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Abstract: The boracarboxylation reaction has potential for the production of natural products and drug
candidates, but the development of an asymmetric version of this transformation is challenging. We report an
enantioselective boracarboxylation of styrenes, enabled by a copper catalyst containing chiral phosphines. Our
experimental conditions provide yields between 31-76% and enantiomeric ratios from 80:20 up to 98:2 for
electron-rich styrenes. Oxidation of a boracarboxylation product gives (S)-tropic acid, an intermediate towards
several tropane alkaloids. A computational analysis of the mechanistic details shows a complex pattern of
competing reaction pathways, highlighting challenges encountered when developing asymmetric reactions
using CO,.
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Introduction reaction, are well developed, have been commercial-
ized and can be used to prepare food additives such as
benzoic and acetic acid or pharmaceutical products

such as salicylic acid.”! In the last two decades, there

Carbon dioxide is a cheap and widely abundant waste
gas that can serve as a source of carbon. One of its

possible applications is as a building block for the
formation of value-added chemicals.!"! This requires
efficient ways to form C—C bonds with CO,. The use
of CO, in carboxylation reactions is of large interest,
given the abundance of carboxylic acid functional
groups in natural and medicinal compounds.”) A
review from 2020 concluded that over 60% of all
bioactive molecules described in the medicinal
chemistry literature contain at least one carboxylic acid
moiety or another functional group that can be derived
from a carboxylic acid."”!

Conventional methods for carboxylation using CO,,
such as the Grignard reaction and the Kolbe-Schmitt
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has been increasing focus on developing catalytic and
electrochemical methods for CO,-based carboxyla-
tions, broadening the scope of CO,-based chemical
transformations."!

The ability to form chiral carboxylic acids plays a
critical role in natural product synthesis and drug
development. However, the number of catalytic asym-
metric carboxylations employing CO, is limited.!” In
2004, the Mori group demonstrated the generation of
three stereocenters through Ni-catalysed carboxylative
cyclization of bis-1,3-dienes with an enantiomeric ratio
(e.r) up to 96:4 and yields up to 99%." A notable
study was published in 2016 by Mikami's group, who
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applied a chiral Rh-based catalyst in the hydrocarbox-
ylation of acrylates. In their study, an e.r of up to
83:17 was achieved, at moderate yields (14-69%)."")
Another significant study in the field of asymmetric
CO, utilization was published by the group of Yu in
2017.”) They reported a Cu-catalyzed hydroxymeth-
ylation of styrenes and 1,3-dienes, achieved from an
in-situ reduction of the intermediate carboxylate,
obtaining excellent e.r. values (up to 99:1) and yields
(up to 96%). Later, this method was extended to the
hydroxymethylation of 1,1-disubstituted-1,3-dienes!”’
and 1,1-disubstituted allenes!""! producing quarternary
stereocentres with good enantioselectivity.

Also in 2017, Marek and co-workers achieved a
Cu-catalysed asymmetric carbomagnesiation of cyclo-
propene using CO, as electrophile in one example. The
reaction exhibited good yields (up to 75%) and
excellent e.z. values (up to 98:2).'" Recently, enantio-
selective carbo-carboxylations of alkenes via a Ni-
catalysed Heck coupling/carboxylation cascade have
been reported by the groups of Lopez and Bandini, !
and Kong and Yul!'"" The first example of an
enantioselective electrochemical carboxylation was
reported by Lu and co-workers in 2009 transforming
acetophenone to the corresponding a-hydroxy acid
with an e of 65:35.""1 Recently, the method was
modified to provide an e.r. of up to 97:3 for selected
examples.""® The group of Lu also reported the electro-
chemical transformation of benzylic halides to the
corresponding carboxylic acids with an e.r up to 92:8
using either a chiral homogeneous!”  or
heterogeneous!"® co-catalyst. Similarly, in 2018, Mei
and co-workers reported the electrochemical carbox-
ylation of allylic acetates, with an e.r of up to 84:16
using a chiral Pd-catalyst.!""!

One reaction of interest in terms of asymmetric
development is the boracarboxylation, which allows
for direct carboxylation of an unsaturated C—C bond
using CO, as a carbon source. The simultaneous
addition of a boron moiety creates a reactive C—B
bond that subsequently can be used for derivatization
via transformations such as oxygenation, amination
and homologation. The first reported catalytic bora-
carboxylation of unsaturated C—C bond dates from
2012. Hou and co-workers (Scheme 1a) described the
boracarboxylation of wvarious alkynes using carbon
dioxide and bis(pinacolato)diboron (B,pin,), in the
presence of an NHC-copper(I)-based catalyst.””! Popp
and co-workers showed that similar reaction conditions
could also be used for the regioselective boracarbox-
ylation of substituted styrenes (Scheme 1b),*!! as well
as a-substituted vinyl arenes.””’ During the review
process for this article, two related asymmetric
carboxylations were published. Gui, Yu and coworkers
described an asymmetric Cu-catalysed 1,4-dicarboxy-
lation of 1,3-dienes proceeding via a boracarboxylation
intermediate with an e.r of >99:1.%%) The group of
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(a) The first boracarboxylation of unsaturated systems (Hou’s work)

[(SIMes)CuCl] (5 mol%), o 0 o ®
H— 55 LiOtBu (1.1 equiv.) 80 Li
+ Bypin, THF, 80 °C, 14 h g = =
R
(b) Regioselective boracarboxylation of styrenes (Popp’s work)
COOH
ICyCuCl (12 mol%), Bpin
_I Y7 X +C0O,  NaOtBu (1.1 equiv.)_ N X
L +Bypin,  THF,20°C,36h L

(c) Asymmetric boracarboxylation of styrenes (present work)

[Cu(MeCN),4]PFg (5 mol%) COOH
(S,S)-QuinoxP* (6 mol%), : Bpi
pin
Cs,CO;3 (2.0 equiv.), N R

18-crown-6 (0.5 equiv.)_ R
anisole, 20 °C, 24 h

n
/
/;

& +Co,

+ Bypin, yield up to 67 %,

e.r. up to 98:2

Scheme 1. Previously reported boracarboxylations of a)
acetylenes,”™ and b) styrenes,”'! and c) the present work on
stereoselective boracarboxylation.

Zhou and Tang reported a Cu-catalysed boracarbox-
ylation of styrenes using a chiral NHC—Cu catalyst
providing excellent enantioselectivities up to e.r
> 98:2 for electron-rich substrates.*!

Computational analyses of the regioselective bor-
acarboxylation of unsaturated substrates'® have in-
dicated a plausible reaction pathway, with elementary
steps involving i) formation of the reactive copper(l)
boronate species, ii) insertion of the unsaturated
substrate into the copper-boron bond, and iii) carbox-
ylation at the carbon bound to copper (Scheme 2).

Here, we present our work towards an asymmetric
boracarboxylation method allowing for the enantiose-
lective addition of CO, to styrenes, with good yields
and enantioselectivity (Scheme 1c¢). Furthermore, a
chiral boracarboxylation product was selectively trans-

o
O Na® B
pin
Bp'” [Cu]-OBu =i
i) ButO-Bpin
NaOtBu
[Cul@
[Cu]-Bpin
Bpm

iii) ii))
AT
[CU]
Bpin

Scheme 2. Proposed mechanism for the copper-catalyzed bor-
acarboxylation of styrenes. #2252
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formed to tropic acid, a precursor for several natural
products and drugs, demonstrating the utility of the
reaction and determining the absolute configuration of
the product. Detailed computational studies of the
reaction mechanism reveal multiple competing carbox-
ylation pathways, which impact the enantioselective
outcome.

Results and Discussion

Our investigation commenced with the development of
a regioselective boracarboxylation protocol based on
phosphine ligands. Our preliminary studies showed
that phosphine-based copper catalysts can be very
effective for boracarboxylation of styrenes (SI, Ta-
ble S1-S3). In particular the combination of [Cu-
(MeCN),]PF; and (S,S)-BDPP in the presence of
Cs,CO; as a base in 2-MeTHF leads to formation of
the boracarboxylation product of 4-methylstyrene in
84% isolated yield, albeit with a close to racemic result
(e.r. 48:52, Table 1, entry 1).

Based on the initial reaction conditions, we inves-
tigated a range of commercially available chiral
phosphine ligands (Table 1 and complete overview in
SI, Table S4). In addition, some chiral NHC-ligands
were included in the screening (Table 1, entry 7 and
8).2'=2 Relative to the results obtained for (S,S)-BDPP
(84% yield), the yields of the reaction dropped for
other chiral phosphines. The next best phosphine
ligands in terms of yield (44-46%) were (R,R,RR)-
BIBOP, (R)-Walphos and (35,3’S)-BABIBOP (entry 2—
4). At this stage, (35,3’S)-BABIBOP (entry 4) showed
the best enantioselectivity (e.r 23:77), with similar
enantiomeric ratios obtained for the well-known
ligands (R)-BINAP (e.r. 30:70; entry 5) and (Sg.R,)-
Mandyphos (e.r. 23:77; entry 6). The chiral NHC-
ligands L1 and L2 (entry 7-8) showed good yields
(71% and 72%), but low selectivities (L1 e.r. 35:65
and L2 e.r 48:52). The promising results obtained for
(3S5,3'S)-BABIBOP prompted us to extend our study
towards other P-chiral phosphines, such as (R R)-
BenzP* (entry 9) and (S.S)-QuinoxP* (entry 10).*")
While both resulted in poor yields (23-26%), (S,S)-
QuinoxP* (entry 10) exhibited an excellent enantiose-
lectivity, providing the boracarboxylation product with
an e.r. of 92:8. With these results in hand, we
proceeded to optimize reaction conditions using (S,S)-
QuinoxP* as chiral ligand.

Initially, we focused on altering the solvent.
Although ethers did not provide better results, some-
what improved yields of 40% were obtained with
anisole (Table 2, entry 2), which could be increased to
76% yield by doubling the catalyst loading to 10 mol%
(Table 2, entry 8). This reaction showed a good
enantiomeric ratio of 84:16. A change of the base to
alkoxides such as NaOrBu, which worked well for
carbene ligands,?'? did not improve yields (Table 2
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Table 1. The performance of selected chiral phosphines for the
boracarboxylation of 4-methylstyrene (1a).

/@/\
Me 1a

+ CO, (1 atm)
+ Bypin, (2.0 equiv.)

- Cote

(R,R,R,R)-BIBOP

[Cu(MeCN),]PFs (5 mol%), COOH
Ligand (6 mol%), Bpin
Cs,CO;3 (2.0 equiv.) *

2-MeTHF, 20 °C, 36 h e 2a

PPh,
PPh,

(3S,3'S)-BABIBOP (R)-BINAP

PCy, @L( Me
f = _PA, ArgP Fe P'r']NMez [!;LMe
1 - H .
Fe H Me M92N17/© (N®;T _ i
cl

Ph  PAr,

PhyR
PhyP
(S,S)-BDPP

Mes
(R)-Walphos (Skc.Rc)-Mandyphos L1
(Ar = 3,5-(CF3),CgHy) (Ar = 3,5-Me,CgHs)
tBu tBu
N b NP
H Q" TON-CeFs “Me S Me
Es ) !
. ~ e
H BFy P N7 P°
Me< ., H )
Me” H tBu
L2 (R,R)-BenzP* (S,S)-QuinoxP*
Entry Ligand e.r Yield™
1 (S,S)-BDPP 48:52 84%
2 (R,R,R,R)-BIBOP 43:57 46%
3 (R)-Walphos 39:61 44%
4 (3S5,3'S)-BABIBOP 23:77 45%
5 (R)-BINAP 30:70 22%
6 (SFoR.)-Mandyphos 23:77 20%
7 L1 35:65 71%
8 L2 48:52 72%
9 (R,R)-BenzP* 23:77 23%
10 (S,8)-QuinoxP* 92:8 26%

[ The enantiomeric ratio of the product was determined by
super critical fluid chromatography with a chiral column.
] Isolated yields.

entry 4). The copper source had critical impact on the
yield, with a change in counterion resulting in a drop
to 18-26% (Table 2, entry 5-7). Inclusion of different
additives such as phase transfer catalysts and weakly
coordinating anions did not provide any improvement
(Table 2, entry 12—15), apart from 18-crown-6 ether
(Table 2, entry 9), which demonstrated a significant
enhancement from 40% to 58% yield at 5 mol%
catalyst loading. The addition of 18-crown-6 did not
only increase the yield, but also slightly improved the
enantioselectivity from e.r. 92:8 to 96:4. Increased
catalyst loading with 18-crown-6 as an additive did not
result in further improvement (Table?2, entry 10).
Performing the reaction at —20 °C further increased the
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Table 2. Summary of the optimization of the reaction for (S,S)-QuinoxP* (n.d. = not determined).

COOH
catalyst (5 mol%), (S,S)-QuinoxP* (6 mol%), Bpin
X } . base (2 equiv.), additive *
/©/\ +COz (1.atm) =+ Bapinz (1.5 equiv) solvent, 20 °C, 24 h
Me Me
1a 2a
Entry Cu source Base Additive (mol%) Solvent er Yield®™
1 [Cu(MeCN),]PF, Cs,CO; - Dioxane n.d. 25%
2 [Cu(MeCN),]PF, Cs,CO; - Anisole 92:8 40%
3 [Cu(MeCN),]PF, Cs,CO; - Triglyme n.d. 19%
4 [Cu(MeCN),]PF, NaOrBu - Anisole n.d. 26%
5 [Cu(MeCN),]BF, Cs,CO, - Anisole n.d. 18%
6 [Cu(MeCN),]SbF, Cs,CO; - Anisole n.d. 20%
7 [Cu(MeCN),]BarF Cs,CO,4 - Anisole n.d. 26%
8 [Cu(MeCN),]PF, Cs,CO; - Anisole 84:16 76%™
9 [Cu(MeCN),]PF, Cs,CO;, 18-crown-6 (50) Anisole 96:4 66%
10 [Cu(MeCN),]PF, Cs,CO; 18-crown-6 (50) Anisole 937 60%!"!
11 [Cu(MeCN),]PF, Cs,CO; 18-crown-6 (50) Anisole >99:1 11%!
12 [Cu(MeCN),]PF, Cs,CO; TBAB (50) Anisole 95:5 42%
13 [Cu(MeCN),]PF, Cs,CO; PPh; (20) Anisole 91:9 32%
14 [Cu(MeCN),]PF, Cs,CO;4 monolaurin (20) Anisole 87:13 37%
15 [Cu(MeCN),]PF, Cs,CO; palmitic acid (20) Anisole 94:6 33%

4 Isolated yields.
110 mol% of Cu-source and 12 mol% of the ligand was used.
[ Reaction at —20°C.

enantioselectivity to an excellent e.r. of >99:1,
however at the cost of the isolated yield (Table 2,
entry 11).

We moved on to study the reaction for a range of
electron-rich, electron-deficient, and electron-neutral
styrenes (Scheme 3) using [Cu(MeCN),]PF//(S.,S)-Qui-
noxP* as precatalyst, Cs,CO; as base combined with
18-crown-6 as additive in anisole as solvent. Styrenes
with a methyl substituent in para, meta or ortho
position (la, 1d and 1g) could be selectively
functionalized in 37-66% yields with enantiomeric
ratios ranging from good (82:18) to excellent (96:4).

In general, electron-rich substrates 1a—1h gave
good enantioselectivities (>80:20), except for the
sterically more demanding substrates 1i—11 where the
enantioselectivity went down. The yields were fair (33-
42%). Investigating the mass balance for the boracar-
boxylation of 1a and 1d (SI, Spectrum S55-S56), we
observed the formation of borylated styrenes corre-
sponding to a competing B-hydride elimination instead
of a carboxylation pathway accounting for 23% and
30%, respectively. In both reactions, the boracarbox-
ylation and B-hydride elimination products accounted
for ~75% of the styrene starting material.

Electron-withdrawing substituents such as fluorine
(Im and 1p), trifluoromethyl (In and 1q), cyano
(10), nitro (1s) and ester (1t) resulted in comparable
yields to those seen for electron-neutral and -rich
systems (13-67%). Except for 1m (e.r 89:11), low
enantiomeric ratios were observed for electron-defi-
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cient substrates. Racemisation due to basic reaction
conditions was eliminated as a cause for the low e.r. by
stirring products 2 a, 2 p and 2 q for 24 h under reaction
conditions but without catalyst precursors, showing no
change in e.» We therefore hypothesised that electronic
effects from the substrate impact the enantioselectivity
of boracarboxylations. This hypothesis was investi-
gated by adding a fluorine to the -electron-rich
substrates 1e and 1h, which resulted in a noticeable
drop in e.r. for the products 2f and 2r. We note that
reduced enantioselectivities are commonly reported for
additions of Cu—H and Cu-Bpin complexes to elec-
tron-deficient alkenes.”™ A mechanistic study by
Hoveyda and coworkers suggested that reduced enan-
tioselectivity is caused by the formation of a non-chiral
Cu-alkyl intermediate formed upon ligand loss and
showed that increased ligand concentration improved
the selectivity.”™® However, for the boracarboxylation
of 1n an increased ligand concentration (from 6 to
12 mol%) did not influence the enantioselectivity.

We also explored the potential impact of the CO,
pressure on the enantioselectivity of the reaction. In a
recent study, the Popp group showed that higher
pressures of CO, can benefit the yield of the reactions
involving electron-deficient systems.”” Accordingly,
we investigated the influence of the CO, pressure on
the yield and enantioselectivity for electron-deficient
substrates (1m, 1n, 1p and 1q). While the yields for
the reactions involving these substrates increased for
products 2m (from <5% to 19%), 2n (from 38% to

© 2024 The Authors. Advanced Synthesis & Catalysis
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. [Cu(MeCN),4]PFg (5 mol%), (S,S)-QuinoxP* (6 mol%), COOH
+C0O;  +Bypiny Cs,CO;3 (2.0 equiv.), 18-crown-6 (0.5 equiv.) )\/Bpin
AN (1atm) (15 equiv) _ A
1 anisole, 20 °C, 24 h 2
COOH COOH COOH COOH COOH COOH
X_ _Bpin X _Bpin /©)*\/Bpin _ _Bpin _ _Bpin X _Bpin
Me MeO i-Bu F
2a: 66% 2b: 41% 2¢:31% 2d: 49% 2e: 42% 2f: 44%
e.r. 96:4 e.r. 98:2 er. 92:8 Me ¢ 8515 OMe ¢/ 82:18 OMe ¢ 79:21
Me COOH COOH COOH COOH COOH HOOC _« Bpin
{_-Bpin *__Bpin /©)*\/Bpln Bpin “)\/Bpin
Ph OO
2g: 37% 2h: 36% 2i: 32% 33% 2k: 40% 21: 41%
e.r. 82:18 e.r. 86:14 e.r. 73:27 e. r 76 24 e.r. 65:35 e.r. 63:37
COOH COOH COOH COOH COOH COOH

C?

* _Bpin X__Bpin X _Bpin Bpin Bpin Bpin
F F3C NC

2m: 19%2) 2n: 38% (48%) 20:67% 2p: 41% 2q 33% (48%2)) 2r: 31%
e.r. 89:11 e.r. 53:47 e.r. 52:48 e.r. 73:27 e.r. 68:32 e.r. 65:35
COOH COOH
X Bpin * Bpin
O,N 2s: 13% MeO,C 2t: 38%
e.r. 54:46 e.r. 51:49

Scheme 3. The substrate scope of the asymmetric boracarboxylation with isolated yields and enantiomeric ratios (e.r:). ® Yield

obtained at 5 atm of CO,.

48%) and 2q (from 33% to 48%), the enantiomeric
ratio was practically unaffected.

To establish the absolute configuration of the major
boracarboxylation product, we employed sodium per-
borate tetrahydrate to convert 2h to tropic acid 3h
(Scheme 4). The later was obtained in a quantitative
yield, with the enantiomeric ratio of the product
retained (SI, Chromatogram S21). Comparing tropic
acid 3h with commercial (R)-tropic acid as reference,
we established that the (R)-enantiomer of 2h was
formed upon boracarboxylation of 1h with (S,S)-
QuinoxP. The transformation of (R)-2h to (S)-tropic
acid 3h also demonstrates the formal total synthesis of

the natural product (S)-scopolamine,” and the anti-
cholineric drugs (S)-oxitropium (Oxivent)’” and (S)-
tropicamide (Mydriacyl)?"" via a boracarboxylation
(Scheme 4).

A computational analysis of the mechanistic details
was performed, initially focusing on substrate 1a and
the (S,5)-BDPP ligand (SI, Figures SI0-S11 and
Table S10). The most relevant reaction pathways (see
Scheme 5) were then studied with (S,S)-QuinoxP*. We
hypothesized that the first step of the reaction would
be the formation of the reactive copper borate A
through the activation of B,pin, with the base
Cs,CO,,% and the subsequent transmetallation be-

NMe Me

Ref.29:R=R1, Sn—Et
(S)-scopolamine o ®
COOH COOH o
: H 1= 2 _
- Bpin  NaBO;-4H,0 : OH Ref.30: R=R2, R'= RZ=
©/®\/ (5 equiv.), S (S)-oxitropium 30
>0 J h
H,O/THF (1:1)

1), Ref. 31: R= R k »* N
2h 20°C,3h 3h I -
(Sytropicacid  (S)-tropicamide IIEt | _N

Scheme 4. Transformation of (R)-2 h to (S)-tropic acid 3 h, a synthetic intermediate towards bioactive tropic acid esters and amides.
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S ¥ 4

N N N N N N \ 3
\)\ /\/ \)\ /\/ \/\ /( Bu C’ Me
Meal _JBu 1a  Mea_ _'Bu Mea _'Bu CO,
~P. _P7 SP. P P _PT ——> Oy _..OH
gy \C|u/ “Me T B \Cu/ “"Me T gy \Cu/ “Me 0\\c/0 —>, ¢
) Bpin )\/B in )*\/B in )'\/Bpin
Bpin Ar/w\z AT P Ar : Ar
A B c . _ Q ) E
- ; 2 ; ; N N
Ar= _§@Me N, N N, N >\_/<
\/\ /\/ \/\ /( vou [\, eu
Me \ M \ RN e
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Scheme 5. Proposed mechanism for the boracarboxylation of styrene 1a.

tween the activated diboron species and the copper
complex (see SI, Scheme S1 for details). Coordination
of styrene 1a to A leads to formation of intermediate
B, followed by a 2,1-boracupration to form the
borylated intermediate C (Scheme 5 and Figure 1). The
latter step involves the transfer of the borate to the
terminal position of the substrate, which in our
calculations has a low barrier (2.3 to 3.3 kcal/mol
relative to B, depending on the resulting stereoisomer.
The computed TSs were confirmed through IRC
calculations. We note that reported barriers for
boracupration are functional dependent (SI, Figur-

es S14-S15), with values of 10.5 to 31.1 kcal/mol
reported in the literature.””*****! The alternative 1,2-
boracupration displays a higher insertion barrier
(12.4 kcal/mol relative to B, ESI, Figure S12), explain-
ing the absence of the corresponding product in our
experiments.

The formed intermediate C exists as two diastereo-
meric forms (Cp and Cg) with either (R) or (S)
configuration at the benzylic carbon. The formation of
Cr and Cg is exergonic by 15.2 and 16.5 kcal/mol,
respectively, relative to A (Figure 1). Considering that
the reverse barriers from C to B are less than 20 kcal/
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Figure 1. Gibbs free energy profile (kcal/mol, PBE-D3BJ/pc-2//PBE-D3BJ/6-31 4+ G*(SDD for Cu), IEFPCM:THF, 298.15 K) for

the QunioxP*-Cu-mediated formation of intermediate C from 1a.
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mol at room temperature (Figure 1),*" it can be
assumed that the diastereomeric species can intercon-
vert, which would imply Curtin Hammett
conditions.”*’ However, we note that different func-
tionals provide a slightly different description of the
energetics: while PBE-D3BJ and PBEO-D3BJ support
a reversible borylation of 1a (Figurel and SI,
Figures S13-S14), optimizations with MO06 indicate
that the reverse step from C to B would have a barrier
of ~26 kcal/mol, making it less likely (SI, Figure S15).
Thus, the reversibility of the boracupration step cannot
be established conclusively (vide infra).

The subsequent CO, insertion into the diastereomeric
intermediates C, and Cg may occur through either an
inner or outer sphere CO, insertion. We have
previously shown that the preferred pathway is
determined by the substrate type and the size of the
ligand.”® For enantioselective reactions, it is important
to highlight that if CO, insertion occurs in an inner
sphere fashion (where CO, interacts with the Cu
centre), the configuration at the benzylic carbon in C is
retained, whereas outer sphere insertion (where CO,
does not interact with Cu) results in an inversion.
Consequently, both Cg and Cg can independently form
the carboxylated product species Dy and Dy.

Starting from Cg, the computed outer sphere
carboxylation TS has a barrier of 13.7 kcal/mol, which
is significantly lower than the inner sphere TS

5.0 4

50 4
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c }—(
»1655 Mea l:,,‘Bu
’ 'Bu cg 'Me
N N AV&Bpm
. ] N/ B
25.0 ME\P)—(P)BU g" o
By cd ‘Me
B TS(CD,)
Ar L °

-35.0 -

(17.4 kcal/mol, Figure 2). From Cj, both outer and
inner sphere pathways have near-identical barriers
(~14 kcal/mol relative to Cp, Figure 2). This highlights
that there is no clear preference for inner versus outer
sphere carboxylation of benzylic carbons with Qui-
noxP*-Cu as catalyst and both pathways can be
expected to occur. The reverse barriers from D to C
are higher than 40 kcal/mol (Figure 2), which indicates
that CO, insertion is irreversible at room temperature.
The overall thermodynamic driving force for the
formation of the free boracarboxylated products from
1a was computed to —67.3 kcal/mol.

The optimized geometries of the CO, insertion TSs
(Figure 3) show that the CO, molecule is stabilized by
C—H/O interactions with the substrate. In the inner
sphere TSs, a significant distortion of the substrate
occurs to accommodate the CO, molecule, which
interacts with both the benzylic carbon and the copper
atom. In the outer sphere TSs, the CO, molecule
approaches the substrate from the backside of the
Cbenzylic—Cu bond, with CO, showing significantly less
bending (O—C—O angles ~156°) compared to the inner
sphere TSs (O—C—O angles ~137°). Looking specifi-
cally at the lowest energy conformation, TS(CD,)s .z,
a C—H/O interaction (2.50 A) between the ligand and
one of the Bpin oxygens stabilizes this conformation
compared to TS(CD,)g_s (closest analogous interac-
tion is 3.47 A). Also the C—H/n interactions between
ligand and substrate are significantly stronger at TS-

TS(CDy)s_s 0.9

TS(CDi)r_g -1.1

TS(CDo)s—.r-2.9

N N
N/
Me\P> (P)Bu Bu g Me
Bu™ ' cq “Me |
,‘ ‘: [o] %, o\\czo
LAY b * .
" B
Ar o oA pin
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. Dr
TS(CD) e, -29.8
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Figure 2. Gibbs free energy profile for the insertion of CO, into the diastereomeric C intermediates (kcal/mol, PBE-D3BJ/pc-2//
PBE-D3BJ/6-31 + G*(SDD for Cu), IEFPCM:THF, 298.15 K, energies are given relative to A). TS(CD;) refers to inner sphere TSs,

and TS(CD,) refers to outer sphere TSs.
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TS(CDj)r-, r
AG¥=-1.1 kecal/mol

TS(CD)s_.
AG*= -2.9 kcal/mol

Figure 3. Optimized geometries of all four CO, insertion TSs,

TS(CDj)s, s
AG*¥= 0.9 kealimol

D)

156.1°

TS(CDo)g- s
AG*= -1.2 kealimol

grey =C—C(CO,) distances, red =attractive C—H/O interactions,

black =attractive C—H/n interactions, distances in A. Note that energies are relative to A, PBE-D3BJ/pc-2//PBE-D3BJ/6-31 +
G*(SDD for Cu), [IEFPCM:THF, 298.15 K. For clarity, only hydrogen atoms of interest are shown.

(CD,)s .z (down to ~2.7 A), compared to TS(CD,)x_.s
(~3.2 A, coordinates for all geometries are given in the
SI).

The enantioselectivity of the final reaction will
depend on the relative barriers for CO, insertion, as
well as on the reversibility of the boracurpation step.
We note that the backwards barriers (C to B, Figure 1)
are slightly higher than the forward CO, barriers (C to
D, Figure 2). For example, Cy to B has a computed
barrier of 15.2 kcal/mol (Figure 1), compared to 14.0
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for Cg to D (Figure 2). This trend is also seen for other
tested functionals (SI, Figures S13-S15) and may
indicate that C is more likely to be carboxylated than
to revert back to B. However, it is important to take
into account that the methodological approximations
made in computing the intramolecular boracupration
step (B to C) and the bimolecular CO, insertion (C to
D) are quite different; thus these barriers cannot be
compared directly, as their relative errors may be
several kcal/mol different.””!
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On basis of the computed results, we propose that
there are two possible scenarios regarding the fate of
intermediate C: The most likely scenario is that the
diastereomeric intermediates Cr and Cg are able to
interconvert (this is supported by feasible backwards
barriers computed with most computational protocols,
PBE-D3BJ[THF], PBE-D3BJ[anisole], PBEO-
D3BJ[anisole]; Figure 1 and SI, Figure S13-S14).
Under such circumstances, the e.r. of the final product
will only depend on the barriers of the energetically
available CO, insertion pathways.”* On the basis of
the four TSs leading to D (Figure 2), we obtain a
theoretical e.r. of 95:5 (298 K, PBE-D3BJ, THF) in
favour of the (R)-product, which is in excellent agree-
ment with the experimentally observed e.r of 92:8 to
96:4 (Table 1, entry 10 and Table 2, entries 2 and 9).
Other computational protocols provide very similar
results (PBE-D3BlJ[anisole]: 92:8, PBEO-
D3BJ[anisole]: 93:7; SI, Table S12, Figures S13-S14).
Interestingly, the effects of temperature on the com-
puted barriers reproduce the experimental trend, with
increasing e.r. as the temperature goes down (SI,
Table S13).

The second scenario is that the formation of
intermediate C is not reversible. As stated above, the
energetics with M06 indicate that the reverse step from
C to B has a relatively high barrier (~26 kcal/mol, SI,
Figure S15). Thus, M06 predicts that mostly C, will
be formed and carboxylated, with a preference for an
inner sphere TS, leading to a predicted e.r. of 97:3 (SI,
Figure S15), again in excellent agreement with the
experimental selectivity. This result highlights that
high enantioselectivity can be obtained for this reaction
also in the absence of Curtin-Hammett conditions.
Further experimental analysis is recommended to
evaluate the reversibility of the boracupration step.

As discussed above, when examining the crude
reaction mixtures of the boracarboxylation of 1a, we
see 23% of borated styrene (SI, Spectrum S55),
possibly formed through a competing B-hydride-elimi-
nation from C, in line with previous results.”'? We
calculated the B-hydride elimination pathway using
(S,5)-QuinoxP* as ligand, which shows a barrier of
17.1 kcal/mol (SI, Scheme S2), thus being 3.4 kcal/mol
higher than the lowest CO, insertion step (13.7 kcal/
mol, Figure 2). This energy difference rationalizes the
formation of small amounts of borated styrene in
experiments.

Conclusion

We have developed a boracarboxylation method for the
enantioselective addition of CO, to styrenes, using a
chiral copper catalyst derived from the P-chiral ligand
(S5,5)-QuinoxP* and [Cu(MeCN),]PF,. Our approach
provides the boracarboxylation product with high
regioselectivity and yields between 31-76%. The
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enantioselectivity of the reaction clearly depends on
the electronic structure of the styrene, with electron-
rich styrenes providing the best enantiomeric ratios
> 80:20. Detailed computational studies of the mecha-
nism show that the reaction occurs through multiple
competing pathways, which impacts the enantioselec-
tive outcome. For the studied copper precatalysts based
on phosphine ligands, we find that inner and outer
sphere carboxylations show similar barriers, indicating
that both pathways will compete. This phenomenon
significantly impacts the enantioselectivity and compli-
cates the development of a robust enantioselective
method. Nonetheless, our synthetic protocol provides
enantiomeric ratios of up to 98:2, which are compara-
ble to the best enantioselectivities reported so far for
CO,-based carboxylations. The chiral B-boronated
carboxylic acids accessible in this way provide
valuable building blocks for the synthesis of natural
products and pharmaceuticals as shown by the syn-
thesis of (S)-tropic acid, an intermediate in the syn-
thesis of some tropane alkaloids and drugs derived
thereof.

Experimental Section

Synthetic details: Commercially available starting materials,
reagents, catalysts, ligands, solvents, and anhydrous solvents
were used without further purification. The chiral ligands were
purchased from Sigma Aldrich and Stream chemicals. Race-
mates were prepared according to the literature procedure.”'”
Non-anhydrous solvents were dried using activated 4 A molec-
ular sieves. 'H, °C and "’F NMR spectra were recorded on a
Bruker Avance 400 MHz at 20°C. All '"H NMR spectra were
reported in parts per million (ppm) downfield of TMS and were
measured relative to the signals for residual CHCI; (7.26 ppm).
All ®C NMR spectra were reported in ppm relative to residual
CDCly (77.20 ppm) and were obtained with 'H decoupling.
Coupling constants, J, were reported in Hertz (Hz). High-
resolution mass spectra (HRMS) were recorded from methanol
solutions on an LTQ Orbitrap XL (Thermo Scientific) either in
negative or in positive electrospray ionization (ESI) mode.
Infrared spectra were recorded on an Agilent Cary 630 FT-IR
spectrometer and absorptions are reported in wavenumber
(cm™); br=broad, s=strong, m=medium, w=weak. Melting
points were recorded using Stuart SMP50 automatic melting
point detector. Optical rotation measurements were performed
using a Polarimeter AA-10R from Optical Activity LTD.
Determination of e.r. values were carried out on a Waters
ACQUITY UPC2 system equipped with a Trefoil™ AMY1,
2.5 um 3.0 x 150 mm column. Compounds were detected on a
Waters ACQUITY PDA detector spanning wavelengths from
190 to 400 nm. The resolution of the products was performed
with a mobile phase consisting of supercritical CO, and i-PrOH
containing 0.5% of TFA and a linear gradient of 2—20% i-PrOH
over 8 min followed by isocratic 1.5 min of 20% i-PrOH with a
flow rate of 1.0 mL/min (SFC method A) or a linear gradient of
2-30% i-PrOH over 8 min followed by isocratic 1.5 min of
30% i-PrOH with a flow rate of 1.5 mL/min (SFC method B).
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Representative Procedure for the Asymmetric Bor-
acarboxylation

An oven dried 100 mL round bottom flask (see Figure S1) and
a stir bar were introduced to the argon filled glove box. To the
round bottom flask, a magnetic stir bar, B,pin, (1.5 equiv.), base
(2.0 equiv.), ligand (6 mol%) and Cu-salt (5 mol%) were added,
closed with a septum, and sealed tight using electric tape. To
the flask, 20 mL of solvent were added and left stirring for
30 minutes. Then the corresponding styrene (1 equiv.) was
added, and a balloon filled with dry CO, was attached to the
flask. The round bottom flask was then left stirring for 24 hours
at 20° C (see Figure S5). Afterwards, the flask was opened to
air and the content was diluted with 20 mL of Et,0. The
reaction mixture was transferred into a 250 mL separating
funnel where the organic layer was extracted using a solution of
saturated NaHCO; (3x30 mL). Then the separated aqueous
solution was first washed with Et,0 (3x30 mL), acidified by
slow addition of 60 mL 6 M HCI and then extracted using Et,O
(3x30 mL). The organic solution was washed using 30 mL of
distilled water. Afterwards the organic solution was evaporated
to dryness to give the product.

Computational Details

All molecules were calculated without truncations or symmetry
constraints, using the Gaussian 16 program, revision B.01.B%
Geometries were optimized at the PBEP” level of theory with
the 6-31-+G* basis set®” (using the SDD ECP for Cu),
including the D3BJ dispersion correction by Grimme.*"! The
solvation effects were included implicitly using the polarizable
continuum model (PCM) with the parameters for THF.M
Transition states and minima were confirmed through frequency
calculations (no imaginary frequencies for minima, one imagi-
nary frequency for transition states). Single point energies were
computed with the pc-21*! basis set. All Gibbs free energies are
given at 298.15K and 1 atm. The theoretically predicted e.r.
was determined using a modified version of the Eyring equation
(see equation in ST).%44
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