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Abstract: Reaction between a sulfur(VI) compound and an iodine(lll) oxidant in the presence of a catalytic
guantity (=3 mol %) of a rhodium(ll) catalyst leads to the formation of a chiral metallanitrene of
unprecedented reactivity. The latter allows intermolecular C—H amination to proceed in very high yields
up to 92% and excellent diastereoselectivities up to 99% with C—H bond containing starting materials as
the limiting component. The scope of this C—H functionalization includes benzylic and allylic substrates as
well as alkanes. Secondary positions react preferentially, but insertion into activated primary C—H bonds
or sterically accessible tertiary sites is also possible. Cooperative effects between the nitrene precursor
and the chiral catalyst at the origin of these good results have also been applied to kinetic resolution of
racemic sulfonimidamide. This methodology paves the way to the use of Csp®—H bonds as synthetic
precursors for the introduction of a nitrogen functionality into selected positions.

Introduction could be generated from azidelaloamines$,or N-arenesulfo-
nyloxycarbamate%1°However, the most notable achievements

The amino function plays a pivotal role in both chemistry have been made to date by using iminoiodaAdsypervalent

and biology. Nitrogen is thus found in some of the major natural
product classes such as amino acids or alkaloids as well as in o F e dodioated 0.6l functionalizat @ Lo
: . or recent reviews dedicated te-8& functionalization, see: (a) Labinger,
a wealth of pharmaceutical agents where its presence strongly ™ ;A ~Bercaw, J. ENature 2002 417, 507-514. (b) Ritleng, V.; Sirlin,
influences both their pharmacodynamic properties and their gh tPfe_ffe'\rl,Al\él.CshentwH %e't%%%%algialfg%;lffgi (8) léal%lchl, FA
. . ™ . . atani, N.Adv. syntn. Catal — . olaman, A.
.bloa.vallablllty.llThe key importance of nltrggen ha§ therefore S.; Goldberg, K. I. InActivation and Functionalization of C-H Bongls
inspired chemists over the years to design a wide array of Goldberg, K. I, Goldman, A. S., Eds.; ACS Symposium Series 885;
K io? Th d " American Chemical Society: Washington, DC, 2004; pp43. (e) Dick,
methodologies for €N bond formatiort. The advent o A. R.; Sanford, M. STetrahedror2008 62, 2439-2463. (f) Godula, K.;

transition metal complexes has led to the development of Sames, DScience2006 312 67-72. (9) Yu, J.-Q.; Giri, R.; Chen, X.
P P Org. Biomol. Chem2006 4, 4041-4047. (h) Herrerias, C. |.; Yao, X.; Li,

efficient catalytic procedures such as hydroamination of ol&fins Z.; Li, C.-J.Chem. Re. 2007, 107, 2546-2562. (i) Bergman, R. GNature
iq C— i 2007, 446, 391-393.

orthe Bychwald—HartW|g C-N coupllr!gs‘} to n?'me buta ,feW' (6) For general reviews, see: (a)'Mar, P.; Fruit, C.Chem. Re. 2003 103
The majority of these, however, requires the incorporation of a 2905-2919. (b) Dauban, P.; Dodd, R. i$ynlett2003 1571-1586. (c)
; i ; H i H Halfen, J. A.Curr. Org. Chem2005 9, 657—-669. (d) Espino, C. G.; Du
funcyonallty_prlor t(_) the m_trOdUCtlon _O_f the mtmg?n atom. . Bois, J. InModern Rhodium-Catalyzed Organic ReactioBsans, P. A.,
With the aim of discovering new efficient synthetic strategies Ed.; Wiley-VCH: Welrr]lhelm, 2005; pp 37%416. (e) Igavnfes, H. M. L;
for the preparation of amino compounds, the direct transforma- k,.onLg’ R",;g%fv\”%iﬁmc |i?""5$80%"2%°%i§’2321%35 0. () Davies,

tion of a C—H into a C—N bond appears highly appealing  (7) (&) Ragaini, F.; Penoni, A.; Gallo, E.; Tollari, S.; Li Gotti, C.; Lapadula,

. ; ) . o . M. M E.C SChem—Eur. J.2003 9, 249-259. (b) O
especially if the selective functionalization of a unique-i@ K. Mﬁpﬁgm, M.: SQL”.'da T. em; F‘;r Katsua, TChem. Leéz)oo?géa

bond can be achieved. In parallel to the development of efficient 354-355. (c) Stokes, B. J.; Dong, H.; Leslie, B. E.; Pumphrey, A. L
Driver, T. G.J. Am. Chem. So2007, 129 7500-7501.

synthetic strategies for the regioselective formation efG; (8) (a) Chanda, B. M.; Vyas, R.; Bedekar, A. ¥.0rg. Chem2001, 66, 30—

— - - i 34. (b) Albone, D. P.; Challenger, S.; Derrick, A. M.; Fillery, S. M.; lrwin,
C—0, C-B, Of CX bondS.Startmg from €H boqd§, th.e J. L.; Parsons, C. M.; Takada, H.; Taylor, P. C.; Wilson, BDdy. Biomol.
area of catalytic €H amination has been recently intensively Chem.2005 3, 107—111.

i i ianifi igj (9) (a) Lebel, H.; Huard, K.; Lectard, 8. Am. Chem. So2005 127, 14198~
investigated and has led to significant results arising from the 12109 (b) Libel. H. Huard, 1Org. Lett 2007 9. 630642 (¢) Fioravanti,

discovery of simple efficient nitrene transférghe latter species S.; Morreale, A.; Pellacani, L.; Tardella, P. Retrahedron Lett2003 44,
3031-3034.
T . . (10) Use of peroxycarbamates also allows amination of hydrocarbons without
Institut de Chimie des Substances Naturelles. the involvement of nitrenes. For example, see: (a) Kohmura, Y.; Kawasaki,
* University of Geneva. K.; Katsuki, T.Synlett1997 1456-1458. (b) Clark, J. S.; Roche, Chem.
(1) Hili, R.; Yudin, A. K. Nat. Chem. Biol2006 2, 284-287. Commun.2005 5175-5177. (c) Pelletier, G.; Powell, D. AOrg. Lett.
(2) (a) Ricci, A., Ed.Modern Amination MethoddViley-VCH: Weinheim, 2006 8, 6031-6034.
2000. (b) Ricci, A., EdQAmino Group Chemistry, From Synthesis to the (11) (a) Yamada, Y.; Yamamoto, T.; Okawara, @hem. Lett.1975 341—
Life SciencesWiley-VCH: Weinheim, 2007. 342. (b) Breslow, R.; Gellman, S. H. Am. Chem. Sod.983 105 6728-
(3) Hultzsch, K. C.Adv. Synth. Catal2005 347, 367—391. 6729. (c) Mansuy, D.; Mahy, J.-P.; Dureault, A.; Bedi, G.; BattioniJP.
(4) Hartwig, J. F.Synlett2006 1283-1294. Chem. Soc., Chem. Commui984 1161-1162.
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iodine(lll) reagents of general formula PHNR which are now
easily handled? Rhodium(ll) complexes have been found to
be the catalysts of choice to perform amination of varioas C
H bondg1b12b.13pyt rutheniumi22 4 manganes?a14ab.lyop-
per}6 palladium?” and silvet® based systems can also be used.

Nevertheless, despite this plethora of nitrene precursors and

transition metal catalysts, the efficiency of the subsequent C
H functionalization is almost always dependent upon the
involvement of an internal tether. While intramolecularig
amination is now a well-established methodology that has found
applications in total synthesl8 the intermolecular version, by
contrast, suffers from being low yieldiffgand limited in scope

to benzylic positions and cyclic ethers. Moreover, the rare
examples of enantioselective intermolecular nitrereHdnser-
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Figure 1. Diastereoselective rhodium-catalyzed benzylieKCamination
using sulfonimidamida

tions reported so far involve substrates used in excess. This workorganic synthesi& Recent development of simple methodolo-

therefore reports our recent efforts aimed at developing a
catalytic stereoselecie intermolecular €&-H amination of
various types of hydrocarbons used in stoichiometric amounts
The high reactivity of the system based on cooperative effects
between a chiral rhodium(ll) compleixand a sulfonimidamide

2 is one of the key elements allowing the efficient selective
C—H functionalization of benzylic and allylic substrates as well
as simple alkanes.

Results and Discussion

Initial Results. Sulfonimidamides are analogues of sulfona-
mides in which one of the oxygen atoms of the sulfonyl moiety

gies for thein situ generation of iminoiodanésfrom various
nitrogen sources (i.e., sulfonamides, sulfamates, or carbamates)
prompted us to apply these conditions to sulfonimidamides. We
were thus very pleased to observe that, in our hands, these
reagents appear to be highly useful for the generation of chiral
nitrenes and their subsequent catalytic transfer. While their use
in the copper-catalyzed aziridination of olefins met with limited
succes$? the combination of the enantiomerically pure sulfon-
imidamide §-2a with the chiral rhodium(ll) complex [RA
{(9-nttl}4] la as catalyst allowed us to discover a highly
efficient diastereoselective intermolecularB amination with

the C—H bond-containing substrate being the limiting compo-

has been replaced by a nitrogen group thereby making theseent (Figure 1§

sulfur(VI) compounds chiral. They were first described by
Levchenko in the early 196&sbut rarely used since then in

(12) (a) Yu, X.-Q.; Huang, J.-S.; Zhou, X.-G.; Che, C.-Birg. Lett.200Q 2,
2233-2236. (b) Espino, C. G.; Du Bois, Angew. Chem., Int. E200],
40, 598-600. (c) Dauban, P.; Same L.; Tarrade, A.; Dodd, R. HI. Am.
Chem. Soc2001, 123 7707-7708.

(13) (a) Naeli, I.; Baud, C.; Bernardinelli, G.; Jacquier, Y.; Moran, M.; N,
P.Hely. Chim. Actal997 80, 1087-1105. (b) Fruit, C.; Mler, P.Helv.
Chim. Acta2004 87, 1607-1615. (c) Fruit, C.; Mier, P. Tetrahedron:
Asymmetry2004 15, 1019-1026. (d) Espino, C. G.; Wehn, P. M.; Du
Bois, J.J. Am. Chem. So@001, 123 6935-6936. (e) Wehn, P. M.; Lee,
J.; Du Bois, JOrg. Lett.2003 5, 4823-4826. (f) Kim, M.; Mulcahy, J.
V.; Espino, C. G.; Du, Bois, JOrg. Lett.2006 8, 1073-1076. (g) Fiori,
K. W.; Du Bois, J.J. Am. Chem. So2007, 129 562—-568. (h) Yamawaki,
M.; Tsutsui, H.; Kitagaki, S.; Anada, M.; Hashimoto, Betrahedron Lett.
2002 43, 9561-9564. (i) Reddy, R. P.; Davies, H. M. Org. Lett.2006
8, 5013-5016.

(14) (a) Zhou, X.-G.; Yu, X.-Q.; Huang, J.-S.; Che, C.-&hem. Commun.
1999 2377-2378. (b) Liang, J.-L.; Yuan, S.-X.; Huang, J.-S.; Yu, W.-Y.;
Che, C.-M.Angew. Chem., Int. E®R002 41, 3465-3468. (c) Liang, J.-
L.; Huang, J.-S.; Yu, X.-Q.; Zhu, N.; Che, C.-NChem—Eur. J.2002, 8,
1563-1572. (d) Liang, J.-L.; Yuan, S.-X.; Huang, J.-S.; Che, C.JMOrg.
Chem.2004 69, 3610-3619.

(15) Kohmura, Y.; Katsuki, TTetrahedron Lett2001, 42, 3339-3342.

(16) (a) Fructos, M. R.; Trofimenko, S.; Mar Diaz-Requejo, M.; Perez, P. J.
Am. Chem. So2006 128 11784-11791. (b) He, L.; Yu, J.; Zhang, J.;
Yu, X.-Q. Org. Lett.2007, 9, 2277-2280.

(17) (a) Thu, H.-Y.; Yu, W.-Y.; Che, C.-MJ. Am. Chem. So2006 128 9048-
9049. (b) Dick, A. R.; Remy, M. S.; Kampf, J. W.; Sanford, M. S.
Organometallics2007, 27, 1365-1370.

(18) (a) Cui, Y.; He, CAngew. Chem., Int. EQ004 43, 4210-4212. (b) Li,
Z.; Capretto, D. A.; Rahaman, R.; He, &ngew. Chem., Int. EQ007,
46, 5184-5186.

(19) For some recent relevant applications in total synthesis, see: (a) Hinman,
A.; Du Bois, J.J. Am. Chem. So@003 125 11510-11511. (b) Fleming,
J. J.; McReynolds, M. D.; Du Bois, J. Am. Chem. So2007, 129, 9964
9975. (c) Trost, B. M.; Gunzner, J. L.; Dirat, O.; Rhee, Y.JHAm. Chem.
Soc.2002 124, 10396-10415. (d) Huang, H.; Panek, J.Grg. Lett.2003
5, 1991-1993. (e) Parker, K. A.; Chang, WDrg. Lett.2005 7, 1785~
1788.

(20) Development of the highly reactive rhodium(ll) complex,@Bp} has
allowed circumvention of this lack of reactivity in the case of benzylic
positions. See ref 13g and: Espino, C. G.; Fiori, K. W.; Kim, M.; Du Bois,
J.J. Am. Chem. So@004 126, 15378-15379.

(21) (a) Levchenko, E. S.; Derkach, N. Y.; Kirsanov, A.Zh. Obshch. Khim.
1962 32, 1208-1212. (b) Levchenko, E. S.; Markovskii, L. N.; Sher-
molovich, Yu. G.Zh. Org. Khim.200Q 36, 167—-181.
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This efficient transformation is the consequence of an initial
screening of various reaction parameters using tetrahydronaph-
thalene3a as a test substrate (see Supporting Information). We
thus found suitable conditions that involve use of 1.4 equiv of
the commercially available bigt-butylcarbonyloxy)iodosyl-
benzene Phl(OCEBu), in a 3:1 mixture of 1,1,2,2-tetrachlo-
roethane/MeOH at-35 °C .24 Dichloromethane can also be used
instead of (CICH),, but yields are lower. The combination of
a halogenated solvent with methanol provides a completely
homogeneous reaction medium. Methanol allows solubilization
of the sulfonimidamide, but its compatibility with the catalytic
nitrene transfer is clearly unexpectedde infra). As far as the
oxidizing reagent is concerned, use of a slight excess of the
soluble PhlI(OC®Bu), was shown to give higher yields than
those observed with the more commonly used Phl(QAcd
Phi=0. Increasing the amount of PhI(O&8u), up to 2 equiv
does not improve the yields significantlyide infra), while
lengthening reaction times does.

Under these conditions, very good yields up to 93% but also
excellent diastereoselectivities up to 99% could be obtained

(22) (a) Takei, H.; Watanabe, |.; Mukaiyama, Bull. Chem. Soc. JpriL965
38, 1989-1993. (b) Jones, M. R.; Cram, D. J. Am. Chem. Sod.974
96, 2183-2190. (c) Johnson, C. R.; Jonsson, E. U.; Bacon, Cl.Qrg.
Chem.1979 44, 2055-2061. (d) Okuma, K.; Koike, T.; Ohta, H. Org.
Chem.1988 53, 4190-4193. (e) Tsushima, S.; Yamada, Y.; Onami, T.;
Oshima, K.; Chaney, M. O.; Jones, N. D.; Swartzendruber, Bu. Chem.
Soc. Jpn1989 62, 1167-1178. (f) Toth, J. E.; Grindey, G. B.; Ehlhardt,
W. J.; Ray, J. E.; Boder, G. B.; Bewley, J. R.; Klingerman, K. K.; Gates,
S. B.; Rinzel, S. M.; Schultz, R. M.; Weir, L. C.; Worzalla, J. F.Med.
Chem.1997, 40, 1018-1025. (g) Cathers, B. E.; Schloss, J. Bioorg.
Med. Chem. Lett1999 9, 1527-1532.

(23) (a) Di Chenna, P.; Robert-Peillard, F.; Dauban, P.; Dodd, ROrd. Lett.
2004 6, 4503-4505. (b) Fruit, C.; Robert-Peillard, F.; Bernardinelli, G.;
Mdller, P.; Dodd, R. H.; Dauban, A.etrahedron: Asymmetr005 16,
3484-3487. See also: (c) Leca, D.; Toussaint, A.; Mareau, C.; Fensterbank,
L.; Lactte, E.; Malacria, M.Org. Lett.2004 6, 3573-3575.

(24) Liang, C.; Robert-Peillard, F.; Fruit, C.; Mer, P.; Dodd, R. H.; Dauban,
P.Angew. Chem., Int. EQR00G 45, 4641-4644.
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though only in the case of secondary benzylic positions. These Table 1. Screening of the Rhodium Catalysts 1

unprecedented results both in terms of reactivity and selectivity TsN, O

then encouraged further investigations in order to develop an HH 3 mol% catalyst p-Tol“‘s‘gH

efficient catalytic C-H amination of broadened scope, particu- 3 1.2 equiv. (S)-2a ~

larly with respect to allylic derivatives and simple alkanes. > ©/\/
1.4 equiv. Phl(OCOt-Bu),

Moreover, the strongly matched effect observed between the
' e . . 3b Cl,CH),/MeOH: 3/1, -35°C 4b
(- (or (R)-) sulfonimidamide and theSf- (or (R)-) rhodium toequy, 2orzMe
complex could be beneficial to the implementation of a Enty Rh" catalyst Yield® Entry Rh" catalyst Yield®
simplified procedure involving the use of more readily prepared

racemic sulfur(VI) reagents. ‘ 0 P
Optimization by Reagent Screening.n order to improve O T MR
the efficiency of the nitrene transfer, we decided to focus 1 Y 28 5 & <10
successively on the structure of rhodium cataly$tsand ° 950 ;.:]:_‘é:‘,
sulfonimidamide< as well as on the nature of the cosolvent. 1a A=A le -1 -]
Propylbenzen8&b was used as a test substrate since the above MeO.
conditions afforded the corresponding-8 aminated product ‘ 20 ‘ _0
4b with a good diastereoselectivity of 90% but a low yield of O NG O N
28%. 2 ) 31 8 ) I 42
We first screened a variety of rhodium(ll) complexids—h p?th?h’ ;.’h’,_“;.’h,
prepared, as was [R{{S-nttl)s], from Rh(OAc), by simple b -1 1 -7
ligand exchange according to the previously published procedure ‘ OMe
involving Soxhlet extraction in refluxing chlorobenzette. O ’z Ph ‘ o
Various amino acids with different nitrogen protecting groups | Nf O ’H
could therefore be installed on the dirhodium core. On one hand, 3 0o 43 7 | NG 25
modification of the side chain revealed that higher yields are 1c _RWZRK" % oo
obtained by decreasing the size of the substituent (Table 1, = 1g _RhZRK
entries -4), the most active catalyst being the less sterically Br Hd
demanding complex [RA(S-nta} 4] 1d derived from alaniné® ‘ _0 ‘] _o
The C-H aminated productb was then isolated with a better O N O I
yield of 51% (entry 4). In all cases, a very good diastereose- 4 s I 51 8 Y 39
lectivity greater than 90% was obtained as indicatettb){MR 070 © 0750
spectra. On the other hand, modification of the nitrogen 1d A= 1h A
protecting group (entry 5) or of its electron density (entrie8p
led to lower yields compared to that obtained with catalykt 2Isolated yields.
The latter was thus always used in the following experiments. 1., > Screening of the Sulfonimidamides 2
We then screened various substitubégp-toluenesulfonyl)- 3 mol% Rh,{(S)-nta}, 1d TsN, O
sulfonimidamides2.2” These could be prepared from the Q, NTs 1.0 equiv. 3b RSNH
corresponding sulfinyl chloridé%in two steps via the formation R*S“NH >
of sulfonimidoyl chlorides obtained by action of anhydrous ? 1.4 equiv. PhiOCOt-Bu), ©/\/
chloramine-T2° Enantiopure reagents are also accessible by 12 ezquiv_ (ClzCH)2MeOH: 3/1, -35°C
resolution using - or (R)-a-methylbenzylaminé?e It thus Ent R Yield®
appeared that the reactivity of the system was slightly improved il (compd numben
by introduction of a nitro group or a chloro atom at thara 1 Me—@-é 4ba: 51
position since the corresponding-€l aminated productdbb 2a
and 4bc were isolated in 62% and 60% yields, respectively 2 ozN_O_é 4bb: 62
(Table 2, entries 2 and 3). The presence of the bulkier electron- 2b
withdrawingp-CF; or the electron-donating-OMe, by contrast, 3 m—@-é 4bc: 60
did not improve the results (entries 4 and 5), while replacement 2
of the aryl moiety by an ethyl chain led to the formation of the 4 Fac—©'§ abd: 43
expected compoundbf in a very poor yield (entry 63° 2d
(25) Miiler, P.; Allenbach, Y.; Robert, ETetrahedron: Asymmetrg003 14, 5 MEO—O'E 4be: 25
779-785. 2e
(26) This result stands in contrast to previous studies devoted to rhodium- 6 \jz‘. 2f 4bf: <10

catalyzed carbene transfers where increase of the steric bulk led to more
active catalysts. For example, see: Reddy, R. P.; Lee, G. H.; Davies, H.
M. L. Org. Lett.2006 8, 3437-3440 and references therein.

(27) Initial studies have revealed that gholuenesulfonyl group on the imido
function is optimal in terms of both reactivity and selectivity. o . .

(28) Sulfinyl chlorides could be prepared by treatment of the corresponding However, compared to sulfonimidami@a, preparation of
sulfinate salts with thionyl chloride. When the sulfinate was not com- chjoro analogue2c and, particularly, of nitro derivativb
mercially available, it was prepared by oxidation of aromatic thiols with X X . . i
sulfuryl chloride and acetic acid. See: Youn, J.-H.; HerrmaniSyRithesis starting from the corresponding thiols appeared to be tedious if
1987 72-73. ; ; ;

(29) Levchenko, E. S.; Derkach, N. Y.; Kirsanov, A. ¥h. Obshch. Khim. enanuomencally pure reagents Wer_e needed (See _S“Ploortmg
196Q 30, 1971-1975. Information). Since both reagents did not afford a significant

a|solated yields.
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Table 3. Screening of the Protic Cosolvent substrate$c and3d (entries 3 and 4). Moreover, a substantial
H H 3 mol% Rhy{(S)-ntals 1d TsN, O gain in yield up to 31% is observed .Wlth other secqndary
3 1.2 equiv. (S)-2a p-Tol““>NH benzylic substrates (entries 2 and®. It is also worth noting
> that the catalytic €H amination proceeds efficiently in the
1.4 equiv. PhI(OCOt-Bu), ©/\/ presence of an electron-withdrawing group (entries 5 and 8).
3b (CI,CH),/ROH: 3/1, -35°C . . .
1.0 equiv. b In the case o8i (entry 9), the reaction takes place regioselec-
tively at the secondary benzylic positiéhHowever, function-
entry ROH yield® alization of a primary benzylic position was found to be
1 MeOH 51 possible starting from a stoichiometric amount of the substrate
2 EtOH 12 3j (entry 10). Examples of such-H aminations are scarce,
3 t-BuOH traces and all rely on the use of toluene and its derivatives as the
4 i-PrOH traces 7a16a
5 CICH,OH 25 solvent’
6 CRCH,0H 20 We then turned our attention to nitrene-8 insertion into

the more challenging allylic position. Allylamines are highly
useful starting materials in organic synthesis, but their prepara-
increase of reactivity.fde infra, ref 37), further investigations ~ tion is mainly based on nucleophilic allylic substitution, a
were carried out with compour2a. process that requires initial functionalization of the subsf&te.

A striking feature of the €H amination involving sulfon- ~ Very recently, the long-standing problem of allylic—E
imidamides is the need for methanol as a cosolvent in order to amination was partly resolved with the discovery of a catalytic
obtain good conversior!d.This result was clearly unexpected intramolecular procedure involving a-allylpalladium inter-
since it is generally believed that protic solvents induce mediate’® However, a stereoselective intermolecular variant
hydrolysis of iminoiodanes in the presence of transition metal remained to be found. In this context, application of our
complexes? Several alcohols were screened in the context of procedure has now allowed us to develop such an allyti¢iC
the reaction between substr&ieand reagen2a. While higher functionalization in which the substrate is the limiting
homologues of methanol such as ethanol, isopropanaérer component. Very good yields up to 90% and diastereoselec-

butanol afforded only traces of the expecteet aminated tivities up to 94% of the aminated products were thus obtained
product (Table 3, entries-24), use of chloromethanol or  (Taple 5).

trifluoroethanol allowed isolation of compoudd though with
lower yields in the 26-25% range (entries 5 and 6).

At this time, we cannot propose an explanation for this
exceptional effect. However, a possible role for methanol would
be, in addition to the solubilization of the sulfonimidamide, its
involvement in the formation of the iminoiodane. This process
takes placeia successive ligand dissociations and associations
(vide infra) in which methanol could act as a ligand for the counterparts

a|solated yields.

An important feature of this process is that both cyclic and
linear alkenes can be transformed with nearly equal efficiency
using catalysid which once more is superior ttain terms of
reactivity and selectivity (entries 1 and3)The C-H aminated
products6 are obtained with complete regioselectivity, second-
ary allylic positions being more reactive than their primary
(entries 2, 3, 6, and 7). Moreover, in the case of

hypervalent iodine center. 1-substituted cyclic alkenesb—d (entries 2-4), the regiose-
Finally, the influence of the hypervalent iodine reagent on lectivity is also governed by steric factors directing the kT
the results was again studied in the case of substatdse of functionalization to the less hindered secondary allylic positions

PhI(OAc) and PhIO once more led to lower yields of, as confirmed by NOESY experiments and in agreement with
respectively, 36% and 32%, while addition of 2.0 equiv of Phl- results obtained by Davies in the field of rhodium-catalyzed
(OCOx-Buy), did not bring a significant improvement since the carbene €H insertion3 Finally, as previously observed, no
C—H aminated productb was isolated in 56% yield (vs 51%  competitive catalytic aziridination occurred contrary to what has
yield with 1.4 equiv). been described using rhodium acetéter sulfonamides and

Scope of the Intermolecular C-H Amination. Using sulfamates? The difference in reactivity can be linked to the
catalystld and sulfonimidamid®a, we investigated the scope nature of the ligands bound to the rhodium catalyst. Such a
of the intermolecular nitrene €H insertion. Benzylic GH
amination was first studied, and the results obtained clearly (33) Test experiments realized with tertiary benzylic substrates took place very
demonstrate the higher catalytic activity of [R(5)-nta} 4] 1d sluggishly. As stated by Du Bois in ref 13g, the-8 amination is sensitive

. . Lo to steric effects.
compared tda(Table 4), while excellent diastereoselectivities  (34) Johannsen, M.; Jorgensen, K. @hem. Re. 1998 98, 1689-1708.
generally greater than 97% were obtained. Use of only 0.5 mol (35) Noncatalytic direct allylic €H aminations can be performed via ene-type
. reactions. For example, see: (a) Sharpless, K. B.; Hord, ©rg. Chem.

% of 1d thus affords the same results as those previously 1976 41, 176-177. (b) Sharpless, K. B.; Hori, T.; Truesdale, L. K.;
reported with 3 mol % of [RE (9-nttl}4] 1ain the case of Dietrich, C. O.J. Am. Chem. Sod 976 98, 269-271. (c) Deleris, G.;

Dunogues, J.; Gadras, Aetrahedron1988 44, 4243-4258.
(36) Fraunhoffer, K. J.; White, M. CJ. Am. Chem. SoQ007, 129, 7274~

(30) Unexpectedly, starting frorV-(p-toluenesulfonyl)-2,4,6-trimethylbenze- 7276.
nesulfonimidamide, only the product of intramolecular i€ amination at (37) In parallel reactions, the chlorosulfonimidamigle was found to afford
one of theortho-methyl substituents was isolated. The scope of this reaction the corresponding €H aminated products with similar yields and
is under investigation. selectivities when compared to those obtained \@&hFor example, the
(31) A test experiment allowed us to demonstrate thatHCamination could chloro analogues of compounég and6h were isolated in 82% and 73%
indeed occur in pure methanol. The expected product starting from 1.0 yields, respectively, and with the same de of 89%.
equiv of indane was thus isolated with a very good yield of 74% and an (38) Davies, H. M. L.; Ren, P.; Jin, @rg. Lett.2001, 3, 3587-3590.
excellent de greater than 95%. (39) (a) Guthikonda, K.; Du Bois, J. Am. Chem. SoQ002 124, 13672
(32) (a) White, R. Elnorg. Chem.1987 26, 3916-3919. (b) Evans, D. A;; 13673. (b) Mier, P.; Baud, C.; Jacquier, Y.; Moran, M.;"yeli, I. J.
Faul, M. M.; Bilodeau, M. TJ. Am. Chem. S0d.994 116, 2742-2753. Phys. Org. Chem1996 9, 341-347.
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Table 4. Catalytic C—H Amination of Benzylic Substrates

3 mol% 1d TsN, 0
H H 1.2 equiv. (S)-2a p_TO,\\\S~NH NHS*
Ar” "R 1.4 equiv. PhI(OCOt-Bu), AR AR
3 (C1,CH),/MeOH: 3/1
1.0 equiv. 4
Entry  Substrate Product Yield®”  de”® Enty  Substrate Product Yield®®  de”°
NH- NHS*
1 ©:) g 86 (80) 98 (96) 6 (:(j 91 (62) 99 (99)
3a 4a Ae af N
Ac 4f
2 H 51 (28 95 (90 7 OMe 91 (62 98 (99
3b P 4b (28) (°0) 3g ©:>‘23"e 62) (%9)

NHS*
3 | | > 897(88) 98 (99 8 /©/\ 82 97
3¢ ©:> 4c ®8) ©9) Br 3h  pBrPh” N 4h
/@/\ NHS* " /©/\ NHS*
4 2 927 (93) 98 (98 9 H 81 98
MeO 3d p-MeOPh/\ 4d ®3) %8) 3i p-ToI/\ 4i
O/\ NHS* /©/ NHS* .
5 H 82 (51 87 (80 10 46 (85
O,N 3¢ PNOPh” N de 1) (80) MeO' 3 pMeOPh) 4j (88)

alsolated yieldsP Values in parentheses were obtained with catalygst The de values were determined by HPLC (Hypercarb or Symmetry Shield
Column).90.5 mol % of chiral catalysld was used¢ Yield in parentheses obtained with catalgst using 5.0 equiv o8j.

Table 5. Catalytic C—H Amination of Allylic Substrates

3 mol% 1d NTs
Tol,, &
R H 1.2 equiv. (S)-2a > '§=O R NHS*

Z j=H » R WNH = Z

\/\f.' 14equiv. PRIOCOLBY), 2 Y \/\R.
5 (Cl,CH),/MeOH: 3/1 R' 6
1.0 equiv.
Entry  Substrate Product Yield®®  de”° Enty  Substrate Product Yield®®  de”°

wNHS* 8~ LA NHS*
1 @ @‘ 86 (75) 50 (50) 5 85(55) 69 (50)
5a 6a 2 5e 12 6e
wNHS* NN NHs*
2 \O 5b \O‘ 6b 75 90 6 \/) 66 60

5f 6f

_NHs* JNHS"
3 90 90 7 Z ZN" 82 87
\@ . \@ N \|/\/ 59 sg
Ph Ph wNHS* Ph Ph wNHS*
4 \O \O 85 94 8 AN 2N 79 89
5d 6d 5h 6h

alsolated yields? Values in parentheses were obtained with catalygst The de values were determined by HPLC (Hypercarb or Symmetry Shield
Column).

ligand effect on the chemoselectivity has already been reportedinvolved the use of a large excess of substrate in order to obtain
in the field of carbene chemistf). good yields. We were thus very pleased to observe that, starting
The next step of our investigation was the application of our from a stoichiometric amount of cycloalkanéa—e and only
methodology to simple alkanes~@i functionalization of the 3 mol % of rhodium catalystld, the corresponding €H
latter remains challenging since all previous studies have aminated product8a—e were isolated with yields in the 48
83% range while use of a 5-fold excess of substrate led to very

(40) For some examples, see: (a) Padwa, A.; Austin, D. J.; Price, A. T.; Semones,

. o .
M. A.; Doyle, M. P.; Protopopova, M. N.; Winchester, W. R.; Tran,JA. QOOd ylelds up to 96% (Table 6, ent”es_a)'

Am. Chem. Sod 993 115 8669-8680. (b) Doyle, M. P.; Phillips, I. M. H ;
Tetrahedron Lett2001, 42, 3155-3158. For a review, see: Padwa, A.; . These results compare favorably with the recemly pUb“Shed
Austin, D. J.Angew. Chem., Int. EA.994 33, 1797-1815. silver-catalyzed process where yields of around 40% were
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Table 6. Catalytic C—H Amination of Alkanes
NTs

-Tol,, &
3mol%1d, (Sy2a  © O “dt0 .
. NHS

R > =R
L 1 4equiv. PriocotBu, BY R
7 (Cl,CH),/MeOH: 3/1 R' 8
Entry  Substrate Product Yield®  Yield”
O NHs*
1 7a o 48 85
NHS*
2 O O/ 50 85
7b 8b
NHS*
3 O O 66 96
7c 8c
NHs*
4 61 92
7d 8d
7e 8e
NHS*
C
6 N . o ; 36

a|solated yields starting from 1.0 equiv @f ° Isolated yields starting
from 5.0 equiv of7. ¢5 mol % of catalystld was used.

obtained in the presence of 10 equiv of cycloalkdher with

the copper-catalyzed version involving the substrate as the
solventl®@Application of our methodology to linear alkanes was
also found successful albeit to a lower extent, the pro@fict
derived from 2-methylbutane being obtained in 36% yield (entry
6). It should be pointed out that the-E1 functionalization here

occurs, as in the case of adamantane, regioselectively at the

tertiary position.

Kinetic Resolution of Sulfonimidamides.We have previ-
ously demonstrated that the high yields and selectivities obtaine
using our methodology are the consequence of a strongly
matched effect between the chiral rhodium catalysind the
sulfonimidamide?.24 (R)-/(S)-Enantiomers of the benzylic-€H
aminated products could thus be obtained via the combination
of (9-1 and ©-2 or (R)-1 and R)-2, respectively. More
interestingly, it was found that reaction between 1.0 equiv of
(+)-2a and PhlI(OC®Bu), in the presence of 0.6 equiv of
Indane and 3 mol % of [Rfi(S-nttl} 4] 1a afforded the amino
derivative (R,S)-4cin 45% vyield (based oa) with 92% de
and 60% ee. Optimization of the reaction conditions then
allowed us to observe that, by using catalidtand decreasing
the amount of the iodine(lll) oxidant to 0.55 equiv (with respect
to 2a), (1R,$)-4c could be isolated in 46% yield, 98% de, and
98% ee, while sulfonimidamideR}-2a was recovered in 42%
yield and 97% eeThis experiment clearly demonstrates that
kinetic resolution of sulfonimidamid®a is operating and
meets most of the conditions of practicaltiyin particular, this
could circumvent the preparation of optically pure sulfonimi-
damides based on their resolution using chiral amines such

(41) Keith, J. M.; Larrow, J. F.; Jacobsen, E. Av. Synth. Catal2001, 343
5—26. For other reviews dedicated to kinetic resolution, see: (a) Kagan,
H. B.; Fiaud, J.-C. InTopics in Stereochemistriliel, E. L., Fiaud, J.-C.,
Eds.; Wiley: New York, 1998; Vol. 18, pp 24830. (b) Robinson, D. E.
J. E.; Bull, S. D.Tetrahedron: Asymmetr2003 14, 1407-1446. (c)
Vedejs, E.; Jure, MAngew. Chem., Int. EQR005 44, 3974-4001.
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as R)-a-methylbenzylamin®e or (1S2R)-norephedriné?
Kinetic resolution conditions were thus successfully applied
to various benzylic substrates to give the corresponding
C—H aminated product$ in good yields in the 5680% range
(based on substra® and excellent diastereo- and enantiose-
lectivities both generally greater than 97% (Table 7). Signifi-
cantly, the results parallel those previously obtained w8h (
2a (Table 4), therefore illustrating the power of this kinetic
resolution.

Mechanistic Considerations.The mechanism of the rhodium-
catalyzed G-H amination is believed to occur via three
elementary steps: (1 situgeneration of an iminoiodane from
PhI(OCOR} and the nitrogen-containing substrate, (2) formation
of a rhodium-nitrene intermediate following oxidation of the
rhodium(ll) complex by the iminoiodane, (3)-€H insertion
of the resulting metallanitrene (Figure 2).

Several studies by Du Bois, Che, and’IMu have been
dedicated to the elucidation of the overall pathiiga+3A
combination of various physical data including isotope effects,
Hammett analysis, and study of a radical clock suggests that a
mechanism involving a direct concerted-@ insertion of a
singlet rhodium-bound nitrene is operat#ti§?This conclusion
has also been corroborated by a DFT computational stdy.
The selectivities observed in the present diastereoselective
intermolecular G-H amination parallel those observed by Du
Bois'39 and, therefore, led us to propose that a similar scenario
should also occur with the sulfonimidamide-derived rhoditm
nitrene specie&:*>However, the hypothetical stepwise addition
of a triplet metallanitrene via a H-abstraction/radical rebound
pathway cannot be completely ruled out although the second
step should be in this case extremely fé&st.

As far as the formation of the iminoiodane is concerned (step
), it has been postulated that the reaction involving a sulfamate
as the nitrene precursor and Phl(OERB), is an equilibrium
between starting materials and the iminoiod&i¥eThe data

1

dpresented in the paragraph devoted to the kinetic resolution of

sulfonimidamides corroborate this proposal. In particular, the
limited amount of PhlI(OC®Bu), needed to perform the
reaction together with the good yields (in the-580% range)

and ee values of 9799% obtained for products RIS)-4
demonstrate the existence of an equilibrium that may occur
between enantiomeric iminoiodanes via ligand exchange. Since
formation of 1.1 equiv of the racemic iminoiodanes A and B is

(42) Toth, J. E.; Ray, J.; Deeter, J.Org. Chem1993 58, 3469-3472.

(43) (a) Naeli, I.; Baud, C.; Bernardinelli, G.; Jacquier, Y.; Moran, M.; N,

P. Hely. Chim. Actal997 80, 1087-1105. (b) Du Bois, JChemtracts:

Org. Chem.2005 18, 1-13. (c) Lin, X.; Zhao, C.; Che, C.-M.; Ke, Z.;
Phillips, D. L. Chem. Asian J2007, 2, 1101-1108.

C—H functionalization of secondary positions is favored since the latter
offer the best compromise in terms of electronic and steric effects but
insertion into activated primary positions (e.g., benzylic) or sterically
accessible tertiary €H bonds (as in adamantane) is also possible. Similar
trends have been observed in the rhodium-catalyzed intermolectldr C
insertion of donor/acceptor carbenoids, the mechanism of which involves
a concerted nonsynchronous insertion of a metallacarbene. Davies, H. M.
L.; Beckwith, R. E. JChem. Re. 2003 103 2861-2903.

We tried to apply our procedure tB)(2-phenylbutane and a cyclopropyl
radical clock with the aim of demonstrating the nature of the mechanism.
However, all our attempts have failed so far probably as a consequence of
the sterically demanding reacting sites. Work is in progress to further
investigate the exact nature of the intermediates.

An H-abstraction/radical rebound mechanism has been invoked in the Ru-
(VI) porphyrin-mediated and the Mn(lll) porphyrin-catalyzed amidations
of alkanes. See: (a) Au, S.-M.; Huang, J.-S.; Yu, W.-Y.; Fung, W.-H.;
Che, C.-M.J. Am. Chem. S0d.999 121, 9120-9132. (b) Leung, S. K.-

Y.; Tsui, W.-M.; Huang, J.-S.; Che, C.-M.; Liang, J.-L.; Zhu, N.Am.
Chem. Soc2005 127, 16629-16640. (c) Mahy, J.-P.; Bedi, G.; Battioni,

P.; Mansuy, DNew. J. Chem1989 13, 651-657.

(44

=

(45)

(46)
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Table 7. Benzylic C—H Amination Using (+)-2a
o\\ 'NTs TSN‘S,,O Q\,NTS
> H = N +
1.1 equiv. PhI(OCOt-Bu), Ar" R Ar” R
(+)-2a (CI,CH),/MeOH: 3/1 (1R,S%-4 (R)-2a
1.0 equw. 2.2 equiv.
Entry Substrate Product Yield® de®  ee® Entry Substrate Product Yield® de’ ee’
NHS* NHS*
1 3a ©:) 67 97 99 5 3g ©:>_0Me 75 99 99
4a 4g
SNHS NHS*
2 3c 77 98 98 6 z 57 98 97
©:> © 3k PhTN 4k
4c
NHS* NHS*
3 3d P eOPH A ad 80 98 929 7 OO a 2-naphthyl/: 73 98 929
4 3e 2 56 88 929 88 99
pNOPR” N 4e 0 3m CE(}
alsolated yields? The de and ee values were determined by HPLC (Hypercarb or Symmetry Shield Column).
step 1 step 2 OJ\\O step 3 H NHS Rh,L*, Tth,
1o 1. NHS* B *
S*NH, RHZRY S mo TSP HH. ré's* TS*  H -NHS
PhI(OCOt-Bu); ——== Phl=NS* V R R)S R)\
>I/c°2H * [TS*] R' R'
PhI J\ favored asynchronous non-excluded
gl / \ S concerted C-H insertion H-abstraction/radical
/Rh/—/RhéNS* R R of the metallacarbene rebound mechanism
I 71

Figure 2. Presumed mechanism of the intermolecular catalytidiCamination.

without equilibrium A<+B : yield < 56%
with equilibrium A<=B : yield > 55%

matched
Rh((S)-nta), T
+Bu0CO ., Bu0CO o S"SHI':I s*sﬁ .
Ph—I === Ph— Ph—| == pPh—I%
i T |'N. ~ i ~.
+BuOCO Meo © Z RO A: 0.5 equiv.
1.1equiv. MeOH H NS*S: 50
{ R
H,NS*R: 50
*, =y
Meo‘“ﬁ..\ SN SN
Ph—IY | Ph—l = Ph—I{{
MeO ° RO B: 0.55 equiv.
Rha((S)-nta)s ;
mismatched
yield < 5%

Figure 3. Possible reversible formation of iminoiodanes.

expected starting from 1.1 equiv of PhI(OEBu), and 2 equiv

of the racemic sulfonimidamid2a (Figure 3), no more than
55% of C-H aminated product should thus be isolated if
perfect kinetic resolution is operating in the absence of such a
process.

The results displayed in Table 7 indicate that the yields are
clearly above this limit: an equilibrium may take place between
various substitutedi®-iodanes via the favored associative

pathway involving tetracoordinated specté4® However, the
origin of the strongly matched/mismatched effect between the
(9-rhodium catalyst and, respectively, th&)-( and R)-
sulfonimidamides is not well understood so far; work is in
progress to elucidate the interactions involved in this recognition
process.

Deprotection of the Sulfonimidoyl Group. Finally, cleavage
of the sulfonimidoyl moiety was studied with the aim of
developing reproducible conditions likely to be of general
application. The use of sodium naphthalenide was previously
reported by us to deprotect benzylic-8& aminated products
without epimerizatio* Recently, we have found a more general
and convenient procedure involving introduction of a Boc group
before removal of the sulfonimidoyl moiety with magnesium
in methanol under sonicatidfi These conditions were success-
fully applied to benzylic and allylic products as well as to
aminated alkanes (Figure 4). This reductive cleavage of the
protecting group occurs in very good yields in the-82%
range, the introduction of the Boc group being the limiting step
in each case.

(47) The involvement of dicoordinated iodonium ions is unlikely because they
would probably be coordinated by methanol, used here as a cosolvent, as
soon as formed. Ochiai, Mlop. Curr. Chem2003 224, 5—68.

(48) An analogous ligand exchange could explain the copper-catalyzed aziri-
dination involving iodosylbenzene as the starting oxidant (see ref 12c) and
the organocatalytic epoxidation described by Lee and MacMillan using an
iminoiodane as a precursor of PHD. See: Lee, S.; MacMillan, D. W. C.
Tetrahedron2006 62, 11413-11424.

(49) Xu, Y. M.; Shi, M.J. Org. Chem2004 69, 417—425.
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NHBoc
§
CO .

77%

selectivities are the consequence of a strongly matched effect
between the chiral rhodium catalyst [R(S)-nta}4] 1d and
optically pure sulfonimidamid@2a, the power of which has been
applied to stereoselective benzylic-E amination involving
kinetic resolution of racemi2a. Alkanes have also been found

P'T°""S'ZI,S 1. 3 equiv. Boc,0 to react efficiently even under stoichiometric conditions, a result
MH 0.5 equiv. DMAP NHBoc that paves the way to the use of these compounds as starting
%‘“ ] t, 12h \m“ 0 materials in organic synthesis. This methodology, which rep-
NTs 9 —_—> 40% resents to the best of our knowledge one of the first for the
p-Tol.,g&: o 2 :woeeoq: “;'))Mg intermolecular stereoselective catalytic functionalization-eHC
NH it 25 min NHBoc bonds, may therefore find numerous applications in total
O ' O synthesis.
8¢ 1! Experimental Procedures
NTs 61%
p-TOI"'S"=0 Typical C—H Insertion Procedure. In an oven-dried tube were

wNH O\\“NHBoc introduced activai®4 A molecular sieves (100 mg), RI(S)-ntg , 1d
6a 12 (7.7 mg, 0.006 mmol), andS(-(—)-N-(p-toluenesulfonyl)p-toluene-
40% sulfonimidamide {)-2a (78 mg, 0.24 mmol). The tube was capped
[a]p +29.4 (c 0.6, CH,Cl,) 50% ee with a rubber septum and purged with argon. 1,1,2,2-Tetrachloroethane
[a]p +38.8 (c 1.0, CH.Cl,) 64% ee®° (0.75 mL) and methanol (0.25 mL) were added under argon, and the
Figure 4. Deprotection of the €H aminated products. mixture was stirred for 5 min before addition of the substrate
(0.2 mmol). The tube was cooled #6835 °C, and PhI(OC®Bu);, (115
mg, 0.28 mmol) was added. The mixture was stored in the freezer
(—35°C) for 3 days. After dilution with dichloromethane (3 mL), the

comparison of its optical rotation with literature dafathe molecular sieves were removed by filtration and the filtrate was
evaporated to dryness under reduced pressure. The oily residue was

configuration at the aIIyI!C asymmetnc' center was shown to pe purified by flash chromatography on silica gel, affording the K
(R). It should be mentioned that this sense of asymmetric jysertion product.

induction parallels that observed with benzylic substrates.

D

Transformation of the cyclopentenyl derivatiéa by ap-
plication of this sequence led to tHé-(Boc)aminel2 By
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(50) O'Brien, P.; Rosser, C. M.; Caine, Detrahedror2003 59, 9779-9791. JA076519D
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