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In general, an asymmetric transition metal catalyst comprises a
metal as the reaction center and a chiral ligand/counter anion asso-
ciated with the metal to induce reaction asymmetry. In most cases,
enantiomeric excess (ee) is achieved by installing bulky groups
asymmetrically on ligands/counteranions to block/hinder the for-
mation of one of the product enantiomers. The engineered steric
congestion must be close to the reaction center and will likely also
suppress, though to a lesser extent, the formation of the major en-
antiomer. As such, the overall reaction rate is slowed in this ‘de-
celerative asymmetric strategy’, which may result in the require-
ment of higher catalyst loadings and/or longer reaction times
(Scheme 1A). This could be costly for large-scale synthesis. In
comparison, an ‘accelerative asymmetric strategy’ can achieve en-
antioselectivity by selectively accelerating the formation of one of
the product enantiomers. As the overall reaction becomes faster,
the catalysis should be more efficient and allow lower catalyst load-
ings. As a result, the accelerative strategy is in theory superior to
the frequently employed decelerative one. However, unlike the uni-
versal utility of sterics in hindering reactions, there is a lack of gen-
erally applicable strategies to achieve rate acceleration and espe-
cially in an asymmetric manner. As such, accelerative asymmetric
catalyses have had limited applications in transition metal chemis-
try, despite its prevalence in enzymatic reactions.

A versatile strategy to achieve reaction acceleration in metal ca-
talysis is the incorporation of ligand metal cooperation,' in which
the ligand, in addition to directly coordinate to the metal center,
cooperation with metal to facilitate bond fragmentation/formation
and/or redox process. Applications of this strategy in asymmetric
catalysis® are limited, and yet most of them have the cooperative
functional groups on the first coordination sphere.? %22 A venera-
ble example of this approach is Noyori’s asymmetric transfer hy-
drogenation.? Even in this chiral ruthenium complex-catalyzed re-
action, the discrimination of prochiral faces is achieved in many
instances via steric hindrance, hence belonging to a decelerative
asymmetric approach despite the accelerated nature of the collabo-
rative catalysis.

Asymmetric homogeneous gold catalysis,? despite the challenge
stemming from the linear structure of Au(I) complexes and the anti
attack by incoming nucleophile, has made significant progress. But
highly enantioselective ones rely on steric hindrance imposed by

chiral ligands*, counter anions’, or their combination,>* therefore
belonging to decelerative catalysis.

Herein we reported the first accelerative asymmetric gold catal-
ysis, where selective and accelerated formation of one enantiomer
is achieved via asymmetric ligand-metal cooperation. The cooper-
ation is realized in the secondary ligand sphere by a remote coop-
erative Lewis basic group in new chiral binaphthyl-2-ylphosphine
ligands.
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Figure 1. (A) General view of asymmetric transition metal cataly-
sis. Comparison between two ligand design strategy, asymmetric
steric hindrance and asymmetric cooperative group: (B) origin of
asymmetry. (C) origin of enantio excess and reaction efficiency.



We recently developed a series of novel biphenyl-2-ylphosphine
ligands featuring basic functional groups at the rarely explored 3°-
position of the privileged ligand framework.” Due to the linear na-
ture of P-Au(I)-(alkyne centroid) and the restriction of rotation of
the C2—P bond by bulky adamantyl groups, the resulting gold(I)
complex projects the coordinated C-C triple bond in proximity of
the remote basic groups and therefore enables beneficial interac-
tions between ligand and substrate/nucleophile. With WangPhos
featuring a 3’-amide group as ligand, the gold-catalyzed nucleo-
philic attack of carboxylic acid is accelerated by an estimated 800
fold, comparing to the ligand in its absence, due to the cooperation
of the remote amide group in the form of general basic catalysis
(Scheme 1C).

Scheme 1. (A) General Design of Remotely Functionalized Bi-
phenyl-2-ylphosphine Specifically Accommodating Au(l) Ca-
talysis. (B) An Example: WangPhos. (C) Highly Efficient Acid
Addition to Alkyne Catalyzed by WangPhos Gold(I) Catalyst.
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In the context of asymmetric gold catalysis, we envisioned that
this cooperative strategy can be applied to the cyclization of 4-al-
lenols such as 1a (Scheme 3A), where a new chiral center is cre-
ated. To our delight, comparing to JohnPhos, a sterically and elec-
tronically similar ligand but lacking any remote cooperative group,
WangPhos promotes the gold-catalyzed cyclization of 1a to race-
mic vinyl tetrahydrofuran rac-2a at a rate at least 88 times faster.
This dramatic rate acceleration can be readily rationalized by in-
voking ligand metal cooperative catalysis and specifically the gen-
eral base catalysis by the remote amide group. As depicted in
Scheme 2B, the coordinated allene would experience minimum, if
any, steric interaction with the pendant amide group due to rela-
tively long distance between them and their relatively small sizes.
Therefore, the initial coordination would proceed with little facial
selectivity, producing similar amount of two diastereomeric com-
plexes I and II. In contrast to complex II, complex I places the
alcohol adjacent to the pendent amide group and hence permits a
general base catalysis in the form of a H-bonding, which would en-
hance the nucleophilicity of alcohol via partial deprotonation in
transition state. As a result, Si-face attack that produces ()-2a in
complex I would largely (presumably >88 times faster) outcompete
Re-face attack in complex II (similar scenario as JohnPhos). How-
ever, due to the low barrier of rotating C1-C1’ bond in the ligand
and likely its gold complex, WangPhosAu™ would exist in equal
amount as the enantiomer to that in complex I, and the resulting
complex III would accelerate the Re-face attack, which delivers
racemic 2a as a net result. It is anticipated that by using a chiral
version of WangPhos with the rotation of C1-C1’ locked the cy-
clization of 4-allenols could become asymmetric.

It is noteworthy that cyclization of allenols have been studied
extensively in gold and silver catalysis. Notably, as shown in

Scheme 2, most reported 4-allenol cyclizations with >90% ee em-
ploy trisubstituted allenes as substrate’, presumably for the purpose
of accessing aurated allylic cation and creating favorable steric con-
gestion. However, the distal symmetric disubstitution (shown in
red) in the cyclized product has no apparent synthetic utility and
may require step(s) for its removal while simple vinyl group could
be easily modified to other functional groups. Moreover, the sub-
strate synthesis, as shown in the Scheme 3, requires excessive 7
steps from cyclic ketones; in stark contrast, its R = H counterpart
can be prepared in a single step from pent-4-yn-1-ol via the Crabbe
allene synthesis.

Scheme 2. Reported Au-catalyzed enantionselective cycliza-
tion of allenols and their drawbacks.
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Scheme 3. (A) Rate comparison between JohnPhos and
WangPhos in cyclization of 4-Allenol. (B) Rationale for the rate
acceleration and for enantioselective catalysis.
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To this end, we chose the configurationally much more stable
binaphthyl as the ligand framework, and targeted the (1,1’-binaph-
thyl)-2-yldi(adamantan-1-yl)phosphine ligands L1-L3 (Figure
2A). They can be readily synthesized from commercially available
(R)-BINOL 1in a short sequence of 3-4 steps (see supporting infor-
mation for details). Much to our delight, initial study with 5 mol%
(R)-L1AuCl as the catalyst precursor delivered (R)-2a in 98.4% ee
within 5 min. The absolute configuration of 2a was assigned as (R)
based on comparison (how did you assign the stereochemistry
here?), and is consistent with the rationale/design shown in
Scheme 3B, where the front-orienting amide in II leads to the (S)-
product. This exceptional initial result validated our ligand design
concept and, moreover, was achieved with the very first chiral lig-
and of this type!
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Figure 2. (A) Selected ligands for this study. (B) ORTEP drawings
of (R)-L2AuCl with 50% ellipsoid probability.

The exceptional ee with the substrate 1a hampered our effort of
condition optimization and ligand development. To this end, reac-
tion optimization was conducted with 4-allenol 1b as the substrate.
Due to lack of desirable UV absorption for chiral HPLC analysis of
the product 2b, a subsequent olefin metathesis was carried out to
install a styryl group as the chromophore. Our control experiment
with 2a established that there is no erosion of stereochemistry in
the cross metathesis step. Gladly, treating 1b with 1% L1AuCl as
catalyst and 5% NaBAr'4 as chloride scavenger furnished 2b in
98% yield and 95.5% ee within 15 min (Table 1, Entry 1). Moreo-
ver, using L2 with a pyrrolidin-1-ylcarbonyl group, due to its
stronger basicity than N,N-dimethylcarbamyl group in L1, a better
enantioselectivity (96.6% ee) is achieved. Whereas (R)-L3 bearing
no cooperative amide group was used as control experiment, an ex-
pected steep drop of reaction rate and a poor ee (-8.8%) were ob-
served, which confirmed the cooperative nature of the amide moi-
ety (Table 1, Entry 3). Replacing BArfy with more coordinative
counteranions caused diminished enantioselectivity (Table 1, En-
tries 4-6). We also observed that the removal water by 3 A MS im-
proved ee to 97.5% (Table 1, entry 7), possibly because the residual
water, being able to act as both H-bonding donor and acceptor,
would disrupt the H-bonding between the alcohol and amide group.
In contrast to the common temperature profiles in asymmetric ca-
talysis, lowering the reaction temperature led to a decreased ee
while higher temperature didn’t cause much ee erosion (Table 1,
entries 8-10). Owning to the accelerated nature of the catalysis, the
catalyst loadings could be dramatically lowered down to 100 ppm
without noticeably affecting ee (Table 1, entries 11-12). At last,
higher concentration was proven to be detrimental to ee despite a
faster reaction rate (Table 1, entry 13), which can be attributed to
the disruption of ligand-substrate H-bonding by unreacted alcohol.
To confirm the identity of the optimal catalyst, we ascertained the
structure and stereochemistry of (R)-L2AuCl by X-ray diffraction
study (Figure 2B).

Table 1. Optimization of reaction conditions towards enanti-
oselective gold-catalyzed allenol cyclization with low catalyst
loading®.

P
(R)-LAuCI, MX 7S
OH DCM (0.05 M)
rt

H _G2nd Gen

Ph _~».. 0O
Styrene /S
DCM, 40 °C

1b 2b 3b
En- o o Temp. (°C)  YId*  eef
iry Cat. (mol%) MX (mol%) Time ) (%)
L1AuCI (1) NaBAr's(5)  /15min 98 955
L2AuCl (1) NaBAr4(5)  tt/15min 97 966

NaBAr's (5) rt/1 h 11 -88
AgNTH (1) rt/15 min 96  93.4
AgOTf (1) rt/15 min 95 789

L2AuClI (1.2)

1
2
3 L3AuCl (2)
4
5 L2AuCI(1.2)

6  L2AuCI(1.2) AgSbFs (1) rt/15 min 92 94.1
79 L2AuCl(1) NaBAr's (5) rt/15 min 92 975
8¢ L2AuCl(1) NaBAr's(5)  -20/30min 90  95.5
9¢  L2AuCl(1) NaBAr's(5)  40/15min 89  97.0
10%  L2AuCl (1) NaBAr's (5) 60/15min 94  97.1
11 L2AuCl (0.1) NaBArs(1) /30 min 94 97.1
12 L2AuCl(0.01)  NaBAr4(0.5) /2.5h 92 969
13 L2AuCl (0.01)  NaBAr4(0.5) rt/1 h 92 957

“ Reactions were performed in vials. ? Yields and conversions
were estimated by NMR using 1,3,5-triisopropylbenzene as inter-
nal reference. All conversions >99% otherwise noted. ¢ ee values of
olefin metathesis products were determined by HPLC on a chiral
stationary phase. ¢3 A molecular sieves were added. ¢ DCE was
used as solvent. /98% NMR conversion. Isolated yield 93%, ee
97.1%. ¢0.25 M in DCM.

With the best conditions in hand, we promptly explored the re-
action scope with a range of 4-allenols. As shown in Table 2, en-
tries 1-4, 4-allenols with germinal di-substitutions at the sp*-car-
bons generally exhibited excellent yield and enantioselectivity (up
to 99.7%, Table 2, entry 3) with 100-ppm catalyst loadings. This
includes the tertiary alcohol 1e (entry 4), indicating the steric hin-
drance around the HO group is consequential. On the other hand,
sterics next to the allene moiety, as in entry 5, led to a moderate ee
(Table 2, entry 5). In absence of any substitution and the Thorpe-
Ingold effect, the cyclization of the parent 4-allenol 1g remained
highly enantioselective (94.1% ee, entry 6).

Besides the achiral 4-allenols, we also expand the scope to the
ones with preexisting stereogenic centers, which are complicated
by diastereoselective outcomes but of high synthetic significance
due to their frequent occurrence in complex molecule synthesis. As
shown in Scheme 3A, the gold-catalyzed cyclization of the racemic
1-phenylethynyl-substituted 4-allenol 1h leads to the formation of
four stereoisomers, with each 1h enantiomer leading to a pair of
diastereromers. The selectivity of each diastereomeric pair, i.e., del
or de2, is defined as diastercomeric excess and reflects how well
the facial selectivity of the allene being attacked by HO group is
realized. In the case of (R)-L2, these de values would reflect how
the chiral ligand can dictate the newly generated chiral center re-
gardless of the preexisting stereogenic one and can be derived upon
complete separation of these four stereoisomers on chiral HPLC.
As shown in Scheme 3B, they can indeed be separated. Combining
the intrinsic cis-distereoselectivity with 2h (albeit small) and the
logic assumption of our ligand largely dictating stereochemical out-
come (confirmed latter), we can assign all the peaks in the HPLC
chromatograph of their stereochemistry and calculate the de values.
To this end, the de is 94.1% for the product derived from (R)-1h
and 93.9% from (S)-1h, confirming the extraordinary control of ste-
reochemical outcome by our ligand even with chiral substrates. It
is conceivable that by starting from enantiomerically pure sub-
strates all four isomers can be prepared with high selectivity by
simply combining different ligand and substrate enantiomers. This
is especially of importance in the synthesis of ubiquitous tetrahy-
drofurans as often diastereomeric selectivities are often poor.™f
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vored) of the reactions of the 4-allenol substrates in the Table? In
this way, we can clearly show people the matched and mismatched
scenario.

Besides 1h, 4-allenols with other substituents at C1 such as phe-
nyl (entry 7), alkenyl (entry 8), phenethyl (entry 9) and cyclohexyl
(entry 10) also underwent the reaction smoothly, affording the cy-
clized products in good yields (74% - 87%) and most importantly
exhibited excellent allene facial selectivities (>92% de) regardless
the preexisting chiral centers. The reaction of a 2-phenyl-substi-
tuted 4-allenol, i.e., 1m, exhibited exceptional 98.7% de for one
enantiomer (most likely the (R)-isomer), and a lower yet still good
de with the other enantiomer, exhibiting pronounced match and
mismatch phenomenon. On the other hand, the reaction of 1n de-
manded a higher catalyst loading (0.5%), possibly due to the bulky
2-tert-butyldiphenylsilanoxyl group, but the allene facial selectivi-
ties are excellent with both substrate enantiomers. Finally, the re-
action of a 3-benzyloxy group in 1o (entry 13) was also highly ste-
reoselective, despite a moderate yield.

Table 2. Reaction scope”.
(R)-L2AuCI (100 ppm)

4R 2 NaBArF (0.5%) O
oH ———Ae=n)
Y DCM (0.05M) (/)

D
BnO
20%40°C,36 h 20%,40°C, 15h
65% yield 83% yield

95.3%, 92.4% de

94.6%, 93.3% de

3 AMS, rt-40 °C R
1 2
1 /'u,LOZ 2 //LO,Z 3 //«,,EO,Z
Ph Ph Me Me Et00C COOEt
2a,rt,3 h 2¢,1t,5h 2d,rt,6 h
99% yield 59 (89)% yield” 83% yield
99.1% ee 97.0% ee 99.7% ee
4 ” 5 7, 0O, 6
e L
Bn Me

“Reactions were performed in vials. Yields given are for the iso-
lated product. Yields in parenthesis are NMR yield by using
CD,Cl, as solvent and 1,3,5-triisopropylbenzene as internal refer-
ence. For those allenols with a preexisting chiral center, two de val-
ues are given to describe the ee values of the newly formed chiral
center with respect to the two allenol enantiomers.  Volatile prod-
uct. €200 ppm catalyst were used. ¢0.5 mol% catalyst and 1 mol%
NaBAr"s were used. €0.2 mol % catalyst were used. .

To confirm the exceptional allene facial selectivities with chiral
substrates, we prepared the enantiomerically enrich (R)-1n (>99%
ee) from S-glycidol (>99% ee) and subjected it to the gold catalysis
with (S)- and (R)-L2AuCl as catalyst precursor, respectively. As
expected, a complete switch of diastereoselectivity was observed
along with excellent yields (Eq. 1); moreover, the de values are
identical (within margin of error) to those obtained with racemic
1n.

We attempted to briefly demonstrate the synthetic potential of
this chemistry toward the synthesis of C-glycosides. As shown in
Eq. 2, the partially protected allene-polyol 1q was prepared from
p-xylose. When it was subject to the gold catalysis with (§)-L2 as
ligand, the vinyl xyloside (SR)-2q was formed exclusively in 82%
yield. With the ligand antipode, (5:5)-2q was obtained in 76% yield
andina 6.5:1 selectivity. As the intrinsic diasterselectivity with
favors _ to a large extent, this moderate yet serviceable selectiv-
ity for the minor product is noteworthy and synthetically useful.

L2AuCl (0.5 mol%)

OTBDPS  \aBAF, (1 mol%) Al) D
/\/k/OH 3A MS, DCM, rt )
OTBDPS OTBDPS
(R)-1n (5S)-2n (5R)-2n
Derived from S-Glycidol . )
L2  Yield(Time) dr de
(S) 88%(1.5h) 250 : 1 99.2%
(R)  91%(3.75 h) 1:86 97.7%
OBn L2AuCl OBn P2
__Additive J/\)
0Bn 3AMS,DCM
OBn OH OBn OBn
1q (5R)-2q (55)-2q

Derived from D-Xylose

catalyst Yield(Temp, Time)  (5R)-2q : (5S)-2q de
(S)-L2 (1%)/NaBAr",(2%) 82%(40 °C, 15h) Exclusive: - >99.9%
(R)-L2 (5%)/AgSbF¢(5%)  76%(rt, < 0.5 h) 1 : 65 73.3%
achiral ligand 76%(rt, < 0.5 h) 1 : 65 73.3%

In conclusion, This highly efficient and enantioselective cooper-
ative gold(I) catalysis, due to its excellent tolerance of functional



groups and preexisting stereogenic centers, would enable facile ac-
cess to tetrahydrofura with specific stereochemistry, which are pre-
sent in a wide array of natural products.

Remote cooperative functional group strategy is a novel and
promising ligand design concept that will produce high stereose-
lectivity and at the same time, avoid the reactivity loss resulting
from necessary sterics for asymmetry induction. This approach ap-
pears to be particularly attractive in homogeneous gold(I) catalysis
since this design projects chiral environment close to the substrates,
although the linear coordination nature of gold(I) places the sub-
strates opposite to the ligand. By asymmetrically installing a re-
mote amide group on a sterically less demanding (1,1’-binaphthyl)-
2-yldi(adamantan-1-yl)phosphine ligand platform, the derived
gold(I) catalyst invokes a beneficial H-bonding interaction with al-
coholic substrates, which enables a highly efficient and stereose-
lective synthesis towards various tetrahydrofuran derivatives in re-
markably low catalyst loading (down to 100 ppm). Considering a
vast range of weak interactions (hydrogen bonding, charge-charge,
n-n stacking, etc.) and a large assortment of chiral ligand-transition
metal complexes, we believe that this strategy could be applied in
a much broader scope.

This strategy could be very powerful that one can set up the func-
tional groups as well as their stereochemistry in allenols beforehand
and select one of (R)- or (S)-L2 to produce the desired tetrahydro-
furan products.
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