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Markovnikov Free Radical Addition Reactions, a Sleeping Beauty Kissed to Life 

Reinhard W. Hoffmann
a
 

 This review covers free radical additions, that are initiated by the formal addition of a hydrogen atom to a C=C 

double bond. These reactions originated in the realms of inorganic chemistry, polymer chemistry, and organic chemistry, 

whereby barriers between these disciplines impeded the rapid implementation of the findings. 

 

Introduction 

Progress of science is sometimes frantic and hectic; sometimes it drags on over decades. The latter 

applies to the hydrogen atom additions to C=C-double bonds. Addition to C=C-double bonds are 

standard operations in organic synthesis in order to expand or functionalize a molecular skeleton.  

Examples constitute the edifice of teaching organic chemistry, comprising polar additions as well as 

free radical chain reactions. The addition of H-X (e.g. X = Br, SPh) to a C=C-double bond in a free 

radical chain reaction is carried by an X∙ radical and results in an anti-Markovnikov addition of H-X.
1
 

                                                           

Scheme 1 Anti-Markovnikov addition of H-X to alkenes 

When one would consider the opposite regioselectivity, a Markovnikov addition, one would have to 

effect the addition of a hydrogen atom to the C=C-double bond
 2

 in a free radical chain reaction. 

                                                            

Scheme 2 Hydrogen atom addition to alkenes 

Yet there was no need to develop such a reaction, given the classical polar addition of H-X to C=C-

double bonds. It was therefore left to chance, that such a reaction was uncovered.  

 

The Beginning out of the Blue Sky 

Hydrogen atom transfer to a C=C-double bond was discovered in the context of studying transition  

a.
 Fachbereich Chemie der Philipps Universität Marburg, Hans Meerweinstr.4. D-35032 Marburg, Germany. E-

Mail: rwho@chemie.uni-marburg.de; Fax: +49 6421 2825677; Tel: +49 6421 2825571 

 

Page 1 of 13 Chemical Society Reviews



metal hydrides as catalysts in the hydrogenation of C=C-double bonds. In the late sixties it was 

speculated that hydrogenation of alkenes catalyzed by Co(CN)5
3-

 could involve the transfer of a 

hydrogen atom to the alkene.
3
 Definite proof of a hydrogen atom transfer in the hydrogenation of 

α-methylstyrene catalyzed by HMn(CO)5 was provided in 1977 by CIDNP studies by J. Halpern.
4
 
For a 

review see 5
                 

                                             

Scheme 3 Hydrogen atom addition to alkenes effected by transition metal hydrides 

 

This finding, was noted by inorganic and polymer chemists, though, but did not draw attention from 

organic chemists.  

Another entry into H-atom transfer reactions originated from studies to model NADH-dependent 

heme-containing dioxygenases. Thus in 1979 a system containing tppMnCl, NaBH4, and oxygen was 

reported by Tabushi and Koga
6
 to convert cyclohexene in 80 % yield to cyclohexanol. 

                                 

tppMnCl, NaBH4, O2

benzene, EtOH

OH

 

Scheme 4 Catalytic oxidation/reduction hydration of cyclohexene; tpp = tetraphenylporphyrin 

 

These conversions were extended in the early eighties from tppMnCl
7
 to tppCo 

8, 9
 and to tppFeCl

10
 

showing the generality of this transformation. The reaction is triggered by a transition metal hydride 

(2) that either transfers a hydrogen atom directly to the alkene to generate the radical 1 in a single 

step, or via hydrometallation to 3 followed by homolysis of the weak metal-carbon bond.
9
 The 

formation of an organometallic intermediate 3 has been postulated and observed in several 

instances.
11, 12

 In any case, the overall transformation of the alkene to the radical 1 amounts to the 

addition of a hydrogen atom to the alkene. The subsequent transformation of 1 to the alcohol 4 

corresponds to a standard autoxidation process. 

 

Page 2 of 13Chemical Society Reviews



                                    

Scheme 5 Mechanism of the catalytic oxidation/reduction hydration of alkenes 

 

The Hibernating Phase 

These results led to further studies in the steroid field.
13

 Since organic chemists had very little overlap 

with the community of bioinorganic chemists, it was quite fortuitous that Teruaki Mukaiyama 

embarked on a systematic study of the catalytic oxidation/reduction hydration of alkenes.
14

 

Mukaiyama chose Co(acac)2 as the metal component and used initially isopropanol
15

 and later PhSiH3 

as hydride donors.
16

 The resulting procedure has been applied to a variety of terminal alkenes. 

                           

Scheme 6 Catalytic oxidation/reduction hydration of alkenes; acac = acetonylacetonato 

The reaction has later been dubbed “Mukaiyama hydration of alkenes” demonstrating that its 

preceding chemistry had not been adequately recognized and acknowledged in the community. The 

reaction has been studied further in detail,
17

 and additional variants have been developed during the 

early nineties.
11, 18

 Yet, in the eyes of most organic chemists this reaction remained a not very exciting 

variant of the classical Markovnikov hydration of alkenes.  

 

The Rise from Obscurity 

While classical Markovnikov hydration requires quite harsh conditions, the catalytic 

oxidation/reduction hydration of alkenes proceeded under mild conditions and was compatible with 

a large variety of functional groups. It was this asset, that finally (by 2005) led to the adoption of this 

reaction by organic chemists in the late stages of complex natural product synthesis, cf. Scheme 7. 
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Scheme 7 Oxidation/reduction hydration of alkenes in natural product syntheses 

The initiating step depicted in Scheme 2 opens up many more possibilities to functionalize an alkene 

beyond the hydration reactions in Scheme 6 and 7. Mukaiyama himself didn’t explore these 

possibilities except for a hydronitrosation reaction.
24, 25, 26

 The opportunities were rather used by 

each and every of the research groups that used the oxidation/reduction hydration of alkenes in 

natural product syntheses. These groups in rapid succession explored diverse hydro-functionalization 

reactions of terminal alkenes. In this vein hydroazidation
27

 as well as hydrocyanation,
28, 29 

 ̶  reactions 

without precedent  ̶  were developed cf. Scheme 8; for further examples see 
30, 31

. 
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Scheme 8 Markovnikov hydrofunctionalization of alkenes 

A spectacular case of a Markovnikiov hydroamination
37

 is given in Scheme 9. 

 

Scheme 9 Markovnikov hydroamination of alkenes by nitro compounds 

 

With respect to the historic side of these reactions, the paper by Kojo and Sano
38

 merits special 

mention. The authors realized the transformation shown in Scheme 10, in which the substrate 

apparently served also as the catalyst. 
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Scheme 10 Hydrothiolylation of protohemin 

The authors provided an interpretation, which is by and large the one presently accepted, cf. Scheme 

5. The authors thereby essentially preempted in 1981 the later developments collected in Scheme 8. 

They published their findings with the programmatic title “A Markownikoff-type Radical Addition 

Reaction” in a mainstream journal of organic chemistry. All the more, it is shocking that this work 

drew only eight citations in the 33 years that followed. 

The free radicals that are generated by H-atom transfer to a C=C-double bond (Scheme 2) may not 

only add to heteroatom-radicophiles (cf. Scheme 8). Intramolecular addition to nearby placed double 

bonds may result in cyclization reactions. These have been studied initially by the Norton group.
39, see 

also 40, 41
 

                                    

Scheme 11 Ring formation initiated by H-atom transfer to C=C-double bonds; dppe = bis-

diphenylphosphino-ethane 

As the substrates for these cyclizations have two C=C-double bonds, proper initiation requires 

chemoselective transfer of the H-atom to a distinct double bond. The necessary basic information 

regarding rates of H-atom transfer from different H-atom donors and to different H-atom acceptors 

had been collected by the Norton group early on.
5, 42
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The addition of carbon-centered radicals to a C=C-double bond has an early transition state in which 

the forming bond is still being long.
43

 These additions therefore allow the formation of bonds 

between quaternary centers, as illustrated in Scheme 12, i.e. of strained ring systems. Here the 

initiation via H-atom transfer comes especially handy. 
41, 44

 

                     

Scheme 12 Formation of strained rings initiated by H-atom transfer to C=C-double bonds 

 

Intramolecular addition to C=C-double bonds of the radicals generated by H-atom transfer was soon 

followed by the intermolecular counterpart;
44

 Scheme 13. 

          

 Scheme 13 Formation of quaternary centers by H-atom transfer initiated radical addition reactions 

 

At this point, the generality of this reaction scheme to address fundamental skeleton building steps 

in organic synthesis becomes obvious. There comes a bonus along: C=C-double bonds carrying 

heteroatom substituents may serve as H-atom acceptors. Enol ethers, enamides, or vinyl halides 

thereby become precursors to nucleophilic α-substituted radicals. This transformation is equivalent 

to an umpolung of the enol ethers or enamides facilitating in the end by addition to α,ß-unsaturated 

carbonyl compounds the formation of 1,4-difunctionalized molecular skeletons,
45

  a substitution 

pattern not readily attained otherwise; Scheme 14.  
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Scheme 14 Generation of nucleophilic radicals by H-atom transfer to hetero-substituted double 

bonds; dibm = diisobutyrylmethane 

A novel reaction such as H-atom transfer to C=C-double bonds becomes invaluable to chemistry if it 

allows transformations which could not otherwise be attained in a simple manner. This holds for 

certain features of the hydrogenation of C=C-double bonds initiated by H-atom transfer.
41

 Consider 

an endocyclic C=C-double bond. H-atom transfer to this double bond generates a carbon-centered 

radical (cf. Scheme 2), which is configurationally undefined. It adopts a configuration, in which all 

substituents take up the thermodynamically most stable conformation, before a second hydrogen 

atom is attached. Overall, a diastereoselective hydrogenation of an endocyclic double bond is 

realized that provides predominantly the thermodynamically more stable diastereomer. This means, 

that on hydrogenation of a methyl-cyclohexene substructure, the methyl group will end up in the 

equatorial position. This means that a ∆
9,10

-octalin substructure will be hydrogenated to a trans-

decaline. Moreover, this type of hydrogenation does not touch carbon-iodine-, carbon-sulfur-, or 

benzylic-heteroatom bonds;
41

 Scheme 15. 

              

Scheme 15 Diastereoselective H-atom transfer initiated hydrogenation of double bonds 

Hydrogen-atom transfer to generate carbon-centered radicals, the sleeping beauty, has now been 

kissed to full life. These reactions have become an actively pursued area of research,
46

 the frontiers 
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of which constantly expand. This can be taken from the recently published applications to the 

specific translocation of terminal C=C-double bonds,
47

 to the selective hydrogenation of vinylic 

halides to haloalkanes,
41, 48

 to the cycloisomerizations of 1,6- and 1,7-dienes,
47

 or to stereoselective 

hydrogenation;
49

 Scheme 16. 

 

Scheme 16 Recent applications of H-atom transfer initiated reactions; dpm = dipivaloylmethane  

  

Page 9 of 13 Chemical Society Reviews



 

Epilogue  

Looking back at the development of the Markovnikov Free Radical Addition Reactions one cannot 

avoid noticing a decades-long induction period. Induction periods in chemical reactions may be 

caused by the (intended or coincidental) presence of an inhibitor. Are there material or immaterial 

inhibitors responsible for an induction period in the progress of science? Progress of science is 

fostered by a flux of information between individual scientists. Unfortunately, there are barriers, 

which inhibit such exchange of information. Such barriers result e.g. from man-made 

compartmentalization of scientists, called specialization! 

 

 

 

Fig. 1 Detail from Ronald Searle: “People”, reprinted by kind permission of The Ronald Searle 

Cultural Trust and The Sayle Literary Agency © 1978. 

  

 

 

 

Page 10 of 13Chemical Society Reviews



 

1 (a) M. S. Kharasch, and J. A. Hinckley, J. Amer. Chem. Soc., 1934, 56, 1243; (b) M. S. 

Kharasch, and W. M. Potts, J. Amer. Chem. Soc., 1936, 58, 57; (c) V. N. Ipatieff, H. 

Pines, and B. S. Friedman, J. Amer. Chem. Soc., 1938, 60, 2731. 

2 cf. C. A. Muedas, R. R. Ferguson, and R. H. Crabtree, Tetrahedron Lett., 1989, 30, 

3389. 

3 (a) L. Simándi, and F. Nagy, Acta Chim. Hung., 1965, 46, 137; (b) W. Strohmeier, and 

N. Iglauer, Z. phys. Chem. N.F., 1966, 51, 50; (c) J. Halpern, and L.-Y. Wong, J. Amer. 

Chem. Soc., 1968, 90, 6665. 

4 R. L. Sweany, and J. Halpern, J. Amer. Chem. Soc., 1977, 99, 8335. 

5 D. C. Eisenberg, and J. R. Norton, Israel J. Chem., 1991, 31, 55. 

6 I. Tabushi, and N. Koga, J. Amer. Chem. Soc., 1979, 101, 6456. 

7 M. Perrée-Fauvet, and A. Gaudemer, J. chem. Soc. Chem. Commun., 1981, 874. 

8 (a) T. Okamoto, and S. Oka, Tetrahedron Lett., 1981, 22, 2191; (b) Y. Ohkatsu, M. 

Ohno, T. Ooi, and S. Inoue, Nippon Kagaku Kaishi, 1985, 387. 

9 T. Okamoto, and S. Oka, J. Org. Chem., 1984, 49, 1589. 

10 T. Santa, T. Mori, and M. Hirobe, Chem. Pharm. Bull., 1985, 33, 2175. 

11 J.-I. Setsune, Y. Ishimaru, T. Moriyama, and T. Kitao, J. chem. Soc. Chem. Commun., 

1991, 555. 

12 (a) K. Kano, M. Takeuchi, S. Hashimoto, and Z.-I. Yoshida, J. chem. Soc. Chem. 

Commun., 1991, 1728; (b) J.-I. Setsuno, Y. Ishimaru, and A. Sera, Chem. Lett., 1992, 

377; (c) T. Mori, T. Santa, T. Higuchi, T. Mashino, and M. Hirobe, Chem. Pharm. Bull., 

1993, 41, 292. 

13 A. B. Solov'eva, V. I. Mel'nikova, K. K. Pivnitskii, E. I. Karakozova, K. A. Bogdanova, L. 

V. Karmilova, G. A. Nikiforov, and N. S. Enikolopov, Izvest. Akad. Nauk SSSR, Ser. 

Khim., 1983, 2327; A. B. Solov'eva; V. I. Mel'nikova; K. K. Pivnitskii; E. I. Karakozova; 

K. A. Bogdanova; L. V. Karmilova; G. A. Nikiforov; N. S. Enikolopov, Russian Chem. 

Bull., 1983, 32, 2099. 

14 T. Mukaiyama, and T. Yamada, Bull. Chem. Soc. Jpn., 1995, 68, 17. 

15 (a) T. Mukaiyama, S. Isayama, S. Inoki, K. Kato, T. Yamada, and T. Takai, Chem. Lett., 

1989, 449; (b) S. Inoki, K. Kato, T. Takai, S. Isayama, T. Yamada, and T. Mukaiyama, 

Chem. Lett., 1989, 515. 

16 (a) S. Isayama, and T. Mukaiyama, Chem. Lett., 1989, 1071; (b) S. Inoki, S. Isayama, 

and T. Mukaiyama, Chem. Lett., 1990, 1869. 

17 (a) M. Shimizu, H. Orita, T. Hayakawa, and K. Takehira, J. Mol. Cat., 1989, 53, 165; (b) 

K. Kato, T. Yamada, T. Takai, S. Inoki, and S. Isayama, Bull. Chem. Soc. Jpn., 1990, 63, 

179; (c) M. Takeuchi, and K. Kano, Bull. Chem. Soc. Jpn., 1994, 67, 1726; (d) M. 

Takeuchi, M. Kodera, K. Kano, and Z.-I. Yoshida, J. Molec. Catal., 1996, 113, 51. 

18 (a) M. Shimizu, H. Orita, T. Hayakawa, and K. Takehira, J. Mol. Cat., 1988, 45, 85; (b) 

Page 11 of 13 Chemical Society Reviews



M. Nishiki, T. Satoh, and H. Sakurai, J. Mol. Cat., 1990, 62, 79; (c) K. Kano, H. Tagaki, 

M. Takeuchi, S. Hashimoto, and Z.-I. Yoshida, Chem. Lett., 1991, 519; (d) T. Sugimori, 

S.-I. Horike, S. Tsumura, M. Handa, and K. Kasuga, Inorg. Chim. Acta, 1998, 283, 275; 

(e) H. L. Lee, J. S. Baik, and S.-B. Han, Bull. Korean Chem. Soc., 1999, 20, 867; (f) S. 

Isayama, Bull. Chem. Soc. Jpn., 1990, 63, 1305; for subsequent developments see: 

(g) P. Magnus, A. H. Payne, M. J. Waring, D. A. Scott, and V. Lynch, Tetrahedron Lett., 

2000, 41, 9725; (h) P. Magnus, M. J. Waring, and D. J. Scott, Tetrahedron Lett., 2000, 

41, 9731; (i) P. Magnus, D. A. Scott, and M. R. Fielding, Tetrahedron Lett., 2001, 42, 

4127; (j) P. Magnus, and M. R. Fielding, Tetrahedron Lett., 2001, 42, 6633; (k) T. 

Tokuyasu, S. Kunikawa, A. Masuyama, and M. Nojima, Org. Lett., 2002, 4, 3595; (l) X. 

Hu, and T. J. Maimone, J. Amer. Chem. Soc., 2014, 136, 5287; (m) T. Hashimoto, D. 

Hirose, and T. Taniguchi, Angew. Chem., 2014, 126, 2768 – 2772; T. Hashimoto; D. 

Hirose; T. Taniguchi, Angew. Chem. Int. Ed., 2014, 53, 2730. 

19 R. A. Shenvi, C. A. Guerrero, J. Shi, C.-C. Li, and P. S. Baran, J. Amer. Chem. Soc., 

2008, 130, 7241. 

20 C. S. Schindler, C. R. J. Stephenson, and E. M. Carreira, Angew. Chem., 2008, 120, 

8984; C. S. Schindler; C. R. J. Stephenson; E. M. Carreira, Angew. Chem. Int. Ed., 

2008, 47, 8852. 

21 H. Ishikawa, D. A. Colby, S. Seto, P. Va, A. Tam, H. Kakei, T.-J. Rayl, I. Hwang, and D. L. 

Boger, J. Amer. Chem. Soc., 2009, 131, 4904. 

22 O. F. Jeker, and E. M. Carreira, Angew. Chem. , 2012, 124, 3531; O. F. Jeker; E. M. 

Carreira, Angew. Chem. Int, Ed., 2012, 51, 3474. 

23 H. Shigehisa, Y. Suwa, N. Furiya, Y. Nakaya, M. Fukushima, Y. Ichihashi, and K. 

Hiroya, Angew. Chem., 2013, 125, 3734; H. Shigehisa; Y. Suwa; N. Furiya; Y. Nakaya; 

M. Fukushima; Y. Ichihashi; K. Hiroya, Angew. Chem. Int. Ed., 2013, 52, 3646. 

24 T. Okamoto, K. Kobayashi, T. Oka, and S. Tanimoto, J. Org. Chem., 1987, 52, 5089. 

25 K. Kato, and T. Mukaiyama, Chem. Lett., 1990, 1395. 

26 K. Kato, and T. Mukaiyama, Chem. Lett., 1992, 21, 1137. 

27 (a) J. Waser, H. Nambu, and E. M. Carreira, J. Amer. Chem. Soc., 2005, 127, 8294; (b) 

J. Waser, B. Gaspar, H. Nambu, and E. M. Carreira, J. Amer. Chem. Soc., 2006, 128, 

11693; (c) B. Gaspar, J. Waser, and E. M. Carreira, Synthesis, 2007, 3839. 

28 B. Gaspar, and E. M. Carreira, Angew. Chem., 2007, 119, 4603; B. Gaspar; E. M. 

Carreira, Angew. Chem. Int. Ed., 2007, 46, 4519. 

29 E. Leggans, T. J. Barker, K. K. Duncan, and D. L. Boger, Org. Lett., 2012, 14, 1428. 

30 B. Gaspar, and E. M. Carreira, J. Amer. Chem. Soc,, 2009, 131, 13214. 

31 H. Shigehisa, T. Aoki, s. Yamaguchi, N. Shimizu, and K. Hiroya, J. Amer. Chem. Soc., 

2013, 135, 10306. 

32 B. Gaspar, and E. M. Carreira, Angew. Chem., 2008, 120, 5842; B. Gaspar; E. M. 

Carreira, Angew. Chem. Int. Ed., 2008, 47, 5758. 

Page 12 of 13Chemical Society Reviews



33 (a) T.J. Barker, and D. L. Boger, J. Amer. Chem. Soc., 2012, 134, 13588; (b) H. 

Shigehisa, E. Nishi, M. Fujisawa, and K. Hiroya, Org. Lett., 2013, 15, 5158. 

34 (a) V. Girijavallabhan, C. Alvarez, and F. G. Njoroge, J. Org. Chem., 2011, 76, 6442; 

(b) M. Takeuchi, H. Shimakoshi, and K. Kano, Organometallics, 1994, 13, 1208. 

35 S. Prateeptongkum, I. Jovel, R. Jackstell, N. Vogl, C. Weckbecker, and M. Beller, 

Chem. Commun., 2009, 1990. 

36 (a) J. Waser, B. Gaspar, H. Nambu, and E. M. Carreira, J. Amer. Chem. Soc., 2006, 

128, 11693; (b) J. Waser, and E. M. Carreira, J. Amer. Chem. Soc., 2004, 126, 5676; 

(c) J. Waser, and E. M. Carreira, Angew. Chem., 2004, 116, 4191; J. Waser; E. M. 

Carreira, Angew. Chem. Int. Ed., 2004, 43, 4099. 

37 J. Gui, C.-M. Pan, Y. Jin, T. Qin, J. C. Lo, B. J. Lee, S. H. Spergel, M. E. Mertzman, W. J. 

Pitts, T. E. La Cruz, M. A. Schmidt, N. Darvatkar, S. R. Natarajan, and P. S. Baran, 

Science, 2015, 348, 886. 

38 S. Kojo, and S. Sano, J. chem. Soc. Perkin Trans. I, 1981, 2864. 

39 (a) D. M. Smith, M. E. Pulling, and J. R. Norton, J. Amer. Chem. Soc,, 2007, 129, 770; 

(b) J. Hartung, M. E. Pulling, D. M. Smith, D. X. Yang, and J. R. Norton, Tetrahedron, 

2008, 64, 11822; (c) J. L. Kuo, J. Hartung, A. Han, and J. R. Norton, J. Amer. Chem. 

Soc,, 2015, 137, 1036. 

40 (a) T. Taniguchi, N. Goto, A. Nichibata, and H. Ishibashi, Org. Lett., 2010, 12, 112; (b) 

L.-C. Wang, H.-Y. Jang, Y. Roh, V. Lynch, A. J. Schultz, X. Wang, and M. J. Krische, J. 

Amer. Chem. Soc., 2002, 124, 9448; (c) C. M. McGinley, H. A. Relyea, and W. A. van 

der Donk, Synlett, 2006, 211. 

41 K. Iwasaki, K. K. Wan, A. Oppedisano, S. W. M. Crossley, and R. A. Shenvi, J. Amer. 

Chem. Soc., 2014, 136, 1300. 

42 J. Choi, L. Tang, and J. R. Norton, J. Amer. Chem. Soc., 2007, 129, 234. 

43 W. Damm, B. Giese, J. Hartung, T. Hasskerl, K. N. Houk, . O. Hüter, and H. Zipse, J. 

Amer. Chem. Soc., 1992, 114, 4067. 

44 J. C. Lo, Y. Yabe, and P. S. Baran, J. Amer. Chem. Soc., 2014, 136, 1304. 

45 J. C. Lo, J. Gui, Y. Yabe, C.-M. Pan, and P. S. Baran, Nature, 2014, 516, 343. 

46 A. Simonneau, and M. Oestreich, Angew. Chem., 2015, 127, 3626; A. Simonneau; M. 

Oestreich, Angew. Chem. Int. Ed., 2015, 54, 3556. 

47 S. W. M. Crossley, F. Barabé, and R. A. Shenvi, J. Amer. Chem. Soc., 2014, 136, 

16788. 

48 S. M. King, X. Ma, and S. B. Herzon, J. Amer. Chem. Soc., 2014, 136, 6884. 

49 S. A. Ruider, T. Sandmeier, and E. M. Carreira, Angew. Chem., 2015, 127, 2408; S. A. 

Ruider; T. Sandmeier; E. M. Carreira, Angew. Chem. Int. Ed., 2015, 54, 2378. 

 

 

 

Page 13 of 13 Chemical Society Reviews


