


Space group P2(1)2(1)2(1)

Unit cell dimensions a=6.7599(5) A a= 90°.
b =8.3411(6) A B=90°.
c=14.1011(11) A y=90°.

Volume 795.09(10) &

z 4

Density (calculated) 1.480 Mghm

Absorption coefficient 0.365 nth

F(000) 376

Crystal size 0.56 x 0.40 x 0.34 mfn

Theta range for data collection 2.84 t0 36.03°.

Index ranges -11<=h<=11, -13<=k<=13, -23<=|<=22

Reflections collected 26398

Independent reflections 3734 [R(int) = 0.0196]

Completeness to theta = 25.00° 99.8 %

Absorption correction None

Max. and min. transmission 0.8860 and 0.8218

Refinement method Full-matrix least-squares &n F

Data / restraints / parameters 3734/0/102

Goodness-of-fit on ¥ 1.085

Final R indices [I>2sigma(l)] R1 =0.0206, wR2 9569

R indices (all data) R1 =0.0214, wR2 = 0.0574

Absolute structure parameter 0.48(3)

Largest diff. peak and hole 0.394 and -0.294%.A
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Table 2. Bond lengths [A] and angles [°] for 821

N(1)-C(6)
N(1)-S(2)
N(1)-H(1)
0(1)-S(2)
0(2)-S(2)
S(2)-0(3)
O(3)-C(4)
C(4)-C(5)
C(4)-H(4A)
C(4)-H(4B)
C(5)-C(9)
C(5)-C(6)
C(5)-H(5)
C(6)-C(7)
C(6)-H(6)
C(7)-C(8)
C(7)-H()
C(8)-H(8A)
C(8)-H(8B)
C(9)-H(9A)
C(9)-H(9B)
C(9)-H(9C)

C(6)-N(1)-S(2)
C(6)-N(1)-H(1)
S(2)-N(1)-H(1)
0(2)-5(2)-0(1)
0(2)-5(2)-0(3)
0(1)-S(2)-0(3)
0(2)-S(2)-N(1)
O(1)-S(2)-N(1)
O(3)-S(2)-N(1)
C(4)-0(3)-5(2)
O(3)-C(4)-C(5)
O(3)-C(4)-H(4A)
C(5)-C(4)-H(4A)
O(3)-C(4)-H(4B)
C(5)-C(4)-H(4B)

1.4876(7)
1.6183(6)
0.886(11)
1.4356(5)
1.4239(6)
1.5810(5)
1.4790(9)
1.5257(10)
0.9900
0.9900
1.5311(9)
1.5469(8)
1.0000
1.5024
1.0000
1.3265
0.9500
0.9500
0.9500
0.9800
0.9800
0.9800

113.48(4)
111.9(7)
110.6(7)
119.64(3)
105.92(3)
107.51(3)
109.56(3)
108.06(3)
105.22(3)
113.95(4)
110.69(5)
109.5
109.5
109.5
109.5
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H(4A)-C(4)-H(4B) 108.1

C(4)-C(5)-C(9) 111.89(5)
C(4)-C(5)-C(6) 109.26(5)
C(9)-C(5)-C(6) 112.95(5)
C(4)-C(5)-H(5) 107.5
C(9)-C(5)-H(5) 107.5
C(6)-C(5)-H(5) 107.5
N(1)-C(6)-C(7) 111.16(3)
N(1)-C(6)-C(5) 110.99(4)
C(7)-C(6)-C(5) 111.66(3)
N(1)-C(6)-H(6) 107.6
C(7)-C(6)-H(6) 107.6
C(5)-C(6)-H(6) 107.6
C(8)-C(7)-C(6) 126.59(4)
C(8)-C(7)-H(7) 116.7
C(6)-C(7)-H(7) 116.7
C(7)-C(8)-H(8A) 120.0
C(7)-C(8)-H(8B) 120.0
H(8A)-C(8)-H(8B) 120.0
C(5)-C(9)-H(9A) 109.5
C(5)-C(9)-H(9B) 109.5
H(9A)-C(9)-H(9B) 109.5
C(5)-C(9)-H(9C) 109.5
H(9A)-C(9)-H(9C) 109.5
H(9B)-C(9)-H(9C) 109.5

Symmetry transformations used to generate equivatems:
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Table 3. Torsion angles [°] for 4216.

C(6)-N(1)-S(2)-0(2) 166.00(4)
C(6)-N(1)-S(2)-0(1) -62.10(5)
C(6)-N(1)-S(2)-0(3) 52.53(5)
0(2)-S(2)-0(3)-C(4) -170.15(5)
0(1)-S(2)-0(3)-C(4) 60.86(5)
N(1)-S(2)-0(3)-C(4) -54.15(5)
S(2)-0(3)-C(4)-C(5) 60.71(6)
0(3)-C(4)-C(5)-C(9) 66.17(7)
0(3)-C(4)-C(5)-C(6) -59.67(7)
S(2)-N(1)-C(6)-C(7) 177.90(2)
S(2)-N(1)-C(6)-C(5) -57.17(5)
C(4)-C(5)-C(6)-N(1) 58.50(6)
C(9)-C(5)-C(6)-N(1) -66.73(6)
C(4)-C(5)-C(6)-C(7) -176.86(4)
C(9)-C(5)-C(6)-C(7) 57.92(5)
N(1)-C(6)-C(7)-C(8) 2.02(5)
C(5)-C(6)-C(7)-C(8) -122.53(6)

Symmetry transformations used to generate equivatems:

Table 4. Hydrogen bonds for 4216 [A and °].

D-H..A d(D-H) d(H...A) d(D...A)

<(DHA)

N(1)-H(1)...0(1)#1 0.886(11) 2.092(11) 2.9440(8)

60D(10)

Symmetry transformations used to generate equivatems:
#1 -x+2,y+1/2,-z+1/2
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Six-membered cyclic sulfamidates are prepared in high yields by
treatment of allenic sulfamates with readily available gold(r)
complexes. The reaction enables formation of N-substituted
quaternary centres and complements existing processes for
sulfamidate formation.

Cyclic sulfamidates are versatile intermediates for the synthesis
of substituted amines including amino alcohols.! They undergo
SN2 reaction at the oxygen-bearing carbon with a variety of
nucleophiles (Scheme 1).

Traditionally they are prepared from the corresponding
amino alcohols via formation of the sulfamidite with thionyl
chloride and subsequent Ru-catalysed oxidation (Scheme 2, A).!

In recent years, a number of procedures have emerged for
the preparation of this useful class of compounds via catalytic
C-N bond formation.? This area has to-date been dominated
by metal-catalysed generation of a nitrenoid from a linear
sulfamate precursor under oxidising conditions (Scheme 2, B).
Subsequent aziridination or C—H bond insertion leads to a
range of substitution patterns.

Transition-metal catalysed hydroamination is an increasingly
useful method for the preparation of amines,> but to our
knowledge has not been explored using unsaturated sulfamates
as cyclisation precursors. Given the high reactivity of allenes
and the use of gold complexes to promote hydroamination with
unsaturated tosyl sulfonamides,* we decided to investigate the
viability of gold-catalysed sulfamidate synthesis using allenic
sulfamates (Scheme 2, C).

0" NR 1.Nu Nu NHR

n=1,20r3 Nu = N3, OR, SR, CN, etc.

Scheme 1 Reactivity of cyclic sulfamidates.

Institute of Chemical Sciences, Heriot-Watt University, Riccarton,
Edinburgh EH14 4AS, UK. E-mail: m.w.p.bebbington@hw.ac.uk;
Fax: +44 (0)131 451 3180; Tel: +44 (0) 131 451 8071

1 Electronic supplementary information (ESI) available: '"H and '*C
NMR spectra for sulfamidate products with characterisation data.
CCDC 871548. For ESI and crystallographic data in CIF or other
electronic format see DOI: 10.1039/c2cc33711h

A) Traditional 2-step approach:

N/
1. SOCl,, EtsN S
OH NHR 0~ TNR
1 *H/LH , 2.NalO,, cat. RuCly )\H/L‘
R n R R! N R2
n=1,2o0r3
B) Metal-catalysed C-H insertion
o 0
/SOZNH2 metal catalyst /\s/\
O w 7 L. O "M
)\/‘M oxidant
R R? R! R2

C) Hydroamination (this work)

_SOzNH, O\\ 7
o) R Au(l) complex

2 .
R‘J\/\ redox neutral . W

Scheme 2 Synthetic approaches to sulfamidates.

Our initial test substrate 1 (Table 1) was prepared in three steps
from cyclohexane carbaldehyde.’ To our delight, treatment of 1
with commercially available PPh;AuNTf, (Gagosz's complex)®
or PPh;AuCl/AgOTf’ at room temperature in dichloromethane
led to the clean formation of sulfamidate 2 (entries 4 and 5).
Use of other ligands and counterions on gold (entries 6-8) gave

Table 1 Initial experiments and controls

5 mol% catalyst O\\ //0
OSO,NH, o calaly T
DCM,r.t,24h OW
1 2
Entry Catalyst Yield 2/%“ dr cis: trans
1 None 0 NA
2 AgOTf 0 NA
3 TfOH 0 NA
4 (Ph;P)AuCl/AgOTf 74 1.7:1
5 (Ph;P)AuNTf, 99 1.2:1
6 IPrAuCl/AgOTf 48 1:1
7 (2,4-Di-tBuPhO);PAuCl/AgOTf 43 2:1
8 (2,4-Di-tBuPhO);PAuCl/AgNTf, 82 1:1

“ Reactions conducted on a 50 mg scale.

This journal is © The Royal Society of Chemistry 2012
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Table 2 Substrate scope

Entry Sulfamate Products” Yield (%)

Ry
4 PN
OSO,NH, ©° 'NH
| Ay o
3

4 4
AV
07 "NH
5 OSO,NH, P 66%
6
5
0.0
OSO,NH, N
07 "NH
3 95%? (cis/trans
~Z dr18:1)
7 8
N\
OSO,NH, O/S\NH
) >H\/L¢/ 930" (2:1)
9 10
AV
OSO,NH, 0" > NH
5 95% (1.8:1
Ph PhNW 0 ( )
1 12
AP
OSO,NH S
2! 2 o/ \NH
6 W 75% (3:1)°

14

“ 5 mol% Ph;PAuNTS,, DCM, r.t. 24-120 h, see ESI. ? Solvent: DCE,
temperature 40 °C. ¢ Relative stereochemistry not determined.

better diastereoselectivity in some cases, but with diminished yield
(See supporting information). Control experiments without any
catalyst, with AgOTf only and with TfOH confirmed that the gold
complex was necessary for reaction to occur (entries 1-3).

We then prepared a range of substituted substrates designed
to demonstrate the scope of the reaction using Gagosz’s
complex, which had given us the highest yield of 2, as catalyst
(Table 2).® Sulfamidate 4 was formed as exclusively the
E-alkene (Entry 1) in excellent yield. Sulfamate S, leading to
the formation of sulfamidate 6 containing a trisubstituted
olefin, was also a viable substrate under these conditions.
Sulfamates 7, 9 and 11, derived from secondary alcohols, gave
mixtures of 1,3-cis and trans isomers.

In the case of sulfamidate 2 the diastereomers were separable
and the major product was shown to be the 1,3-cis isomer
(cis-2) by a single crystal X-ray diffraction study (see ESIT);t
the other 1,3-disubstituted products were assigned by analogy.’
The 2-substituted product 14 was formed as a 3:1 mixture of
diastereomers.

Scheme 3 Possible stereochemical rationale.

Notably, these examples are complementary to the product
distribution arising from the Rh-nitrene chemistry of sulfamates,
where insertion into tertiary C—H bonds is faster than that
into allylic and benzylic C—H bonds, and aziridination often
predominates over allylic C-H insertion.'°

A control experiment, performed by subjecting the separable
diastereomer cis-2 to the original reaction conditions, showed
that no equilibrium existed between the diastereomers. This is
consistent with a kinetically-controlled cyclisation, which is
common in other gold-catalysed hydroaminations.®

Mechanistically, we anticipate that the reaction occurs via an
outer sphere mechanism'' (Scheme 3) leading to anri amino-
auration of the allene. The cis and trans diastereomeric products
may arise from the conformations A and A’ indicated.

Protonation of the vinyl gold intermediates B and B’ would
then give the observed products and regenerate the catalyst.
Addition of protic additives (H,O, AcOH, TfOH) to the reaction
mixture did not accelerate the reaction to a measurable extent,
suggesting that the final protonation is not the rate-determining
step of this process.

The diastereoselectivity observed in the formation of 2, 8, 10
and 12 is lower than that normally found in related cyclisations.'
The explanation for this is currently unclear. At present, we
postulate that A and A’ (Scheme 3) are in equilibrium'?® and that
the observed diastereoselectivity for the cis products is due to
faster and irreversible cyclisation of A, which has both the
substituent R and the allene in equatorial positions. This would
compare favourably with cyclisation of A’, where the allene is in
the axial position. However, further studies will be required to
establish a well-defined stereochemical model in these systems.

We next decided to determine whether the reaction was
suitable for the formation of N-substituted quaternary centres
(Table 3, overleaf), since this is very rare for catalytic hydro-
aminations.'* Gratifyingly, cyclisation of sulfamates 15, 17, 19
and 21 occurred cleanly to give the respective products 16, 18,
20 and 22 (Entries 1-4). The current limit of the method was
reached in the case of substrate 23, which gave only a trace
(~3%) of product 24 after 5 days at 40 °C (Entry 5).
Such unsaturated amine derivatives are difficult to access by
other methods'> and have considerable potential for further
functionalisation. A general catalytic asymmetric approach
to C-tertiary amines has so far proved elusive.'> Given our
results, this new hydroamination reaction has the potential to
address this important problem.'%!”

In summary, we have demonstrated the first gold-catalysed
preparation of cyclic sulfamidates, leading to a range of
substituted and sterically hindered products under mild conditions.
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Table 3 Formation of N-substituted quaternary centres

Entry Sulfamate Product” Yield (%)

QP
OSO,NH, O/S\NH
1 92%
n-Pr

¢

16 n-Pr
aL
OSO,NH, O/S\NH
2 n-Hex W 68%
n-Hex
18
\\//o
O\J\)S%NHz ’ “NH
3 F 37%
19 20
nL
OSO,NH, /S\NH
4 90%

//g

o0
OSO,NH Y
2! 2 o/ ~ NH )
5 Trace”

24

43

—_—

“ 5 mol% Ph;PAUNTE,, DCM, r.t. 24-120 h, see ESL. * ~3% of 90%

pure product isolated.

Further studies on the scope and limitations of this reaction
will be reported in due course. Development of an asymmetric
version of this process and other metal-catalysed reactions of

sulfamates are also underway in our laboratories.

The authors thank the EPSRC (for a DTA to M.C.M.H.),
the EPSRC National Mass Spectrometry Service for mass
spectra, Dr G. M. Rosair for assistance with X-ray crystallo-

graphy and Dr A.-L. Lee for helpful discussions.
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