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Herein, we present an economical method for highly enantioselective and diastereoselective Cu-BINAP-
catalysed reductive coupling of alkoxyallenes with a range of electronically and structurally diverse ketones
to afford 1,2-syn-tert,sec-diols, using PMHS as the hydride source. This reductive coupling has also been
efficiently employed in the enantioselective desymmetrization of prochiral cyclic ketones harboring
quaternary centres, in high yields with exclusive diastereoselectivity. Density Functional Theory (DFT)
calculations are used to elucidate that the reaction is facilitated by a kinetically favourable “open” Z-enolate

Received 15th October 2024 copper—alkoxyallene conformer, occurring at a lower Gibbs free energy barrier (by 3.9 kcal mol™) than its
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E-enolate counterpart, dictating the stereoselectivity. Subsequently, this Z-enolate conformer synchronizes

DOI-10.1039/d4sc07002] with appropriate nucleophilic faces to achieve the targeted syn-diastereoselectivity in the product through
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Introduction

Enantiomerically enriched complex alcohols are ubiquitously
found in a wide range of small molecule therapeutics and bio-
logically active natural polyketides." Therefore, exploring
general methods for the enantioselective synthesis of
substituted alcohols is an attractive target in organic synthesis.
In this regard, several asymmetric methods have been devel-
oped based on nucleophilic addition of various organometallic
reagents® to prochiral carbonyls. Particularly, several elegant
enantioselective approaches have been developed to access
homoallylic alcohols using allylmetal reagents.'??#242e3
However, the use of stoichiometric amounts of an organome-
tallic reagent in either the reaction or substrate preparation and
chiral auxiliaries are major limitations for these reactions.*® In
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six-membered chair-like transition states during ketone addition.

addition, the stereoselectivity of the allylation step depends on
the geometry of the corresponding substrates and it is highly
challenging to synthesize those precursors having sensitive
functional groups to achieve the desired geometry. Alterna-
tively, catalytic hydrometalation of easily accessible unsaturated
compounds such as dienes, allenes or alkynes as common (pro)
nucleophiles could generate allyl organometallic intermediates
in situ to undergo nucleophilic additions.’ This approach is
highly convenient and has garnered significant attention owing
to its utilization of cost-effective reagents, while also mini-
mizing the generation of a stoichiometric amount of waste.
Recently, Krische and other research groups have conducted
elegant studies on allylations using Rh, Ru, and Ir-catalysed
hydrofunctionalization." In particular, Krische and coworkers first
reported allene-mediated carbonyl allylations using a hydrogen
atmosphere or transfer hydrogenation.'? Over the last few decades,
a variety of C-C and C-X (X = heteroatom) bond formation reac-
tions have been developed via CuH-catalysed enantioselective
hydrofunctionalization of unsaturated pronucleophiles.”*** In
particular, Buchwald et al. have recently demonstrated asymmetric
CuH-catalysed allylation with alkyl-substituted terminal allenes or
simple allenes as allyl-metal surrogates using complex chiral
ligands (Scheme 1a).*>'® Excellent regio- and enantioselectivity was
observed for the 1,2-addition of (E)-allyl-Cu species on carbonyls
via a sixxmembered chair-like transition state. Later, the same
research group demonstrated the CuH-catalysed asymmetric ally-
lation of ketones with 1,3-dienes to access substituted homoallyl
alcohols." In 2021, the Krische group reported catalytic reductive
coupling between carbonyls and 1,1-disubstituted
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a. CuH-Catalyzed allylation with alkyl-substituted allene & simple allene

[Cu] Me, JOH

Z 3

Hoz* ,\M

E’A\I Me Y EAr ! i o
-\‘,’/ R (MeO),MeSiH 2 R

anti-Selectivity
[Buchwald group, JACS 2018]
[Buchwald group, JACS 2019]

R = alkyl; L* = SL-J011-1; 671-98% yield; 80-96% ee
R = H; L* = (S,S)-QuinoxP*; 71-95% yield; 62-95% ee

b. Ru-Catalyzed allylation with alkoxyallene via transfer hydrogenation

)OL with ~ [Ru] Ve oH
FPrOH  Meg 2+ Z 2
R” "H e R — R/Y\
,,,,,,, P OCHPh, (RIBINAP | PhaCH0-~[Ru] me’ (OCHPH,
A~ Lil, THF
R™ "OH "chelation controlled" 86-99% ee

(2)-selective Ru-complex syn-sec,tert-Diols
[Krische group, JACS 2021]

c. CuH-Catalyzed allylation with alkoxyallene: Our work

0o a z [Cu] Ho~ R,‘ OH
—_—
OJJ\R :;th (S}BINAP Ph,CHO  [Cul ~
?  PMHS, LiO'Bu el

aryl, cyclic and
a.f-unsaturated ketones

"open" (Z)-selective
7-allyl Cu-complex, Acis

syn-tert,sec-Diols
80-98% yield
up to 98% ee

Scheme 1 Previous and present approaches for enantioselective
allylation using an allene.

benzhydryloxyallene with excellent enantioselectivity."'? Here, the
internal chelation caused by the oxophilicity of Ru leads to a (2)-
selective allyl-Ru intermediate, which directs the formation of syn-
selective sec,tert-alcohols (Scheme 1b). Inspired by Buchwald's and
Krische's pioneering studies, here, we have demonstrated the
Cu(1)-BINAP catalysed highly enantioselective synthesis of complex
1,2-syn-tert,sec-diols from the reductive coupling of alkoxyallenes
with ketones (Scheme 1c). The hydrometallation of a mono-
substituted alkoxyallene with a phosphine ligated CuH-complex
could generate the chelation-controlled (Z)-selective allylcopper
species A;."** The nucleophilic addition of intermediate A.; on
carbonyl through a six-membered chair-like transition state (TS)
allows syn-diastereoselectivity.' However, DFT calculations
suggest the formation of kinetically favourable “open” Z-enolate of
copper-alkoxyallene rather than a chelation assisted “closed”
intermediate. Additionally, the “open” (Z)-selective m-allyl Cu-
complex has higher affinity to accommodate carbonyl binding to
undergo faster nucleophilic addition than the “closed” interme-
diate. Notably, the enantioselective synthesis of these valuable 1,2-
syn-sec,tert-diols is limited to only two approaches using geomet-
rically defined chiral allylboron reagents by the Roush group® and
Ru-catalysed enantioselective reductive coupling using alkox-
yallene pronucleophiles by the Krische group.*? Herein, we have
achieved excellent enantioselectivity as well as syn-selectivity using
a simple and inexpensive BINAP ligand and air-stable hydride
source, PMHS. In addition, this method allows the enantiose-
lective desymmetrization of prochiral 4-substituted cyclohexa-
nones with high diastereoselectivity.

Results and discussion

At the outset, instead of screening a variety of chiral ligands, we
focused on the effect of various O-substituents on alkoxyallene 2
on reaction yield, enantioselectivity and diastereoselectivity

20380 | Chem. Sci., 2024, 15, 20379-20387
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(Table 1). Using Cu(CH3;CN),PFs as the precatalyst and the
commercially inexpensive, easily accessible chiral ligand (S)-
BINAP, the allylation reaction on acetophenone 1a was evalu-
ated in the presence of PMHS/LiO‘Bu at —78 °C in THF. Ary-
loxyallenes 2aa and 2ab provided the desired product 3 in good
yield with poor stereoselectivities in favour of the syn-isomer.
However, alkoxyallene 2ac gave an allylation product with high
dr, albeit with moderate enantioselectivity. Notably, benzylox-
yallene 2ad furnished good enantioselectivity in a 4 : 1 mixture
of diastereomers. On increasing the steric crowding by the
installation of another phenyl ring at the benzylic position, the
enantioselectivity drastically increased up to 98:2 with excel-
lent yield and good diastereoselectivity (entry 2a). This clearly
indicates that the O-benzhydryl group plays a crucial role in
stereoselectivity probably due to better -7 stacking interac-
tions with the chiral ligand of the Cu complex. The methyl
substituted O-benzhydryl 3-alkoxyallene 2ae failed to give the
desired product due to the cis-orientation of both substrates’
methyl groups in the six-membered cyclic transition state (see
TS2a,;).

Later, acetophenone 1a was treated with O-benzhydryl 3-
alkoxy-1,2-butadiene 2a in the presence of PMHS, LiO’Bu and the
Cu(CH;3CN),PF4/(S)-BINAP complex in THF solvent at various
temperatures (Table 2). Both enantioselectivity and diaster-
eoselectivity were highly influenced by the reaction temperature
from rt to —90 °C without substantial changes in the reaction
yield (entries 1-6). As mentioned previously, an excellent er (98 :
2) and high dr (11:1) were achieved at —78 °C with simple (S)-
BINAP ligand L1 in 93% overall yield (entry 5). The effect of
various bidentate ligands was also screened at optimized reaction

Table 1 Effect of alkoxyallene substituents on enantioselectivity and
diastereoselectivity”

Cu(CH4CN),PFg

Vi

i H/Me (2.5 mol%) Ho Me

Me (S)-BINAP (5 mol%)

o :

R PMHS (200 mol%)

1a 2 LiO'Bu (200 mol%)

(100mol%)  (100mol%)  THF,-78°C, 1-2h

H

o’l\

%0}/_1

2aa, 85%
dr=2:1,74:26 er
H

.

N (0]

O

2ad, 91%
dr=4:1;83:17 er

2ab, 73%
dr=2:1;69:31er

2ac, 86%
dr=>20:1;88:12 er

Me
2a, 93% 2ae
dr=11:1;98:2 er no reaction

)—I
7/

[}

S
2/
OF

“ Reaction conditions: 1a (80 mg, 0.67 mmol), 2 (0.67 mmol),
Cu(CH;CN),PF, (6.2 mg, 2.5 mol%), (S)-BINAP (21.0 mg, 5.0 mol%),
LiOBu (1.3 mL, 1.33 mmol, 1.0 M THF solution), and PMHS (178 uL,
1.33 mmol) in THF (3 mL, 0.3 M). Combined yields of both isomers
after column chromatography. Enantiomeric ratio (er) was determined
by HPLC analysis using a chiral stationary phase. The minor isomer
enantiomeric ratio was reported in the ESI. The dr was determined
from 'H NMR analysis of crude products 3.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Optimization of reaction conditions®?<¢

Cu(CHACN)4PFq
= (2.5 mol%)

o HY.
Ligand (5 mol%)
G R

Ph

HQ, Me

@

PMHS (200 mol%)

2a LiO'Bu (200 mol%)
(100 mol%) (100 mol%) THF, T°C,1h

PPhy P(Tol),

O O PPh, O P(Tol),
(S)-BINAP, L1 (R)-Tol-BINAP, L2

FiC :Bu
\©\ Q/ DM SEGPHOS L4

Q B
t-Bu t-Bu

0

o PPh, O

o PPh, o

N
o

(S)-SEGPHOS, L3

OMe

'B“‘F’ Fe H D
Me
Me

Josiphos SL-J505-1, L6 Josiphos SL-J011-1, L7 t-Bu

0 /aOMe
<O O B: t-Bu
PPh,
j) P P Q\\/O (O O i Rl
_\_ \\7 o \QOM
Me o F’Q PPh, N— au e
P

Pth “Bu t-Bu tBu

(RR)-DIOP, L8 (S,5)-Ph-BPE, L9 (S)-oxazoline, L10 (S)-DTBM-SOENéePHOS, Ls
Entry Ligand T°C Yield [%] 3a(dr) 3a(er)
1 (S)-BINAP, L1 Lt 87 4:1  88:12
2 (S)-BINAP, L1 0 90 6:1 90:10
3 (S)-BINAP, L1 —20 94 7:1  92:8
4 (S)-BINAP, L1 —40 93 9:1 94:6
5 (S)-BINAP, L1 —78 93 11:1 98:2
6 (S)-BINAP, L1 —-90 91 11:1 98:2
7 (R)-Tol-BINAP, L2 -78 81 9:1 5:95
8 (S)-SEGPHOS, L3 —78 67 10:1 98:02
9 (R)-DM-SEGPHOS, L4 —78 72 4:1 3:97
10 (S)-DTBM-SEGPHOS, L5 —78 66 8:1 88:12
11 Josiphos SL-J505-1, L6 —78 41 3:1 83:17
12 Josiphos SL-J011-1, L7 —78 37 4:1 80:20
13 (R,R)-DIOP, L8 -78 53 6:1  63:37
14 (S,S)-Ph-BPE, L9 —78 76 7:1 35:65
15 (S)-Oxazoline, L10 -78  >10 — —

“ Reaction conditions: 1a (80 mg, 0.67 mmol), 2a (148 mg, 0.67 mmol),
Cu(CH;CN),PF; (6.2 mg, 2.5 mol%), ligand (5.0 mol%), LiOBu (1.3 mL,
1.33 mmol, 1.0 M THF solution), and PMHS (178 pL, 1.33 mmol) in THF
solvent (3 mL, 0.3 M). ? Isolated ylelds Enantiomeric ratio (er) was
determmed by HPLC analysis using a chiral stationary phase.

 Diastereoselectivity was observed from 'H NMR analysis of crude
product 3.

temperature. Other BINAP, SEGPHOS, and Josiphos ligands L2-
L7 gave either moderate yield or moderate diastereoselectivity
with up to 98: 2 er (entries 7-12). In addition, DIOP (L8) and Ph-
BPE (L9) ligands led to different levels of erosion in yield and
enantioselectivity (entries 13-14). Interestingly, only a trace
amount of desired product was observed with the oxazoline
ligand L10 (entry 15). From the above reaction optimization, the
chiral (S)-BINAP ligand (L1) was the best choice at —78 °C for
Cu(i)-catalysed reductive allylation (entry 5).

With the optimal reaction conditions, the substrate scope of
the enantioselective reduction coupling was investigated with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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various activated ketones using O-benzhydryl allene 2a (Table
3). The allylation reaction efficiently proceeded with aryl methyl
ketones having electron-donating or electron-withdrawing
substituents at the para-position and gave high yields with good
diastereocontrol and excellent enantioselectivity (entries 3a-3j).
The use of meta-substituted aryl methyl ketones also furnished
syn-alcohols in high yields with similar enantiomeric and dia-
stereomeric ratios (entries 3k-3m). Sterically demanding ortho-
substituted aryl ketones and disubstituted aryl ketones were
successfully converted into the corresponding chiral homo-
allylic tertiary alcohols with high yields and high enantiomeric
purity (entries 3n-3p). Interestingly, ethyl and n-hexyl aryl
ketones provided the corresponding products 3q-3s with
excellent yield and enantioselectivity. However, the sterically
hindered i-propyl aryl ketone failed to give the desired product
3t. Moreover, heteroaryl methyl ketones having pyridine, furan
and thiophene rings were also suitable substrates under
optimal reaction conditions to afford desired products in an
efficient and selective manner (entries 3u-3w). Generally,
heterocycles are among the most prevalent structural motifs in
pharmaceuticals; however, they are challenging substrates in
transition-metal-catalysed enantioselective transformations.
The scope of reductive coupling reactions was further high-
lighted with a,B-unsaturated ketones. Both electron donating
and withdrawing substituents on methyl styryl ketone are well-
tolerated to afford good yield with high diastereoselectivity
(entries 3x and 3y). The a-substituted enone also gave desired
product 3z in 86% yield with a 5 : 2 diastereoselectivity ratio. It is
important to mention that high enantioselectivity was observed
for the minor isomer (96 : 4 er), whereas the major isomer gave
moderate enantioselectivity. Interestingly, we did not observe
the reduction of «,B-unsaturated ketones alone via 1,4-addition
due to the superior reactivity of alkoxyallene 2a under standard
reaction conditions. Next, we set out to investigate allylation
reactions with a variety of cyclic ketones. The symmetrical 4- to
12-membered cyclic ketones were well-tolerated under standard
reaction conditions to afford the corresponding products 3aa-
3ae in good yields and good enantioselectivity. Particularly, 5-
and 7-membered ketones gave the highest enantiomeric ratio.
Additionally, o-tetralones, B-tetralone and indanone also
underwent the current nucleophilic allylation with high yield
and excellent enantiocontrol (entries 3af-3aj).

We next explored the use of reductive allylation for the
enantioselective desymmetrization of prochiral 4,4-disubsti-
tuted cyclohexanones 4 having a plane of symmetry (Table 4).
Simple methyl- and methoxy-substituted cyclohexanone was
readily functionalized to produce desired product 5a with high
enantioselectivity. The assignment of product stereochemistry
is non-trivial. There are three stereogenic centres, two of which
are chirotopic (R/S) and one is achirotopic (7/s). In the same
vein, products 5b-5d bearing various alkyl substituents in
combination with the OMe group were obtained with an
excellent enantiomeric ratio under optimized reaction condi-
tions. Overall, enantioselectivity increases with the steric bulk
of alkyl substituents. The relative stereochemistry was
confirmed by single crystal X-ray analysis of compound 5d. In
the case of v,y-disubstituted cyclohexanones having aryl and

Chem. Sci., 2024, 15, 20379-20387 | 20381
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Table 3 Substrate scope®?©4
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(0]

Cu(CH3CN),PFg

R

" A (2.5 mol%) HQS
r,'YLR e (S)-BINAP (5 mol%) q’\)\f\
{ar, Som e {ar)

PMHS (200 mol%)

(Z#  OCHPh,

Ph LiO'Bu (200 mol%)

1 (100 mol%) 2a (100 mol%)

Aryl ketones
HQ, Me HQ, Me HQ, Me

I -
OCHPh, Me OCHPh,

3a; 93%, 11:1dr 3b; 72%, 9:1 dr
98:2 er 93:7 er

3c; 82%, 11:1 dr
92:8 er

HO Me HO, Me HQ Me

F OCHPh, ; OCHPh, - OCHPh,

3g; 85%, >20:1 dr 3h; 81%, 10:1 dr 3i; 86%, 15:1 dr

95:5 er 94:6 er 98:2 er
MeOHQ, Me C| HQ Me
N SN
OCHPh, al OCHPh,

3n; 88%, >20:1 dr
97:3 er

HO, \——/_>

d Me
X
Br OCHPh,

30; 95%, >20:1 dr
97:3 er

3n; CCDC 2349832

HQ, [Pr
©)ﬁ/\
OCHPh,

3s; 91%, >20:1 dr 3t; no reaction

- OCHPh, 1o OCHPh, OCHPh,

THF, -78°C, 1 h 3

HQ, Me HQ, Me HQ, Me

:

PhO OCHPh,
3d; 91%, 13:1 dr TBé 3e; 95%, >20:1 dr 3f, 81%, 12:1 dr
97:3 er 97:3 er 97:3 er
HO Me HO, Me HO, Me
N Cl N X\©)Y\
F\C OCHPh, OCHPh, OCHPh,
3j; 98%, >20:1 dr 3k; 89%, 13:1 dr X = Br, 3I; 85%
97:3 er 93:7 er 12:1dr, 95:5 er
X =1 3m; 86%
>20:1 dr, 98:2 er
HQ Me HQ —Me HQ, —Me
<o N N /@)\‘/\
o) OCHPh, OCHPh, Br OCHPh,
3p; 86%, 12:1 dr 3q; 95%, >20:1 dr 3r; 94%, >20:1 dr
94:6 er 97:3 er 96:4 er
Heteroaryl ketones
HO Me HQ Me HQ Me
T O
2N OCHPh, \ OCHPh, \ OCHPh,

3u; 81%, 11:1 dr 3v; 96%, >20:1 dr 3w; 81%, 11:1 dr

97:3 er 955 er 98:2 er 96:4 er
a,Unsaturated ketones .
Cyclic ketones
HQ Me HQ Me HO Me
X s % N X OH OH OH OH
OCHPh, o OCHPh, Me OCHPh, B B N N
€ OCHPh, OCHPh, OCHPh, OCHPh,
Br Br
3x; 88%, >20:1 dr 3y; 83%, >20:1 dr 3z; 86%, 5:2 dr 3aa; 80%, 3ab; 80% 3ac; 83% 3ad; 71%
91:9er 90:10 er 80:20/96:4 er 85:15 er 93:7 er 90:10 er 937 er
OH > OH
N MeO. N
OCHPh
2 OCHPh, OCHPh, onf2CHPh: OCHPh, cl
OMe
3ae; 67% 3af; 81%, 9:1 dr 3ag; 91%, >20:1 dr 3ah; 90%, >20:1 dr 3ai; 85%, 7:1 dr 3aj; 92%, >20:1 dr
92:8 er 96:4 er 93:7 er 94:6 er 96:4 er 99:1 er

“? Reaction conditions: 1a (0.36 mmol), 2a (80 mg, 0.36 mmol), Cu(CH;CN),PF (3.4 mg, 2.5 mol%), (S)-BINAP (11.2 mg, 5.0 mol%), LiO‘Bu (0.7 mL,
0.72 mmol, 1.0 M THF solution), and PMHS (97 uL, 0.72 mmol) in THF solvent (2 mL, 0.2 M). ” Isolated yields after column chromatography.
° Enantiomeric ratio (er) was determined by HPLC analysis using a chiral stationary phase. ¢ The dr was obtained from "H NMR analysis of

crude products 3.

alkyl groups, the corresponding products 5e and 5f containing
an all-carbon quaternary centre were obtained with excellent
yield and enantioselectivity. We believe that the bulky aryl ring
occupies the equatorial position in these products, which
dictates the high diastereoselectivity.

The Cu(i)-catalysed enantioselective reductive coupling
reaction was demonstrated to be scalable even at reduced
catalyst loading (Scheme 2). We were able to execute a gram-

20382 | Chem. Sci., 2024, 15, 20379-20387

scale (4.5 mmol) reaction to synthesize 3a, using 1.5 mol%
Cu(CH;3CN),PF¢ and 3.0 mol% (S)-BINAP without lowering the
yield (1.43 g, 93%) or the stereoselectivity (97:3 er, 10: 1 dr) of
the reaction. The synthetic utility of this reaction is highlighted
by the conversion of adduct 3a into highly functionalized scaf-
folds with additional transformations (Scheme 2b). The selec-
tive removal of the diphenylmethylene group on 3a in under Li/
naphthalene conditions in the presence of a double bond was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Substrate scope of prochiral cyclic ketones®?¢4

o Cu(CH3CN)4PFg
/'L (2.5mol%) PhaHCO.. o~
5 S)-BINAP (5 mol%
)O\ S iad G el
PMHS (200 mol%)
P Ph
Ri Ry LiO'Bu (200 mol%) Rz

4 (100 mol%)
prochiral ketones

PheHCO,, PheHCO., PhaHCO,,
Me. OH Et OH n-Pr. OH

OMe OMe
5a; 81%, 90:10 er 5b; 82%, 95:5 er

2a(100mol%)  THE -78°C 1 h 5

5c; 85%, 93:7 er

Ph,HCO,, N Ph,HCO,,_ N PhyHCO,, N
i-Pr. OH Ph OH OH

OMe Me
5e; 85%, 95:5 er

5d; 89%, 96:4 er 5f; 81%, 98:2 er

5d; CCDC 2349833

“ Reaction conditions are the same as those in Table 3. ? Yield of the
1solated product 5. © Observed exclusive d1astere0select1v1ty confirmed
by 'H NMR analysis. ¢ Determined by HPLC analysis using a chiral
stationary phase.

achieved with excellent yield (6, 96% yield). The cross-metath-
esis of 6 with methyl acrylate afforded a,B-unsaturated ester 8
and subsequent hydrogenation followed by acid-mediated
cyclization gave y-lactone 9 in good yield. The ozonolysis of the
terminal olefin furnished aldehyde 10, which was then sub-
jected to Zn-mediated Barbier-type allylation leading to the
homoallyl alcohol 11 with excellent diastereoselectivity in
decent yields. The absolute configuration of 3a was identified to
be 2R,4S by Mosher ester analysis of its diastereomeric a-
methoxy-a-trifluoromethylphenylacetic acid (MTPA) esters 7a
and 7b (see the ESIf). Furthermore, the robustness and scal-
ability of this enantioselective allylation reaction and the
synthetic versatility of 1,2-syn-tert,sec-diol scaffolds can be
illustrated by its potential application in the synthesis of highly
enantioenriched molecular architectures and bioactive natural
products. We envisioned that reductive coupling of alkox-
yallenes could be used to construct the C3-C11 fragment of
fostriecin, an antitumor and antibiotic natural product isolated
from Streptomyces pulveraceus. To this end, known ester 12 was
converted to a,B-unsaturated ketone 14 to set the stage for the
key reaction through DIBAL-H reduction followed by Wittig
olefination of 13 in two steps. The CuH-catalysed enantiose-
lective allylation of 14 under our optimized conditions using the
(S)-BINAP ligand gave 0.56 grams of fostriecin C3-C11 fragment
15 with excellent yield and diastereoselectivity (Scheme 2c).
We have conducted density functional investigation at
B3LYP-D3BJ/def2-TZVPP/SMD(THF) to understand the reaction
mechanism of copper catalysed allylation of acetophenone and
to rationalize the origin of 1,2-syn-diol enantioselectivity. Our

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Gram-scale reaction, synthetic utility and confirmation of
absolute stereochemistry.

proposed catalytic mechanism for the hydrocupration of
alkoxyallene 2a by [(S)-BINAP]CuH followed by nucleophilic
attack on ketone 1a to generate the product 3a is illustrated in
Fig. 1la. Our computational studies reveal that the hydro-
cupration of the allene through the cis configuration via TS1;
(15.9 keal mol %) is kinetically favored over the trans orientation
via TS1gans (19.8 keal mol ). As shown in Fig. 1, the rate-
determining strained four-membered transition state (TS1.;s)
features concerted hydride transfer and Cu-C bond formation.*
This is followed by the formation of a (Z)-selective allyl-copper
intermediate (Ays) in a highly exergonic irreversible fashion.
Unlike analogous high-valent octahedral Ru(u)-BINAP
complexes reported earlier to involve a chelated (Z)-selective -
allyl-metal complex,™*? low-valent Cu(i) species feature triple
coordination around the metal in the allyl-copper intermediate
(see ESI, Fig. S87).>

Further, to shed light on the origin of cis-induction during
the hydrocupration step, we have illustrated the steric profile of
the L,CuH-substrate complex in TS1s and TS1.4,s through
quadrant diagrams and steric mapping of the buried volume on
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(a) Computed free energy profile at 298.15 K for copper catalysed allylation of acetophenone at the B3LYP-D3BJ/def2-TZVPP/SMD(THF)

level of theory. In parentheses, relative free energies computed at 195.15 K DFT are shown. Calculated prominent transition state structures of the
1,2-hydrocupration step and allylation step consisting of quadrant diagrams in (b) and (d) and steric maps in (c) and (e). In (b) and (d), roman
numerals denote the four quadrants of the coordination space with corresponding %V4...; green indicates the alkoxyallene substrate and purple

indicates the ketone; L,CuH has the following color codes: O (red),

Cu (brown), P (orange), C (grey), and H (white). In (c), steric mapping

(contours within a range of +£3.0 Ain 1 (c) and £4.0 A in 1 (e)) along with total % Ve is shown within a radius of 3.5 A and 4.5 A from the copper
centre for hydrocupration and allylation steps, respectively. PMHS was modelled as Me(OMe),SiH to reduce computational cost.

the xy-plane with a radius of 3.5 A from the copper centre
(Fig. 1b and c). Our analysis reveals that in the preferred tran-
sition state (TS1gs), the incoming alkoxyallene substrate is
positioned in a sterically less-hindered fashion at the interface

20384 | Chem. Sci, 2024, 15, 20379-20387

of quadrants II and III, as compared to TS14,s Where the alkoxy
group of the allene is in an out-of-plane fashion (Fig. 1b). This
leads to a greater total %Vge (which accounts for the
percentage of total free volume within the pocket of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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substrate—catalyst complex) of 15.4% in TS1,; as compared to
14.1% in TS14ans (Fig. 1c), resulting in a better catalyst-
substrate interaction at the active site of the hydrocupration
event. Indeed, the orientation of the substrate leads to lowered
intramolecular steric repulsion in TS1. as observed from the
steric map here (red contours in Fig. 1c) and energy decompo-
sition analysis (see ESI, Table S3t). Our study therefore reveals
that the larger structural reorganization for both L,CuH
(AAEreorg = 1.5 keal mol ") and the alkoxyallene (AAEreorg = 2.4
keal mol ™) in TS1yans (AAGI = 3.9 keal mol ") accounts for the
observed Z-selectivity through TS1., In fact, the kinetically
controlled Z-enolate copper-alkoxyallene conformer A
synchronizes with appropriate nucleophilic faces on carbonyl
engagement to ensure observed stereoselectivity during ketone
addition (see Fig. 1a, d, 1e, and S1 in the ESI¥).

The attack of the cis-allyl-Cu complex could occur on the
carbonyl group via Re/Si, Re/Re, Si/Re and Si/Si faces, through
six-membered chair-like transition states, to obtain four
possible stereoisomers (Fig. 1a, Fig. S1, and S91). Hence, the
allylation step is our enantioselective and diastereoselective
transition state. Careful inspection of the quadrant diagrams
(Fig. 1d) and steric mapping data (Fig. 1e) suggests that Si-face
attack of the ketone from the Si-face of the allyl may be the most
feasible approach due to lower steric interference with the bulky
phosphine ligands. The alkoxy group of the allene also engages
cooperatively in strong non-covalent forces such as C-H-m, T-7
and C-H-O interactions, aiding in lowering of TS2a; energy
(see ESI, Fig. S107).*® TS2a.; requires the lowest free energy
barrier (8 kcal mol™') and should rapidly promote the genera-
tion of intermediate B2a.s Energy decomposition analysis
further shows that the total reorganization energy in TS2a; is
least among the four allylation pathways, which highlights that
its stereo-electronic environment is most conducive (Table S47).
Thereby, we envision the involvement of LiO‘Bu and PMHS to
release syn-selective lithiated diol product 3a’ and the

Cu(CH,CN)PFg

(S)-BINAP
PMHS, LiO'Bu
Me, OH ¢ A
g Ph 0"
PR O e i &
3a0CHPh, ~>CuH Ph™ “Ph
R 2
¢ a
Ph
PMHS/LIO'Bu
SO\
'L/
" >Cu
R
OO PI’I’W
7
B

Scheme 3 Plausible reaction mechanism.
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regeneration of the catalyst. Finally, the diol product 3a can be
produced with acidic work-up.

Based on our experimental results and computational
studies, the overall plausible mechanism for enantioselective
CuH-catalysed reductive coupling of alkoxyallenes was
proposed, as depicted in Scheme 3. Initially, a hydride copper
complex L,,CuH forms in situ with a copper catalyst, phosphine
ligand, base, and silane reductant. The hydrocupration of
a phosphine-ligated Cu-H complex across the alkoxyallene 2a
furnishes a transient, kinetically favourable Z-selective m-allyl-
copper complex A, which readily undergoes nucleophilic
addition to ketone 1a through a closed six-centred, cyclic tran-
sition state TS2a,;;, resulting in the formation of the homoallylic
Cu-alkoxide complex B. Subsequent lithium exchange and
hydrolysis release the 1,2-syn-diol 3a, followed by metathesis
with the PMHS regenerating the L,,CuH complex.

Conclusions

In conclusion, we have developed a highly enantioselective and
diastereoselective copper-hydride-catalysed synthesis of 1,2-syn-
tert,sec-diols via the reductive coupling of electronically and
structurally diverse ketones with easily accessible O-benzhydryl 3-
alkoxyallene. The reaction proceeds via the formation of a z-
enolate copper-alkoxyallene complex, which smoothly
undergoes carbonyl binding to furnish the syn-selective product.
The reaction utilizes an economical chiral Cu-BINAP complex,
which provides 1,2-syn-tert,sec-diol products in high yields, in the
presence of PMHS as a commercially inexpensive and air-stable
hydride source. Furthermore, this reductive coupling with
alkoxyallenes proves effective in the desymmetrization of pro-
chiral cyclic ketones containing quaternary centres, affording
products with excellent enantioselectivity. The synthetic utility of
this approach is exemplified by the enantioselective synthesis of
a key fragment of fostriecin. Density Functional Theory (DFT)
computations suggest that the reaction proceeds through
a kinetically favorable “open” Z-enolate copper-alkoxyallene
conformer, occurring at AAG* = 3.9 kcal mol™' lower as
compared to its E-enolate counterpart, which determines the syn-
diastereoselectivity of the nucleophilic addition.
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