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ABSTRACT

This paper describes the catalytic asymmetric diamination of alkyl dienes using N,N0-di-tert-butylthiadiaziridine 1,1-dioxide in the presence of
Pd(0) and a chiral phosphoramidite ligand to give cyclic sulfamides in high yield and high ee. The diamination is also amenable to gram scale.

Vicinal diamines are found throughout biologically
active molecules and are important chiral control agents
in asymmetric synthesis.1 The synthesis of vicinal diamines
through the metal-promoted diamination of olefins pre-
sents an attractive and efficient strategy to access these
important functional motifs, and various methods have

been reported.1�10Wehavepreviously reportedPd(0)-11 and
Cu(I)-catalyzed12methods for the regioselective diamination
of conjugated dienes using N,N0-di-tert-butyldiaziridinone
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(1) (Figure 1) as nitrogen source.13 Asymmetric variations
of these reactions have also been disclosed.14,15 A related
analogue,N,N0-di-tert-butylthiadiaziridine 1,1-dioxide (2),16

has also shown to be an effective nitrogen source in the syn-
thesis of cyclic sulfamidesusingPd(0),17CuCl,18,19 orCuBr19

as catalyst. The resulting cyclic sulfamides are important
functionalmotifs present inmedicinal andbiologically active

molecules including HIV protease inhibitors, anti-inflam-
matory agents, antibacterials, blood pressure regulators,
enzyme inhibitors, and treatments for Alzheimer’s disease
(Figure 2).20 Cyclic sulfamides have also shown promise as
chiral auxiliaries (Figure 2).21 Due to their biological and
synthetic importance, an asymmetric synthesis of cyclic
sulfamides is highly desirable. Commonly used methods
employ multistep syntheses from chiral amino acids,22 or
more recently, the asymmetric hydrogenation of thiadiazole

1,1-dioxides,whichare synthesizedvia reactionofR-hydroxy
aryl ketones with sulfamide.23 Herein we wish to report the
direct synthesis of optically active cyclic sulfamides via the
catalytic asymmetric diamination of conjugated dienes with
N,N0-di-tert-butylthiadiaziridine 1,1-dioxide (2).
Using trans-nona-1,3-diene as test substrate, thiadiaziri-

dine 2 as nitrogen source, and catalysts generated from
Pd2(dba)3 and a chiral ligand, the reactivity and selectivity
of diamination was investigated (Scheme 1). No reaction
was observed using bidentate ligand R-BINAP (L1).24 Of
the ligands screened,25�28 BINOL-based phosphoramidite
ligands displayed the most promising selectivity, and di-
amination was found to be highly regioselective for the
internal double bond of the diene. Somewhat surprisingly,
ligands L514a and L6,29 which were found to induce high

Figure 1. Nitrogen sources for diamination.

Figure 2. Cyclic sulfamides as biologically active molecules and
chiral auxiliaries.

(12) (a) Yuan,W.; Du, H.; Zhao, B.; Shi, Y.Org. Lett. 2007, 9, 2589.
(b) Zhao, B.; Peng, X.; Cui, S.; Shi, Y. J. Am. Chem. Soc. 2010, 132,
11009. (c) Zhao, B.; Peng, X.; Zhu, Y.; Ramirez, T. A.; Cornwall, R. G.;
Shi, Y. J. Am. Chem. Soc. 2011, 133, 20890.

(13) For a leading review on diaziridinones, see: Heine, H.W. In
TheChemistry ofHeterocyclic Compounds; Hassner, A., Ed.; JohnWiley&
Sons: New York, 1983; p 547.

(14) For Pd(0)-catalyzed asymmetric diamination of conjugated
dienes, see: (a) Du, H.; Yuan, W.; Zhao, B.; Shi, Y. J. Am. Chem. Soc.
2007, 129, 11688. (b) Xu, L.; Shi, Y. J. Org. Chem. 2008, 73, 749.

(15) For Cu(I)-catalyzed asymmetric diamination of conjugated
dienes, see: (a) Du, H.; Zhao, B.; Yuan, W.; Shi, Y. Org. Lett. 2008,
10, 4231. (b) Zhao, B.; Du, H.; Shi, Y. J. Org. Chem. 2009, 74, 8392.

(16) For preparation of N,N0-di-tert-butylthiadiaziridine 1,1-dioxide
(2), see: (a) Timberlake, J.W.; Alender, J.; Garner, A.W.; Hodges,M. L.;
€Ozmeral, C.; Szilagyi, S.; Jacobus, J. O. J. Org. Chem. 1981, 46, 2082. (b)
Ramirez, T. A.; Zhao, B.; Shi, Y. Tetrahedron Lett. 2010, 51, 1822.

(17) For Pd(0)-catalyzed dehydrogenative diamination of terminal
olefins using 2, see: Wang, B.; Du, H.; Shi, Y. Angew. Chem., Int. Ed.
2008, 47, 8224.

(18) For CuCl-catalyzed diamination of activated terminal double
bonds using 2, see: Zhao, B.; Yuan, W.; Du, H.; Shi, Y.Org. Lett. 2007,
9, 4943.

(19) For regioselective diamination of conjugated dienes using Cu(I)
and 2, see: Cornwall, R. G.; Zhao, B.; Shi, Y. Org. Lett. 2011, 13, 434.

(20) (a)Rosenberg, S.H.;Dellaria, J.F.;Kempf,D. J.;Hutchins,C.W.;
Woods,K.W.;Maki,R.G.; de Lara, E.; Spina,K. P.; Stein,H.H.; Cohen,
J.; Baker,W. R.; Plattner, J. J.; Kleinert, H.D.; Perun, T. J. J.Med. Chem.
1990, 33, 1582. (b) Castro, J. L.; Baker, R.; Guiblin, A. R.; Hobbs, S. C.;
Jenkins,M. R.; Russell, M. G. N.; Beer,M. S.; Stanton, J. A.; Scholey, K.;
Hargreaves, R. J.; Graham,M. I.; Matassa, V. G. J.Med. Chem. 1994, 37,
3023. (c) McDonald, I. M.; Dunstone, D. J.; Tozer, M. J. WO-9905141,
1999. Chem. Abst. 1999, 130, 168372. (d) Tung, R. D.; Salituro, F. G.;
Deininger, D. D.; Bhisetti, G. R.; Baker, C. T.; Spaltenstein, A. US-
5945413, 1999. Chem. Abst. 1999, 131, 185247. (e) Cherney, R. J.; King,
B. W. WO-0228846, 2002. Chem. Abst. 2002, 136, 309923. (f) Zhong, J.;
Gan, X.; Alliston, K. R.; Lai, Z.; Yu, H.; Groutas, C. S.; Wong, T.;
Groutas, W. C. J. Comb. Chem. 2004, 6, 556. (g) Bendjeddou, A.; Djeribi,
R.; Regainia, Z.; Aouf, N.-E. Molecules 2005, 10, 1387. (h) Sparey, T.;
Beher, D.; Best, J.; Biba, M.; Castro, J. L.; Clarke, E.; Hannam, J.;
Harrison, T.; Lewis, H.; Madin, A.; Shearman, M.; Sohal, B.; Tsou, N.;
Welch, C.;Wrigley, J.Bioorg.Med. Chem. Lett. 2005, 15, 4212. (i)Winum,
J.-Y.; Scozzafava, A.;Montero, J.-L.; Supuran, C. T.Med. Res. Rev. 2006,
26, 767. (j) Winum, J.-Y.; Scozzafava, A.; Montero, J.-L.; Supuran, C. T.
ExpertOpin.Ther. Patents 2006, 16, 27. (k)Yang,Q.; Li,Y.;Dou,D.;Gan,
X.; Mohan, S.; Groutas, C. S.; Stevenson, L. E.; Lai, Z.; Alliston, K. R.;
Zhong, J.; Williams, T. D.; Groutas, W. C. Arch. Biochem. Biophys. 2008,
475, 115. (l) Benltifa, M.; Garcı́a Moreno, M. I.; Mellet, C. O.; Garcı́a
Fern�andez, J.M.;Wadouachi, A.Bioorg.Med. Chem. Lett. 2008, 18, 2805.
(m) Kim, S. J.; Jung, M.-H.; Yoo, K. H.; Cho, J.-H.; Oh, C.-H. Bioorg.
Med. Chem. Lett. 2008, 18, 5815. (n) Dou, D.; Tiew, K.-C.; He, G.;
Mandadapu, S. R.; Aravapalli, S.; Alliston, K. R.; Kim, Y.; Chang,
K.-O.; Groutas, W. C. Bioorg. Med. Chem. 2011, 19, 5975. (o) Dou, D.;
Mandadapu, S.R.;Alliston,K.R.;Kim,Y.;Chang,K.-O.;Groutas,W.C.
Eur. J.Med. Chem. 2012, 47, 59. (p) Brodney,M.A.; Barreiro, G.; Ogilvie,
K.;Hajos-Korcsok,E.;Murray, J.;Vajdos,F.;Ambroise,C.;Christofferson,
C.; Fisher, K.; Lanyon, L.; Liu, J.; Nolan, C. E.;Withka, J.W.; Borzilleri,
K. A.; Efremov, I.; Oborski, C. E.; Varghese, A.; O’Neill, B. T.
J. Med. Chem. 2012, 55, 9224.

(21) (a) Ahn,K.H.; Yoo,D. J.; Kim, J. S.Tetrahedron Lett. 1992, 33,
6661. (b) F�ecourt, F.; Lopez, G.; Lee, A. V. D.; Martinez, J.; Dewynter,
G. Tetrahedron: Asymmetry 2010, 21, 2361.

(22) (a) Regaı̈nia, Z.; Abdaoui, M.; Aouf, N.-E.; Dewynter, G.;
Montero, J.-L. Tetrahedron 2000, 56, 381. (b) Kim, I.-W.; Jung, S.-H.
Arch. Pharm. Res. 2002, 25, 421. (c) Berredjem, M.; Djebbar, H.;
Regainia, Z.; Aouf, N.-E.; Dewynter, G.; Winum, J.-Y.; Montero,
J.-L. Phosphorus, Sulfur Silicon Relat. Elem 2003, 178, 693. (d) Zhong,
J.; Gan, X.; Alliston, K. R.; Groutas, W. C. Bioorg. Med. Chem. 2004,
12, 589.

(23) Lee, S. A.; Kwak, S. H.; Lee, K.-I. Chem. Commun. 2011, 47,
2372.

(24) Noyori, R.; Takaya, H. Acc. Chem. Res. 1990, 23, 345.
(25) For leading reviews on phosphoramidite ligands, see: (a) Feringa,

B. L. Acc. Chem. Res. 2000, 33, 346. (b) Minnaard, A. J.; Feringa, B. L.;
Lefort, L.; De Vries, J. G. Acc. Chem. Res. 2007, 40, 1267. (c) Teichert,
J. F.; Feringa, B. L. Angew. Chem., Int. Ed. 2010, 49, 2486.

(26) For leading references on L2 and L3, see: (a) Boele, M. D. K.;
Kamer, P. C. J.; Lutz, M.; Spek, A. L.; de Vries, J. G.; van Leeuwen, P.
W. N. M.; van Strijdonck, G. P. F. Chem.;Eur. J. 2004, 10, 6232. (b)
Burks, H. E.; Liu, S.; Morken, J. P. J. Am. Chem. Soc. 2007, 129, 8766.

(27) For a leading reference on L4, see: Alexakis, A.; Rosset, S.;
Allamand, J.; March, S.; Guillen, F.; Benhaim, C. Synlett 2001, 1375.



798 Org. Lett., Vol. 15, No. 4, 2013

selectivity for catalytic asymmetric diaminations using 1,
exhibited lower selectivity in the current system. On the
contrary, (R,R,R) ligand L7 was found to be optimal for
bothyield and selectivity providing the corresponding cyclic
sulfamide in 76% yield and 90% ee, whereas ent-L7 had
previously displayed poor reactivity using 1. As also shown
in Scheme 1, (R,S,S) ligand L8 displayed decreased selec-
tivity fromthatofL7, indicating that amatched relationship
between the BINOL and amine portions of the ligand are
important for high asymmetric induction. In both cases, the
product configuration is determined by the BINOL skeleton
and not the amine portion of the ligand. H8�BINOL-
derived phosphoramidite ligand L9 also resulted in high ee,
yielding the opposite enantiomer of the product sulfamide.
With optimal ligand in hand, the substrate scope was

subsequently investigated. As shown in Table 1, a variety
of alkyl-substituted conjugated (E)-dienes30 can be effi-
ciently diaminated in 66�98% yield and 90�93% ee with
2.5 mol% Pd2(dba)3 and 10 mol% L7 in toluene at 65 �C
for 3h.Alkyl chains can contain silyl (Table 1, entry 6), and
aryl groups (Table 1, entries 7�9) aswell as ethers (Table 1,
entries 10�12).Double bonds in the alkyl groups remained
unreacted in geometrically pure form (Table 1, entries 13
and 14). The catalytic asymmetric diamination is also
amenable to gram scale and catalyst loading can be further
reduced to 1.4 mol % Pd2(dba)3 (Table 1, entry 8). In all

cases, the reaction occurs with high regioselectivity toward
the internal double bond (Figure 3) and other regioisomers
werebarelydetectableby 1HNMRanalysis if therewas any.
The diamination most likely proceeds through a concerted
reaction mechanism analogous to the previously reported
catalytic cycle using 1 (Scheme 2).11a,c Insertion of the
chiral Pd(0) complex into the N�N bond of 2 forms
four-membered Pd(II) complex 5, which coordinates
to diene 3 to give complex 6. The migratory insertion of 6
leads to π-allyl Pd complex 7. Upon reductive elimination,

Scheme 1. Initial Screening for Asymmetric Diamination Table 1. Catalytic Asymmetric Diamination of Conjugated
Dienes to Form Cyclic Sulfamidesa

aAll reactionswere carriedoutwithdiene3 (0.20mmol), 2 (0.30mmol),
Pd2(dba)3 (0.005mmol), andL7 (0.02mmol) in toluene (0.10mL) underAr
at 65 �C for 3 h, unless otherwise stated. bFor entries 4 and 7, the absolute
configurations (R,R) were determined by comparison of the optical rota-
tions with reported ones after complete deprotection to the free diamine
(refs 12b, 14a). For all other entries, the absolute configurations were not
determined and the stereochemistry indicated represents relative stereo-
chemistry. c Isolated yield. dThe ee was determined by chiral HPLC
(Chiralpak IC column) after removal of the t-Bu groups, unless other-
wise stated. eThe ee was determinedwithout removal of the t-Bu groups.
fReaction was carried out with diene 3h (6.96 mmol), 2 (9.03 mmol),
Pd2(dba)3 (0.10mmol), andL7 (0.46mmol) in toluene (3.5mL) underAr
at 65 �C for 3 h. gReaction time, 6 h. hThe ee was determined by chiral
HPLC (Chiralpak IA column).

(28) For leading references on phosphoramidite ligands L7�L9, see:
(a) de Vries, A. H. M.; Meetsma, A.; Feringa, B. L. Angew. Chem., Int.
Ed. 1996, 35, 2374. (b) Sewald, N.; Wendisch, V. Tetrahedron: Asym-
metry 1998, 9, 1341. (c) Arnold, L. A.; Imbos, R.;Mandoli, A.; de Vries,
A. H. M.; Naasz, R.; Feringa, B. L. Tetrahedron 2000, 56, 2865. (d)
Shintani, R.; Park, S.; Duan,W.-L.; Hayashi, T.Angew. Chem., Int. Ed.
2007, 46, 5901.

(29) Du, H.; Zhao, B.; Shi, Y. J. Am. Chem. Soc. 2008, 130, 8590.
(30) No diamination product was observed when cis-1,3-pentadiene

was subjected to the reaction conditions.



Org. Lett., Vol. 15, No. 4, 2013 799

cyclic sulfamide 4 is formed with regeneration of the chiral
Pd(0) catalyst.

As shown in Scheme 3, removal of the t-Bu groups is
accomplished in a mixture of CF3CO2H-hexanes at room
temperature, allowing possible further derivatization of
the nitrogens. Complete removal of the t-Bu groups and
the sulfone moiety in one step is also realized in aqueous
HBr at elevated temperature to unmask the free diamine.31

In summary, we have developed the direct and efficient
synthesis of chiral cyclic sulfamides from conjugated

dienes using Pd2(dba)3 and chiral phosphoramidite ligand
L7 as catalyst and N,N0-di-tert-butylthiadiaziridine 1,1-
dioxide (2) as nitrogen source. Various alkyl-substituted
conjugated dienes are smoothly diaminated in high yields
and high selectivities, providing cyclic sulfamides with
two adjacent chiral centers and the pendent vinyl group
allows possible further functionalization. The reaction
is amenable to gram scale and can produce the resulting
cyclic sulfamides in multigram quantity. The resulting
cyclic sulfamides can be deprotected via removal of the
t-Bu groups and the corresponding free diamines can
also be obtained without loss of ee. Cyclic sulfamides
are valuable moieties in biologically relevant mole-
cules and the described process provides a viable route
to access a broad range of diverse analogues for future
study.
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Figure 3. X-ray structure of 4f.

Scheme 2. Proposed Catalytic Cycle for the Asymmetric
Diamination of Dienes Using 2

Scheme 3. Representative Deprotection of Cyclic Sulfamides
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