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Dynamic Kinetic Resolution Allows Control of Remote
Stereochemistry in Asymmetric Hydrogen Borrowing Alkylation
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Bastian Bjerkem Skjelstad, Kirsten E. Christensen®, Peter Barton, Fernanda Duarte,* and

Timothy J. Donohoe*

Abstract: A catalytic asymmetric method for the syn-
thesis of y-substituted ketones via hydrogen borrowing
alkylation of both racemic linear precursors and 1,5-
diols is described. The base mediated racemization of an
intermediate cyclohexenone to facilitates a dynamic
kinetic resolution, affording highly enantioenriched
cyclohexanes in excellent yields, which could be further
functionalized by removal of the Ph* group. DFT
modelling revealed the mode of enantioinduction to be
a stepwise process comprising of a hydride transfer and
a coordination change to a m-allylic enolate complex
with the iridium catalyst. )

Hydrogen borrowing (HB) catalysis has recently emerged
as a powerful method for C—C bond formation enabling use
of alcohols as electrophiles via a temporary change in
oxidation state.!'l Importantly, this negates the use of toxic
alkyl halides and pseudo-halides. Despite large advances in
the field, asymmetric HB methods are relatively underex-
plored (in particular for C—C bond formation) and would
provide an opportunity to convert racemic alcohols into
prochiral intermediates, such as enones, that can subse-
quently be reduced to give enantioenriched products.”

We have previously reported a HB-based annulation
process using Ph* ketones and 1,5-diols to afford six-
membered rings; these reactions form two new C—C bonds

[*] D.M. ). Cheang, J. L. Crompton, Dr. M. M. Amer, F. Battiti,
Dr. B. B. Skjelstad, Dr. K. E. Christensen,” Prof. Dr. F. Duarte,"
Prof. Dr. T. ). Donohoe
Department of Chemistry, University of Oxford, Chemistry Research
Laboratory, Mansfield Road, Oxford, OX1 3TA (UK)
E-mail: fernanda.duartegonzalez@chem.ox.ac.uk
timothy.donohoe@chem.ox.ac.uk

P. Barton
Oncology R&D, AstraZeneca, Cambridge Biomedical Campus,
1 Francis Crick Avenue, Cambridge, CB2 0AA (UK)

Kirsten E. Christensen to whom correspondence regarding the X-ray
structures should be addressed. Fernanda Duarte to whom corre-
spondence regarding the DFT calculations should be addressed

T © 2025 The Author(s). Angewandte Chemie International Edition
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution License, which
permits use, distribution and reproduction in any medium, provided
the original work is properly cited.

=

Angew. Chem. Int. Ed. 2025, 64, €202424959 (1 of 6)

and their efficiency can be attributed to the acyl Ph*
(C4Me;) group.”! Here the unique ability of the two ortho
methyl groups to protect the carbonyl prevents nucleophilic
attack by metal hydrides or enolates in situ. Building upon
our work to access racemic cyclohexanes we have shown
that the absolute stereochemistry can be influenced at three
of the four stereocentres by using various strategies (A,
Scheme 1A). While distant (eg. 8) centres already present
within the diol remain unchanged,® stereochemical deter-
mination at the o-position is achieved using thermodynamic
control via base mediated epimerisation in situ (A).
However, most work in this field has concentrated on
asymmetric induction at the B-position (B). In this case,
reduction of an intermediate tetra-substituted enone by a
catalyst/chiral ligand leads to control of absolute stereo-
chemistry in the products.! An outstanding challenge lies in
stereochemical control of the y-stereogenic centre, which
has been observed to be vulnerable to racemization under
the basic conditions of the reaction.*’]

However, we considered that this racemization could be
used as an opportunity to conduct a dynamic kinetic
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Scheme 1. A) General overview of stereocontrol during the hydrogen
borrowing promoted formation of six-membered rings. B) This work:
dynamic kinetic resolution. Ph* =C¢Mes, L* =chiral ligand.
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resolution (DKR) to obtain y-functionalized enantioen-
riched ketones from racemic alcohol substrates. Here we
were inspired by the elegant work of Zhao, and others, on
the application of DKR processes to hydrogen borrowing
reactions.’”! To explore the DKR step, we chose to inves-
tigate the hydrogen borrowing cyclisation of a racemic linear
precursor alcohol, 3 (Scheme 1B). It was proposed that
metal-catalyzed oxidation of 3 would give aldehyde C, which
could undergo a base promoted aldol reaction to form
enone D. This stereochemically labile intermediate could
rapidly racemize through deprotonation/re-protonation via
an extended enolate. In the presence of a chiral ligand, L*,
reduction of the matched enantiomer of enone D would
afford the desired product 4. The key to success would rely
on balancing the rate of enone racemization versus reduc-
tion within a complex multistep reaction and would grant
access to enantioenriched y-substituted ketones from race-
mic alcohol starting materials.

We commenced our study with racemic alcohol substrate
3a, and in line with our previous studies¥ in the presence of
Ir(cod)acac (4 mol %), (R)-DTBM-SEGPHOS (5, 5 mol %)
and KOBu (2equiv.) in ‘BuOH at 110°C, the desired
product 4a was afforded in 84 % yield and 88:12 er (Table 1,
entry 1). Comprehensive screening found that various chiral
diphosphine ligands did not improve the enantioselectivity
(see ESI for full details). When moving to the ferrocene

Table 1: Optimization of an enantioselective DKR hydrogen borrowing
reaction.

4\"‘)(4 mol%)
Ilgand (5 mol%)
W O’Bu (2 equiv.) ﬁko
(+)-3a BUOH, 110 °C,18 h
Entry  Base (equiv.) Ligand  Yield™ dr®! er'd
1 KO'Bu (2.0) 5 87 (84) 91:9 12:88
2 KO'Bu (2.0) 6 33 93.7 50:50
3 KO'Bu (2.0) 7 87 90:10 52:48
4 KO'Bu (2.0) 8 82 (81) 91:9 97:3
5 KO'Bu (2.0) 9 14 92:8 46:54
6 KO'Bu (2.0) 10 14 93:7 63:37
7 KO'Bu (0.5) 8 39 90:10 69:31
8 KO'Bu (4.0) 8 59 88:12 97:3
9 KOH (2.0) 8 51 92:8 67:33
10 NaO'Bu (2.0) 8 35 92:8 78:22

Reaction conditions: Ir(cod)acac (4 mol%), ligand (5 mol%) and base
in 'BUOH (0.6 M) at 110 °C. [a] Determined by reverse phase HPLC
analysis vs 1-bromo-2,3,4,5,6-pentamethylbenzene as an internal
standard; values in parentheses indicate the yield of isolated product.
[b] Determined by reverse phase HPLC analysis. [c] Determined by
normal phase HPLC analysis using a chiral stationary phase. cod =
1,5-cyclooctadiene; acac = acetylacetonate; DTBM = 3,5-di-tert-butyl-

4-methoxyphenyl; PPF = phenyl phosphino ferrocenyl
O

¢ O PPh, PAr, PPh Me
0 PAr, (I == @) ‘Me H; N

Y PPh, PPh, : H
0 PAr, = Fe e Fe PPh
Ly e S ©&f &
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ligand class, ligands such as 6 and 7 (entries 2-3) did not
prove successful; however less commonly used ligand [Rp,S]-
PPF-NH, (8) gave the desired product in 81 % yield and
97:3 er. Interestingly, two structural analogues 9 and 10
gave nearly racemic material (entries 5-6). In line with our
original hypothesis, reducing the equivalents of base from
2.0 to 0.5 equivalents lowered the er from 97:3 to 69:31
(compare entries 4 and 7), presumably due to a reduction in
the rate of racemization and the efficiency of the DKR.
Increasing the base equivalents did not further increase the
enantioselectivity and led to a decrease in yield (entry 8).
Furthermore, we found that the reaction was highly sensitive
to the nature of the base: KOH was detrimental to the
reaction (entry9) and changing the counterion led to
inferior results (entry 10).

Using the optimized conditions (Table 1, entry 4), we
examined the hydrogen borrowing cyclisation of a range of
racemic starting materials (3a-h), all of which have
functionality at the y-position of the product (Scheme 2).
Pleasingly, each example gave the combination of high yield
and enantioselectivity in products 4a—h which is indicative
of a DKR process. In general, ligand 8 performed extremely
well giving enantiomeric ratios of up to 98:2 combined with
high yields of the products, enabling us to rule out a kinetic
resolution pathway. Broadly, we found that (R)-DTBM-
SEGPHOS ligand 5§ was a second choice compared to ligand
8 (see Table 1) with one exception being the formation of
compound 4h, where a higher er was found using ligand 5.

(¥)-3a-h 4a-h =91:9dr

r(cod)acac (4 mol%) (o]
ngand 8 (5 mol%)

O'Bu (2 equiv.)
BUOH, 110 °C, 18 h

[¢] 0]
Ph**o,Bu /_f\\ /H:\/r\)\ )\O/\V e

4a 81%, 97:3 er 4b 90%, 95:5 er

*OA= g ae i fﬂ\\\‘

X-ray X-ray
4d 89%, 98:2 er 4e 77%, 97:3 er

S *o”m*o % oe

X-ray of
4h 75%, 88:12 er ent 4htel
4h 86%, 10:90 er®

ﬁOKO
4a; 76% yield

recrystallization |: 97:3 er; 91:9 dr
(81% recovery) [, .97 g, 99:1 er; 5955 dr

4c 62%, 92:8 er

4f 79%, 96:4 er 49 70%, 91:9 er
Gram scale reaction and recrystallisation
] Ir(cod)acac (4 mol%)

W oy Ligand8 (5 moi%)
()3a

KO'Bu (2 equiv.)
110 °C, 'BUOH, 24 h
(1.66 g, 5.00 mmol)

Scheme 2. Substrate scope of the dynamic kinetic resolution via hydro-
gen borrowing cyclisation. Yields shown are isolated material. Enantio-
meric ratio (er) determined by HPLC analysis using a chiral stationary
phase. [a] X-ray structure was obtained on material derived from a
reaction utilizing (R)-5
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The Ph* group usually imparts crystallinity onto most
compounds, allowing us to obtain single crystal X-Ray
structures of products 4a, 4d, 4e and 4h allowing determi-
nation of their absolute stereochemistry (the remaining
products are assigned by analogy).”! It also provides an
opportunity for a stereoselective recrystallization to enrich
the enantiopurity of the compounds. This possibility was
exemplified in a scale-up of the procedure (1.66g,
5.00 mmol) whereby the er of product 4a increased to 99:1
on recrystallisation, and approximately one gram of enantio-
pure product was obtained (Scheme 2).

Next we attempted to incorporate our strategy into the
direct formation of a cyclohexane from a 1,5-diol and
Ph*COMe 1 (Scheme 3A). The reaction furnished the target
cyclohexanes 4 in a single step in good yields; however there
was a decrease in the er compared to the analogous products
in Scheme 2. To investigate this drop in selectivity, the key
cyclohexene intermediate D (Scheme 1), was isolated by
modifying the reaction system with a sterically hindered
ligand (Scheme 3B).!) In this reaction, the cyclohexene
product 12 was formed as an 88:12 mixture of regioisomers
(12d:12d°). We propose that this mixture is the key to
understanding the drop in er for the formation of products
4a and 4d when using diols 11a and 11d (Scheme 3A) in
comparison to starting from 3a and 3d (Scheme 2).

If we assume that a mixture of regiomeric enone
intermediates is formed under the conditions in Scheme 3A,
(here no enone was isolated and full reduction of the

A|Forma[ion of enantioenriched cyclohexanes from 1,5-diols o
o OH Ir(cod)acac (4 mol%) R=B
ﬁ‘\ . K/\(\OH 8 (5 mol%) " 4a 83%, 86:14 er
KO'Bu (2 equiv.) 92:8 dr
BUOH, 110 °C, 18 h
1 (x)-11a & 11d

Bae

4d 70%, 90:10 er
91:1dr

e
=0

B |A bulky ligand prevents reduction of the cyclohexene
[Ir(cod) Cl]z (1 mol%)
CataCXnum A (4 mol%)

ﬁ‘\ KOH (4 equiv.)

+-11d PhMe, 115°C 24 h

65%
88:12rr

C | Loss of regiocontrol erodes enantiomeric purity

[0} I\[ )‘\Oﬂ H] Ph*)k()
OH o DKR
W\OH

1,5-H shift enantroenr/ched

[H]
J/I —= Ph* — Ph

Scheme 3. A) Formation of enantioenriched cyclohexenes from 1,5-
diols. B) Isolation of the key cyclohexene intermediate using a bulky
phosphine ligand. C) Mechanism to rationalize the stereochemistry
observed from 1,5-diols.

4
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intermediates is assumed), only regioisomer 12d is capable
of undergoing the desired DKR process and give the
enantioenriched product. Regioisomer 12d’ is not able to
racemize at the y-stereogenic centre and would be unpro-
ductive in the DKR. Note that this intermediate should still
afford the reduced product (as a racemate) thereby lowering
the overall er of the product but not affecting the reaction
yield. Our proposition for the formation of two regioisomers
in Scheme 3B has its origins in the formation of regiomeric
hydroxy aldehydes E & E’ derived from either (i) oxidation
of alternate ends of the diol or (ii) interconversion of the
aldehydes E & E’ via a 1,5-hydride shift (Scheme 3C)."
When E/E’ undergo a dehydrating aldol reaction with 1,
they would lead inexorably to the formation of cyclohexenes
12 and 12’ respectively (this sequence involves an intermo-
lecular aldol reaction, a 1,5-hydride shift and finally an
intramolecular aldol reaction). Therefore, to obtain the
highest possible enantioselective control and avoid regio-
meric mixtures of the cyclohexene intermediate, the use of
linear precursors is necessary. However, synthetic access to
y-substituted cyclohexanes is still possible from 1,5-diols
with good enantioselectivity.

Finally, using 4a produced on larger scale as a single
enantiomer we were able to derivatise the Ph* ketone to a
variety of functional groups (Scheme 4). Removal of the Ph*
group with the addition of bromine, followed by direct
addition of a nucleophile to the intermediate acid bromide
formed a wide range of carbonyl derivatives in excellent
yields and without loss in stereochemical integrity. We were
able to form carboxylic acids 13, alcohols 14, esters 15 & 17,
and amides 16 & 18 in a one-pot procedure. As expected,
the use of enantiopure nucleophiles gave compounds 16 and
17 as single diastereoisomers.

Intrigued by the efficacy of underutilized ligand 8, we
investigated potential reaction pathways computationally.
Density-functional theory (DFT) calculations were per-
formed to model hydride transfer from the chiral iridium
hydride bearing ligand 8 to the mn’-coordinated enone
intermediate 12 with R=Bu (see ESI for analogous calcu-
lations with R=Me), in order to rationalise the observed

Ph

0] o
H

‘ )

13 90%, >95:5 dr

(0]
HO/\(j ) ﬁk{) v)

14 91%, >95:5dr 423 99:1 er, >95:5 dr 17 85%, >95:5dr

Qe e] bﬁf*o

15 80%, >95:5 dr Fs 18 78%, >95:5dr

16 84%, >95:5 dr

o
(¢)

Scheme 4. Derivatization of the Ph* group. Br, (2 equiv.) CH,Cl,,
—17°C then add (i) aq. NaHCO;; (ii) LiAIH, (5 equiv.); (iii) N-hydroxy
phthalimide (2 equiv.), 'Pr,NEt (4 equiv.); (iv) H-D-Phe-O'Bu-HCl

(2 equiv.), 'Pr,NEt (4 equiv.); (v) L-(—)-menthol (2 equiv.); (vi) 3,5-
ditrifluoromethyl benzylamine (2 equiv.).
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selectivities. The Cambridge Crystallography Database con-
tains the structure of a closely related Ir(I) complex with
ligand 8, which reveals a square planar geometry with a
bidentate ligand binding mode.'! Considering this, we
constructed an initial catalyst-complex structure resembling
the previously reported square planar geometry.

When considering the stereochemistry of the reaction,
there are eight distinct configurations for the hydride trans-
fer. However, only four of them, with the phosphine group
trans to Ir-H, are reactive.'’” These four reactive config-
urations involve Ir coordinated to either the Re- or Si-face
of the enone, which can be present as either the (R)- or the
(S)-isomer (ESI, Figure SX1). These four reactive config-
urations were subjected to further calculations at the
©B97X-D3BJ/def2-QZVP/CPCM(:BuOH) level using the
ORCA 5.0.3 program™! (see ESI). Our calculations reveal a
stepwise mechanism, in which the hydride first migrates
from Ir to the carbon B to the carbonyl group, forming a o-
like complex where Ir is coordinated to the a-carbon. This
complex then undergoes a coordination change from n' to
7, resulting in a m-allylic enolate complex with Ir (Fig-
ure 1a). A difference in rate-limiting (and enantiodetermin-
ing) step was observed depending on the complex config-
uration. In the first step, the two configurations with the Bu
group on the same face as the transferred hydride (Re-(R)
and Si-(S)) exhibit the lowest barrier (Figure la, blue and
gray profiles), while in the second step, the two Si-face
configurations are preferred (Figure la, green and blue
profiles).

The Si-(S) and Re-(R) configurations (Figure 1b, top and
bottom, respectively) represent the lowest-energy pathway
for the (S) product and the highest-energy pathway for the
(R) product, respectively. A non-covalent interaction (NCI)
analysis" for these pathways revealed favourable interac-
tions between the Bu group and the Ir-complex in the
hydride transfer for both configurations (Figure 1b, top left
and bottom left), which are absent in the Re-(S) and Si-(R)
pathways (see ESI). However, Re-(R) exhibits a high-energy
transition state in the coordination change step with a late
transition state (this makes the hydride transfer reversible)
and it is the least favoured pathway amongst the four
configurations, with Ir-o-C and Ir-O distances 0.16 and
0.17 A shorter than in the Si-(S) transition state, respec-
tively. In contrast, aromatic n-stacking interactions between
the aryl phosphine Ph ring and the enolate Ph* stabilise
both the Si-(R) and Si-(S) coordination change transition
states, with the latter being the preferred pathway (Fig-
ure 1b, top right).

Using the Boltzmann average of the rate-determining
barriers for the four different paths led to a computed er of
94:6 (4a) (and 89:11 for 4h, R=Me, see ESI), in agreement
with the experimentally determined values (97:3 er (4a) and
88:12 er (4h)). It is interesting (and beneficial) that with
R =Bu, the two lowest energy pathways (Si-(S) and Re-(S))
both reduce the (S) enantiomer of the enone and, in this
case, give the same product.

In conclusion, we have developed a hydrogen borrowing
alkylation which enables stereochemical control of remote y-
stereocentres in substituted cyclohexanes using a dynamic

Angew. Chem. Int. Ed. 2025, 64, €202424959 (4 of 6)
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— Si-(R) 82
— Si—(S) [6.5] / 5 8‘]‘\\

AG [keal mol']

~——Hydride Transfer ———»———Coordination Change ——s

Reaction coordinate

b)

Si—(S) Si—(S)
AGar* = 4.5 keal mol™! AG, 1.10,3" = 1.8 keal mol”

2 kcal mo

Figure 1. a) Energy profile for the two-step reaction involving hydride
transfer from Ir-H to the enone and n'-to- n* coordination change;
relative energies in kcalmol™ (shown in brackets) relative to the
lowest-energy reactant complex, Re-(R). b) Non-covalent interaction
(NCI) plots for the Si-(S) and Re-(R) transition states, where Re or Si
indicate the enone face that Ir is coordinated to, and (R) or (S) refer to
the enone isomer. Ir, Fe, C, N, O, P and H are shown in purple, light
green, gray, blue, red, orange and white, respectively. C—H hydrogens
except for the migrating hydride and those of the R=Bu group are
omitted for clarity. Blue, red and green isosurface regions indicate
strongly attractive, weakly attractive and repulsive NCls, respectively,
plotted with isovalue 0.3 in the range [—5,5].

kinetic resolution strategy. By utilising in situ racemization
of a key enone intermediate, combined with a chiral iridium
catalyst (Ir(cod)acac and [Ry,S]-PPF-NH,), this DKR proc-
ess affords enantioenriched carbocyclic products in high
yields with excellent diastero- and enantiomeric control
from racemic starting materials. These products could also
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be accessed directly from 1,5-diols, and the underlying
stereochemical control for these substrates was investigated.
The origins of the enantioselectivity were probed through
DFT modelling, which described the energy barriers for a
stepwise reaction mechanism comprising a hydride transfer
and a coordination change to a n-allyl enolate complex with
the catalyst. Finally, derivatisation of the Ph* ketone
demonstrates the utility of this strategy for accessing a
diverse range of products with defined stereochemistry.
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