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

Unit cell dimensions a = 6.7599(5) Å α= 90°. 

 b = 8.3411(6) Å β= 90°. 

 c = 14.1011(11) Å γ = 90°. 

Volume 795.09(10) Å3 

Z 4 

Density (calculated) 1.480 Mg/m3 

Absorption coefficient 0.365 mm-1 

F(000) 376 

Crystal size 0.56 x 0.40 x 0.34 mm3 

Theta range for data collection 2.84 to 36.03°. 

Index ranges -11<=h<=11, -13<=k<=13, -23<=l<=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 on F2 

Data / restraints / parameters 3734 / 0 / 102 

Goodness-of-fit on F2 1.085 

Final R indices [I>2sigma(I)] R1 = 0.0206, wR2 = 0.0569 

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 e.Å-3 
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 Table 2.   Bond lengths [Å] and angles [°] for  4216. 

_____________________________________________________  

N(1)-C(6)  1.4876(7) 

N(1)-S(2)  1.6183(6) 

N(1)-H(1)  0.886(11) 

O(1)-S(2)  1.4356(5) 

O(2)-S(2)  1.4239(6) 

S(2)-O(3)  1.5810(5) 

O(3)-C(4)  1.4790(9) 

C(4)-C(5)  1.5257(10) 

C(4)-H(4A)  0.9900 

C(4)-H(4B)  0.9900 

C(5)-C(9)  1.5311(9) 

C(5)-C(6)  1.5469(8) 

C(5)-H(5)  1.0000 

C(6)-C(7)  1.5024 

C(6)-H(6)  1.0000 

C(7)-C(8)  1.3265 

C(7)-H(7)  0.9500 

C(8)-H(8A)  0.9500 

C(8)-H(8B)  0.9500 

C(9)-H(9A)  0.9800 

C(9)-H(9B)  0.9800 

C(9)-H(9C)  0.9800 

 

C(6)-N(1)-S(2) 113.48(4) 

C(6)-N(1)-H(1) 111.9(7) 

S(2)-N(1)-H(1) 110.6(7) 

O(2)-S(2)-O(1) 119.64(3) 

O(2)-S(2)-O(3) 105.92(3) 

O(1)-S(2)-O(3) 107.51(3) 

O(2)-S(2)-N(1) 109.56(3) 

O(1)-S(2)-N(1) 108.06(3) 

O(3)-S(2)-N(1) 105.22(3) 

C(4)-O(3)-S(2) 113.95(4) 

O(3)-C(4)-C(5) 110.69(5) 

O(3)-C(4)-H(4A) 109.5 

C(5)-C(4)-H(4A) 109.5 

O(3)-C(4)-H(4B) 109.5 

C(5)-C(4)-H(4B) 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 equivalent atoms:  
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 Table 3.  Torsion angles [°] for 4216. 

________________________________________________________________  

C(6)-N(1)-S(2)-O(2) 166.00(4) 

C(6)-N(1)-S(2)-O(1) -62.10(5) 

C(6)-N(1)-S(2)-O(3) 52.53(5) 

O(2)-S(2)-O(3)-C(4) -170.15(5) 

O(1)-S(2)-O(3)-C(4) 60.86(5) 

N(1)-S(2)-O(3)-C(4) -54.15(5) 

S(2)-O(3)-C(4)-C(5) 60.71(6) 

O(3)-C(4)-C(5)-C(9) 66.17(7) 

O(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 equivalent atoms:  

  

 

 

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

____________________________________________________________________________  

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

____________________________________________________________________________  

 N(1)-H(1)...O(1)#1 0.886(11) 2.092(11) 2.9440(8) 160.9(10) 

____________________________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  

#1 -x+2,y+1/2,-z+1/2       
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Appendix C: Published paper 
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Gold(I)-catalysed synthesis of cyclic sulfamidates by intramolecular

allene hydroaminationw
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Six-membered cyclic sulfamidates are prepared in high yields by

treatment of allenic sulfamates with readily available gold(I)

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.1 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).1

In recent years, a number of procedures have emerged for

the preparation of this useful class of compounds via catalytic

C–N bond formation.2 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,3 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,4 we decided to investigate the

viability of gold-catalysed sulfamidate synthesis using allenic

sulfamates (Scheme 2, C).

Our initial test substrate 1 (Table 1) was prepared in three steps

from cyclohexane carbaldehyde.5 To our delight, treatment of 1

with commercially available PPh3AuNTf2 (Gagosz’s complex)6

or PPh3AuCl/AgOTf7 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

Scheme 1 Reactivity of cyclic sulfamidates.

Scheme 2 Synthetic approaches to sulfamidates.

Table 1 Initial experiments and controls

Entry Catalyst Yield 2/%a dr cis : trans

1 None 0 NA
2 AgOTf 0 NA
3 TfOH 0 NA
4 (Ph3P)AuCl/AgOTf 74 1.7 : 1
5 (Ph3P)AuNTf2 99 1.2 : 1
6 IPrAuCl/AgOTf 48 1 : 1
7 (2,4-Di-tBuPhO)3PAuCl/AgOTf 43 2 : 1
8 (2,4-Di-tBuPhO)3PAuCl/AgNTf2 82 1 : 1

a Reactions conducted on a 50 mg scale.
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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
w Electronic supplementary information (ESI) available: 1H and 13C
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
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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).8 Sulfamidate 4 was formed as exclusively the

E-alkene (Entry 1) in excellent yield. Sulfamate 5, 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 ESIw);z
the other 1,3-disubstituted products were assigned by analogy.9

The 2-substituted product 14 was formed as a 3 : 1 mixture of

diastereomers.

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.10

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.3

Mechanistically, we anticipate that the reaction occurs via an

outer sphere mechanism11 (Scheme 3) leading to anti amino-

auration of the allene. The cis and trans diastereomeric products

may arise from the conformations A and A0 indicated.

Protonation of the vinyl gold intermediates B and B0 would

then give the observed products and regenerate the catalyst.

Addition of protic additives (H2O, 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.12

The explanation for this is currently unclear. At present, we

postulate that A and A0 (Scheme 3) are in equilibrium13 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 A0, 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.14 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

(B3%) of product 24 after 5 days at 40 1C (Entry 5).

Such unsaturated amine derivatives are difficult to access by

other methods15 and have considerable potential for further

functionalisation. A general catalytic asymmetric approach

to C-tertiary amines has so far proved elusive.15 Given our

results, this new hydroamination reaction has the potential to

address this important problem.16,17

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.

Table 2 Substrate scope

Entry Sulfamate Productsa Yield (%)

1 94%

2 66%

3
95%b (cis/trans
dr 1.8 : 1)

4 93%b (2 : 1)

5 95% (1.8 : 1)

6 75% (3 : 1)c

a 5 mol% Ph3PAuNTf2, DCM, r.t. 24-120 h, see ESI. b Solvent: DCE,

temperature 40 1C. c Relative stereochemistry not determined.

Scheme 3 Possible stereochemical rationale.
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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.

Notes and references

z X-ray crystallographic data for cis-2 (CCDC 871548): C11H19NO3S,
M = 245.33, monoclinic, a = 19.8419(15), b = 5.3049(4), c =
11.5941(9), b = 90.646(4), V = 1220.31(16) Å3, T = 100(2)K, space
group P21/c, Z = 4, Mo-Ka radiation (l = 0.71073 Å), GOF =
1.049, agreement index R1 = 0.0329, 27 110 reflections measured, 4215
unique(Rint = 0.0325) which were used in all calculations. The final
oR(F2) was 0.890.

1 For a recent review, see J. F. Bower, J. Rujirawanich and
T. Gallagher, Org. Biomol. Chem., 2010, 8, 1505.

2 For a review of C–H amination, see D. N. Zalatan and J. Du Bois,
Top. Curr. Chem., 2010, 292, 347.

3 For a review of hydrofunctionalisation of multiple bonds, see
(a) A. S. K. Hashmi and M. Buehrle, Aldrichim. Acta, 2010,
43, 27; for reviews of nucleophilic cyclisation of allenes, see
(b) N. Nishina and Y. Yamamoto, Tetrahedron, 2009, 65, 1799 and
(c) N. Krause and C. Winter, Chem. Rev., 2011, 111, 1994; for a review
of gold-catalysed hydroamination, see (d) R. A. Widenhoefer and
X. Han, Eur. J. Org. Chem., 2006, 20, 4555. For a relevant example,
see (e) N. T. Patil, L. M. Lutete, N. Nishina and Y. Yamamoto,
Tetrahedron Lett., 2006, 47, 4749.

4 The Rh-nitrene chemistry of such compounds has been investi-
gated and products arising from formation of a metal-stabilised
2-aminoallyl intermediate predominate, in contrast to our work.
See G. C. Feast, L. W. Page and J. Robertson, Chem. Commun.,
2010, 46, 2835.

5 Allenic alcohols were prepared either by Johnson-Claisen rearran-
gements of the corresponding propargyl alcohols, see (a) S. Ma and
W. Gao, J. Org. Chem., 2002, 67, 6104 or alternatively by Crabbé
homologation of homopropargyl alcohols see (b) B. M. Trost,
A. B. Pinkerton and M. Seidel, J. Am. Chem. Soc., 2001,
123, 12466. Sulfamate formation was conducted according to
standard procedures, see (c) C. G. Espino, P. M. Wehn, J. Chow
and J. Du Bois, J. Am. Chem. Soc., 2001, 123, 6935.

6 N. Mézailles, L. Ricard and F. Gagosz, Org. Lett., 2005, 7, 4133.
7 A. S. K. Hashmi, Gold Bull., 2004, 37, 51.
8 Reaction times were between 24–120 h, see supporting
information.

9 The 1H NMR signals in the olefinic region of the spectra differ
consistently for the cis and trans 1,3-isomers; see ESIw for details.

10 For lead references and mechanistic studies, see (a) K. Williams Fiori,
C. G. Espino, B. H. Brodsky and J. Du Bois, Tetrahedron, 2009,
65, 3042. For recent work targeted at allylic C–H nitrene insertion
using sulfamidates, see (b) E. Milczek, N. Boudet and S. Blakey,
Angew. Chem., Int. Ed., 2008, 47, 6825; (c) M. E. Harvey,
D. G. Musaev and J. Du Bois, J. Am. Chem. Soc., 2011, 133, 17207
(Ru catalysis) and (d) S. M. Paradine and M. C. White, J. Am. Chem.
Soc., 2012, 134, 2036 (Fe catalysis). Notably, there are no examples of
insertion into tertiary allylic C–H bonds in these reports.

11 For mechanistic studies, see (a) Z. Zhang, C. Liu, R. E. Kinder,
X. Han, H. Qian and R. A. Widenhoefer, J. Am. Chem. Soc., 2006,
128, 9066; (b) Z. Zhang and R. A. Widenhoefer, Org. Lett., 2008,
10, 2079; (c) J. J. Kennedy-Smith, S. T. Staben and F. D. Toste,
J. Am. Chem. Soc., 2004, 126, 4526; (d) J. Zhang, C.-G. Yang and
C. He, J. Am. Chem. Soc., 2006, 128, 1798; (e) A. S. K. Hashmi,
J. P. Weyrauch, W. Frey and J. W. Bats, Org. Lett., 2004, 6, 4391;
(f) Y. Liu, F. Song, Z. Song, M. Liu and B. Yan, Org. Lett., 2005,
7, 5409.

12 Diastereoselectivities for Au-catalysed exo-hydroamination to give
6-membered rings typically vary from 4 : 1 to 7 : 1. See ref. 11a.

13 Fluxionality of an Au(I)-allene complex: T. J. Brown, A. Sugie,
M. G. D. Leed and R. A. Widenhoefer, Chem.–Eur. J., 2012, 18, 6959.

14 There are only a few examples of hydroamination to form
C-tertiary amines; none involves a 6-exo-trig cyclisation, see
(a) R. E. Kinder, Z. Zhang and R. A. Widenhoefer, Org. Lett.,
2008, 10, 3157; (b) C. Winter and N. Krause, Angew. Chem., Int.
Ed., 2009, 48, 6339; (c) R. L. Lalonde, Z. J. Wang, M. Mba,
A. D. Lackner and F. D. Toste, Angew. Chem., Int. Ed., 2010,
49, 598.

15 For relevant reviews, see (a) M. Shibasaki and M. Kanai, Chem.
Rev., 2008, 108, 2853 and (b) J. Clayden, M. Donnard, J. Lefranc
and D. J. Tetlow, Chem. Commun., 2011, 47, 4624.

16 For a review of asymmetric catalysis with gold complexes, see
A. Pradal, P. Y. Toullec and V. Michelet, Synthesis, 2011, 1501.

17 For examples of catalytic asymmetric hydroamination of allenes,
see (a) R. L. Lalonde, B. D. Sherry, E. J. Kang and F. D. Toste,
J. Am. Chem. Soc., 2007, 129, 2452; (b) Z. Zhang, C. F. Bender and
R. A. Widenhoefer, Org. Lett., 2007, 9, 2887; (c) K. L. Butler,
M. Tragni and R. A. Widenhoefer, Angew. Chem., Int. Ed., 2012,
51, 5175. See also ref. 14b and c.

Table 3 Formation of N-substituted quaternary centres

Entry Sulfamate Producta Yield (%)

1 92%

2 68%

3 37%

4 90%

5 Traceb

a 5 mol% Ph3PAuNTf2, DCM, r.t. 24–120 h, see ESI. b B3% of 90%

pure product isolated.
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