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The use of radicals in the formation of carbon-carbon bonds is the flagship reaction of radical
chemistry applied to organic synthesis." A landmark in this continuously growing field was the

metal-catalyzed generation of radicals from alkenes through a hydrogen atom transfer (HAT)? to



initiate coupling reactions. In these radical reactions Fe(Ill), and to a lesser extent Mn (III) or
Co(II), are used with silanes in EtOH” to generate the promoter metal hydride able to carry out a
HAT to an alkene, the initial step prior to the radical coupling that allows C-C bond construction.
Applying these conditions, initially using Fe(acac), as the catalyst and PhSiH; as the reductant, the
inter- and intramolecular coupling of electron-neutral and -rich alkenes with alkenes bearing an
electron-withdrawing group was developed in 2014 by Baran’s group,’ who laid down the
groundwork for the study of other radical acceptors and their application in total synthesis.” Apart
from previous diene cross coupling reactions now recognized as C-C bond-forming HAT

processes,” other notable achievements in this field involve the use of other types of alkenes,’

0 1

alkynes,® pyridinium salts,” p-quinone methides," sulfonylhydrazone,'' and ketones'’ as radical

acceptors (Scheme 1).
Scheme 1. Hydrogen Atom Transfer and Carbon-Carbon Formation from Alkenes
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After our studies of a new HAT-initiated radical cyclization of alkene-tethered ketones
catalyzed by Fe(acac), leading to alcohols (Scheme 1b), we hoped to expand the tool-box of
radical acceptors for alkene HAT processes by exploring the usefulness of the C=N double bond
(hydrazone functionalization). We were particularly drawn to the potential of this alkene
hydrohydrazinoalkylation method (Scheme 1b) to access the structurally important o-tertiary
amine (ATA) structural motif after cleavage of the hydrazine N-N bond. This constitutional unit
features prominently in alkaloids" and pharmaceuticals such as the anti-virals amantadine and
memantine," as well as constituting a potentially interesting building block to gain access to new

catalysts' (Figure 1).
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Figure 1. Selected examples of interesting molecules bearing an a-tertiary amine motif

Classical strategies for the alkylation of C=N bonds through radical-based methods involve
atom transfer conditions (e.g. the Et;B/O,) or reductive processes (e.g. tin reagents), alkyl iodides
being the typical source of the carbon-centered radical, which promotes the addition that can take
place upon several types of C=N bonds (e.g. hydrazones, oximes) to form the new C-C bond."
Moreover, in 2007 Carreira'” reported a cobalt-catalyzed regioselective hydroaldoximation of
unactivated alkenes, and recently Molander' introduced a photoredox-based addition from

alkylsilicate radical precursors to sulfonylimines.



In this communication we report a new approach to products containing o,a-disubstituted and
o,0,0-trisubstituted amines (ATA, o-tert-amines)"® via intramolecular HAT-promoted reactions
from alkene-tethered hydrazones leading to amino-substituted cyclic compounds; additionally, the
implementation of the cross-coupling version of this iron-catalyzed process opens a new way to

access amine compounds.

To study the feasibility of this radical process, ketone 1 was converted to a series of
corresponding C=N derivatives (hydrazones, oximes, imines, compounds 2a-g), which were
submitted to radical cyclization conditions using Fe(acac), (0.2 equiv) and PhSiH, in EtOH at 60
°C for 3 h. As outlined in Table 1, the results of the HAT-promoted intramolecular radical reaction

depend on the nature of the alkene-tethered C=N moiety.

Table 1. Substrate Screening for the Intramolecular Coupling of Type 2 Compounds

Fe(acac)s Me
O RNH, N-g M),Meﬁ
g;li:/r Cmg "Eon’ e N
1 2a-g 60°C.3h  gpe

Entry R yield [ %] yield [ %]
1 NHCbz 2a (97) 3a (98)
2 NHBoc 2b (82) 3b (90)
3 OMe 2¢ (98)" 3c (87)
4 NHPh 2d (98)" 3d (19)°
5 NMe, 2e (98)" 3e (8)
6 NH, 2f (50)° -4
7 Bn 2g (55)" S
8 NHCbz 2a (97) 3a (91)°




9 NHCbz - 3a (93)

10 H 4 (85)*

“ Used without purification, and yield determined by NMR (conversion). ”* Used after
chromatography.  Isolated in its azo form. ¢ Complex mixture. ° Room temperature instead of 60
°C.”/Combined yield for the one-pot procedure from ketone 1. ¢ Compound 4 is the o-fert-amine
obtained from hydrogenation of N-Cbz hydrazine 3a.

Initially, we tested a Cbz-protected hydrazone as the radical acceptor and were delighted that the
formation of hydrazone 2a and its subsequent radical cyclization proceeded smoothly with almost
quantitative conversion for both coupling steps (1—= 2a — 3a, Table 1, entry 1). The N-Boc
hydrazone 2b (entry 2) and methyl oxime 2¢ (entry 3) also performed well, albeit with slightly
reduced yields. On the other hand, the use of unprotected alkyl or aromatic substituted hydrazones
gave poor results for the cyclization step (entries 4-6). The use of a N-benzylimine (entry 7)
proved unsuccessful, giving a complex mixture of products. Finally, we evaluated some
modifications for the synthesis of the Cbz-protected hydrazine 3a. The reaction could also be
efficiently carried out at room temperature with just a slight reduction in yield (entry 8) and
proceeded almost as well if the hydrazone intermediate 2a was not isolated prior to cyclization
(entry 9). The latter reaction conditions were therefore the best for the overall process, allowing
the coupled hydrazino-substituted tricyclic compound 3a (91%) to be synthesized directly from
ketone 1a. Sequential cleavage of the carbamate and hydrazine bonds in 3a under hydrogenation

conditions furnished o-ter-amine 4 in 85% yield (Table 1, entry 10)

Encouraged by these positive results, we investigated the scope of the intramolecular
hydrohydrazination of alkenes using the relatively unexplored hydrazones derived from benzyl

carbazate and carbonyl compounds' (Table 2). Structurally diverse N-Cbz-protected hydrazones



(6a-g) were synthesized from a variety of ketones (5a-h) containing a mono- or disubstituted
alkene tether, and submitted to the same reaction conditions as above to promote the HAT-
initiated cyclization process. Hydrazines 7a-h were obtained in 55-90% yield, being deprotected
to the corresponding amine (i.e. compounds 8, see Table 2). The coupling of compound Sh (R =
NOMe) through an aza-Prins cyclization leading to C-C bond formation reported by Iwabuchi
results in reversed regioselectivity.” Nitrogen-substituted quaternary centers have usually been
synthesized with multiple manipulations and rarely through a direct C—C disconnection as enabled
here."” Moreover, despite their simplicity, the majority of the compounds listed in Table 2 are new
chemical entities. Among them, 3-noramantadine 8h, a constitutional isomer of the
pharmacologically valuable amantadine," is of particular interest since it constitutes a new
congener of the structural family of adamantane-based M2 channel inhibitors. Moreover, 8h is a

rigid, achiral, tricyclic amine, which could constitute a platform to design new catalysts.

Table 2. Scope of the Intramolecular Coupling*”



N N
0 Cbz*N~|N CbzR3 NH Re NH,
Rs M | Rs (i) (i) Z)
Me Me
x x H H H H
5 6 8
ketone hydrazone hydrazine amine

(i) NH,NHCbz, EtOH; (ii) Fe(acac)s, PhSiHs, EtOH, 60 °C, 3 h;
(iii) Hy, Pd-C, MeOH, 20 °C, 24 h

1(5 R=0) (7,R= NHCsz Starting materials ~ Products
' (6, R =NNHCbz)8, R = H) !
_______________________________ .
'R
Me Me ' COZMe
Me Q7 CO,Me
R NHR Me! 2
5a 7a(84%) | 5 7e (55%)
6a (55%) 8a (98%) ! 6e (98%) 8e (77%)
. RNH Me | NHR Me
(I/\/ : IIBOC )
= i /\/N\AR N
H 1 !
! B
3b b (85%) 5f 7t (;)1C %)
6b (80% 8b (45%) ! ©
(80%) (45%) ! 6f (88%) 8f (78%)¢
Me !
R NHR ! Me
. Q)U
5¢ 7c (70%)
6¢ (50% 8¢ (95% ! 5g 79 (95%)
(50%) c(O5%) 1 &g (64%) 8g (98%)°
R X RNHMe
i R NHR
CO,Et !
' Me
5d . 7d (56%) !
6d (98%) M 8d (88%) ! 5h 7h (98%)
e | 6h (69%) 8h (98%)
RTﬁ 3
RS 7d' (30%)°¢ 3

“ The synthesis of all ketones (5a-5h) has been previously reported (see SI). ” For compounds
with two possible epimers the major one is depicted. © Compound 7d° was formed by
lactamization of 7d. ¢ Compound 8f was isolated as the corresponding amine. ¢ The hydrogenation
of the hydrazine 7g was carried out with Raney-nickel

Given the widespread nature of amines, we sought to extend the reaction from the intra- to the

more challenging intermolecular version. Hydrazone 9a was chosen as the radical acceptor model



and its reaction with 3-buten-1-ol (10a) as the radical precursor was evaluated by varying several
parameters (see SI, Table S1). As before, the best results were obtained using only 0.2 equiv of
Fe(acac);, differing in that the reaction time increased to 48 h, the performance was better at room
temperature, and 2 equiv of hydrazone was used. In these reaction conditions, hydrazine 11a was

isolated in 82% yield (Table 3).

Having established the optimum conditions, the scope of the reaction was tested on other alkenes
while keeping the hydrazone constant (i.e. compound 9a). Examples of this cross coupling with
mono-, di-, and trisubstituted olefins (10a-10g) are shown in Table 3. As expected, when the
substitution degree in the alkene increased, the coupling yield diminished. Finally, the reaction

was carried out from 3-butenylamine 10h, leading to the amino hydrazine 11h in excellent yield.

Table 3. Intermolecular Coupling Reaction: Variation of the Alkene Component



N/NHCbz R Fe(acac); (0.2 equiv) /H

| R2 PhSiHg (2.5 equiv) €z NH R
| X N R — > R
/ R EtOH, 20 °C, 48 h R 'R?

9a 10a-g
(2.0 equiv) (1.0 equiv) 11a-11g
Alkenes Products ' Alkenes Products
H | H
b Cbz” “NH 3 Cbz”V"NH
OH /&/VOH:)\/\ /S(VOH
Ph X"~y Ph
Me : Mé Me
10a 11a (82%) 3 10e 11d (53%)
H ! H
| Cbz” "NH | Cbz/N‘NH
k/\ OR: Me
OR Ph X
R =TBDPS Me | P
10b 11b (64%) ©10f 11f (46%)
q ? q
t/\ Cbz” “NH 3 bz V"NH
‘ OH
Ph Ph/&/\ LN Ph/\/\OH
Me Ph! Me
10c 11c (81%) ! 10g 11g (77%)
y | y
PAAN ' N
Cbz" NH .~ Cbz "NH
OH:
/J‘\/\OH th ; Ph
e Me ' NHBoc Me NHBoc
10d 11d (50%)2 ! 10h 11h (86%)

“ Reaction time: 72 h. At 48 h, the yield was lower (37%)

Finally, we studied the scope of the intermolecular reaction using several aldehyde-derived

hydrazones under our standard conditions (Table 4).

Table 4. Intermolecular Coupling: Variation of the Hydrazone Component



by

R

9b-g
(2.0 equiv)

N.NHCbZ

H
Fe(acac); (0.2 equiv) Cbz” N. NH
N PhSiHg (2.5 equiv) - OH
_—
R
OH Ei0H, 20 °C, 48 h Me
10a
(1.0 equiv) 12b-12g

12

b (55%)

12¢ (63%)

12d (94%)

Cbz

12e (33%)

Hydrogenolysis of the N-N bond using Raney-Ni*' from N-Cbz hydrazine 12¢ allowed the
isolation of the benzylic amine 13 in 79% yield; also from 12c¢, but using Pd/C in MeOH as the
catalyst, an additional cleavage of the C-N bond took place to give 14 in 60% yield (Scheme 2).
Retrosynthetically, the latter process involves the formation of a Csp’>-Csp’ bond by coupling of
an alkene and a benzaldehyde. Finally, hydrazines 11¢ and 12g rendered primary amines 15 and

16, respectively, when using Raney-Ni in the hydrogenolysis reaction.

12f (43%)

12g (50%)

Scheme 2. Hydrogenation of N-protected hydrazines
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F Me OH
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11c —> Ph 129
Me Ph Me OH
15 (73%) 16 (90%)
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In summary, we have shown that an iron-mediated HAT reaction can be successfully employed
to reductively couple a wide variety of unactivated alkenes with hydrazones, both intra- and
intermolecularly. The resulting N-Cbz hydrazine compounds were easily transformed to the
corresponding amines through a hydrogenation process. Given the ubiquitous nature of the amine
functionality and the novel disconnection approach to achieve nitrogen-containing compounds
here reported, we believe this methodology should find a broad range of applications, ranging

from the synthesis of natural products to the development of new pharmaceuticals and catalysts.

ASSOCIATED CONTENT

Supporting Information.

The Supporting Information is available free of charge on the ACS Publications website at DOI:

Experimental procedures and spectral data for all new compounds (PDF).

AUTHOR INFORMATION

Corresponding Author

*E-mail; benbradshaw @ub.edu

*E-mail: josep.bonjoch@ub.edu

ORCID

Ben Bradshaw: 0000-0001-9612-9199

Josep Bonjoch: 0000-0002-5551-6720

Notes

11



The authors declare no competing financial interest.

ACKNOWLEDGMENTS

Financial support for this research was provided by Project CTQ2016-75350-P from the
Ministry of Economy, Industry, and Competitiveness of Spain/ FEDER funds. B.B. acknowledges

the Serra Hunter program (Generalitat de Catalunya).

REFERENCES

(1) (a) Bonjoch, J.; Bradshaw, B.; Diaba, F. In Stereoselective Synthesis of Drugs and Natural
Products; (Eds.: Andrushko, V.; Andrushko, N.), Wiley & Sons, Hoboken, 2013, pp 733—768. (b)
Studer, A.; Curran, D. P. Catalysis of Radical Reactions: A Radical Chemistry Perspective.
Angew. Chem. Int. Ed. 2016, 55, 58—102. (¢) Yan, M.; Lo, J. C.; Edwards, J. T.; Baran, P. S.
Radicals: Reactive Intermediates with Translational Potential. J. Am. Chem. Soc. 2016, 138,
12692—-12714. (d) Hung, K.; Hu, X.; Maimone, T. J. Total Synthesis of Complex Terpenoids

Employing Radical Cascade Processes. Nat. Prod. Rep. 2018, 35, 174-202.

(2) (a) Crossley, S. W. M.; Obradors, C.; Martinez, R. M.; Shenvi, A. Mn-, Fe-, and Co-
Catalyzed Radical Hydrofunctionalization of Olefins. Chem. Rev. 2016, 116, 8912-9000. (b)
Hoffmann, R. W. Markovnikov Free Radical Addition Reactions, a Sleeping Beauty Kissed to

Life. Chem. Soc. Rev. 2016, 45, 577-583.

(3) Obradors, C.; Martinez, R. M.; Shenvi, R. A. Ph(i-PrO)SiH,: An Exceptional Reductant for

Metal-Catalyzed Hydrogen Atom Transfers. J. Am. Chem. Soc. 2016, 138, 4962—4971.

(4) (a) Lo, J. C; Yabe, Y.; Baran, P. S. A Practical and Catalytic Reductive Olefin Coupling. J.

Am. Chem. Soc. 2014, 136, 1304-1307. (b) Lo, J. C.; Gui, J.; Yabe,Y.; Pan, C.-M.; Baran, P. S.

12



Functionalized Olefin Cross-Coupling to Construct Carbon-Carbon Bonds. Nature 2014, 516,
343-348. (¢) Lo, J. C.; Kim, D.; Pan, C.-M.; Edwards, J. T.; Yabe, Y.; Gui, J.; Qin, T.; Gutiérrez,
S.; Giacoboni, J.; Smith, M. W.; Holland, P. L.; Baran, P. S. Fe-Catalyzed C-C Bond Construction

from Olefins via Radicals. J. Am. Chem. Soc. 2017, 139, 2484—-2503.

(5) (a) George, D. T.; Kuenstner, E. J.; Pronin, S. V. A Concise Approach to Paxilline Indole
Diterpenes. J. Am. Chem. Soc. 2015, 137, 15410—15413. (b) Liu, J.; Ma, D. A Unified approach
for the Assembly of Atisine- and Hetidine-Type Diterpenoid Alkaloids: Total Syntheses of

Azitine and the Proposed Structure of Navirine C. Angew. Chem. Int. Ed. 2018, 57, 6676—6680.

(6) (a) Waser, J.; Gaspar, B.; Nambu, H.; Carreira, E. M. Hydrazines and Azides via the Metal-
Catalyzed Hydrohydrazination and Hydroazidation of Olefins. J. Am. Chem. Soc. 2006, 128,
11693—11712. (b) Hartung, J.; Pulling, M. E.; Smith, D. M.; Yang, D. X.; Norton, J. R. Initiating
Radical Cyclizations by H' Transfer from Transition Metals. Tetrahedron 2008, 64, 11822—11830.
(c) Taniguchi, T.; Goto, N.; Nishibata, A.; Ishibashi, H. Iron-Catalyzed Redox Radical

Cyclizations of 1,6-Dienes and Enynes. Org. Lett. 2010, 12, 112—-115.

(7) (a) Iwasaki, K.; Wan, K. K.; Oppedisano, A.; Crossley, S. W. M.; Shenvi, R. A. Simple,
Chemoselective Hydrogenation with Thermodynamic Stereocontrol. J. Am. Chem. Soc. 2014,
136, 1300—-1303. (b) Zheng, J.; Wang, D.; Cui, S. Fe-Catalyzed Reductive Coupling of
Unactivated Alkenes with [-Nitroalkenes. Org. Lett. 2015, 17, 4572—-4575. (¢) Qi, J.; Zheng, J.;
Cui, S. Fe(Ill)-Catalyzed Hydroallylation of Unactivated Alkenes with Morita-Baylis-Hillman
Adducts. Org. Lett. 2018, 20, 1355—-1358. (d) Yang, L.; Ji, W.-W_; Lin, E.; Li, J-L; Fan, W.-X_;
Li, Q.; Wang, H. Synthesis of Alkylated Monofluoroalkenes via Fe-Catalyzed Defluorinative

Cross-Coupling of Donor Alkenes with gem-Difluoroalkenes. Org. Lett. 2018, 20, 1924—1827.

13



(8) Shen, Y.; Huang, B.; Zheng, J.; Lin, C.; Liu, Y.; Cui, S. Csp—Csp3 Bond Formation via

Iron(IIl)-Promoted Hydroalkynylation of Unactivated Alkenes. Org. Lett. 2017, 19, 1744—1747.

(9) (a) Ma, X.; Herzon, S. B. Intermolecular Hydropyridylation of Unactivated Alkenes. J. Am.
Chem. Soc. 2016, 138, 8718—8721. (b) Bordi, S.; Starr, J. T. Hydropyridylation of Olefins by

Intramolecular Minisci Reaction. Org. Lett. 2017, 19, 2290—2293.

(10) Shen, Y.; Qi, J.; Mao, Z.; Cui, S. Fe-Catalyzed Hydroalkylation of Olefins with para-

Quinone Methides. Org. Lett. 2016, 18,2722-2725.

(11) Dao, H. T.; Li, C.; Michaudel, Q.; Maxwell, B. D.; Baran, P. S. Hydromethylation of

Unactivated Olefins. J. Am. Chem. Soc. 2015, 137, 8046—8049.

(12) Saladrigas, M.; Bosch, C.; Saborit, G. V.; Bonjoch, J.; Bradshaw, B. Radical Cyclization of
Alkene-Tethered Ketones Initiated by Hydrogen-Atom Transfer. Angew. Chem. Int. Ed. 2018, 57,

182-186.

(13) Hager, A.; Vrielink, N.; Hager, D.; Lefranc, J.; Trauner, D. Synthetic Approaches Towards

alkaloids Bearing a-Tertiary Amines. Nat. Prod. Rep. 2016, 33,491-522.

(14) (a) Cady, S. D.; Schmidt-Rohr, K.; Wang, J.; Soto, C. S.; De Grado, W. F.; Hong, M.
Structure of the Amantadine Binding Site of Influenza M2 Proton Channels in Lipid Bilayers.
Nature 2010, 463, 689—692. (b) Llabrés, S.; Juarez-Jiménez, J.; Masetti, M.; Leiva, R.; Vazquez,
S.; Gazzarrini, S.; Moroni, A.; Cavalli, A.; Luque, J. F. Mechanism of the Pseudourreversible

Binding of Amantadine to the M2 Proton Channel. J. Am. Chem. Soc. 2016, 138, 15345—15358.

14



(15) Wang, Y.; Li, D,; Lin J.; Wei, K. Organocatalytic Asymmetric Michael Addition of
Aldehydes and Ketones to Nitroalkenes Catalyzed by Adamantoyl L-Prolinamide. RSC Adv. 2015,

5,5863-5874.

(16) (a) Tauh, P.; Fallis, A. G. Rate Constants for 5-exo Secondary Alkyl Radical Cyclizations
onto Hydrazones and Oxime ethers via Intramolecular Competition Experiments. J. Org. Chem.
1999, 64, 6960—6968. (b) Friestad, G. K. Addition of Carbon-Centered Radicals to Imines and
Related Compounds. Tetrahedron 2001, 57, 5461-5496. (c) Kim, S. Consecutive Carbon-Carbon
Bond Formation Approach in Tandem Cyclization Reactions. Chem. Rec. 2001, 1, 415—-421. (d)
Miyabe, H.; Ueda, M.; Naito, T. Carbon-Carbon Bond Construction Based on Radical Addition to
C=N Bond. Synlett 2004, 1140—1157. (e) Ueda, M.; Miyabe, H.; Miyata, O.; Naito, T. Carbon
Radical Addition to N-Sulfonylimines Mediated by Triethylborane or Zinc. Tetrahedron 2009, 65,
1321-1326. (f) Nam, T. K.; Jang, D. O. Radical “On Water” Addition to the C=N Bond of

Hydrazones: A Synthesis of Isoindolinone Rerivatives. J. Org. Chem. 2018, 53,7373—73779.

(17) Gaspar, B.; Carreira, E. M. Cobalt Catalyzed Functionalization of Unactivated Alkenes:
Regioselective Reductive C-C Bond Forming Reactions. J. Am. Chem. Soc. 2009, 131, 13214~

13215.

(18) Patel, N. R.; Kelly, C. B.; Siegenfeld, A. P.; Molander, G. A. Mild, Redox-Neutral

Alkylation of Imines Enabled by an Organic Photocalyst. ACS Catal. 2017, 7, 1766—1770.

(19) Nithya, P.; Simpson, J.; Helena, S.; Rajamanikandan, R.; Govindarajan, S. New Schiff
Bases Derived from Benzyl Carbazate with Alkyl and Heteroaryl Ketones. J. Therm. Anal.

Calorim 2017, 129, 1001-1019.

15



(20) Kuga, T.; Sasano, Y.; Tomizawa, M.; Shibuya, M.; Iwabuchi, M. Expedient Entry to 1-
Aminoadamantane Derivatives via Aza-Prins Cyclization of 7-Methylenebicyclo[3.3.1]nonan-3-

one Oximes. Synthesis 2018, 50, 1820—1826.

(21) Rabasa-Alcaiiiz, F.; Torres, J.; Sdnchez-Rosell6, M.; Tejero, T.; Merino, P.; Fustero, S.;
del Pozo, C. Organocatalytic Enantioselective Synthesis of Trifluoromethyl-Containing Tetralin
Derivatives by Sequential (Hetero)Michael Reaction-Intramolecular Nitrone Cycloaddition. Adv.

Synth. Catal. 2017, 359, 3752-3764.

16



