH
H2SO4

Ph2NH

Laurent, A. Ann. Chim. Phys. 1835, 59, 367
Laurent, A. Ann. Chem. Phys.  1836, 17, 89

Wurster salts 

NH2H2N NH2H2NNH2H2N

- e-- e-

[O]
.+

[O] + +

 

NMe2Me2N NMe2Me2N

Wurster's blue

+  Br-
.+

HOAc

Br2

 

NH2Me2N NH2Me2N
Br2

HOAc

+.
+  Br-

Wurster's red



227

Baeyer, A. Chem. Ber. 1875, 8, 614
Wurster, C. Chem. Ber. 1879, 12, 522
Wurster, C.; Sendtner, R. Chem. Ber. 1879, 12, 1803
Wurster, C.; Schobig, E. Chem. Ber. 1879, 12, 1807
Wurster, C. Chem. Ber. 1879, 12, 2071
Wurster, C., Chem. Ber. 1886, 19, 3195
Willstätter, R.; Piccard, J. Chem. Ber. 1908, 41, 1458
Piccard, J. Chem. Ber. 1911, 46, 1843
Michaelis, L. J. Am. Chem. Soc. 1931, 53, 2953
Katz, H. Z. Physik 1933, 87, 238
Michaelis, L.; Schubert, M.P.; Granick, S. J. Am. Chem. Soc. 1939, 61, 1981
 

N N

Ar

Ar

Ar

Ar

N N+

Ar

Ar

Ar

Ar

.1/2  X2

X -

Wieland, H. Chem. Ber. 1907, 40, 4260; 4263.
Ar3N+ Br-Ar3N  +  1/2 Br2

Wieland, H.; Wecker, E. Chem. Ber. 1910, 43, 699

.+SbF5

SbF5

+.



228

Meyer, K.H. Chem. Ber. 1910, 43, 161
Hilpert, S.; Wolf, L. Chem. Ber. 1913, 46, 2215
 

S

NH

S

NH

S

NH
- e-- e-

+ + 2.

Kehrmann, F.; Speitel, J.; Grandmougin, E. Chem. Ber. 1914, 47, 2976
Kehrmann, F.; Diserens, L. Chem. Ber. 1915, 48, 318

Weitz, E.Z. Z. Elektrochem. 1928, 34, 538
Weitz, E.; Meitzner, E. Chem. Ber. 1931, 64B, 2909
Giusa, R. Gazz. Chim. Ital. 1945, 75, 162
Hughes, G.K.; Hush, N.S. J. Proc. Roy. Soc. New South Wales 1947, 81, 48
Holden, A.N.; Yager, W.A.; Merritt, F.R. J. Chem. Phys. 1951, 19, 1319

.+H2SO4

 

NN

O

O

O

O

NN

O

O

O

O

+.
H2SO4

Hirschon, G.M.; Gardner, D.M.; Fraenkel, G.K. J. Am. Chem. Soc. 1953, 75, 4115
Hoijtink, G.J.; Weijland, W.P. Rec. Trav. Chim. Pays-Bas 1957, 76, 836
Kon, H.; Blois, M.S. J. Chem. Phys. 1958, 28, 743



229

.+ArNH2

SbF5
Ar-NH2

Kainer, H.; Hausser, K.H. Chem. Ber. 1957, 86, 1563
Lewis, I.C.; Singer, L.S. J. Chem. Phys. 1965, 43, 2712
Lewis, I.C.; Singer, L.S. J. Chem. Phys. 1966, 44, 2082
 

R2N CH CH CH CH NR2 R2N CH CH CH CH NR2 R2N CH CH CH CH NR2

n n

+.- e- - e-

n

+ +

 

N+

S

CH CH

N+

S

..
 

N+

CH CH CH CH

N.
Hünig, S. Ann. Chem. 1964, 676, 32
Hünig, S.; Balli, H.; Conrad, H.; Schott, A. Ann. Chem. 1964, 676, 36; 52
Hünig, S. Chem. Eng. News 1966, 44, 102
Hünig, S.; Geiger, H.; Kaupp, G.; Kniese, W. Ann. Chem. 1966, 697, 116



230

 

N Cl

R1

R2

N+

R1

R2

H.
H2SO4

hν

Danen, W.C.; Rickard, R.C. J. Am. Chem. Soc. 1972, 94, 3254
 

CN

O

Ph Ph

CN

O

Ph Ph

CN

O

Ph Ph

B+ .B+ . A- .A- .

+

_

+

.
..

.
+

+

_

hν

 

Ph Ph Ph Ph

Ph
Ph

Ph

Ph Ph

Ph

Ph Ph
Ph Ph

O+
R

H

Ph Ph

O
R

+  A
A- .

+  A
A- .

..+  ROH

+.

.
+

+
.+

Neutefel, R.A.; Arnold, D.R. J. Am. Chem. Soc. 1973, 95, 4080
Pincock, J.A. Can. J. Chem. 2003, 81, 413



231

 

N X N X X = CR3, NR2, OMe, Cl, NMe3
+

- e-

Nelsen, S.F.; Kessel, C.R.; Brien, D.J. J. Am. Chem. Soc. 1980, 102, 702
 

N N COORROOC N N COORROOC

N N COORROOC N N

COOR

PPh3

ROOC

N N

COOR

PPh3

ROOC N N COORROOC N N

COOR

PPh3

ROOC N N COORROOC

N N COORROOC N N

COOR

PPh3

ROOC

N N

COOR

PPh3

ROOC N N

COOR

PPh3

ROOC

N N

COOR

PPh3

ROOC

+

_

+  Ph3P+
.+

+

_
+  Ph3P

.
+

.
+

+  Ph3P+
.

_.
+

_

+

+

+

.
.

+

+  Ph3P
. _

_ ..
+  Ph3P++  Ph3P

Camp, D.; Hanson, G.R.; Jenkins, I.D. J. Org. Chem. 1995, 60, 2977



232

 
Br

O
MeO

O
MeO

OH
MeO

hν

- Br.
.

H+ .+

Schepp, N.P. J. Org. Chem. 2004, 69, 4931

Distonic radical cations

Reviews:
Radom, L.; Bouma, W.J.; Nobes, R.H. Pure Appl. Chem. 1984, 56, 1831
Yates, B.F.; Bouma, W.J.; Radom, L. Tetrahedron 1986, 42, 6225

Westwood, N.P.C. J. Molecular Struct. 1988, 173, 227
Bouchoux, G. Mass Spectrometry Rev. 1988, 7, 1
Hammerum, S. Mass Spectrometry Rev. 1988, 7, 123
Bouchoux, G. Mass Spectrometry Rev. 1988, 7, 203
Stirk, K.M.; Kiminikenen, L.K.M.; Kenttaemaa, H.I. Chem. Rev. 1992, 92, 1649
Bouchoux, G. Trends in Org. Chem. 1993, 4, 161
Kenttaemaa, H.I. Org. Mass Spectrometry 1994, 29, 1
Smith, R.L.; Chou, P.K.; Kenttaemaa, H. in Structure, Energetics, and Dynamics of Organic Ions, (T. Baer, C.Y. Ng, I. Powis, eds.) Wiley:
Chichester, 1996, p. 197
Audier, H.E.; Fossey, J.; Leblanc, D.; Mourgues, P.; Troude, V. NATO ASI Ser., Ser. C 1999, 521, 27
Gebecki, J.; Marcinek, A. in General Aspects of the Chemistry of Radicals, (Z.B. Alfassi, ed.) Wiley:  Chichester, 1999, p. 175

Golding, B.T.; Radom, L. J. Am. Chem. Soc. 1976, 98, 6331 (prediction of stability in gas phase)
Bouma, W.J.; MacLeod, J.K.; Radom, L. Nouv. J. Chim. 1978, 2, 439



233

 

CH2 XH

Cl+

H

Cl

H

CH2 O

H

CH3

+..

.
X = OH, NH2, SH, Cl, Br

+

Holmes, J.L.; Lossing, F.P.; Terlouw, J.K.; Burgers, P.C. J. Am. Chem. Soc. 1982, 104, 2931

Terlouw, J.K.; Heerma, W.; Dijkstra, G.; Holmes, J.L.; Burgers, P.C. Int. J. Mass Spectrom. Ion Phys. 1983, 47, 147
 

CH2 OH2 CH2 OH2

.
+  e-

++_

Yates, B.F.; Bouma, W.J.; Radom, L. J. Am. Chem. Soc. 1984, 106, 5805
 

NH3 CH2 NH3 +  CH2=CH2

. +.
+

+  NH3
.+

Sack, T.M.; Cerny, R.L.; Gross, M.L. J. Am. Chem. Soc. 1985, 107, 4562

Z = bond, CH2, CHMe, CH2CH2; X = OH, NH2

+..
CH3-Z-CH2-XCH2-Z-CH2-X-H+

Wesdemiotis, C.; Danis, P.O.; Feng, R.; Tso, J.; McLafferty, F.W. J. Am. Chem. Soc. 1985, 107, 8059



234

 

Ar

Ar
Ar

Ar

Ar

Ar
O

O

Cl

Cl

Cl

Cl

O

O

Cl

Cl

Cl

Cl

O
O

O
O

ArAr

Ar

Ar

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

acetone-d6 .

+

+.hν

Miyashi, T.; Takahashi, Y.; Mukai, T.; Roth, H.D.; Schilling, M.L.M. J. Am. Chem. Soc. 1985, 107, 1079
 

OH2. +

Postma, R.; Ruttink, P.J.A.; Van Baar, B.; Terlouw, J.K.; Holmes, J.L.; Burgers, P.C. Chem. Phys. Lett. 1986, 123, 409



235

 

NH2

NH2.
+.+

Qin, X.Z.; Williams, F. J. Am. Chem. Soc. 1987, 109, 5957
 

O

O2N

O

O2N

O

O2N

+

.-  CH3- e-

.+

Moraes, L.A.B.; Eberlin, M.N. J. Am. Chem. Soc. 1998, 120, 11136

Silylenes and germylenes
 

R1

Si

R2

:

Reviews:

Denk, M.; West, R.; Hayashi, R. in Organosilicon Chemistry II: from molecules to materials, (N. Auner; J. Weis, eds.) VCH:  Weinheim,
1994, p. 251
Weidenbruch, M. Coord. Chem. Rev. 1994, 130, 275
Becerra, R.; Walsh, R. Res. Chem. Intermediates 1995, 3, 263
Korolev, V.A.; Nefedov, O.M. Adv. Phys. Org. Chem. 1995, 30, 1

West, R.; Denk, M. Pure Appl. Chem. 1996, 68, 785
Gehrhus, B.; Lappert, M.F. Phosphorus, Sulfur, Silicon and Related Elements 1997, 124-125, 537
Gaspar, P.P.; West, R. in The Chemistry of Silicon Compounds, (Z. Rappoport; Y. Apeloig, eds.) Wiley:  Chichester, 1998, Vol. 2 (Pt. 3), p. 2463



236

Kira, M. Pure Appl. Chem. 2000, 72, 2333
Veszpremi, T. Adv. Molecular Structure Res. 2000, 6, 267
Haaf, M.; Schmedake, T.A.; West, R. Acc. Chem. Res. 2000, 33, 704
Tokitoh, N.; Okazaki, R. Coord. Chem. Rev. 2000, 210, 251 (silylenes, germylenes, stannylenes, plumbylenes)
Gehrhus, B.; Lappert, M.F. J. Organometallic Chem. 2001, 617-618, 209 (stable bis(amino)silylenes)
Gaspar, P.P.; Xiao, M.; Pae, D.H.; Berger, D.J.; Haile, T.; Chen, T.; Lei, D.; Winchester, W.R.; Jiang, P. J. Organometallic Chem. 2002, 646, 68

Gaspar, P.P.; Pate, B.D.; Eckelman, W. J. Am. Chem. Soc. 1966, 88, 3878
Atwell, W.H.; Weyenberg, D.R. J. Am. Chem. Soc. 1968, 90, 3438
Atwell, W.H.; Weyenberg, D.R. Angew. Chem. Int. Ed. Engl. 1969, 8, 469
Atwell, W.H.; Mahone, L.G.; Hayes, S.F.; Uhlmann, J.G. J. Organometal. Chem. 1969, 18, 69
Gaspar, P.P.; Hwang, R.J. J. Am. Chem. Soc. 1974, 96, 6198
Henis, J.M.S.; Stewart, G.W.; Gaspar, P.P. J. Chem. Phys. 1974, 61, 4860
Hwang, R.J.; Gaspar, P.P. J. Am. Chem. Soc. 1978, 100, 6626
Gaspar, P.P. React. Intermed. 1978, 1, 229
 

R1

Ge

R2

:

Reviews:
Lappert, M.F.; Rowe, R.S. Coordin. Chem. Rev. 1990, 100, 267 (germylenes, stannylenes, plumbylenes)
Neumann, W.P. Chem. Rev. 1991, 91, 311 (germylenes and stannylenes)
Neumann, W.P.; Weisbeck, M.P.; Wienken, S. Main Group Metal Chem. 1994, 17, 151
Korolev, V.A.; Nefedov, O.M. Adv. Phys. Org. Chem. 1995, 30, 1
Tokitoh, N.; Okazaki, R. Coord. Chem. Rev. 2000, 210, 251 (silylenes, germylenes, stannylenes, plumbylenes)

- Ca(OH)2
GeH2

2 H2O

- H2

CaGe
950 C

CaH2  +  Ge

Royen, P.; Schwarz, R. Z. Anorg. Allgem. Chem. 1933, 211, 412 (first claim, later refuted)



237

 
H

Ge

H H

Ph Br Ph H
H

Ge

H
+

:

NaBr  +  Na+    +   
_

Glarum, S.N.; Kraus, C.A. J. Am. Chem. Soc. 1950, 72, 5398

Silylium ions (silylenium ions, silicenium ions, silyl cations, silicocations)
 

R1

Si+

R2 R3

Reviews:
Lambert, J.B.; Kania, L.; Zhang, S. Chem. Rev. 1995, 95, 1191
Corriu, R.J.P.; Henner, M. J. Organometallic Chem. 1974, 74, 1
Reed, C.A. Acc. Chem. Res. 1998, 31, 325

X = Cl, I

Ph3CH  +  (iPr)3Si+  [CB11H6X6]-(iPr)3SiH  +   Ph3C+  [CB11H6X6]-

Xie, Z.; Manning, J.; Reed, R.W.; Mathur, R.; Boyd, P.D.W.; Benesi, A.; Reed, C.A. J. Am. Chem. Soc. 1996, 118, 2922
Reed, C.A.; Xie, Z.; Bau, R.; Benesi, A. Science 1993, 262, 402

Ph3CH  +  R3Si+ X-Ph3C+  X-  +  R3SiH

Me(iPr)2Si+  X-

Et3Si+  X-

(Me3Si)3Si+  X-

X =  [B(F5Ph)4]



238

Lambert, J.B.; Zhang, S.; Ciro, S.M. Organometallics 1994, 13, 2430

(tBu)2MeSi+  [Br6-CB11H6]-

R = Et, iPr, tBuR3Si+  [Br6-CB11H6]-

Xie, Z.; Bau, R.; Benesi, A.; Reed, C.A. Organometallics 1995, 14, 3933
 

Si

Mes

Mes

Mes
Si

R

R

R

R = Ph, Et

Mes3Si+  [B(F5Ph)4]-  +  +  R3Si+  [B(F5Ph)4]-

Lambert, J.B.; Zhao, Y. Angew. Chem. Int. Ed. 1997, 36, 400
 

Si

Mes

Mes

Mes

Si

Et

Et

Et

+  Et3Si+  [HCB11Me5Br6]- Mes3Si+  [HCB11Me5Br6]-  +  

Kim, K.C.; Reed, C.A.; Elliott, D.W.; Mueller, L.J.; Tham, F.; Lin, L.; Lambert, J.B. Science 2002, 297, 825
 

OH

Si R2

R1

Me3Si

SiMe3

Me3Si

SiMe3

Si R2

R1

Me3Si

SiMe3

Me3Si
Si R2

R1

SiMe3

SiMe3

Me3Si

Si R2

R1

SiMe3

Me3Si

MeO

- H+

MeOH+

+

- H2O

H+

Sternberg, K.; Michalik, M.; Oehme, H. J. Organometallic Chem. 1997, 533, 265



239

Tetrahedral Intermediates

Reviews:
Jencks, W.P. Prog. Phys. Org. Chem. 1964, 2, 63
Johnson, S.L. Adv. Phys. Org. Chem. 1967, 5, 237
Jencks, W.P. Catalysis in Chemistry and Enzymology, McGraw-Hill:  New York, 1969
Jencks, W.P. Chem. Rev. 1972, 72, 705
Barnett, R.E. Acc. Chem. Res. 1973, 6, 41
Capon, B.; Ghosh, A.K.; Grieve, D.M.A. Acc. Chem. Res. 1981, 14, 306
McClelland, R.A.; Santry, L.J. Acc. Chem. Res. 1983, 16, 394
Capon, B.; Dosunmu, M.I.; De Nazare, M.; Sanchez, M. Adv. Phys. Org. Chem. 1985, 21, 37
Bowden, K. Adv. Phys. Org. Chem. 1993, 28, 171
Perrin, C.L. Acc. Chem. Res. 2002, 35, 28
 

O

C

R1 R2

O -

CR1 R2

Nu +

O

S

R1 R2

O -

SR1 R2

Nu +

O

P

R1 R2

O -

PR1 R2

Nu +

+  Nu

+  Nu

+  Nu



240

 

N

R OEt

Ph
N

R OEt

PhH

Br

NHPh

R OH

OEt

O

R NHPh
- HBr

HBr H2O

+  EtOH

Stieglitz, J. Am. Chem. J. 1899, 21, 101
 

O

CF3 OEt
CF3

O - Na+

OEt

OEt

+  NaOEt

Swarts, F. Bull. Soc. Chim. Belg. 1926, 35, 414
Helferich, B.; Muller, A. Chem. Ber. 1930, 63B, 2142
Bender, M.L. J. Am. Chem. Soc. 1951, 73, 1626
Bender, M.L. J. Am. Chem. Soc. 1953, 75, 5986
Zaugg, H.E.; DeNet, R.W.; Michaels, R.J. Jr. J. Org. Chem. 1961, 26, 4828
Cordes, E.H.; Childers, M. J. Org. Chem. 1964, 29, 968
Bender, M.L.; Kezdy, F.J. J. Am. Chem. Soc. 1964, 86, 3704
Martin, R.B.; Hedrick, R.I.; Parcell, A. J. Org. Chem. 1964, 29, 3197

Jencks, W.P.; Gilchrist, M. J. Am. Chem. Soc. 1964, 86, 5616
Fedor, L.R.; Bruice, T.C. J. Am. Chem. Soc. 1964, 86, 5697
Kirby, A.J.; Jencks, W.P. J. Am. Chem. Soc. 1965, 87, 3217
Fedor, L.R.; Bruice, T.C. J. Am. Chem. Soc. 1965, 87, 4138
Caplow, M. J. Am. Chem. Soc. 1965, 87, 5774
Biffin, M.E.C.; Crombie, L.; Elvidge, J.A. J. Chem. Soc. 1965, 7500
 

O
NH2- O OH HO NHOH

N
OH

+  NH2OH

+

- H2O

HA



241

Reimann, J.E.; Jencks, W.P. J. Am. Chem. Soc. 1966, 88, 3973
DeJersey, J.; Zerner, B. Biochem. Biophys. Res. Commun. 1967, 28, 173
Robinson, D.R.; Jencks, W.P. J. Am. Chem. Soc. 1967, 89, 7098
Robinson, D.R.; Jencks, W.P. J. Am. Chem. Soc. 1967, 89, 7088

Thiirenium Ions
 

S+

R3R2

R1

Reviews:
Pasquato, L.; Destro, R.; Lucchini, V.; Modena, G. Phosphorus, Sulfur, and Silicon and the related elements 1999, 153-154, 235
Lucchini, V.; Modena, G.; Pasquato, L. Gazz. Chim. Ital. 1997, 127, 177
Modena, G.; Pasquato, L.; Lucchini, V. Phosphorus, Sulfur, and Silicon and the related elements 1994, 95-96, 265
Capozzi, G.; Lucchini, V.; Modena, G. Rev. Chem. Intermediates 1979, 2, 347
 

C* C

Ph

XC6H4S

OSO2C6H4p-Br

Ph

C* C

S+

PhPh

C6H4X

S

C*

X

Ph

Ph
S

C*

X

Ph

Ph

BF3

- pBrC6H4SO3H

C*  = 14C

pBrC6H4SO3
-



242

 

C*H2

CH

X

Ph

Ph
CH2

C*H

X

Ph

Ph C*H

C

X

Ph

Ph
CH

C*

X

Ph

Ph

O

C

X

Ph

O

C*

X

Ph

NBS KMnO4

H2
Raney Ni

+  PhCOOH +  PhC* OOH+

Capozzi, G.; Melloni, G.; Modena, G.; Tonellato, U. Chem. Commun. 1969, 1520
Modena, G.; Tonellato, U. J. Chem. Soc. B  1971, 381 (stereochemical evidence)
Modena, G.; Tonellato, U. J. Chem. Soc. B  1971, 374 (kinetic evidence)
Burighel, A.; Modena, G.; Tonellato, U. Chem. Commun. 1971, 1325
 

C+

HS

H

H

S+

HH

H
65.9 kcal/mol

Denes, A.S.; Csizmadia, I.G.; Modena, G. Chem. Commun. 1972, 8



243

 

R1

R3-S

O3SAr

R2

R2

R3-S

O3SAr

R1

S+

R2R1

R3

R1

R3-S

Cl

R2

R2

R3-S

Cl

R1

R2R1 +  R3-SCl

Cl-

- ArSO3H

HCl

Modena, G.; Scorrano, G.; Tonellato, U. J. Chem. Soc. Perkin Trans. 2  1973, 493

Transition Metal Carbene Complexes
 

[Ln]M

R1

R2
Reviews:
Fischer, E.O. in Advances in Organometallic Chemistry, (F.G.A. Stone, R. West, eds.), Academic Press:  Orlando, FL, 1976; Vol. 14, p. 1 - 32
(carbene and carbyne complexes)
Schrock, R.R. Acc. Chem. Res. 1979, 12, 98
Dötz, K.H.; Fischer, H.; Hofmann, P.; Kreissl, F.R.; Schubert, U.; Weiss, K. Transition Metal Carbene Complexes, Verlag Chemie:  Weinheim,
1983
Dötz, K.H. Angew. Chem. Int. Ed. 1984, 23, 587
Roper, W.R. NATO ASI Series, Ser. C. 1989, 269, 27
Harvey, D.F.; Sigano, D.M. Chem. Rev. 1996, 96, 271



244

de Meijere, A. Pure Appl. Chem. 1996, 68, 61
Barluenga, J. Pure Appl. Chem. 1996, 68, 543
Hegedus, L.S. Tetrahedron 1997, 53, 4105
Aumann, R.; Nienhaber, H. Adv. Organometallic Chem. 1997, 41, 163
Barluenga, J. Pure Appl. Chem. 1999, 71, 1385
Herndon, J.W. Tetrahedron 2000, 56, 1257
de Meijere, A.; Schirmer, H.; Duetsch, M. Angew. Chem. Int. Ed. 2000, 39, 3964
Barluenga, J.; Fananas, F.J. Tetrahedron 2000, 56, 4597
Sierra, M.A. Chem. Rev. 2000, 100, 3591
Bernasconi, C.F. Adv. Phys. Org. Chem. 2002, 37, 137

Fischer carbene 

M

OMe

Ph

CO

CO

OC

OC

CO

M

CO

CO

OC

OC

CO

CO M

CO

CO

OC

OC

CO

C

O -

M

CO

CO

OC

OC

CO

C

O -

M

CO

CO

OC

OC

CO OH

Ph

Ph Ph

M = W, Cr, Mo

PhLi / Et2O
Li+

Me4N+ Cl- Me4N+

- LiCl

HX- Me4N+ X-

CH2N2

- N2

Me3O+  BF4
-- LiBF4

- Me2O

Fischer, E.O.; Maasbol, A. Angew. Chem. Int. Engl. Ed. 1964, 3, 580
Fischer, E.O.; Maasbol, A. Angew. Chem. 1964, 76, 645
Aumann, R.; Fischer, E.O. Angew. Chem. Int. Ed. 1967, 6, 879
Fischer, E.O. Adv. Organomet. Chem. 1976, 14, 1



245

 

(OC)5M

O - K+

R1

(OC)5M

OR2

R1

O

R1 N
R3

R4

O - K+

(OC)5M N

R1

R3

R4

(OC)5M

N

R1

R4

R3

Me3SiCl

K+

_

R2-X

R1-COCl
K2[M(CO)5]

C8K
M(CO)6

Semmelhack, M.F.; Lee, G.R. Organometallics 1987, 6, 1839
Imwinkelried, R.; Hegedus, L.S. Organometallics 1988, 7, 702

Schrock carbene



246

 

M

H

CMe3

Me3CCH2

Me3CCH2

Me3CCH2

M = Ta, Nb

- 2 LiCl
- CMe4

M[CH2CMe3]3Cl2  +   2 LiCH2CMe3

- 3 ZnCl2

2 M[CH2CMe3]3Cl22 MCl5  +  3 Zn[CH2CMe3]2

Schrock, R.R.; Meakin, P. J. Am. Chem. Soc. 1974, 96, 5288
Schrock, R.R. J. Am. Chem. Soc. 1974, 96, 6796
Schrock, R.R.; Fellmann, J.D. J. Am. Chem. Soc. 1978, 100, 3359
Schrock, R.R. J. Organometallic Chem. 1976, 122, 209
 

Ta

H

H

CH3

Cp

Cp

Schrock, R.R. J. Am. Chem. Soc. 1975, 97, 6577
Schrock, R.R.; Guggenberger, L.J. J. Am. Chem. Soc. 1975, 97, 6578

Transition Metal Carbyne Complexes
 
[Ln]M C R

Reviews:
Fischer, E.O. in Advances in Organometallic Chemistry, (F.G.A. Stone, R. West, eds.), Academic Press:  Orlando, FL, 1976; Vol. 14, p. 1 - 32
(carbene and carbyne complexes)



247

 

W C Ph

CO

CO

I

OC

CO

W

Ph

OMe

CO

CO

OC

OC

CO

+  CO  +  BI2OMe+  BI3

Fischer, E.O.; Kreis, G.; Kreiter, C.G..; Cornelius, G.; Müller, J.; Huttner, G.; Lorenz, H. Angew. Chem. 1973, 85, 618
Fischer, E.O.; Kreiter, C.G.; Müller, J.; Huttner, G.; Lorenz, H. Angew. Chem. Int. Ed. 1973, 12, 564
Fischer, E.O.; Kreis, G.; Kreissl, F.; Kalbfus, W.; Winkler, E. J. Organometallic Chem. 1974, 65, C53

Transition Metal Ketenyl Complexes
 

O

R1 R2

[M]

Reviews:
Geoffrey, G.L.; Bassner, S.L. Adv. Organometallic Chem. 1988, 28, 1 (ketenyl complexes, heterovinylidene complexes)
Gibson, S.E.; Peplow, M.A. Adv. Organometallic Chem. 1999, 44, 275 (vinylketenyl complexes)
Kirmse, W. Eur. J. Org. Chem. 2002, 2193
Singh, G.S.; Mdee, L.K. Curr. Org. Chem. 2003, 7, 1821



248

 

W

C

OC CO WMe3P PMe3
OOC

2 PMe3

Kreissl, F.R.; Frank, A.; Schubert, U.; Lindner, T.L.; Hutner, G. Angew. Chem. 1976, 88, 649
Kreissl, F.R.; Eberl, K.; Uedelhoven, W. Chem. Ber. 1977, 110, 3782
Kreissl, F.R.; Uedelhoven, W.; Eberl, K. Angew. Chem. 1978, 90, 908
Uedelhoven, W.; Eberl, K.; Kreissl, F.R. Chem. Ber. 1979, 112, 3376
Eberl, K.; Uedelhoven, W.; Karsch, H.H.; Kreissl, F.R. Chem. Ber. 1980, 113, 3377
 

N

N

W

CO

CO

C

Br

Ph

N

N

W

CN

CO O

Ph

NC

1. 2 KCN

(- KBr)

2. [Ph3P-N=PPh3]+ X-

( - KX)

_

[Ph3P-N=PPh3]+

Fischer, E.O.; Filippou, A.C.; Alt, H.G.; Ackermann, K. J. Organometallic Chem. 1983, 254, C21 (first anionic ketenyl transition metal complex)



249

 

CH2 C O

Fe(CO)2(Cp)

(Cp)(CO)2Fe

OMe

(Cp)(CO)2Fe

Cl

(Cp)(CO)2Fe CH2

(Cp)(CO)2Fe CH2 PF4
-

CO

BF4
-

+

- MeOH

+

HBF4

- AgCl

AgPF6

- MeOH

HCl

+

PF4
-

Bodnar, T.W.; Cutler, A.R. J. Am. Chem. Soc. 1983, 105, 5926

Transition Metal Keteniminium Complexes
 

N+

R1 R2

[M]-

R3

N+

R1 R2

[M]-

R3R3 R

Reviews:
Aumann, R. Angew. Chem. 1988, 100, 1512
 

Ir

CO

Ph3P PPh3

Cl

N C

CN

CN

N C

CN

CN

Ir

PPh3

OC

PPh3

- KCl
K+

_
+



250

Lenarda, M.; Baddley, W.H. J. Organometallic Chem. 1972, 39, 217

Marchand-Brynaert, J.; Ghosez, L. J. Am. Chem. Soc. 1972, 94, 2869; 2870
 

NMe2

Cl

NMe2

Re(CO)5

NMe2

Cl

N+
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Cy
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Transition Metal Iminium Complexes
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W
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COCl

PPh2PPh2

Cl

HCl
+

Cl-
HCl
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Transition Metal Silene Complexes
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N(CH3)2
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R
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R
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R
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+
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+
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+
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+
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