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ABSTRACT: Readily available phosphoramidites incorporating
TADDOL-related diols with an acyclic backbone turned out to
be excellent ligands for asymmetric gold catalysis, allowing a
number of mechanistically different transformations to be
performed with good to outstanding enantioselectivities. This
includes [2 + 2] and [4 + 2] cycloadditions of ene-allenes,
cycloisomerizations of enynes, hydroarylation reactions with
formation of indolines, as well as intramolecular hydro-
aminations and hydroalkoxylations of allenes. Their preparative
relevance is underscored by an application to an efficient
synthesis of the antidepressive drug candidate (—)-GSK 1360707. The distinctive design element of the new ligands is their
acyclic dimethyl ether backbone in lieu of the (isopropylidene) acetal moiety characteristic for traditional TADDOL's.
Crystallographic data in combination with computational studies allow the efficiency of the gold complexes endowed with such
one-point binding ligands to be rationalized.
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B INTRODUCTION

Transition metal-catalyzed cycloisomerization reactions of 1,n-
enynes and related compounds allow high levels of molecular
complexity to be attained in a fully atom economical fashion
from fairly simple unsaturated substrates.' Following the

Chart 1. Asymmetric Gold Catalysis: Established Design
Concepts Based on Chiral Counterions or on Chiral
Dinuclear Gold—Phosphine Complexes
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pioneering work on Alder-ene reactions,” the systematic use |Ir g QAu—F?’Pr
of carbophilic Lewis acids added an additional dimension to L*-e#lu@ &JAU_P>
this timely field of catalysis research. Platinum took the lead,>* T PH Ph
closely followed by gold catalysis, which reached tremendous 5

popularity in recent years.®

To take full advantage of the preparative potential of such
transformations, it is mandatory to develop efficient asymmetric
variants.®” Gold catalysis, however, poses particular challenges
in this regard: since Au(+1) favors a linear-dicoordination
geometry, the substrate to be activated and the chiral ancillary
ligand L* are positioned trans to each other, sandwiching the
very bulky metal center (Chart 1).> As only one coordination
site is available for L* and chelation therefore excluded, the
rotation about the L*—Au bond remains, a priori, unrestricted.
An additional complication arises from the fact that gold-
catalyzed reactions are generally believed to be outer-sphere
processes, in which the nucleophile does not enter the first
coordination sphere of the metal; rather, it attacks the z-system
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from the back side and hence at maximum distance from the
inducing ligand L*, while the gold template slips away along the
m-bond when the nucleophile approaches.”

Three major strategles to tackle these exigent problems have
emerged so far.® The first concept outsources the duty of
creating a chiral binding pocket from the cationic metal
template to the escorting anion. If a sufficiently tight ion pair is
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formed in solution, high asymmetric induction can be achieved,
as demonstrated by some intramolecular hydroamination and
hydroalkoxylation reactions of allenes controlled by bulky chiral
phosphonates of type 1 (Chart 1).”~"'
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The second and more common approach relies on chiral
bisphosphine ligands of proven versatility, frequently axially
chiral ones of the BINAP, SEGPHOS, or BIPHEP types.'>"* As
chelation is precluded, however, any such bisphosphine
necessarily picks up 2 equiv of Au(+1) to give the
corresponding dinuclear complexes such as 2—4 (Chart 1).
Provided that their P-atoms carry large substituents, such
species served a variety of gold-catalyzed transformations well.
Whether or not aurophilic contacts between the individual gold
centers assist the asymmetric induction remains to be fully
elucidated.'* Similar arguments hold true for the small number
of chiral bis-carbene gold complexes used to date."

The third successful approach relies on monodentate chiral
ligands L*. Although an early attempt to use the BINOL-
derived phosphoramidite 5 in the alkoxycyclization of 1,6-
enynes had essentially met with failure,'*® three groups,
including our own, managed to overcome this discouraging
start. Specifically, it was shown that bulky groups attached to
the 3,3'-positions of the BINOL subunit, as borne out in
ligands 6—8 (Chart 2), can lead to Iargiely improved results in
various gold-catalyzed transformations.'®~>°

Chart 2. BINOL-Derived Phosphoramidite Ligands for
Asymmetric Gold Catalysis

These encouraging results demonstrate that the challenges of
asymmetric gold catalysis can ultimately be met even with
proper one-point-binding ligands. Yet, a systematic structural
editing of ligands such as 6—9 is cumbersome, the size of the
required lateral substituents unappealing, and the molecular
weights of the derived gold complexes rather high. Similar
arguments pertain to the massive dinuclear gold complexes
such as 2—4, which are based upon expensive ligand scaffolds
that are also rather difficult to modify.

These issues let us embark on a search for alternative ligand
architectures, which, ideally, should be small, cheap, tunable, yet
highly effective. Although the phosphoramidites with a
TADDOL-related but acyclic backbone presented below do
not meet all of these criteria equally well, they impose
remarkable levels of asymmetric induction onto a variety of
mechanistically distinct gold-catalyzed transformations and
therefore constitute a serious alternative."® Structural and

computational data allow their effectiveness to be rationalized,
whereas an application to the synthesis of a drug candidate
under clinical development underscores their practical
relevance.

B RESULTS AND DISCUSSION

Ligand Design. Apprehensive that the free rotation of the
chiral monodentate ligand L* about the L*—Au bond is a
critical issue, our design was originally predicated on symmetry
considerations. Specifically, it was reasoned that a C;-symmetric
ligand environment might craft a chiral binding pocket about
the metal that is invariant to rotation. To test this hypothesis,
we chose the gold-catalyzed [2 + 2] cycloaddition of ene-allene
11. This transformation is a rigorous benchmark, because it has
already been accomplished with no less than 95% ee by using
the dinuclear SEGPHOS-based gold complex 3.*' Moreover,
this reaction is known to be sensitive to the electronic nature of
the ligand bound to gold.*

Among the small set of ligands considered in the first place,
our screening identified TADDOL-derived phosphoramidites
as promising hits. For example, the parent complex 10a
furnished product 12 in excellent yield and 84% ee>™>*
However, neither steric nor electronic variations of the lateral
arenes nor replacement of bis[(R)-1-phenethyl]amine by other
amine constituents lead to any significant improvement
(Scheme 1).'* Changing the solvent, counterion, and/or
temperature was to no avail either.

Scheme 1. Initial Screening of TADDOL-Derived
Phosphoramidite—Gold Complexes in a [2 + 2]
Cycloaddition
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In contrast to these unsuccessful attempts at an empirical
ligand optimization, a rational approach was ultimately more
rewarding. Hand-held models of complex 10a had suggested
that three of the peripheral phenyl rings might form a conic
cavity of approximate Cy symmetry about the gold center.”®
While this notion was confirmed by the X-ray structure of this
complex,'® a more detailed inspection showed that the
distances between the metal and the phenyl rings in question
are not uniformly close; one of the two relevant phenyl
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substituents on the TADDOL is notably bent away from the
gold atom. Therefore it seemed reasonable to refine the ligand
design such that all three decisive aryl rings are brought into a
fully upright orientation and hence into close proximity to the
Au center.

To this end, it was necessary to adjust the puckering of the
phosphoramidite’s basal ring. Whereas substitution of the
isopropylidene group by more bulky acetal moieties (cf. 13 and
14) led to a considerable erosion of the optical purity, the
formal replacement of the acetal altogether by a dimethyl ether
motif, as borne out in complex 15a, substantially increased the
ee of product 12 to 94% (Chart 3). To the best of our
knowledge, such TADDOL-related compounds with an acyclic
backbone had no notable history in asymmetric catalysis prior
to this work.”’

Chart 3. Impact of the TADDOL Backbone on the
Asymmetric Induction upon Formation of Cycloadduct 12
and the Structure of Complex 15a in the Solid State'®
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The structure of the fully air-stable gold complex 15a in the
solid state features a regular and very tight conic binding pocket
of effective C; symmetry.'® All three phenyl rings forming the
walls of this cavity are strictly axially disposed on the basal
seven-membered ring. Secondary interactions between the
arene-7- clouds and the gold center seem to stabilize the chiral
binding site.”® The side view depicted in Chart 3 is particularly
instructive: it shows that the phenyl rings reach over the gold
atom, but not by much. Actually, any 7-system bound to the
metal after ionization of the Au—ClI bond will reside close to
the cavity’s outer rim. Immersing the substrate deeper into the
pocket should result in more effective chirality transfer. The
projection in Chart 3 suggests that either an appropriate
substituent at the para-position of the phenyl groups or
annulation of a second ring should craft such an extended
binding site, which might result in effective control over an
ensuing outer-sphere reaction. The structure of complex 15b
with strategically placed tert-butyl groups on the periphery is in
fact suggestive (Figure 1). The same holds true for the 2-
naphthyl variants 15¢,d, which are discussed in more detail
below. It is important to note already at this point, however,
that the effective C; symmetry of these precatalysts turns into a
C, symmetric environment upon substrate binding, as indicated
by the computational studies outlined below. In any case, these
novel gold complexes are air-stable and therefore easy to use,
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Figure 1. Structure of complex 15b in the solid state.

and the required ligands are readily prepared in either
enantiomeric form on a multigram scale as shown in Scheme 2.

Scheme 2. Preparation of Phosphoramidite—Gold
Complexes with a TADDOL-Related but Acyclic Backbone
and Prototype Examples of Either Enantiomeric Series”
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“Reagents and conditions: (a) NaH, dimethyl sulfate, Et,0, 0 °C —
RT, quant.; (b) ArMgBr (S equiv), THF, 0 °C — RT, 57% (Ar = Ph),
67% (Ar = tBuC¢H,—); or 2-bromonaphthaline, nBuLi, THF, —78 °C,
58% (Ar = 2-naphthyl); (c) (i) PCly, Et;N, toluene (0.02 M), MS 4 A,
0 °C — 60 °C, (ii) R,NH, nBuLi, THF, —78 °C — RT, 58% (Ar =
Ph), 67% (Ar = tBuC¢H,—); (d) NaAuCl,-2H,0, 2,2'-thiodiethanol,
CHCl,/H,0 (1:5), 99% (15a), 95% (15b), 45% (15c, over two
steps), S1% (15d, over two steps).

[2 + 2] and [4 + 2] Cycloadditions. In keeping with this
structural information, complexes of type 15 were found to
excel in the [2 + 2] cycloaddition of ene-allenes. Whereas the
originally used complex 10a based on a traditional TADDOL-
subunit had given product 12 with 84% ee (Scheme 1), its
acyclic cousin 15a furnished this compound in 94% ee. Virtually
petfect optical purity (=99% ee) was secured with the extended
variant 15b carrying tert-butyl groups at the para-position. This
outcome is noteworthy since any para-substituent, when
attached to phosphoramidites comprising a traditional
TADDOL subunit, had been counterproductive (see 10b—g,
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Scheme 1). Additional information is contained in Table S-1
(Supporting Information), which shows that complexes 15a,b
outperform a variety of (simple as well as rather sophisticated)
gold complexes containing BINOL-derived phosphoramidite
ligands. The result obtained with 15b favorably compares even
with the very best literature report that had used the elaborate
dinuclear SEGPHOS-derived complex 3 (95% ee).”!

The exceptional level of asymmetric induction imparted by
complex 15b on this type of [2 + 2] cycloaddition was
maintained throughout a set of representative examples (Chart
4). This includes modifications at the ester, the arene, and the

Chart 4. Asymmetric [2 + 2] Cycloadditions of Ene-Allenes
Catalyzed by Complex 15b*

12a (X = C(COOMe),, 91%, 99% ee) E_E
X b (X = C(COOBnY),, 98%, 99% ee)
H H ¢ (X =C(COOtBU),, 94%, 99% ee) H H
o/ T\ d(X=NTs, 52%, 95% ee) N\
€ (X = G(SO,Ph),, 60%, 81% ee)
R
12f (R = OMe, 94%, 99% ee )
g (R = OtBu, 86%, 98% ee)
E E E E E E
weo M H H H
N\ PH \

12h (89%, 97% ee)

12i (87%, 98% ee)

12) (93%, 99% ee °)

“All reactions were preformed with 15b (5.5 mol %), AgBF, (5 mol
%) in CH,Cl, at 0 °C, unless stated otherwise. *Contains 6.7% of an
unidentified isomer (HPLC). “Atambient temperature; E = COOMe.

allene sites; even the N-tosyl derivative 12d was obtained with
95% ee, whereas the binuclear SEGPHOS—gold complex 3
delivered this compound with modest 54% ee.”' Since we were
able to grow crystals of this particular product, its previously
unknown absolute configuration could be rigorously deter-
mined by X-ray diffraction (see the SI); all other products were
assigned by analogy. Only the bis-sulfone derivative 12e was
formed with a slightly lower ee of 81% for reasons that are not
entirely clear.

The new catalysts also bear comparison with the attractive
spiro-bisindane-derived phosphoramidite 9 recently disclosed in
the literature (Chart 2)."”® The derived gold complex was
reported to work well for the N-tosyl- and bissulfone derivatives
12d (94% ee) and 12e (85% ee), but gave a disappointing 14%
ee in the malonate case 12a. We hence conclude that
complexes of type 15 are the currently most effective and
general catalysts for transformations of this type.

Complex 15b also gave respectable results in formal [4 + 2]
cycloadditions of diene-allenes, as witnessed by the examples
shown in Scheme 3. Once again, the ligands with the acyclic
backbone performed better than their relatives comprising a
traditional TADDOL subunit (see Table S-2, SI). The
comparison also shows that 15b is a serious alternative to, in
part, ciuite elaborate BINOL-based systems previously
used,'®'** given the ease of synthesis and stability of this
particular complex.

Enyne Cycloisomerizations. The cycloisomerization of
1,6-enynes of type 22 marks one of the beginnings of
contemporary 7-acid catalysis,”* but the development of
effective asymmetric variants turned out to be particularly

Scheme 3. Asymmetric [4 + 2] Cycloadditions of Ene-Dienes
Catalyzed by 15b“
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CH,Cl,, 0 °C.

difficult. The standards in the field are currently set by elaborate
cyclometalated Pt(+2)—com§1exes such as 24 endowed with P-
phenyl-BINEPINE ligands.”® Appreciable levels of enantiose-
lectivity were also attained in select cases with the dinuclear
BIPHEP-based gold complex 4, but the chemical yields were
often low."® The representative examples shown in Scheme 4
illustrate this situation. Chiral iridium or rhodium catalysts are
also effective for certain substitution patterns (see below).'"?!

Scheme 4. Benchmarks in the Field of Platinum- or Gold-
Catalyzed Asymmetric Enyne-Cycloisomerization'*>°
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We were therefore keen to see how the new phosphor-
amidites epitomized by a TADDOL-related motif with an
acyclic backbone perform in such transformations. It was the 2-
naphthyl variant 15c that gave the best results. Remarkable
enantioselectivities as well as good to excellent yields were
recorded, provided that the reactions were performed in
toluene as the solvent (Chart S). Gratifyingly, the outcome was
largely independent of the chosen N-protecting group as well as
of the substitution pattern of the alkene moiety. Moreover, the
absolute configuration of product 23h bearing a p-bromo
substituent was determined by X-ray diffraction as (R,R) (see
the SI); all other products were assigned by analogy.

The structure of the decisive precatalyst 15¢ in the solid state
(Figure 2) is distinguished by a highly regular binding site
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Chart S. Products of Asymmetric Cycloisomerization of N-
Tethered Enynes of Type 22 (X = NR) and the Strcture of
23h in the Solid State, Which Establishes the Absolute
Configuration
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Figure 2. Structure of complex 15c in the solid state.

formed by the ligand’s aryl periphery. The chiral cavity clearly
extends beyond the gold atom; its tightness transpires from the
short distances between the central metal and the edges of the
aromatic rings, which are tilted toward the metal.*® These
secondary interactions are thought to stabilize the catalyst and
may hence play a supportive role for the asymmetric reaction.

What is less intuitive though is the fact that the enyne
substrates 22 must have an aryl ring on their alkyne unit to
procure high ee’s (R* = aryl). In contrast, the corresponding
enyne 22i (X = NCbz, R' = R* = H, R® = Me) with a methyl
cap gave product 23i in good yield but with only 38% ee. The
exact same innate correlation between the nature of the alkyne
terminus R and the enantioselectivity was noticed in the O-
tethered series (vide infra). The computational study outlined
below in more detail suggests that the similar steric demand of
the incipient cyclopropyl ring and the methyl group is to be
blamed for this effect. From the preparative vantage point,
however, this gap in structural coverage is compensated by

chiral rhodium catalysts, which work particularly well with such
methyl-capped enyne substrates.>'

Synthesis of the Antidepressive Agent (—)-GSK
1360707. The excellent results obtained with this set of N-
tethered enynes allowed us to apply this chemistry, without
amendment, to a highly productive synthesis of GSK 1360707
(27). This “triple re-uptake inhibitor” capable of regulating the
levels of all three excitatory neurotransmitters (serotonin,
noradrenalin, dopamine) in the synaptic clefts is currently in
clinical development as a drug candidate for the treatment of
severe depression.>>

It was previously recognized that 27 is poised for noble metal
catalysis. Despite an extensive screening campaign, however,
the corresponding N-nosyl derivative 26 could not be formed
with more than 59% ee, using (R)-tol-BINAP as the best
among all tested ligands (Scheme 5).** Therefore, we
considered GSK 1360707 a stringent and relevant testing
ground for the newly developed gold catalysts presented
herein.**

Scheme 5. Literature Route to GSK 1360707 (27) by

Asymmetric Gold Catalysis*>
cl
cl
OMe OMe
26 N

Cl Cl
Cl Cl

(R)-tol-BINAP (5 mol%)
AuCI SMe; (10 mol%)

—_—
I I OMe
AgBF 4 (10 mol%) N
E 25 toluene I{ls
s
59% ee GSK1360707 ((-)27)

A suitable enyne substrate was prepared in only three high-
yielding operations from cheap propargyl amine as shown in
Scheme 6. We deliberately replaced the N-nosyl substituent
chosen by the GSK-team (see compound 25)** by a Cbz

Scheme 6. Enantioselective Synthesis of the Antidepressive
Agent GSK 13607077

I“ cji‘? - l[ YOMe
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28 R=H ) cl
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- o i ()27 HC
MeO™ ™ OMe H OMe ©
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y y

Coz 35 N 33 Cbz

Cbz

34 (95% ee)

“Reagents and conditions: (a) CbzCl, NaHCO;, EtOH/H,0 (1:1), 0
°C — RT, quant; (b) 30, NaH, THF/DMF (1:1), 0 °C — RT, 91%;
(c) 32, [(PhyP),PdCL,] (2.5 mol %), Cul (5 mol %), Et;N, DMF,
95%; (d) 15c (2.75 mol %), AgBF, (2.5 mol %), toluene, 0 °C, 88%
(95% ee); (e) Pd-black (2.5 mol %), H, (1 atm), Na,CO,, EtOAc/
MeOH (1:1), 91%; (f) HCl in ether (1 M), Et,0, quant; (g)
[(PhO);PAuCI] (5.5 mol %), AgBE, (S mol %), MeOH/CH,Cl,
(1:1), 49% (95% brsm).
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group, which promised dividends in the final step of the
synthesis. Gratifyingly, exposure of enyne 33 to the cationic
gold complex derived from 15c (2.75 mol %) and AgBF, (2.5
mol %) in toluene at 0 °C furnished the desired product 34
with an ee of 95% in 88% yield>> The exact same ee was
obtained with complex 15d, in which the bis(1-phenethyl)-
amine was exchanged for its cyclic congener 2,6-diphenylpiper-
idine.

This outcome is best appreciated when compared with the
results obtained with other gold complexes. Specifically, the
analogous phosphoramidite catalyst 10h incorporating a
traditional TADDOL subunit with an annulated isopropylidene
acetal gave 34 with only 84% ee (in toluene) or 48% ee (in
CH,ClL,). This comparison confirms the notion that the acyclic
backbone of 15a—d is in fact an essential design element.
Strikingly, the BINOL- or spiro-bisindane derived phosphor-
amidites 7 and 9 are completely inadequate, furnishing product
34 in ee’s as low as 6% and —11%, respectively. Table S-3
contained in the SI provides a more extensive comparison that
underpins the superior performance of complexes of type 15 in
this particular application.

Stirring of a solution of 34 in EtOAc/MeOH under an
atmosphere of hydrogen in the presence of palladium black and
Na,COs; led to cleavage of the N-Cbz group and saturation of
the double bond in a single operation, without any noticeable
opening of the cyclopropyl ring or reductive cleavage of the
chloride substituents. As a result, the conversion of 34 to 27 is
considerably more practical and eflicient than the elaboration of
the corresponding nosyl derivative 26 previously used.*®
Recrystallization of the hydrochloride salt derived from 27
allows trace metal impurities to be removed, as mandatory for a
possible use of this compound in clinical trials.

Overall, we conclude that the new route to GSK 1360707
(27) is unprecedentedly short and remarkably productive (five
operations, 69% overall yield), because of the unique efficiency
of the new gold complex 1S5c. It favorably compares with all
previous syntheses of this antidegressive agent disclosed in the
patent and the open literature.>****¢ Moreover, this example
shows that asymmetric gold catalysis starts reaching a level of
maturity where it becomes relevant for applications in the life
sciences.

Oxygen-Tethered Enynes. Oxygen-linked enynes 22 (X =
O) are even more demanding substrates than their N-tethered
cousins, because they are prone to ether cleavage and/or
oligomerization when exposed to Lewis acids. For example, the
dinuclear BIPHEP-derived complex 4 with bulky aryl groups on
phosphorus usually gave remarkable enantioselectivities but
disappointing yields (see Scheme 4)."> Better results were
obtained with chiral rhodium—diene complexes, which were
applied, however, only to enynes having gem-diphenyl
substituents adjacent to the tethering O-atom.

An assortment of substrates with and without such a gem-
disubstitution pattern were reacted with the new phosphor-
amidite complexes (Chart 6). The labile product 23j was
obtained in good yield and a respectable ee of 83%; the
enantioselectivity was further increased to 93% by incorpo-
ration of a gem-diphenyl motif next to the O-atom (23k). Even
better results were obtained for the tricyclic scaffolds 231—p,
which were formed with outstanding optical purity. In the case
of product 23p, the absolute configuration could be
unequivocally determined by X-ray diffraction (see the SI);
all other compounds were assigned by analogy. As in the N-
tethered series, however, this excellent outcome was contingent

Chart 6. Asymmetric Gold-Catalyzed Cycloisomerizations of

O-Tethered Enynes”
H PhH {0\
Ph Phf T .Ph e s
d ¥ . .
—/~Fh A/ ph A—/"Pn

23j 23k 231
(72%, 83% ee)bvd (64%, 93% ee)® (67%, 94% ee)

:
SNARN 23 m (X = H, 7%, 99% ee) Phph 9 3
Ph—) % _ N(X=Me 74% 99% ee) | J
.
3 V., 0 (X = OMe, 74%, 99% ee) | =/ Me
_ :
. .
©\x P (X = Br, 69%, 99% ee) | 23

(81%, 34% ee)

“All reactions were performed with (RRRR)-15a (5.5 mol %),
AgNTH, (S mol %) in toluene at RT, unless stated otherwise. bat —20
°C. “At 0 °C. “Using complex (8,S,S,5)-15c¢.

upon the presence of an aryl substituent on the alkyne group (R =
aryl); the corresponding substrate with a methyl-capped alkyne
furnished product 23q with only 34% ee. This striking influence
is relevant for the interpretation of how the new phosphor-
amidite ligands might operate and will be addressed in more
detail in the computational section of this paper.*”

Furthermore, a pronounced solvent effect on the course of
the reaction was noticed (Scheme 7, Table 1). In toluene,
compound 23 was formed from 22 as the only observable
product (100% by NMR, 99% ee by HPLC). In more polar
solvents, however, variable amounts of an isomer were
obtained, the unusual constitution of which became clear
only after crystals suitable for X-ray diffraction could be grown
from 43p (Ar = p-Br-CiH,—). In methanol, yet another
pathway was dominant, the outcome of which was again
ascertained by the crystal structure analysis of product 39p (see
the SI).

Although quite different in structural terms, all three
products are thought to derive from a common intermediate
(Scheme 7). Thus, activation of the alkyne unit by the gold
template engenders the attack of the enol ether to form the
carbenoid species 36.>° In an apolar solvent such as toluene,
this reactive intermediate undergoes a rapid 1,2-H shift and
demetalation to give product 23, in which all chiral centers are
locked (blue path). In contrast, MeOH allows the homoallyl
cation resonance form 38 to unravel, which also has an
oxocarbenium character. Loss of the allylic proton then leads to
39 and regenerates the catalyst (green path); it is tempting to
assume that MeOH assists this pathway by serving as a proton
shuttle.*® In aprotic dipolar media, however, a more involved
mechanism becomes competitive (red path): driven by the
formation of a highly stabilized tertiary oxocarbenium ion, the
cyclopropyl group of intermediate 37 is shuffled to give 40. A
subsequent shift of the flanking ether oxygen and alkylation of
the resulting doubly benzylic cation by the aurated cyclopropyl
ring in transannular proximity delivers the rather unusual
product 43. Whether this sequence is stepwise or gains some
degree of concertedness cannot be finally answered. The fact,
however, that 43 was formed in modest and largely variable
optical purity, depending on the chosen medium (Table 1),
whereas its companion 23 always had an impeccable ee,
suggests that non-negligible charge density gets spread over the
various positions of the carbon skeleton en route to 43. This
interpretation is in line with the notion that the reactive
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Scheme 7. Cycloisomerization of the O-Tethered Enynes
22m (Ar = Ph) or 22p (Ar = p-Br-C;H,—) Catalyzed by 15a
/AgNTf, and the Structure of One of the Two Independent
Molecules of Product 43p in the Solid State®
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Table 1. Solvent Dependence of the Cycloisomerization of
Enyne 22m (Ar = Ph) Catalyzed by 15a/AgNTf,

entry solvent 23m (% ee) 43m (% ee) 39m
1 CH,Cl, 74 (99) 26 (48)
2 acetone 52 (99) 48 (46)
3 CH;NO, 67 (99) 33(52)
4 THF 66 (99) 24 (4) 10
5 Et,0 96 (99) 4 (nd)*
6 toluene 100 (99)
7 MeOH 100

“n.d. = not determined.

intermediates of noble metal catalyzed enyne cycloisomeriza-
tions can exhibit considerable cationic character.*’

Indoline Formation. The new phosphoramidite ligands
also allowed indolines to be accessed in appreciable optical
purity from simple substrates (Scheme 8). This transformation
is unprecedented and not immediately obvious, since related
hydroarylations of allenes catalyzed by carbophilic Lewis acids

favored reactions at the distal z-bond.*'™*

Scheme 8. Asymmetric Gold-Catalyzed Indoline Synthesis”
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“Reagents and conditions: (a) ent-15d (5.5 mol %), AgBF, (5 mol %),
1,2-dichloroethane, —30 °C; (b) recrystallization from pentanes; (c) at
0 °C; (d) at —10 °C, 50% (45e:45f = 28:72).

Treatment of compound 44a with catalytic amounts of
complex 15a and AgBF, resulted in near-quantitative hydro-
arylation of the allene’s proximal double bond but a
disappointingly low ee (23%). In view of the importance of
indolines, however, it was deemed appropriate to optimize this
reaction. Taking advantage of the modularity of the ligand
architecture and the ease of synthesis, it was swiftly found that
complex ent-15d was uniquely effective (for details, see Table S-
4 in the SI). This complex, characterized by a combination of
an acyclic dimethyl ether backbone, 2-naphthyl substituents,
and a 2,6-diphenylpiperidine moiety, delivered product 45a
with 92% ee; a single recrystallization from pentanes sufficed to
give optically pure material.** Several other substrates gave
similarly respectable results as long as the aromatic moiety to
be hydroarylated is electron rich and the N-atom protected as a
carbamate; unactivated arenes reacted either very slowly (e.g,
formation of 45g) or even failed to undergo this novel
cyclization, whereas substrates endowed with N-tosyl groups
furnished lower ee’s (ca. 60—70%).

Hydroamination and Hydroalkoxylation. The gold-
catalyzed intramolecular hydroamination of allenes is another
stringent test for the efficacy of the new ligand architec-
ture.”*"P** Gratifyingly, substrates of type 46 were effectively
cyclized to the corresponding pyrrolidines 47 with the aid of
complex 15b (Scheme 9), although the ee is responsive to the
chosen N-protecting group. Sulfonamides gave good to
excellent results (90—95% ee), whereas the corresponding
Cbz-derivative 47e was formed in only low optical purity for
reasons that are not entirely clear. Best results were obtalned
when toluene/EtOAc (1:1) was used as the solvent.*®

The example shown in Scheme 10 extends this chemistry to
an intramolecular hydroalkoxylation, which proceeded with
excellent enantioselectivity under the aegis of complex 15c.
Somewhat surprisingly, the best result was obtained in EtOH as
the solvent, which did not outperform the attack of the tethered
—OH group onto the allene moiety.

Computational Studies. The results summarized above
show that the newly designed phosphoramidites comprising a
TADDOL-related, yet acyclic backbone are valuable ligands for
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Scheme 9. Asymmetric Gold-Catalyzed

Hydroaminations*®*
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“Reagents and conditions: (a) 15b (5.5 mol %), AgBF, (S mol %),
toluene/EtOAc (1:1, 0.1 M), 0 °C; (b) at —S0 °C.

Scheme 10. Enantioselective Gold-Catalyzed Hydro-
alkoxylation*®*

o T
Ph a) Ph><j-“
™ Pn o}

OH
48 49

“Reagents and conditions: (a) 15c¢ (5.5 mol %), AgBF, (S mol %),
EtOH, —60 °C, 93% (96% ee).

a variety of gold-catalyzed cycloaddition, cycloisomerization,
and hydroamination/alkoxylation reactions. They are easily
prepared on large scale from cheap substrates and amenable to
structural editing, and therefore provide opportunities for
further fine-tuning. The corresponding gold complexes 15 are
air-stable and hence user-friendly tools for organic synthesis.

In view of this favorable profile, a closer look into their mode
of action seemed worthwhile. The cycloisomerization of enyne
22h to 23h was chosen for this computational study because it
proceeds with excellent enantioselectivity and yield alike (94%,
95% ee), and the absolute configuration of 23h has also been
unambiguously determined (see Chart S and the SI).
Moreover, the crystal structure of precatalyst 15¢ (= L*-AuCl
in Scheme 11) constitutes a validated starting point (see Figure
2).

On the basis of this solid experimental ground, the
cycloisomerization reaction was studied by using density
functional theory (DFT). Geometry optimizations were carried
out at the BP86/def2-SVP level, with gold being described by
an effective core potential (ECP) and the associated def2-ECP
basis set. Harmonic force constant calculations were done to
characterize the optimized stationary points and to determine
the zero-point energy (ZPE) corrections at this DFT level. Free
energies were computed by using the rigid-rotor harmonic-
oscillator approximation. To check the sensitivity of the
computed energy profiles, single-point energies at the
optimized BP86/def2-SVP geometries were evaluated by
using more advanced functionals (B3LYP, M06), larger basis
sets (def2-TZVP, 6-31+G*), dispersion corrections (DFT-D),
and solvent corrections (toluene, COSMO). The DFT

Scheme 11. Computed Pathway to (R,R) Product 23h

calculations were performed with TURBOMOLE and
Gaussian09. The chosen computational procedures and the
results obtained are fully specified in the Supporting
Information. Here, for the sake of brevity, we only describe
the main mechanistic conclusions on the basis of the computed
BP86/def2-SVP energy profiles. The higher-level single-point
calculations (see above) confirm the qualitative conclusions
deduced from the BP86/def2-SVP calculations and generally
lead to only rather small changes in the computed energies (see
the Supporting Information).

Abstraction of the chloride from 15¢ followed by docking of
the substrate provides the initial catalyst—substrate complex, in
which the effective C; symmetry of the precatalyst has given
way to a C, symmetric environment. This species has a number
of low-lying conformers that interconvert via low-barrier
internal rotations around single bonds. The starting point for
the (R,R) pathway is a conformer, in which the alkene and
alkyne moieties adopt orientations suitable for cyclization. This
loaded reactive complex RC (Figure 3) lies 3.7 kecal/mol above
the most stable catalyst—substrate adduct. As evident from the
very uneven Au—C distances (2.18 versus 2.43 A), this #-
complex is highly unsymmetrical, with the metal slipped away

»«{ _

OAamOPO@Cl QS@BrocCco No O

Figure 3. Computed structure of the loaded complex RC that serves as
entry point to the (R,R) pathway. Insert: Enlarged view of the reaction
center. Bottom: Color code for the elements used in this and the
following figures.
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from the arene.*” The resulting partial positive charge at the
benzylic carbon is stabilized by conjugation to the adjacent
aromatic z-system. From the stereochemical viewpoint, it is
most important to note that the p-bromophenyl group on the
alkyne lies orthogonal to the naphthyl ring forming the back
side of the chiral binding pocket, whereas the ligand’s
bis(phenethylamine) subunit has turned away at this point.
Rotation of the N-allyl subunit over this activated benzylic
site leads to the transition state TS, in which the former
alkyne clearly deviates from linearity (133.1° for the bond angle
CH,—C=C—Ar) (Figure 4). A concerted cyclopropanation

c3-C4~235R
c3-c5~2.23R

Figure 4. Computed structure of the transition state TS.. on the

cyc
(R,R) pathway (see caption for Figure 3).

then crafts the cyclic skeleton and delivers the decisive
carbenoid complex PRDT,,. (Figure S). The two new C—C

HI-C1-C2 - 1048
H2-C1.C2 ~ 1084
HI-C2 - 2.08 &
H2-C2 - 213 A

Figure 5. Computed structure of the carbenoid complex PRDT,,. on
the (R,R) pathway (see caption for Figure 3).

bonds in the cyclopropane ring are formed almost simulta-
neously, with distances of 2.23 and 235 A at TS .The
rehybridization of the former alkyne C-atom (labeled in red in
Scheme 11) during this cyclization event enforces a rotatory
movement of the aryl group within the chiral cavity. From the
projection shown in Figure 4 it is evident that a move to the
back would result in a clash with the naphthyl fence. As a
consequence, the arene moves to the forefront, while
positioning the distinctly smaller incipient cyclopropyl group
in the rear. This directionality ultimately results in the
formation of the (R,R)-configured product 23h, in line with
the experimental finding (see Chart S). The activation barrier

of this enantiodetermining step leading from RC via TS, to
PRDT,, is computed to be 9.2 kcal/mol. Figure 6 shows the
energy profile of the entire R,R-selective trajectory in green.

o (R, R)-pathway

—— (S, S)-pathway

Hil.4

eat+sub RC TSm PRDTU‘ TS

st

PRDT,~ PRDT+cat

Figure 6. Energy profile (BP86/def2-SVP, kcal/mol) of the
enantioselective cycloisomerization of 22h to 23h catalyzed by
complex 15c. ZPE corrections are included.

The competing pathway leading to the (S,5)-enantiomer also
deserves comment. In this case, the loaded substrate complex
RC is actually lower in energy, but the subsequent TS, lies
distinctly higher (see the red energy profile in Figure 6).
Therefore the selectivity observed in the cycloisomerization of
enynes 22 to alkenylcyclopropanes 23 catalyzed by 15c
originates from a Curtin—Hammett situation. The calculated
difference between the highest activation barriers of the red and
the green channels shown in Figure 6 is 3.5 kcal/mol. All the
higher-level single-point energy calculations (see above)
confirm that TS (S,S) lies above TS, (R,R), with differences
ranging between 1.9 and 4.9 kcal/mol (without ZPE
corrections, see the Supporting Information). The formally
best gas-phase values with ZPE corrections (B3LYP/def2-
TZVP 5.2 kcal/mol; M06/6-31G* 4.0 kcal/mol) are slightly
lowered when including dispersion, solvent, and free energy
corrections, leading to a best estimate of around 3 kcal/mol.
Although this number must not be overinterpreted, it forecasts
that the new phosphoramidite ligands impose a significant level
of asymmetric induction on the reaction, in accordance with
our experimental findings.

Previous labeling studies proved that the evolution of noble-
metal carbenoid complexes of type PRDT,, to the final
product involves a 1,2-H shift.* The current calculations refine
this view by showing that the migratory aptitude of the two
diastereotopic H-atoms in PRDT,, is distinctly different; the
energies of the corresponding transition states TSy g differ by
1.3 kcal/mol in the (R,R) case (see the Supporting
Information). As expected, the adjacent N-atom supports the
overall 1,2-H shift by stabilizing the emerging positive charge at
its foot. Finally, decomplexation of the resulting intermediate
PRDTcplx provides the desired product 23h and regenerates
the chiral catalyst L*Au®.

As discussed above, one of the naphthyl substituents blocks
the back side of the loaded complex RC and the transition state
TS, in the projections shown in Figures 3 and 4. When the
product evolves from there, the orthogonally oriented arene
substitutent on the alkyne is forced to rotate to the open
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quadrant in the forefront, while the emerging cyclopropyl ring
gets positioned in the crowded rear (Figure S). Under the
proviso that the directionality of this movement is the single
most decisive factor for the enantiodetermining step, the
striking influence of the nature of the alkyne substituent R* on
the ee value of the resulting product can be rationalized. It is
obvious that the critical size difference between R’ and the
cyclopropyl moiety vanishes for substrates terminated by a
methyl group, which in turn explains why the corresponding
products 23i and 23q were obtained with only modest optical
purities.

Conclusions. The outstanding track record of TADDOL in
asymmetric synthesis notwithstanding,23 the opportunities
provided by TADDOL-related compounds distinguished by
an acyclic backbone were missed prior to our work. Such
compounds are valuable building blocks for phosphoramidite
ligands, which in turn allow a range of mechanistically distinct
gold-catalyzed reactions to be performed with remarkable levels
of asymmetric induction; in several cases, optically pure
products (>99% ee) were procured. This outcome is striking
if one considers that these ligands can only entertain a one-
point binding to the metal. Computational studies provide
helpful insights into the origins of enantioselection. In
particular they reveal how the effective C; symmetry of the
gold precatalyst converts into a C; symmetric environment
upon substrate binding. The latter then translates into the
absolute stereochemistry of the product via a previously
undescribed unidirectional rotational motion of the reacting
centers when passing through the enantiodetermining step.
From the practical viewpoint, it is emphasized that the ligand
scaffold is readily available and amenable to systematic
structural editing. Therefore it is expected that such ligands
may find further applications in gold catalysis and beyond.
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