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Abstract

Understanding how catalytic asymmetric reactions with racemic starting materials can operate would enable new
enantioselective cross coupling reactions giving chiral products. Here we propose a catalytic cycle for the highly
enantioselective Rh(l)-catalysed Suzuki-Miyaura coupling of boronic acids and racemic allyl halides. Natural
abundance '*C kinetic isotope effects provide quantitative information about the transition state structures of two
key elementary steps in the catalytic cycle — transmetalation and oxidative addition. Experiments using
configurationally stable, deuterium labelled substrates reveal oxidative addition can happen via syn- or anti-
pathways which control diastereoselectivity. DFT calculations attribute the extremely high enantioselectivity to
reductive elimination from a common Rh complex formed from both allyl halide enantiomers. Our conclusions are
supported by analysis of the reaction kinetics. These insights into the sequence of bond-forming steps and their
transition state structures will contribute to understanding asymmetric Rh-allyl chemistry and enable the discovery

and application of asymmetric reactions with racemic substrates.

Introduction

Suzuki-Miyaura cross-coupling is used extensively for C(sp?)—-C(sp?) bond formation (Fig. 1a). One reason for the
broad adaptation of this method is the wide range of organoboron reagents that are readily available and easy to

handle, providing advantages over other organometallic reagents. Since the first report in 1979, tremendous effort



has been directed towards further development, leading to Suzuki’s receipt of the 2010 Nobel Prize in Chemistry
alongside Heck and Negishi.?

The development of asymmetric cross-coupling transformations with organoboron reagents is an area of active
investigation. Reported strategies include starting from single enantiomer alkylboronates, enantiopure
electrophiles, and desymmetrisations.® Boronic acids and derivatives have been employed in enantioselective
allylic arylations mostly catalysed by Rh,* ® Cu,® Pd” and Ni.2 Some stereospecific allylic arylations have also been
developed using Pd® and Cu.™

We have developed a highly enantioselective Suzuki-type coupling between arylboronic acids and racemic cyclic
allyl halides catalysed by Rh-bisphosphine complexes (Fig. 1b)."" We have demonstrated the use of vinyl and
(hetero)arylboronic acids in combination with racemic (hetero)cyclic electrophiles.’® The versatility of the method
was highlighted by synthesis of the natural product (+)-isoananbasine,'? and anticancer agent niraparib (Fig. 1b)."®
However, this transformation is currently limited to electrophiles that, after cleavage of the carbon—halogen bond,

are achiral about the allyl unit.' 14
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Figure 1. Suzuki-Miyuara cross coupling (a) Classical Suzuki-Miyuara coupling. (b) The enantioselective Rh-catalysed Suzuki-Miyaura
coupling to form C(sp®)-C(sp?) bonds and selected compounds which can be synthesised using this method. (c) A simplified catalytic cycle

showing the proposed mechanism in this work with key steps including transmetalation, oxidative addition and reductive elimination.

Detailed mechanistic studies on Rh-catalysed asymmetric additions are scarce. Hayashi and co-workers reported
a key study on additions of arylboronic acids to cyclic o,B-unsaturated ketones.'® For that transformation, after
transmetalation, 2-cyclohexenone inserts into the Rh-aryl bond to form an oxa-n-allyl Rh species which hydrolyses

to release the product. A subsequent kinetic study revealed that transmetalation from boron to Rh was the rate-



determining step.'®

Asymmetric allylic addition reactions with racemic electrophiles may occur via several distinct mechanistic
pathways. Dynamic kinetic asymmetric transformations (DYKATSs) catalysed by Pd using stabilised nucleophiles
occur via a well-understood mechanism; both enantiomers of the starting material are converted to a common
pseudo-prochiral intermediate, and a subsequent outer-sphere addition of the nucleophile creates the new
stereogenic centre.’” A similar DYKAT mechanism may be operative here where oxidative addition of both
enantiomers of the substrate results in a Rh-allyl species. Transmetalation of that species would be followed by an
inner-sphere nucleophilic attack to give the arylated product.'®

Cu-catalysed asymmetric addition of alkylzirconium reagents to racemic allylic substrates,’® in contrast to Pd-
catalysed mechanisms, involves dynamic kinetic resolution facilitated by a Cu-halide-ligand complex.?’° The
complex acts to interconvert enantiomers of the allyl chloride, as well as catalyse addition, and one enantiomer
reacts more readily to give an enantioenriched product. The Rh-catalysed arylation here could operate via a related
mechanism, involving facile interconversion of substrate enantiomers followed by a stereospecific addition step.
Rh-catalysed hydroarlyation and Rh-catalysed processes involving diene electrophiles are known.?'23 A
mechanism could be operative here where elimination of the allyl halide forms a diene intermediate which then
undergoes hydroarylation with a Rh-aryl species. Other plausible mechanisms include various radical
processes,?* 25 and direct enantioconvergent processes where the two starting enantiomers react via different
mechanistic pathways to give the same enantiomer of the product.?®

In order to further understand the limitations and potential of Rh-catalysed asymmetric additions and of catalytic
processes involving racemic substrates, we set out to design a series of experimental and computational
experiments to reveal the mechanisms involved in this transformation. Here, we discuss our experimental and
computational studies that rule out the mechanistic scenarios outlined above, and instead are fully consistent with
the proposal shown in Fig. 1c. The available evidence is congruent with the scenario in which a monomeric active
catalytic species (I) reacts with the arylboronic acid (1) forming a Rh-aryl intermediate (ll). Irreversible oxidative
addition with both allyl chloride enantiomers yields a common n? complex (V), although one enantiomer of 3 reacts
faster than the other. The subsequent reductive elimination step is enantiodetermining and sets the configuration

of the product, as dictated by the absolute stereochemistry of the ligand.



Results

Preliminary NMR Spectroscopic and Mechanistic Experiments

NMR spectroscopy was used to examine the reaction between [Rh(cod)(OH)]2 and (S)-Xylyl-P-Phos ((S)-L1) in
THF-ds. By comparing our data with literature reports,’ we identified the formation of pre-catalytic species
[Rh(L1)(OH)]2 and the mixed [Rhz(cod)(L1)(OH)z] dimer. Rh-ligand dimer [Rh(L1)(OH)]2 undergoes rapid reaction
with phenylboronic acid to give a Rh-aryl species. In contrast, when allyl chloride 3 was added to [Rh(L1)(OH)]z,
no reaction was observed even upon heating. These observations are not consistent with mechanisms initiated by
the allylic electrophile first reacting with a metal-complex.'®

Strikingly, formation of the pre-catalyst [Rh(L1)(OH)]2 did not give a single clean species and was often
accompanied by varying amounts of other species featuring *'P singlet peaks at 25.7, 24.2 and —14.7 ppm, which
we attribute to mono- and di-oxidised forms of ligand. Attempts to further characterise this reaction using in situ
NMR spectroscopy were hindered by formation of complex mixtures of phosphorous containing species, which was
not overcome by using alternative Rh complexes.

In related Cu-catalysed transformations, we observed the interconversion of substrate enantiomers.?° To examine
if a similar process was occurring here, we used 'H NMR exchange spectroscopy. However, under the reaction
conditions, no exchange between vinylic and allylic protons in 3 was observed on the NMR timescale suggesting
that the allyl chloride enantiomers don’t interconvert via an Sn2’° mechanism or do so at a much slower rate than
"H NMR relaxation. Therefore, a dynamic kinetic resolution mechanism appears unlikely. This does not preclude
racemisation occurring during these reactions - it simply suggests that this is not a fundamental requirement of the
reaction. A limitation of this experiment is that interconversion via Sn2 mechanisms cannot be detected.

To better understand the active catalytic species, we probed for nonlinear effects by measuring product (4) ee as
a function of ligand (L1) ee.?” A linear correlation between the enantiopurity of L1 and 4 was observed, providing
no evidence for the involvement of high-order aggregates of the catalyst, consistent with an active catalytic species
monomeric in Rh and L1 (supplementary Fig. 1).

To test if the reaction could occur via the formation of an intermediate diene species, we used cyclohexa-1,3-diene
in place of 3 but observed no arylated product. A reaction using ds-phenylboronic acid showed the deuterium labels
remained on the phenyl ring, ruling out mechanisms involving insertion of the Rh catalyst into C-H bonds of the

aromatic ring.?2



Transmetalation

(a) Hammett Plot (b)
1
- &
3-Br 2 °
< -
0.6 4-C| ] 3-9| 2 = . CF3
2 4Fo_ -~
5 &
[+) P
Ke) 024_ <= y=1.40x +0.14
g R? =0.93
04 03 0201 0o 01 02 038 04 05 06
< 0.2
'S
4-MeO
067 g values

Figure 2. Examining the transmetalation step using experimental and computational techniques (a) A Hammett plot constructed from
results of competition experiments between various meta- and para-substituted arylboronic acids. ¢ values = Hammett substituent constants,
krel = relative rate (b) The DFT-computed transmetalation transition structure (oB97X-D/6-31G(d), LANL2DZ(f)). TS = transition structure, AG*

= activation energy, AGnn = change in Gibbs Free Energy.

To probe the transmetalation step, we carried out a series of competition experiments using different arylboronic
acids. There is a strong positive correlation between the ratio of products obtained and the Hammett substituent
constants (c values) of the arylboronic acids (Fig. 2).2% 2° This indicates transmetalation is faster with electron
withdrawing substituents on the arylboronic acid, allowing electron deficient aryl species to preferentially and
irreversibly enter the catalytic cycle, leading to formation of one product in excess. This preferential transmetalation
could be due to increased Lewis acidity of the boron favouring formation of the boronate, and/or enhanced ability
of electron poor substrates to stabilise partial negative charge during transmetalation.®*3' We surmise that a key
role of the base in these reactions is to aid in the formation of boronate species. Consistent with our experimental
observations, the accumulation of negative charge in the aromatic ring was observed in the DFT-computed
transition structure (TS). Relative to the pre-transmetalation intermediate with a Rh-O-B linkage,?!*2 this elementary

step is exergonic by 7.8 kcal/mol, consistent with irreversibility.

Natural abundance '3C kinetic isotopic effects

We next focused our attention on the ensuing reaction between aryl-Rh species (lll) and allyl chloride 3, for which
various possible mechanisms could be envisaged. To gain more understanding we sought to determine natural
abundance '?C/'3C ratios using the method developed by Singleton.333* This approach has been employed with
great success to measure competitive intermolecular '3C kinetic isotope effects (KIE) in mechanistic studies of

catalytic reactions.®>*3 This commonly relies on running the reaction to high conversion, and examining the 2C/'3C



ratio in recovered starting material. However, in the asymmetric addition to 3, the isolation of small amounts of
starting material at high conversions isn’'t possible as 3 is too sensitive to be reliably purified and may be
configurationally labile during reaction or work-up conditions.? It is also plausible that the two enantiomers of 3
could undergo conversion at different rates, confounding analysis of KIE by examining the starting material. We
therefore chose to determine '>C/'3C ratios generated in product 4 when the reaction is quenched at low conversion
and quantify the depletion of '*C by quantitative "*C NMR spectroscopy.

We performed the reactions on a 7.0 mmol scale as a relatively large amount of product is required for quantitative
3C NMR spectroscopy and the reaction must be stopped at low conversion to ensure the product is enriched in
the faster reacting isotope. However, using optimised conditions at this scale at 60 °C, the reaction was much faster
than anticipated; when the reaction was quenched after 2 min, the conversion was already 60%. Suitable results
could be obtained by stirring the reaction at 40 °C and quenching after 20 seconds. We repeated the process three
times under these conditions, with experiments giving 10, 11 and 17% conversion (Fig. 3a). For the quantitative
3C spectroscopy, we took C5 as the reference carbon. Although '*C KIE are intrinsically small (ranging from 0.98—
1.10),* after running these experiments in triplicate we observed appreciable KIE at positions C1, C3 and C7 (Fig.
4a).

For multi-step catalytic mechanisms, any observed isotope effects are the result of isotopic fractionation occurring
at or before the first irreversible step that involves that reaction component.*> Experimentally, we measured the
largest KIE at C7 (1.027 +0.006) and C3 (1.024 +0.003), and a smaller, but still significant, KIE was obtained at C1
(1.010 £0.005). As the transmetalation step is irreversible, '°C fractionation at the aryl ipso-carbon (C7) of the
product is most likely the result of a KIE in this elementary step.

To interpret the enrichment observed at C1 and C3, we calculated 2C/'*C KIE that would result from various
addition mechanisms (Sn2, Sn2’and reversible anti-oxidative addition). The KIE values were calculated according
to transition state theory applying the Bigeleisen—Mayer equation using scaled vibrational frequencies.*¢#” The
calculated results for the most likely mechanism, as judged by comparing experimental and theoretical results, are

shown in Fig. 3b-d.
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Figure 3. Examining the *C Kinetic Isotope Effect (a) '*C KIE experimental results, standard errors in parenthesis. (b) Calculated *C KIE
of stepwise mechanism with reversible anti-oxidative addition followed by irreversible reductive elimination. (c) Calculated '*C KIE of stepwise
mechanism with irreversible anti-oxidative addition. (d) Proposed combination of elementary KIE. A ratio of ~3.3:1 for oxidative addition of the
S over the R enantiomer of the starting allyl chloride gives the observed level of '2C enrichment. Computed TSs are shown with cropped ligands

for clarity; selected distances are shown in A.

In our proposed DYKAT mechanism with anti- oxidative addition followed by reductive elimination, there are two
plausible scenarios; one where oxidative addition is reversible and reductive elimination is the first irreversible step
involving 3 (Fig. 3b), and another where oxidative addition is the first irreversible step in which 3 is involved (Fig.

3c). In the first scenario (Fig. 3b), the calculated KIE of C1 is 1.013 but there is no significant KIE at C3. The



calculated KIE of only two carbons are within the experimental errors of the measured KIE. In the second scenario
where oxidative addition is irreversible, the calculated KIE starting with (S)-3 gave a value of 1.035 on C3, whereas
with (R)-3 gave KIE of 1.029 on C1 (Fig. 3c). If both enantiomers of 3 undergo an irreversible oxidative addition,
albeit at different rates, the observed KIE from product analysis will be a weighted average from both starting
enantiomers. From our calculations, a 3.3:1 ratio of (S)- to (R)-3 undergoing oxidative addition accounts
quantitatively for the experimentally observed KIE on all six carbons of the allyl unit (Fig. 3d).

These experiments are inconsistent with other possible mechanisms for the Rh-catalysed process. Overall, the °C
KIE support a mechanism where the first step in the catalytic cycle is an irreversible transmetalation, followed by

an irreversible anti-oxidative addition where the enantiomers of 3 react at different rates.

DFT calculations

DFT calculations*® were performed using the ®B97X-D functional.*® In geometry optimisations, LANL2DZ(f) (orbital
exponent of 1.35) effective core potential (ECP)/valence double-{ basis set was used for Rh and the split-valence
6-31G(d) basis set was used for other atoms. Single point energy corrections were obtained with an implicit
description of the reaction medium by SMD solvent model at the ®B97X-D/6-311+G(d,p) level of theory with the
LANL2TZ(f) ECP/valence triple-C basis set for Rh. The Gibbs energy profile for transmetalation, oxidative addition
and reductive elimination steps are illustrated in Fig. 4. Other possible mechanisms were also calculated but found
to have higher reaction barriers (Supplementary Fig. 5).
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Figure 4. A condensed Gibbs energy profile showing transmetalation, oxidative addition and reductive elimination. SMD(THF)-»B97X-

D/6-311+G(d,p), LANL2TZ(f) // ®B97X-D/6-31G(d), LANL2DZ(f). AG = change in Gibbs Free Energy, AG* = activation energy.



Calculations suggest that the key process for enabling the use of racemic 3 in this DYKAT is oxidative addition to
give a common n-3 intermediate (V) where the stereochemical information of 3 is lost. The energy barrier of
oxidative addition for (R)-3 is calculated to be higher than (S)-3, in qualitative agreement with natural abundance
13C KIE experiments. Subsequently, the intermediate undergoes reductive elimination wherein the stereochemistry
of the product is set due the spatial constraints the C2-symmetric ligand imposes on the allyl unit and the phenyl
group. From these calculations we deduce that reductive elimination is enantiodetermining, as the new stereogenic
center is predicted to form irreversibly in this step.®® The large calculated difference in energy between the reductive
elimination TSs (AAE* = 5.5 kcal/mol, AAG* = 7.2 kcal/mol) is consistent with both the sense and very high levels
of enantioselectivity observed experimentally for the formation of (S)-4 in >99% ee. Transmetalation and oxidative
addition steps are both predicted to take place irreversibly. The consequence of an irreversible oxidative addition

is that the diastereoselectivity is determined in this step.

Reaction kinetics

The kinetics of the Rh-catalysed reaction of (4-fluoro-3-methylphenyl)boronic acid (1a) with cyclohexenyl chloride
3, using ligand (S)-L1, were explored under a range of conditions that ensured that solution-phase reactions, not
mass-transfer processes, were rate-limiting. Whilst considerable variation in rates were found between reactions
conducted with various commercial sources of (S)-L1 and [Rh(cod)(OH)]2, kinetic data were found to be
reproducible within batches, and all runs were conducted in triplicate. Temporal concentrations were determined
by '°F NMR analysis of a series of eight samples taken at 90-second intervals from the reaction mixtures, over a
period of 720 seconds, using 4,4'-difluoro-1,1'-biphenyl as an internal standard for integration. Systematic variation
of the initial concentrations of the cyclohexenyl chloride 3 (0.1, 0.05, and 0.025 M), total Rh (0.0025, 0.005, and
0.0075 M), and the (4-fluoro-3-methylphenyl)boronic acid 1a (0.1, 0.3, and 0.4 M), afforded product evolution

profiles that suggested progressive inhibition.

[Rhltor a=9.0+26s
. d[4a]
Equation 1 S = b=23+0.5x10""Ms
t b
a4 . oA c=42:03 x102s

[l (1a]
Experiments with exogenous boric acid (2) identified inhibition arising from the accumulating Cs[B(OH)4] co-
product, that is assumed to compete with the arylboronate for coordination to Rh-OH complex (I). All eight datasets
could be satisfactorily simulated using a kinetic model based on all of the key mechanistic features evaluated in a

pseudo steady-state rate equation (Equation 1) with five concentration terms ([Rhlrot; 4a (arylation product); 2



(boric acid); 1a (boronic acid); and 3 (cyclohexenyl chloride) and three simplified empirical constants, a, b, and ¢
(Supplementary Fig. 2 and 3). The analysis indicates that the reactions proceed with first order dependence on
[Rh]rot, and apparent orders in cyclohexenyl chloride 3 and arylboronate 1a that evolve between limits of pseudo

zero-order to first-order as the reactions proceed, with no simple relationships dominant for either component.

Arylation with Heterocyclic and Other Allyl Chlorides

We also calculated the energy profile for the pyranyl substrate 5 and found that the barrier to oxidative addition is
much lower than that of 3 (Supplementary Fig. 6). A competition experiment between allyl chlorides 3 and 5 was
performed (Fig. 5a). After 1 hour, the product ratio was 20:1 in favour of product 6, indicating that oxidative addition
is faster for 5 which is qualitatively in agreement with the results of our DFT calculations.

Both 3C KIE experiments and DFT calculations suggests that there are differences in the rate of oxidative addition
of the enantiomers of (+)-3. Based on this hypothesis, an increase in ee of 3 over the course of the reaction would
be anticipated. Despite several attempts, the ee of 3 could not be reliably measured and enantiopure 3 likely cannot
be obtained due to its high reactivity,?° precluding us from directly probing the relative rate of oxidative addition of
the enantiomers of 3. However, this could be probed using piperidinyl allyl chloride 7 which was found to be
configurationally stable."

We monitored the ee of 7 under the conditions used in the *C KIE measurements and found that the ee of 7
increases from 0 to 94% ee over 1 hour (Fig. 5b), supporting the idea that the rate of oxidative addition differs for
the two enantiomers of the substrate. This also supports our earlier conclusion that fast interconversion of substrate
enantiomers is not required for this asymmetric reaction.

Interestingly, under alternative conditions, previously optimised for 7, using (S)-L2, enantioenrichment of 7 was not
observed (Fig. 5d). This observation was unchanged at a 30 °C, and so the resolution of starting materials is likely
a ligand effect. These ligands impose different steric environments on the oxidative addition TSs therefore leading
to different relative energies between the oxidative addition TSs of the two enantiomers of the allyl chloride. Under
the conditions shown in Fig. 5d, both enantiomers of 7 may react at comparable rates due to reduced steric

constraints in the oxidative addition TSs.
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Figure 5. Asymmetric allylic arylation with heterocyclic allyl chlorides (a) Competition experiment with allyl chlorides (+)-3 and (+)-5. (2.5
mol % [Rh(cod)(OH)]2, 6 mol % L1, 1 equiv. of PhB(OH)2). Complete conversion of PhB(OH): to arylated product observed. (b) Measuring the
ee over the course of the reaction with allyl chloride 7 using L1. (c) Arylation of enantioenriched (+)-7 with both enantiomers of L2. (2.5 mol %
[Rh(cod)(OH)]2, 6 mol % L2, 2 equiv. of PhB(OH)2) >85% conversion of 7 to arylated product observed. (d) Measuring the ee over the course

of the reaction with allyl chloride 7 using L2.

In both of these experiments, we observed that the ee of 8 is constant as a function of time, supporting the idea

that reductive elimination is the stereodetermining step.

We were able to access enantioenriched (R)-7,%' and subjected (R)-7 (94% ee) to reaction conditions with each
enantiomer of L2 (Fig. 5¢). With (S)-L2, we obtained (S)-8 (95% ee), whereas with (R)-L2, the other enantiomer of
the product ((R)-8, -95% ee) was obtained. Therefore, the absolute stereochemistry of the product is determined

by the stereochemistry of the ligand and isn’t affected by the stereochemistry of the allyl chloride. Interestingly, with

11



(R)-L2, the reaction was considerably slower, and we observed deterioration of the ee of (R)-7 (94% to 82% ee
over 6 hours), suggesting that racemisation may occur slowly but it isn’t essential for product formation.
Isotopically labelled 7-d was synthesised with a deuterium atom at the vinylic position.%" Under the conditions
shown in Fig. 7a, addition to (+)-7-C3-d gave a 1:1 ratio of products with deuterium at C3 and C5. Due to the 2H-
label at the vinylic position in each enantiomer of starting material, the two enantiomers can no longer form a
common intermediate after oxidative addition. One enantiomer reacts to give one intermediate which, after
reductive elimination, leads to one pseudo-regioisomer of the product and the other reacts to give the alternative
pseudo-regioisomer.

Therefore, if enantioenriched 2H-labelled 7 is used the products should have an excess of the deuterium label at
one position (allylic or vinylic) depending on the stereochemistry of the ligand used. After subjecting (R)-7-C3-d
(94% ee) to optimised reaction conditions with (S)-L2, the majority of deuterium remained at C3 in product (S)-8,

whereas with (R)-L2, the majority of deuterium was found at the allylic position of (R)-7 (Fig. 6b).
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LA 8-C5-d 8-C8-d 2 5.3:1 100 1:5.3 >99 99

Figure 6. Asymmetric allylic arylation with deuterium labelled allyl chlorides and diastereomeric allyl chlorides (a) Arylation of (+)-d-7
(b) Arylation of (R)-d-7 with both enantiomers of L2. (c) Arylation of bicyclic substrate 9 showing evidence for syn-oxidative addition. (d) Arylation
of diastereomeric 5-phenyl substituted starting materials showing evidence for anti-oxidative addition. All reactions were performed in THF at
60 °C.

Deuterium-labeled substrates can be used to assess the stereochemical outcome of the individual steps of allylic
substitution reactions.®?*> According to our proposed mechanism of anti-oxidative addition, we expected ((R)-7-
C3-d) to give the opposite results obtained in terms of observed pseudo-regioisomer preference with each
enantiomer of the ligand. Our experimental results surprisingly indicate that with 7, syn-oxidative addition is the
major pathway. In each case, there is a small percentage of deuterium scrambling (7:1 ratio) which we attribute to

a 7:1 ratio of syn and anti-oxidative addition steps occurring. At this stage we cannot rule out that the scrambling
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is due to slow racemisation of 7 over the course of the reaction, or alternatively isomerisation after oxidative addition

via nucleophilic displacement with Rh(l) species in analogy to mechanistic pathways observed in Pd(0)-catalysis.>®

Recently, we discovered that the related Rh-catalysed enantioselective additions to fused bicyclic substrates give
stereochemical results consistent with syn-selective addition to racemic allyl chloride starting materials (Fig. 6¢).'
To further probe these experimental results, we compared the syn- and anti- transition states arising from oxidative
addition to 9 using DFT calculations (see Fig. 7a for favoured syn-TS). The results show that steric clash between
the substrates acetal bridge and ligand used is key to determining the facial selectivity of oxidative addition. It is
important to note here that oxidative addition is the diastereodetermining step in this system, while reductive

elimination remains in control of the absolute stereochemistry.

DFT calculations for model substrate 3 (Fig. 4 and 7) clearly indicate that in 3 anti- oxidative addition is favoured.
We have also examined enantioselective additions to phenyl-substituted allyl chlorides,'" where mixtures of the
four stereoisomers of 3-chloro-5-phenylcyclohex-1-ene (11) gave overall enantioselective inversion to cis- and
trans-12 (Fig. 6d). These experiments, where we observe highly enantioselective overall inversion to form cis- and
trans-12, are consistent with anti- oxidative addition with an aryl-Rh species, followed by inner-sphere attack of the

aryl nucleophile, delivering the phenyl on the same side of the allyl ion as the Rh.

(a) Oxidative Addition (b) Reductive Elimination
syn/anti-selectivity enantioselectivity

substrate-controlled ligand-controlled

foc 2.09 | ropn 2.1 | ropy 2.38

Figure 7. Simplified models showing the origins of diastereoselectivity and enantioselectivity in this Rh(l)-Catalysed Asymmetric
Suzuki Miyaura Coupling (a) Favoured anti-oxidative addition TS for 3 and favoured syn-oxidative addition TS for 9. (b) Reductive elimination

TSs for 3. Catalytic pocket images generated using: SambVca 2.1.52
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Therefore, we have experimentally observed and computationally validated that Rh species can add to allyl halide
substrates via syn- or anti-oxidative addition, depending on the steric accessibility of the substrate (Fig. 7a). The
oxidative addition step dictates diastereoselectivity and is influenced by the substrate, while the overall sense of
enantioselectivity is catalyst-controlled and set in the reductive elimination step. The high enantioselectivity
observed experimentally is reflected in the large difference in energy between the reductive elimination transition
states. This can be attributed to steric effects between the ligand and allyl fragment, which in turn give rise to
substantial differences in key bond distances between the two competing TSs. An analysis of the catalytic pocket
(Fig. 7b) emphasises the narrow groove provided by the ligand in which the reductive elimination must take place.%’
The minor TS structure has weaker coordination between alkene and Rh, and a much shorter forming C-C bond
(i.e. a later TS) — compared to the favoured structure, which is consistent with the large energy difference between

the two.

Conclusions

The asymmetric Suzuki-Miyaura coupling of arylboronic acids with racemic allylic halides catalysed by a Rh(l)
complex gives highly enantioenriched arylated products. We have used a variety of techniques to elucidate a
mechanistic proposal and the key mechanistic features of this proposal are fully consistent with detailed analysis
of the reaction kinetics. Here the active catalytic species is monomeric in Rh and ligand and irreversible
transmetalation between boron and Rh is the first step in the catalytic cycle. Experimentally observed natural
abundance *C KIEs in combination with theoretical calculations were key to demonstrating that oxidative addition
occurs in a ~3.3:1 ratio in favour of one enantiomer over the other. A common pseudo-symmetrical n® Rh-allyl
complex is formed by irreversible oxidative addition of Rh-aryl intermediates to both enantiomers of the racemic
substrates. Interestingly, oxidative addition can occur in a syn- or anti- fashion depending on the steric accessibility
of the substrate. The symmetry of n® Rh-allyl complexes formed by oxidative addition was probed using
configurationally stable, racemic and enantiomerically enriched, and deuterium labelled piperidinyl allyl chlorides
along with racemic diastereomeric substituted allyl chlorides. These studies support the proposed promiscuity of
the oxidative addition step and demonstrate that reductive elimination of common intermediates formed from both
enantiomers give highly enantioenriched products where the diastereoselectivity is determined by oxidative

addition and absolute stereochemistry of the product is dictated by the ligand.

We foresee that this study will contribute to the broader understanding of asymmetric Rh-allyl chemistry and will

enable the discovery, exploitation and understanding of new asymmetric reactions with racemic substrates.
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Methods

Instrumentation and materials

Procedures using oxygen and/or moisture-sensitive materials were performed with anhydrous solvents under an
atmosphere of argon in flame-dried flasks, using standard Schlenk techniques. Dry THF and CH2Cl2 were collected
fresh from an mBraun SPS-800 solvent purification system having been passed through anhydrous alumina
columns. THF-ds was purchased from Fluorochem and degassed using freeze-thaw cycles and kept under argon
over 3A molecular sieves. Other deuterated solvents were purchased from Sigma-Aldrich. Unless stated otherwise,
commercially available reagents were purchased from Sigma-Aldrich, Fisher Scientific, Apollo Scientific, Acros
Organics, Strem Chemicals, Alfa Aesar or TClI UK and were used without purification. [Rh(cod)(OH)]> was

purchased from Sigma Aldrich.

Analytical thin-layer chromatography was performed on pre-coated glass-backed plates (Silica Gel 60 F254; Merck)
and visualised using a combination of UV light (254 nm) and aqueous ceric ammonium molybdate, aqueous basic
potassium permanganate stains or p-anisaldehyde solution. Flash column chromatography was carried out using
Apollo Scientific silica gel 60 (0.040 — 0.063 nm), Merck 60 A silica gel, VWR (40-63 um) silica gel and Sigma
Aldrich silica gel. Pressure was applied at the column head via a flow of nitrogen. Heating was performed using

Drysyn® heating blocks and the heating plate of the stirrer or using a Julabo FT902 immersion cooler.

Unless stated otherwise, solution NMR spectra were recorded at room temperature; 'H, 2H, 3C, 3'P, B, "°F NMR
and 2D NMR experiments were carried out using Bruker AVIII HD 400 (400/100 MHz), AVIII HD 500 (500/125
MHz) or AVII 500 (500/125 MHz) spectrometers. Chemical shifts are reported in ppm from the residual solvent
peak. Chemical shifts (8) are given in ppm and coupling constants (J) are quoted in hertz (Hz). Assignments were

made with the assistance of gCOSY, gHSQC, gHMBC or NOESY NMR spectra.

Chiral HPLC separations were achieved using an Agilent 1230 Infinity series normal phase HPLC unit and HP
Chemstation software. Chiralpak® columns (250 x 4.6 mm), fitted with matching Chiralpak® Guard Cartridges (10
x 4 mm), were used as specified in the text. Solvents used were of HPLC grade (Fisher Scientific, Sigma Alrich or
Rathburn); all eluent systems were isocratic. Chiral SFC separations were conducted on a Waters Acquity UPC2
(Ultra Performance Convergence Chromatography) system equipped with a fluid delivery module (a liquid CO2

pump and a modifier pump), a sampler manager (FL autosampler), a heated column manager 30s fitting eight

15



installed columns and a photodiode array detector. Daicel Chiralpak® IA-3, I1B-3, IC-3, ID-3, IE-3, IF-3 or 1G-3

columns were used as indicated.

Low resolution (LRMS) and high resolution (HRMS) mass spectral analyses were acquired by electrospray
ionisation (ESI), electron impact (El) and/or field ionisation (FI). Low resolution ESI were recorded using an Agilent
6120 quadrupole LC/MS. High resolution accurate ESI were recorded using a Thermo Exactive 1.1 SP5 Benchtop
orbitrap MS and EI/FI on a Waters GTC Temperature programmed solid probe inlet within the department of
chemistry, University of Oxford. Infrared measurements were carried out using a Bruker Tensor 27 FT-IR with
internal calibration in the range 600-4000 cm~'. Optical rotations were recorded on a Schmidt Haensch Unipol
L2000 Polarimeter at 20 °C in a 10 cm cell in the stated solvent; [a]D values are given in 10~' deg.cm? g~

(concentration ¢ given as g/100 mL).

Computational Methods

All density functional theory (DFT) calculations were performed with the Gaussian 09 program1 using the ®B97X-
D functional. The split-valence 6-31G(d) basis set was used for C, N, O, H, P and CI atoms, and LANL2DZ(f)3
(orbital exponent of 1.35) effective core potential/valence double zeta basis set with f polarisation function for Rh
in all geometry optimisations. Single point energy corrections were obtained at the ®B97X-D /6-311+G(d,p) level
of theory for C, N, O, H, P and CI atoms, and ®B97X-D/LANL2TZ(f)4 effective core potential/valence triple zeta
basis set with f polarisation function for Rh with an implicit description of the reaction medium (THF) by SMD solvent

model as implemented in Gaussian09.

Gibbs free energies were evaluated at 333 K (the reaction temperature), for which the vibrational entropy
contributions were computed using a free-rotor approximation for low frequency modes. A cut off frequency of
100 cm™" was used as we switch between the rigid-rotor harmonic oscillator approximation for vibrations above this
value and the free-rotor approximation below. For all mechanistic studies, a conventional standard state of 1 mol/L
in solution for all species was employed. Harmonic vibrational frequencies were computed for all stationary points
to confirm them as either minima or transition structures, possessing zero or a single imaginary frequency,
respectively. All energetic terms were reported in kcal/mol. Molecular structures were visualised within the PyMOL

Molecular Graphics System, Version 1.8 Schrodinger, LLC.
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Data Availability Statement

Detailed experimental methods and analytical data for all experiments, along with absolute energies and selected

distances for DFT computed structures for computed stationary points can be found in the supplementary

information.

Code Availability Statement

All Python scripts used for data analysis have been made available - https://github.com/bobbypaton - under a

creative commons CC-BY license.
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