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Gold catalysis has contributed remarkably to the develop-
ment of organic synthesis over the last few years, opening
access to a plethora of new chemical transformations in a
highly chemo-, regio-, and stereoselective manner.!! In par-
ticular, the m acidity combined with the high functional
group tolerance of Au"™ species account for the successful
application of gold catalysis in the chemical manipulation of
unsaturated hydrocarbons with straightforward applications
in total synthesis.”!

Interestingly, after the pioneering enantioselective gold-
catalyzed transformation reported by Ito etal. in the
1980s,”! the chemical community did not recognize the great
synthetic potential of the methodology until recently, when
properly designed chiral biphenyl-type phosphine ligands
have started to be efficiently coupled with Au' species to
perform innovative asymmetric reactions.!!

As part of our ongoing research interests addressing the
stereoselective decoration of indolyl core,”! we recently
documented the unprecedented direct activation of allylic
alcohols in Friedel-Crafts alkylations by chiral gold(I) com-
plexes (Scheme 1a).?! Note that, despite intrinsic synthetic
availability and eco-friendliness, the use of allylic alcohols as
electrophilic agents in catalytic stereoselective transforma-
tions is still sporadic.”® Low reactivity, the formation of car-
bocation intermediates, and undesirable release of water
during the catalytic cycle are some of the aspects that ac-
count for such a trend.

To further validate the synthetic flexibility of the allylic
alcohol/chiral Au' catalyst combination, we envisioned that
such a methodology could be successfully applied to the
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Scheme 1. Stereoselective gold-catalyzed synthesis of heterocyclic com-
pounds with allylic alcohols: a) past work, b) present study.

preparation of biologically relevant and stereochemically de-
fined heterocyclic compounds (Scheme 1b).[ 1

Prompted by an interest in their pharmacological applica-
tions, we initiated our investigation with the diastereoselec-
tive synthesis of functionalized morpholines,'!! for which
catalytic stereoselective synthesis still remains relatively un-
explored."

Readily available enantiomerically pure diol (R)-(Z)-1a
(see the Supporting Information) was elected as the model
substrate and a survey of reaction conditions™ was per-
formed to optimize the chemical and optical outcome of the
intramolecular dehydrative coupling (Table 1).

Interestingly, while [AuCl(SMe,)] did promote the reac-
tion to a poor extent (yield=46%, d.r.=95:5; Table 1,
entry 1), the introduction of a stabilizing phosphane ligand
(e.g., PPh;) led to a net increase of the final yield (Table 1,
entry 2), however, a lower d.r. (83:17) value was recorded.
Analogously, the well-defined silver-free gold(I)-catalyst,
A induced intramolecular alkoxylation to a moderate
extent (62 % yield), but with poor diastereoselection (80:20;
Table 1, entry 3). After screening the reaction parameters,
we were delighted to find out that the chemical and stereo-
chemical outcome of the process improved remarkably by
adopting cationic dinuclear gold complexes deriving from li-
gands L.2-L5. In particular, in situ formed [(AuOTf),(L5)]™!
complex (2.5 mol%) produced the desired cis-2,5-disubsti-
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Table 1. Gold(I)-catalyzed diastereoselective synthesis of disubstituted
morpholine 2a with allylic alcohol 1a.1%!

[AuCI(L )] or
‘[ j\/\ [(AuClo)(L)/AGOTF or A Ph\[
OH toluene/CH,Cl, (4:1), j\/
(R)-1a (2R,5R)-2a

e

L1: PPhy L3: dppe P-AuNCMe SbFg
L2: dppm L4: biphep

L5: dppf A

Entry L or Cat. [%] Yield [%]® drd

114l — 46 95:5
2l L1 (10) 95 83:17
3 A (10) 62 80:20
4 L2 (5) 92 95:5
5 L3 (5) 89 95:5
6 L4 (5) 86 94:6
7 L5 (5) 93 >98:2
8lfl L5 (2.5) 92 >98:2
olfl L5 (0.8) 70 98:2
10 L5 (2.5) 91 97:3

[a] All of the reactions were carried out under nitrogen for 6 h, unless
otherwise specified. [b] Isolated yield after flash chromatography. [c] Dia-
stereomeric ratio (d.r.) was determined by GC analysis on the crude re-
action mixture. The relative configuration was established to be cis by
analogy to 2d (see below). [d] Ligand-free conditions. [e] Preformed
[AuCl(PPh;)] was used. [f] The reaction was carried out in the absence of
moisture restriction (reagent grade solvent, open-air vials with preformed
[(Au,Cl,)(dppf)] complex). [g] Insoluble silver salts were removed by fil-
tration. Dppm: bis(diphenylphosphino)methane; dppe: bis(diphenylphos-
phino)ethane; biphep: (biphenyl-2,2'-diyl)bis(diphenylposphine); dppf:
1,1"-bis(diphenylphosphino)ferrocene.

tuted morpholine 2a in nearly quantitative yield and 98:2
d.r., without the need for any moisture restriction. Finally,
[(Au,CLy)(L5)] proved to be a competent precatalytic spe-
cies, even at a lower catalyst loading (up to 0.8 mmol %),
maintaining the stereoselection invariant (Table 1, entry 9).

Then, the role of the silver cocatalyst in the best operating
conditions was investigated by running control experiments
by removing insoluble silver salts and with AgOTf as the
catalytic system. Significantly, while in the first case, product
2a was isolated in 91 % yield and with high cis diastereose-
lectivity (97:3; Table 1, entry 10), the absence of gold caused
the process to fail (see Table S2 in the Supporting Informa-
tion for details). These findings account for the essential
role of the cationic gold(I) species in triggering the catalytic
process.

Encouraged by these results, we verified the generality of
the method by subjecting a series of enantiomerically pure
diols (1b-h) to dehydrative ring closure in the presence of
[(Au,Cl,)(dppf)]/AgOTE (2.5 mol %) as the catalytic system
(see Table 2).

All diols carrying sterically demanding substituents (1b,
d-e, g) and substrates with smaller side chains (1¢, f) provid-
ed the desired cis-2,5-disubstituted morpholines in excellent
yields > 97:3 d.r. Moreover, a lower isolated yield, but ex-
cellent diastereomeric control was also recorded in the syn-

Chem. Eur. J. 2010, 16, 1427214277

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

COMMUNICATION

Table 2. Scope of the diastereoselective gold(I)-catalyzed synthesis of
morpholines

I U“
OH [(AuoClo)(L5)/AgOT! \[ ]\/ 2b-g
(25m0l%
A ok
’ 2h
N~

toluene/CH,ClI, (4:1),

Entry®® R (1) Product! Yield [%]® dr. [
.. N
1 Bn (1b) [ j 95 98:2
(o) oy
24 Bn(lb)  2b 98 982
Ts
Et N
3 Et (1¢) \[ 85 98:2
2 =
iPr.,,
4 iPr (1d) [ ] 91 98:21¢l
20
tBu,,
5 Bu (1e) [ ] 82 98:2
6 Me (11) [ ] 55 973
2f O
Ts
PN
7 iBu(1g) P [ ] 79 98:2
TsN /
I _ N .
8 (1h) ©E>"'° 59 982
2h
Ts
Pha_N
9 (E)-1a \[oj\/ 80 63:37
2a

[a] All of the reactions were carried out without moisture restriction (re-
agent grade solvent, open-air vial) for 6 h, unless otherwise specified.
[b] Isolated yield after flash chromatography. [c] Determined by GC anal-
ysis on the crude reaction mixture. [d] L4 was used as the ligand. [e] The
cis relative configuration of 2d was established unequivocally by means
of single-crystal X-ray crystallography (see the Supporting Information).
[f] Reaction time: 16 h.

thesis of enantiomerically pure 2,5,6-trisubstituted-tetrahy-
dro-1,4-oxazine (2h; Table 2, entry 8).

Preliminary mechanistic evidence was derived by subject-
ing (E)-la to optimal ring-closing conditions (Table 2,
entry 9). Here, the lower stereoselection observed (d.r.
63:37) ruled out a cationic pathway,'™ and accounted for
the combined effect of 1) catalyst, 2) substrate stereocenter,
and 3) substrate C=C configuration in determining the ste-
reochemical profile of the whole process.!®!

We next sought to verify the extent of the present allylic
substitution to the catalytic enantioselective synthesis of vi-
nylmorpholines, which has rarely been reported to date."”!
To this aim, readily available compound (Z)-3a was elected
as the model substrate for intramolecular dehydrative allylic
alkylation. After an extensive survey of reaction conditions
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(see Table S3 in the Supporting Information), [(Au,CL){(R)-
3,5-Bu,-4-MeO-segphos}] (2.5 mol %; segphos=5,5'"-
bis[di(3,5-di-tert-butyl-4-methyoxyphenyl)phosphine]-4,4'-bi-
1,3-benzodioxole), in combination with AgNTf,, emerged as
the best catalytic system and promoted C—O bond-forming
processes. In particular, Ts-containing diol 3a gave the de-
sired product (4a) in 94% yield and 89% enantiomeric
excess (Table 3, entry 1).

The p-methylbenzenesulfonyl substituent (Ts) proved to
be crucial for efficient stereochemical translation. From an
inspection of entries 1-3 in Table 3 emerges that replacing
the tosyl group with (2-thienyl)sulfonyl (Ths) or mesitylsul-
fonyl (Mts) substituents (3b, ¢) leads to the corresponding
cyclic compounds 4b and c¢ in high yields but lower ee
values (69-74%). Then, we set out to examine the scope of
the enantioselective gold-catalyzed process for the synthesis
of vinyl-substituted morpholines that would represent one
of the few examples of enantioselective gold(I)-catalyzed
transformations involving unactivated olefins.['*!"

A collection of representative results is reported in
Table 3. We were particularly pleased to verify the tolerance
of the method toward substitutions of the acyclic precursor.
In particular, it is worth mentioning that even highly steri-
cally congested tertiary alcohols reacted smoothly under op-
timal reaction parameters, providing 2-vinyl morpholines in
excellent yields (91-93 %) and enantiomeric excesses up to
95% (Table 3, entries 5,7). The synthesis of more challeng-
ing seven-membered 1,4-oxazepanyl rings was also realized
by cyclizing diols 3h and i. In these cases, a higher catalyst
loading (5 mol%) was required to give the corresponding
products 4h®** and 4i® in 74 and 80% ee, respectively
(Table 3, entries 8 and 9). Finally, N-phenyl morpholine 4j
was also obtained with an acceptable ee value (76 %), but
with a low yield (41 %) probably due to the undesired coor-
dination of the gold atoms by tethering tertiary amine 3j
(Table 3, entry 10).

Mechanistically, several control experiments were carried
out to shed light on the operating activation mode of the al-
lylic alcohol unit by the cationic gold complex.”!

First, as expected, a marked substrate control over stereo-
chemical translation was discovered by subjecting diastereo-
isomeric (Z)- and (E)-3a to the optimum conditions. In par-
ticular, inversion of stereoinduction was observed in the
morpholine 4a with the same catalyst (Table 4, entry 1 vs.
2), indicating (R)-DTBM-segphos/(Z)-3a as the matched
stereochemical combination.”? Moreover, this inversion
calls for a tight anchoring of the C=C double bond to the di-
nuclear catalyst with a prominent role of the hydroxyl group
orientation.*”!

Interestingly, clear evidence for the direct engagement of
the hydroxyl group in determining the catalytically active
spatial arrangement, between starting diol and dinuclear
gold complex, came from the results obtained with (Z)-3a’
and 3k-m (Table 4, entries 3-6). In particular, while the fail-
ure recorded with sterically demanding 3a’ can be rational-
ized in terms of poor & activation of the C=C double bond,
the unsatisfactory stereochemical outcomes arising from 3k
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Table 3. Enantioselective gold(I)-catalyzed synthesis of heterocyclic aza-

compounds.
R X
> N
R-I j
R1[" 0y
gt 077

R X
L
R
R17OOH

[(AuzClo)(L)]
_ AgNTf,
3a-gj (2.5 mol%) 4a-gj
Ts - = - .

o : T
/ N OH 1oluene!1C)0HggI2(41) [\/Ns
e x . /\ N

OH 3h,i O an,i
Entry®)  R/R/X (3) Product Yield ee of
of 4[%]" 4 [%]
Ts
N
1 H/H/Ts (3a) [ o o4 89
(o) "'//
S0,(2-Th)
N
2 H/H/Ths (3b) [ j 4b 91 69
0,
O 0
SO,Mes
N
3 H/H/Mts (3¢) [ 4c 78 74
fo) "’U/
Ts
N
4 Me/H/Ts (3d) \[ ] 4d ) )
"
o
Ts
N
5 H/Me/Ts (3¢) \[ de 93 )
N O s
Ts
N
6 H/~(CH,),~/Ts (3f) :‘ ] ™ 84
4 07 7
Ts
N
7 ~(CH,)s—/H/Ts (3g) ] 49 g 95
(o) oy P
(\ O 4h
gl 3h Nj_\\ 55 74
Ts
0
9ldl 3i )_\ 58 80
N 4i
Ts
Ph
N .
10 H/H/Ph (3j) [ ] 4 41 76
o

[a] All of the reactions were carried out under nitrogen, for 4 h, unless
otherwise specified. The gold complex was synthesized in situ by stirring
[AuCl(SMe,)] and (R)-DTBM-segphos (L) in CH,Cl,. [b] Isolated yield
after flash chromatography. [c] Determined by HPLC analysis with a
chiral column. [d] 5mol% of the catalyst was used at RT, reaction time
16 h. Mts: 2-mesitylsulfonyl, Ths =2-thienylsulfonyl. The absolute config-
uration of 4a was determined by comparison of the optical rotation value
with that of a known compound.[”“] Moreover, the stereochemistry of 4d
was confirmed by X-ray analysis (see the Supporting Information). Abso-
lute configuration of compounds 4b, c—e, g, j was assigned by analogy.

and more reactive 31 and m emphasized further the impor-
tance of the allylic -OH to obtain high ee values. Moreover,
experimental evidence resulting from entries5 and 6 in
Table 4 underline the complementarity of our gold-mediated
methodology with respect to classic Tsuji-Trost-like proto-
cols.l'”:4
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Table 4. Experimental evidence for substrate control over the chemical
and optical outcome of the reaction.

[(AuClo)(L)I/MX
[ LJJOX (2.5 mol% [
OH toluene/CH,Cl, (4:1) J\/
-10°C,4h
Entryl?l  X/C=C MX 4 Yield [% " ee [%]1
1 H/Z (3a) AgNTf, (S)-4a 94 88
2 H/E (3a) AgNTf, (R)-4a 59 66
3 TBDMS/Z (32’) AgNTf, - L -
4 Me/Z (3k) AgNTf, (S)4a 19 8
5 Ac/Z (31) AgNTE, - —d -
6 CO,Me/Z (3m)  AgNTf, (S)-4a 20 7
7 H/Z (3a) AgOTE  (S)-4a 69 68
8 H/Z (3a) AgSbFy  (S)-4a 58 50
9 H/Z (3a) AgBF, (5)-4a 80 23
10 H/Z (3a) NaBArF - trace -
11 H/Z (3a) AgOTs  (R)4a 22 26
120 H/Z (3a) AgNTE, (S)4a 71 82

[a] All of the reactions were carried out under nitrogen at —10°C for 4 h.
The gold complex was synthesized in situ by stirring [AuCl(SMe,)] and
(R)-DTBM-segphos (L) in CH,CL. [b] Isolated yield after flash chroma-
tography. [c] Determined by HPLC analysis with chiral column. [d] No
reaction. [e] Monocationic [(Au,Cl){(R)-3,5-tBu,-4-MeO-segphos}(NTf,)]
complex was used.

The nature of the gold counterion was also investigated
by screening silver/sodium-based halide scavengers (Table 4,
entries 7-11).1°*»] Here, the collected scattering results,
combined with the inversion of stereoinduction recorded
with AgOTs, call for a direct involvement of the X~ species
in the stereodiscriminating event of the reaction. This aspect
is further corroborated by the comparable stereochemical
efficiency of monocationic [(Au,Cl){(R)-3,5-1Bu,-4-MeO-
segphos)NTf,] in promoting the model allylic alkylation
(yield=71%, ee=82%; Table 4, entry 12).%% Interestingly,
the chemical outcome of the reaction was also substantially
affected by the type of counterion utilized and this can have
reference to the well-known effect of anions over the final
hydrogen-transfer (protodeauration) step of gold catalysis.*”)

With the aim to shed some light on this intriguing behav-
ior, we first synthesized [Au,(biphep)(NTf,),] as a model
complex, (83% yield, see the Supporting Information for
details). Suitable crystals of [Au,(biphep)(NTf,),] for an X-
ray analysis were obtained by slow evaporation from a
dilute solution of CD,Cl, (4°C, Figure 1). Two slightly differ-
ent half molecules are present in the asymmetric unit
around crystallographic C, axes passing through the mid-
point of the C—C bond connecting the two twisted phenyl
rings of the biphenyl unit (twist angle between phenyl rings
74.1(1)°). The two gold(I) atoms maintain the usual linear
geometry and are coordinated by one P atom of the bridg-
ing biphep and by a N atom of the anionic Tf,N~ ligand (P-
Au-N 172.4 and 174.3(1)°). The Au—N (Au(1)-N(1) 2.114(4)
and 2.105(4) A) and Au—P (Au(1)-P(1) 2.227(1) and
2.225(1) A) distances are comparable to those found in the
related mononuclear [Au(NTf,)(Ph;P)] (Au—N 2.101(2),
Au—P 2.2306(7) A)?! and the Au—N bonds are longer than
those reported for [Au{N(SO,R),}(PPh;)] (R=Me, p-
C¢H,Cl, p-CH,NO,, F) (Au—N range 2.074-2.083 A, Au—P
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Figure 1. View of one of the molecules of the dinuclear complex [Au,-
(biphep)(NTTL,),]. Relevant bond lengths and angles are listed in Table S5
in the Supporting Information."!

range 2.222-2.230(2) A).”) In addition in [Au,(biphep)-
(NTf,),] the long Au-Au distances of 6.6818(6) A
(6.6829(5) A) rule out any kind of aurophilic interaction in
the solid state, which has been found in many analogous
digold complexes, for example, in [(Au,Cl,)(biphep)]
(Au--Au contact 3.0992(3) A).*! It may be argued that the
NTf,” anion has a higher steric hindrance than the chloride
ion. However, a digold complex bridged by biphep and
having the Au' atoms coordinated by one oxygen atom of
the sterically demanding binaphthol-derived phosphate
anion was reported to present a short Au--Au contact
(2.9937(2) A). The formation of intramolecular ni— stacking
interactions (centroid-centroid distance 3.78 A) between
phenyl rings bound to two different P atoms (see dotted line
in Figure 1) can therefore explain the lack of Au—Au con-
tacts generated by the consequent loss of flexibility of the
phosphine ligand. In fact, n—m stacking interactions between
P-bound aryl rings have already been observed in
[(AuCl),(3,5-xylyl-binap)] (3,5-xylyl-binap = 2,2"-bis(di(3,5-
xylyl)phosphino)-1,1"-binaphthyl) and an analogous digold-
tol-binap (tol-binap = 2,2’-bis(di-p-tolylphosphino)-1,1’-bi-
naphthyl) complex.’! In both cases no Au—Au interactions
have been found. Finally, a further stabilization of the struc-
ture of the digold complex is given by two weak C—H:--m in-
teractions involving one hydrogen of the second phenyl ring
(C(14)-H(14)-mt(centroid) distance 3.03 A) and the phenyl
ring bound to the same P atom already engaged in m—n
stackings. The geometry of the diphosphine-bridged digold
complexes seems to be dominated by a subtle balance of
noncovalent interactions that include aurophilic interactions,
intramolecular n—mx stacking, and ligand-ligand repulsion in
addition to the flexibility of the diphosphine ligands.

With the isolated complex in hand, a variable-temperature
NMR spectroscopic investigation was carried out in the
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presence of model substrate 3n (see the Supporting Infor-
mation). Here, although the interaction between the digold
complex and 3n was established by *'P/C NMR spectro-
scopic analysis, attempts to unambiguously localize both
counterions and hydroxyl groups in the [Au,(biphep)-
(NTL,),]-3n adduct failed (VI-NMR spectroscopy and X-ray
crystallography). As a consequence, we can only speculate
that the second gold atom could act either as a mere specta-
tor, perhaps stabilizing the gold intermediates through auro-
philic interactions or, alternatively, being involved in a
bridged arrangement through the —OH--X™ network, capa-
ble of bringing steric as well as electronic diversity near the
reaction site.”*

In conclusion, we have accounted for an innovative intra-
molecular gold(I)-catalyzed asymmetric nucleophilic alkoxy-
lation of allylic alcohols for the synthesis of vinyl-substituted
six-/seven-membered heterocycles in a straightforward
manner. Computational investigations are currently under-
way to clarify both activation geometry and organogold in-
termediates."
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