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Abstract: The synthesis of various new l-aminated-2,5-cyclohexadienes is described. These reagents
can be used in radical transfer hydroaminations of unactivated and electron-rich double bonds. With thiols
as polarity reversal catalysts good yields are obtained. The radical hydroamination occurs with good to
excellent anti-Markovnikov selectivity. Many functional groups such as alcohols, silyl ethers, phosphonates,
arylbromides, imides, amides, and also acidic protons are tolerated under the reaction conditions. DFT
calculations provide insights into the aromatization of silyl, alkyl, and aminyl substituted cyclohexadienyl
radicals to generate the corresponding C-, Si-, and N-centered radicals.

Introduction and have to be prepared in situ. Moreover, the N-halo and N-SPh
reagents can also react as electrophiles with alkenes which may
lead to the formation of unwanted side products. Recently,
o-iodoxybenzoic acid (IBX) has been used for the generation
of N-centered radical.

The group of Walton and we have successfully used
substituted 1,4-cyclohexadienes as clean sources for C- and Si-
centered radicalsIn these reagents the cyclohexadiene moiety
also acts as reducing agent. Hence no additional coreducing
reagent is necessary to conduct reductive C-radical or Si-radical
additions onto olefins using functionalized 1,4-cyclohexadiénes.
Herein, we present in full detdithat aminated 1,4-cyclohexa-

The hydroamination of olefins has been intensively investi-
gated during the past few years. Most of the hydroaminations
successfully conducted are using transition metals as catalysts.
Despite the great achievements in this field most of the methods
developed are limited to activated olefihboreover not many
functional groups are tolerated under the conditions applied.
This is certainly an important issue for possible applications of
the hydroamination in complex natural product synthesis. In
terms of functional group compatibility, radical chemistry offers
advantages over ionic and transition metal mediated reactions:
most of the functional groups are tolerated under radical reaction
conditions which makes these processes highly useful in (3) Reviews: Stella, LAngew. Chem., Int. Ed. Engl983 22, 337. Zard, S.

complex natural product Synthegis. Z. Synlett1996 1148. Fallis, A. G.; Brinza, I. MTetrahedron1997, 53,
. . . . . 17543. Stella L. IrRadicals in Organic SynthesiBenaud, P., Sibi, M. P.,
However, the radical hydroamination of unactivated olefins Eds.; Wiley-VCH: Weinheim, 2001; Vol. 2, p 407. Amidyl radicals from

i i iti _ i N-chloroamides: Mackiewicz, P.; Furstoss, R.; Waegell, B.; Cote, R.;
is not established. Whereas the addition of N-radicals to alkenes Lessard, 1. Org. Chem1078 43, 3746. Lessard, J. Cote  R.. Mackiewicz,

is well-known3-4the H-transfer from N- to C-radicals is not an P.: Furstoss, R.; Waegell, B. Org. Chem1978 43, 3750. Gutlich, R.

t i i i ~ Synthesi00Q 1561. Heuger, G.; Kalsow, S.; @lich, R. Eur. J. Org.
efficient process. It is the reverse reaction, H-transfer from C - 23070000 1S chiite-Whwer 1. A- Helaja, J.: Galich, R. Synthesis
to N, occurring in theHoffmann-Loffler—Freytag reaction 2003 1886. Amidyl radicals from sulfenamides: Esker, J. L.; Newcomb,

R i ; B M. Tetrahedron Lett.1993 34, 6877. Amidyl radicals from PTOC-
which is the favored proceéSTherefore’ the direct radical derivatives: Newcomb, M.; Esker, J. Tetrahedron Lett1991, 32, 1035.

hydroamination via H-transfer reactions using NH compounds Esker, J. L.; Newcomb, MTetrahedron Lett1992 33, 5913. Esker, J. L.;

. . _ . . _ _ Newcomb, M.J. Org. Chem1993 58, 4933. Esker, J. L.; Newcomb, M.
is not feasible. N-Radicals are generated via N-halo, N-PTOC J. Org. Chem1994 59, 2779. For other amidyl radical precursors, see:

(PTOC = N-hydroxypyridine-2(H)thione), N-nitroso, and gfgggl:co?(g, %( ng:le\t/;/Si_re, E.; SZa’\%j, S.FérahegrotgoL(%tﬁggSé%
. . . . . . Lin, X.; Stien, D.; Weinreb, S. M.etrahedron Let , .
N-SPh derivatives either photochemically or by using a core- Gagosz, F.. Moutrille, C.; Zard, S. Drg. Lett. 2002 4, 2707. Moutrille.

ducing reagentHowever, most of these precursors are unstable C.; Zard, S. ZChem. Commur2004 1848.

(4) Recent examples on intermolecular addition of N-centered radicals:
T . ] ] Tsuritani, T.; Shinokubo, H.; Oshima, K. Org. Chem2003 68, 3246.
Organisch-Chemisches Institut. Kitagawa, O.; Miyaji, S.; Yamada, Y.; Fujiwara, H.; Taguchi,J.Org.
*NRW Graduate School of Chemistry. Chem.2003 68, 3184. Kitagawa, O.; Yamada, Y.; Fujiwara, H.; Taguchi,
(1) Mdller, T. E.; Beller, M.Chem. Re. 1998 98, 675. Beller, M.; Breindl, T. Angew. Chem., Int. ER001, 40, 3865.

C.; Eichberger, M.; Hartung, C. G.; Seayad, J.; Thiel, O. R.; Tillack, A.; (5) Mackiewicz, P.; Furstoss, Reetrahedron1978 34, 3241.
Trauthwein, H.Synlett2002 1579. For a review of hydroaminations of (6) Nicolaou, K. C.; Baran, P. S.; Kranich, R.; Zhong, Y.-L.; Sugita, K.; Zou,

alkynes, see: Doye, Synlett2004 1653. N. Angew. Chem., Int. EQ001, 40, 202. Nicolaou, K. C.; Baran, P. S.;
(2) Jasperse, C. P.; Curran, D. P.; Fevig, TAhem. Re. 1991 91, 1237. Zhong, Y.-L.; Barluenga, S.; Hunt, K. W.; Kranich, R.; Vega, J.JAAmM.

Hart, D. J. InRadicals in Organic SynthesiRenaud, P., Sibi, M. P., Eds.; Chem. Soc2002 124, 2233. Janza, B.; Studer, A. Org. Chem2005

Wiley-VCH: Weinheim, 2001; Vol. 2, p 279. Lee, E. IRadicals in 70, 6991. Reviews: Wirth, TAngew. Chem., Int. EQ2001, 40, 2812.

Organic SynthesjRenaud, P., Sibi, M. P., Eds.; Wiley-VCH: Weinheim, Zhdankin, V. V.; Stang, P. Them. Re. 2002 102, 2523.

2001; Vol. 2, p 303. (7) Walton, J. C.; Studer, AAcc. Chem. Re2005 38, 794.
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Scheme 1. Radical Transfer Hydroamination — the Concept
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dienes are readily prepared, stable N-radical precursors which

can be used as efficient reagents for the transition metal free
hydroamination of unactivated olefins. Moreover, the reactions
can be conducted without the need of toxic tin hydrides which

are often used in radical chemisfyhe concept is presented

in Scheme 1.

Addition of an N-radical to an alkene will afford the
corresponding C-radical which will be reduced with the ami-
nated cyclohexadienkto provide the cyclohexadienyl radical
2 and the desired hydroamination product. Chain propagation
occurs via aromatization of the cyclohexadienyl radizab
deliver an N-centered radical and areBeThe intrinsically
difficult H-transfer from N to C is replaced by a known
H-transfer process. However, since the reduction of C-radicals
with cyclohexadienes is slotwve will show that more efficient
chains are obtained using polarity reversal catalfsls. the
presence of a catalytic amount of a thdplthe slow reduction
of a C-radical with the cyclohexadierkis replaced by an
efficient H-transfer from a thiol! The thus formed thiyl radical
5 undergoes H-abstraction from the 1,4-cyclohexadigrte
eventually regenerate the catalysiand the cyclohexadienyl
radical2 which is able to propagate the chain by aromatization.
In the paper we will also present DFT calculations on the
aromatization reaction of the cyclohexadienyl radi€alto
generate the corresponding N-centered radical.

Results and Discussion

Synthesis of the Aminated 1,4-Cyclohexadiene$he ester
6 was readily prepared via Wittig reaction using methacrolein
and the corresponding ylide. Saponification and Schmidt type
reaction followed by alcoholysis of the intermediate isocyanate
provided the dienegaandb in good yields. The urea derivative
7cobtained by treating the isocyanate wignt-butylamine was
used for the subsequent reaction without purification. The dienes
7d—g were readily synthesized in a two step sequence via

(8) Kemper, J.; Studer, AAngew. Chem., Int. EQR005 44, 4914,
(9) Baguley, P. A.; Walton, J. @dngew. Chem., Int. EA998 37, 3072. Studer,
A.; Amrein, S.Synthesi2002 835.
(10) Roberts, B. PChem. Soc. Re 1999 28, 25.
(11) Bella, A. F.; Jackson, L. V.; Walton, J. ©rg. Biomol. Chem2004 2,
421.

Scheme 2. Synthesis of the Cyclohexadienes 8a—g?

a) NaOH, MeOH
= | b) Et;N, CICO,Et = |
¢) NaNg, H,O
COEt ) tBUGH or MeOH or NHR
6 +-BuNH,, toluene 7a (79%, R = Moc)
reflux 7b (75%, R = Boc)
7¢ (R = CONHCMej)
a) RNH,
p-TolSO3H, toluene
0O O reflux = |
b) CHp=PPhj RHN
7d (35%, R = COMe)
7e (29%, R = COPh)
7f (26%, R = CO-CgH3-2,6-F»)
79 (28%, R = CO'CGH4'4'OM9)
NHR
ON a) Ph-H, 1t
7a-g + | _—
CO,Me b)DBU CO,Me
Oﬁ 8a (79%, R = Moc)
N 8b (68%, R = Boc)
8¢ (66%, R = CONHCMes)
8d (70%, R = COMe)
8e (65%, R = COPh)
COoMe 8f (63%, R = CO-CgH3-2,6-F»)
8h 8g (40%, R = CO-CgH,-4-OMe)

aBoc = tert-Butoxycarbonyl, Moc= Methoxycarbonyl.

Table 1. Stability Studies (Conditions: Perdeuterated Benzene in
a Sealed Tube at 140 °C for 18 h)

stability test
entry reagent R (% decomposition)?
1 8a C(O)OMe <2
2 8b C(O)OBu <2
3 8c CONHCMeg 100
4 8d COMe 8
5 8e COPh 15
6 8f CO-GH3-2,6-R, 12
7 8g CO-GH4-4-OMe 40

aDetermined by*H NMR spectroscopy.

enamide formation using acetylacetone and the corresponding
amide, with subsequent Wittig methenylation in moderate yields.
The Diels-Alder reaction off-nitroacrylate with the dienes
7a—g followed by DBU induced HN® elimination provided

the desired aminated cyclohexadieBas-g in moderate to good
yields (Scheme 2). Pyrrolidinone derivati®s was prepared

in analogy as described in the Supporting Information. It is
important to note that our method allows the preparation of the
dienes in a multigram scale.

Stability Studies. To test the thermal stability of the reagents
(elimination of the RNH substituent to form methyl 2,4-
dimethylbenzoate and RN} the diene8a—g were stirred in
perdeuterated benzene in a sealed tube at °Ciqoil bath
temperature) for 18 h. ByH NMR analysis the amount of
methyl 2,4-dimethylbenzoate and RiHbrmed was readily
determined. No other side products were identified in these
stability tests. The results of the decomposition studies are
presented in Table 1. Decomposition was not observed for the
carbamate8a andb (entries 1, 2). The urea derivatide was
the least stable compound in the series (entry 3). Complete
decomposition of the reagent occurred within 18 h. The acetate
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Table 2. Hydroamination of 1-Octene: Variation of the Thiol Table 3. Hydroamination of Norbornene with the Cyclohexadienes
Catalyst 8a—g
equiv entry? reagent R product yield (%)
_ of _ 1 8a C(0)OMe 10a 57
entry thiol thiol yield? (%) 2 8b C(0)QBu 10b 56
1 none — 10 3 8c CONHCMg 10c 8
2 HSCHCH,SH 0.15 12 4 8d COMe 10d 41
3 HSCHCF; 0.15 42 5 8e COPh 10e 13
4 HSCHCH,OH 0.15 41 6 8f CO-GHz-2,6-F 10f 15
5 HSCHCOMe 0.15 39 7 8g CO-GsHs-4-OMe 10g 9
6 HSCPh 0.15 14
7 HSCHMe 0.15 32 aConditions: 0.5 equiv of DTBP, 0.15 equiv of PhSH, benzene (0.4
8 HSSiPh 0.15 47 M), 140°C, 18 h.
9 b-HS-naphthyl 0.15 38
ﬂ :222'4'0'\"8 OOiéS 4‘7‘3 yield increased to 42% upon using HSEHR as a PRC
12 Hsphs 0.15 51 documenting the beneficial effect of the thiol on the radical
13 HSPh 0.05 26 hydroamination (entry 3). This result clearly shows that the slow
ig :ggﬂ 8-%8 gg reduction of a C-radical with the aminated 1,4-cyclohexadiene
16 HSPh 0.30 34 8acan be replaced by a fast reduction using a thiol thus proving
our concept. A similar result was obtained with the less acidic
aThe products were formed as a 7:1 mixture of regioison®arand HSCH,CH,OH showing that the acidity of the thiol does not
9b. influence the reaction outcome to a large extent (entry 4). With
Scheme 3. Hydroamination of 1-Octene Using Polarity Reversal methyl thi09|y00|ate as a PRGab were iso"_'ﬂlted in a 39%
Catalysis combined yield (entry 5). The catalyst HSGRIid not provide
MocHN\/\(v)/ a large effect on the hydroamination (entry 6). We believe that
NHMoc . 9a 5 HSCPHR is consumed during the reaction because the corre-
?ﬁ%fé‘a“t'liygf BP sponding thiyl radical generated after H-transfer probably
/\% * COMe D 04 M undergoes the S-neophyl type rearrangement to give the stable
_ 2 1232%1,91%;, ) NHMoc Ph(PhS)C radicat? The reaction with 2-propanethiol as a
4equiv.  8a(lequiv.) )\M/ catalyst afforded a moderate yield of the hydroamination product
5 (entry 7). A good result was achieved with HSSiR417%, entry
9 8). f-Thionaphthol (entry 9) and the electron-riphmethoxy-

. thiophenol (entry 10) provided moderate results. An improve-
8d was rather stable (8% decomposition, entry 4), whereas for ant of the yield was noticed upon using the electron-poor

the benzoateBe 15% degomposition .p.roduct was ident.ified perfluorothiophenol (47%, entry 11). The best result was
(entry 5). The better leaving group ability of the benzamide as ychieved with the cheap commercially available thiophenol

compared to the acetamide is probably the reason for the(51%’ entry 12). Therefore, all further experiments were
decreased stability de with respect t8Bd. A similar stability conducted using thiophenol.

was observed for the difluoro derivatigé(12% decomposition, We next varied the catalyst loading. Decreasing the amount

etr_lttri/ 2)' Tlo rc])ur Zyrprlse, ;he parta-Tetth;)xy benza_ttmldyig,;b- of HSPh to 0.05 equiv resulted in a sharp decrease of the yield
stituted cyclohexadierfigunderwent a fast decomposition (40% (26%, entry 13). A slight improvement was observed upon using

decoomposmon, e.r'ltry.7). The pyrrghdmoBh was more stable 0.10 equiv of the catalyst (39%, entry 14). With 0.20 and 0.15
(10% decor_nposmpn, _not shown_ in the table) as compar_ed to equiv of HSPh similar yields were obtained (51 and 50%,
the benz_amlde denvg_tww—g. Th|s_ result correlates well with respectively; compare entries 12 and 15), and using 0.30 equiv
the leaving group ability of pyrrolidinone compared to the RNH of the catalyst provided a decrease of the yield (34%, entry 16).

gr%u%s |n8e.'—g.. £1-0 th R 84 Variati Hence, the following experiments were performed using either
ydroamination of 1-Octene with Reagent 8a— Variation 0.15 or 0.20 equiv of the thiol catalyst.

of the Thiol Catalyst. As a test reaction we first studied the Hydroamination of Norbornene — Variation of the

difficult hydroamination of 1-octene using various polarity Reagent. Hydroaminations of norbomene (2.5 equiv) were

reversal catalysts (PRCs). To this end, 1-octene (4 equiv), the ; . . i
reagenBa (1 equiv), ditert-butyl peroxide (DTBP, 0.5 equiv) performed in sealed tubes using the aminated cyclohexgdu_anes
' T ' 8a—h (1 equiv), DTBP (0.5 equiv), and PhSH (0.15 equiv) in

and the catalyst were dissolved in benzene (0.4 M). In a sealedberlzene (0.4 M) at 146C (oil bath temperature) for 18 h. It

tube the reaction mixture was heated to 14D (oil bath . o
. . . was found that the yield of the hydroamination product correlates
temperature) for 18 h. Yields were determined based on isolated . -
well with the reagent stability (see Table 1). Hence, for the

material. The hydroamination product was formed as a 7:1 S . .
mixture of regioi);omerga andgg As expected for a radical perfectly stable carbamate derivativ@sandb highest yields
. - . ) were obtained (Table 3t0a 57%, 10b: 56%; entries 1,2).
reaction, the anti-Markovnikov produ®g was formed as the - o
Not surprisingly, only the exo-hydroamination products were

major regiolsomer .(Sc.heme 3). . formed. It has previously been shown that radical additions onto
The hydroamination in the absence of a thiol catalyst afforded : S .
norbornene occur with perfect exo-selectivityUsing the

only 10% of the hydroamination produ@s,b (Table 2, entry ) 7 i
1). By using ethanedithiol (0.15 equiv) as an additive only a reagent8d, which showed rather good stability, the exo

slightly better yield was obtained (entry 2). The thiol catalyst ;)" \jyjar, M. s.; Franz, 3. A, Am. Chem. S0a992 114 1052, Review:
is probably destroyed by disulfide formation. Pleasingly, the Studer, A.; Bossart, MTetrahedron2001, 57, 9649.
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NHMoc
NHMoc . (48%, n = 1) /[H/
) 12 (51%, n = 2) 6
n 13 (42%, n = 8)
14 (46%)
NHMoc MocHN OTBS MocHN OH
2 NHMoc '3 NHMoc 8
OTBS OH
3 b 8 b
15 (51%) 16a,b (51%) 17a,b (46%)
(a:b =10:1) (a:b =10:1)
NHMoc MocHN _~_R
OTBS
19 (52%, R = OAc)
20 (46%, R = Si(OiPr),)
18 (41%) 21 (32%, R = PO(OMe)y)
R
NHMoc
MocHN CO,Et
CO,Et X
Y
22 (40%) 23 (48%, R = Me, X = Y = H)
24 (70%, R = OTBS, X = Y = H)
25 (62%, R = OTBS, X = Br, Y = H)
26 (53%, R = OTBS, X = Y = OMe)
o NHMoc
NHMoc 0
MocHN\/\R a o MocHN\/\NJ\
b |
27 (53%, R = Ot-Bu)  29a,b (60%) 30 (55%)
28 (52%, R = OBu)  (ab = 4:1)
MocHN .~ \j} MocHN._~, :1(<
31 (55%, n = 1)
32 (52%, n = 3) (50%)

Figure 1. Hydroamination of various olefins with the reage3# under
the optimized conditions (2:56.0 equiv of olefin, 1 equiv 08a, 0.5 equiv

of DTBP, and 0.150.20 equiv of PhSH in benzene (0.4 M) for 18 h at
140°C).

hydroamination productOd was isolated in 41% yield (entry
4). All the other reagents turned out to be too unstable to deliver
the corresponding hydroamination produt@c and10e—g in
satisfactory yields (entries 3:-%). A similar result was obtained
using the pyrrolidone reageBh where the transfer hydroami-
nation productlOh was isolated in a low yield (22%, Scheme
4).

Although the nature of the N-substituent affects the reactivity
of the N-centered radical, as nicely shown by Newcomb for
N-radical cyclizationd? the main influence of the protecting

(13) Osborn, C. L.; Van Auken, T. V.; Trecker, D.J.Am. Chem. S0d.968
90, 5806. Beckwith, A. L. J.; Wagner, R. D. Org. Chem1981, 46, 3638.
Bruno, J. W.; Marks, T. J.; Lewis, F. Dl. Am. Chem. Sod 982 104
5580. Kagayama, T.; Fuke, T.; Sakaguchi, S.; IshiiBull. Chem. Soc.
Jpn. 2005 78, 1673.

(14) Horner, J. C.; Musa, O. M.; Bouvier, A.; Newcomb, 8. Am. Chem. Soc.
1998 120, 7738.

Scheme 4. Hydroamination of Norbornene Using Various

Reagents

b7 o
+

10a-g

2.5 equiv.
0)
: 0

10h (22%)

NHR

0.5 equiv. DTBP
0.15 equiv. PhSH

COzMe  benzene (0.4 M)

14 18h
8a-g (1equiv.) 0°C, 18

Lb + 8h (lequiv.)

2.5 equiv.

0.5 equiv. DTBP
0.15 equiv. PhSH

benzene (0.4 M)
140 °C, 18h

group in the intermolecular transfer hydroamination probably
lies on the reagent stability. We will show below by DFT
calculations that the activation energy for the aromatization of
cyclohexadienyl radicals of typg&to generate the corresponding
N-centered radicals is not altered to a large extent upon
switching from the amide to the carbamate group.

Hydroamination of Various Alkenes with Reagent 8a
under the Optimized Conditions. To study the scope and
limitations of the new hydroamination method, various olefins
were reacted with the reage8a under the optimized conditions.
All yields were determined based on isolated material. In Figure
1 the hydroamination productkl—33 successfully prepared
from the corresponding olefins are depicted. Yields are given
in brackets.

Satisfactory yields resulted for the radical hydroamination
of cyclic olefins. The productd1—-13 were isolated in 42
51% vyield. Perfect anti-Markovnikov selectivity was achieved
for 8,B-disubstituted olefins: the Moc-protected amiddsand
15were isolated in 46 and 51% yield, respectively. Silyl ethers
are tolerated under the applied conditions as shown for the
transformation of 8ert-butyldimethylsilyloxy-1-pentene to give
16a,b in 51% combined yield (ratid6a16b = 10:1). The
hydroamination can be conducted in the presence of free
alcohols = 17ab, 46%;17a17b = 10:1), and the reaction of
silylated prenyl alcohol occurred with perfect regioselectivity
(— 18).

Due to the radical nature of the hydroamination reaction,
many functional groups are tolerated. Hence, allylacetates,
allylsilanes, and allylphosphonates can be transferred to the
corresponding Moc-protected amines in moderate to good yields
(— 19-21). Acidic protons are tolerated as documented for the
highly regioselective amination of diethyl allylmalonate (see
22). To our delight,3-substituted styrene derivatives undergo
amination with perfect anti-Markovnikov selectivity in good
yields. Thus, biologically important aminoalcohol derivatives
are readily synthesized by this new method starting from the
corresponding readily prepared silyl enol ethersZ4—26). It
is important to note that bromides are tolerated under the
reaction conditions. Aryl bromides are substrates for tin hydride
mediated radical reactions and are also substrates in transition
metal mediated coupling processes. As expected, electron-rich
double bonds of vinyl ethers, vinyl esters, and vinyl amides
are readily hydroaminated— 27—33). To conclude these
substrate scope studies we can state that our method is generally
applicable for the hydroamination of unactivated and of activated
electron-rich double bonds. However, electron-poor olefins such

J. AM. CHEM. SOC. = VOL. 129, NO. 14, 2007 4501
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Scheme 5. Aromatization of the Cyclohexadienyl Radicals 34a—e
and 35a—e?

R! X
R! X R2 R!
R? 2
R
34,35a-e

aFor specification of X, R and R, see Table 4.

Table 4. Reaction Barriers and Reaction Energies (PBE/TZVPP)
for the Aromatization Reaction of 34a—e and 35a—e?

E¥ Er
X R! R? compound  (kcalmol™%)  (kcal mol™?)
CHjs H H 34a +20.8 +12.5
SiH3 H H 34b +8.9 +7.9
NH2 H H 34c +15.0 +12.8
NH(CO)CHs H H 34d +11.5 +7.0
NH(CO)OCH H H 34e +12.5 +10.9
CHs CHs CO,CHs 35a +20.6 +12.3
SiHg CHs CO,CHs 35b +8.8 +7.7
NH2 CHz COCHs 35¢c +14.3 +11.7
NH(CO)CHs CHs CO,CHs 35d +11.3 +6.3
NH(CO)OCH CH; CO,CHs 35e +12.4 +10.9

a All energies referd 0 K and are not corrected for zero-point vibrational
energies.

cleavage as compared to the-BH, cleavage is a higher energy
pathway, the formation of the NHadical is the most endergonic
process in this series. A separately calculated hydrogen transfer
from NHs to *CHs is endothermic by-2.9 kcal mot? with PBE/
TZVPP, in good agreement with high level G3 calculatiéhs.
Clearly, carbonyl substitution at nitrogen stabilizes the
N-centered radicals (already in the TS). Therefore, especially
with the acyl function as a protecting group €&XNHCOCH;),
the aromatization is least endothermic and has the lowest barrier
among the N-substituted cyclohexadienyl radi@ds—e. The
computational results for the substituted cyclohexadienyl radicals
35a—e support that there is no significant intrinsic electronic
(or steric) effect that changes the relative reactivity of the
intermediates between the unsubstituted dieBésand the
substituted diene35. As a general trend, barriers are lower by
0.1-0.7 kcal mot! and reaction energies are lower by 8.0
1.1 kcal mof? for the substituted cyclohexadienyl radicals
35a—e as compared to the analogous aromatizations of the
unsubstituted cyclohexadienyl radic@da—e.

Conclusions

We presented a new generally applicable method for the
radical hydroamination of various unactivated and electron-rich
double bonds. The reagents are readily prepared at a large scale,
and the hydroaminations are easy to conduct. Importantly, the
reagents are stable compounds which are readily stored for
months. In contrast to most of the known transition-metal-

as acrylates and acrylonitriles are not hydroaminated using ourmediated hydroaminations, the method presented herein tolerates

new protocol. Importantly, many functional groups are tolerated,

many functional groups. Moreover, metal-catalyzed hydroami-

and the products are obtained with good to excellent anti- nations of unactivated olefins generally deliver the Markovnikov

Markovnikov selectivity. In addition, the products are delivered

hydroamination produc. Our method is complementary to

as protected amines: product purification does not cause anythese metal-mediated reactions since high anti-Markovnikov

problems. Moreover, the Moc- and the Boc-group are N-
protecting groups which have found widespread application in
organic synthesis.

Theoretical Studies on the Elimination ReactionElectronic
reaction barriers€* and reaction energig&r for the aromati-
zation reaction of the cyclohexadienyl radicafa—e (R'= R?
= H) and35a—e (R! = CHz, R2 = COOCH;) were calculated
with density functional theory (DFT). All DFT calculations were
performed with the TURBOMOLE packageéThe GGA-type
functional PBES was used for all geometry optimizations
together with a triplez quality basis set (TZ\Y with three (2df,-

2pd) sets of polarization functions. Transition structures were

optimized with TURBOMOLE after a numerical calculation of
the Hessian matrix with the SNF prografh.

selectivities are obtained. It is important to note that the radical
hydroaminations described herein are environmentally benign
tin-free processes. Theoretical calculations on the aromatization
of functionalized cyclohexadienes to form the corresponding
radicals show that aromatizations under generation of C-radicals,
Si-radicals, and N-radicals are endothermic processes. In agree-
ment with the experimental results, the lowest barriers are
obtained for the Si-radical generati6?? As compared to the
C-radical generation from alkylated cyclohexadienyl radiéals,
the formation of N-radicals from aminated cyclohexadienyl
radicals is more efficient.
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