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ABSTRACT: A highly regio, diastereo- and enantioselective, scalable Ir-catalyzed hydroarylation of electron rich acyclic and tensioned cyclic
olefins with heterobiaryls is described. The reaction of acyclic vinyl ethers, dihydrofuran and norbornenes with a variety of aryl isoquinoline,
quinazoline, and picoline derivatives takes place with simultaneous installation of central and axial chirality, reaching complete branched/linear
or exo/endo ratios and excellent diastereo- and enantiomeric excesses when in situ formed [Ir'/Tol-SDP] or [Ir'/Tol-BINAP] complexes are
used as the catalysts. Kinetic isotope effect (KIE) analyses and a comprehensive computational study suggest that, despite fast double bond
migratory insertion into Ir-H, the reaction proceeds through a modified Chalk-Harrod mechanism, starting with selectivity-determining inser-
tion into Ir-Cari. The regioselectivity is controlled by the electron donating alkoxy group, whereas diastereo- and enantioselectivity have a com-

plex origin, that depend on the relative orientation of the alkoxy group and the establishment of adequate 7-7 interactions between the biaryl

and the phosphine.

1. INTRODUCTION

The asymmetric synthesis of axially chiral compounds has attracted
a special interest because axial chirality is a prevalent motif in many
natural products and biologically active molecules,' and constitutes
an important scaffold for the design of chiral ligands and organocat-
alysts with countless applications in asymmetric catalysis.”> Conse-
quently, the number of reports describing methodologies for their
catalytic atroposelective synthesis has been steadily increasing in re-
cent years. The reported methods are mainly based on direct cross
or oxidative coupling reactions,’ [2+2+2] cycloadditions,* organo-
catalytic approaches,’ and the most recently described DKR-type
strategies.® Most of these approaches, however, fail for the more
challenging synthesis of axially chiral heterobiaryl derivatives,” and
the development of alternative approaches remains as a relevant syn-
thetic challenge.

In this regard, our group has developed a dynamic kinetic asym-
metric transformation (DYKAT) strategy that was first applied to a
Suzuki-Miyaura reaction and later extended to several C-C, C-P
and C-N cross-coupling reactions.’ As a limitation, however, this
methodology requires relatively elaborated racemic heterobiaryl sul-
fonates/bromides as starting materials. A more appealing strategy
exploits the ortho-directing effect of the heterobiaryl N atom to per-
form regioselective asymmetric C-H functionalization reactions
(Scheme 1A). There is a plethora of catalysts based on different tran-
sition metals that have been used for the functionalization of 2-

phenylpryridine and related heterobiaryls.” A closer analysis, how-
ever, reveals that the vast majority of these systems are not useful to
our purpose. First, high temperatures are usually required, compro-
mising the configurational lability of the products. Second, these re-
actions are highly sensitive to steric factors: the reactivity dramati-
cally drops for substrates bearing substituents at positions ortho to
the aryl-hetaryl bond, presumably for the destabilization of the cy-
clometalated intermediates. Nevertheless, a few remarkable excep-
tions, enabled by very efficient catalysts, are known: a) The pioneer-
ing Rh-catalyzed ethylene hydroarylation by Murai and co-workers'
(Scheme 1B), yielding ethyl-substituted heterobiaryls with moder-
ate yields and enantioselectivities. b) A Rh-catalyzed dehydrogena-
tive Heck coupling using Cramer's Cp ligands'' or Cp ligands based
on 1,1"-spirobiindane ligands” (Scheme 1C). In both cases, aryl
benzo[h]isoquinoline substrates are required to reach high enanti-
oselectivities. c) A recently reported Rh-catalyzed C—H Arylation"
(Scheme 1D).

Aiming to develop a C-H functionalization protocol feasible un-
der mild conditions, hence compatible with the integrity of the ste-
reogenic axis, we also developed time ago a strategy to perform N-
directed borylation of heterobiaryls'* (Scheme 1E). The efficiency
of the method allowed to perform borylation of 1-(naphth-1-yl)iso-
quinoline and analogues to afford versatile heterobiaryl boronates
which, unfortunately, proved to be configurationally labile, presum-
ably due to the easy atropisomerization via N—B internal ate com-
plexes as intermediates. This precedent, however, underlines the



Scheme 1. Heterobiaryl Synthesis via C-H Activation.
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suitability of Ir catalyst to perform the challenging, regioselective C—
H activation of ortho,ortho-disubstituted heterobiaryls, paving the
way to alternative atroposelective transformations. Inspired also in
the Ir-catalyzed asymmetric hydroarylation of vinyl ethers devel-
oped by Nishimura and co-workers," we decided to explore the at-
roposelective desymmetrization of heterobiaryls via Ir-catalyzed hy-
droarylation of olefin/vinyl ethers (Scheme 1F).

A priori, the designed transformation represents a significant syn-
thetic challenge, since a number of difficulties have to be taken into
account: (1) the catalysts must be highly efficient to enable for-
mation of tensioned cyclic intermediates; (2) after the C-H activa-
" octahedral intermediate with chirality at the metal
center is generated, greatly increasing the number of possible stere-

tion step, an Ir

oisomers; (3) the olefin can be inserted on the external or internal
position during the migratory insertion step, generating the
branched or linear isomer after reductive elimination; (4) the cata-
lyst must control the generation of two stereogenic elements (stere-
ogenic axis in the heterobiaryl and stereocenter at C1 from the ole-
fin). Summarizing, the chiral ligand will be required to provide a high
reactivity while performing an exquisite control of branched/linear,
diastereo- and enantioselectivity to afford satisfactory results.

2. RESULTS AND DISCUSSION

Reaction optimization. Preliminary studies were carried out us-
ing the coupling between n-butyl vinyl ether 1a and naphthyli-
soquinoline 2 as the model reaction, using 2.5 mol% [IrCl(cod),]/
6 mol% BINAP (L1) and 10 mol% NaBAr" (Ar'= 3,5-CF;-C¢H3) as
the catalyst system (Table 1). Initially, toluene was used as a non-
coordinating solvent in reactions with 2 equiv. of 1a (entry 1), af-
fording the desired product (S,R)-7 with a complete branched/lin-
ear selectivity, excellent [(S,R)-7/(S,S)-7)] diastereomeric ratio,
and a promising 85% ee, although a low conversions was observed.
Increasing the amount of 1a to 5 equiv. improved the conversion,

Table 1. Screening of Reaction Conditions and Ligands.

[IrCl(cod)], (2.5 mol%)
L* (5 mol%)
NaBArF (10 mol%)
Solvent, 80 °C

W o+ 7 0Bu

(Sa R)-T: b/l >50:1 , dr >15:1

X
PAr, O
PAr, MeO PPh,
MeO I PPh,

R)-BINAP (Ar =
LZ (R) -Tol-BINAP (Ar pTonI)
L3: (R)-DM-BINAP (Ar = 3,5-Xylyl)

X
L4: X=H, (R)-MeO-BIPHEP
L5: X= OMe, (R)-Ph-GARPHOS

thPPRZ

Fe *

g Me

L6: R=Bu, SL-J002
R=(3,5-Me-Xyl, SL-J002

L8: (S)-SDP (Ar = Ph)
L9: (S)-Tol-SDP (Ar = p-Tolyl)
L10: (S)-Xyl-SDP (Ar = 3,5-Xylyl

Entry Ligand  Solvent Conv (%)° Ee*
14 L1 Toluene 25 85
2 L1 Toluene 50 84
3 L1 THF 80 84
4 L1 DME 50 83
S L1 DCE 80 83
6 L1 Dioxane >9S5 83
7 L2 Dioxane >9S5 90
8 L3 Dioxane 90 84
9 L4 Dioxane 85 33
10 LS Dioxane 30 34
11 Lé6 Dioxane 10 45
12 L7 Dioxane 10 12
13 L8 Dioxane 65 87
14 L9 Dioxane >9S5 93
15 L10 Dioxane 60 95

*Reactions performed on a 0.1 mmol scale using anhydrous solvent
(1 mL/0.1 mmol 2) and S equiv. of 1a, for a 24 h period at 80 °C. *De-
termined by '"H NMR spectroscopy of the crude reaction mixture. The
branched/linear ratio and the diastereoselectivity [(Sa,R)-7/(Sa,S)-7]
were also determined by '"H NMR on the reaction crude, being >20:1
and >20:1, respectively, in all cases. ‘Determined by chiral HPLC anal-
ysis.? 2 equiv. of 1a were used.



but it still remained unsatisfactory (entry 2), presumably due to the
polymerization of the starting vinyl ether 1a."’ Additional experi-
ments were performed to explore the effect of the solvent in control-
ling the undesired polymerization (entries 3-6). From these experi-
ments, coordinating anhydrous 1,4-dioxane proved to be the best
option, affording full conversion while maintaining high levels of di-
astereo- and enantioselectivity (entry 6). Under these conditions,
other chiral P,P ligands were tested. Similar reactivities were ob-
served with substituted BINAP derivatives L2 and L3 (entries 7 and
8), although a better enantioselectivity was achieved with Tol-
BINAP L2 (entry 7), leading to the desired product (S,R)-7 with
perfect dr (>20:1) and 90% ee. Disappointing results were observed
with other axially chiral ligands such as MeO-BIPHEP L4 (entry 9)
and Ph-GARPHOS LS (entry 10). On the other hand, Josiphos-type
ligands L6 and L7 were unproductive (entries 11 and 12). Finally,

spiro diphosphines (SDP)'® such as L8-L10 (entries 13-15) af-
forded the best enantioselectivity levels. In particular, (S)-Tol-SDP
L9 provided the best reactivity/selectivity balance, affording full
conversion and a 93% ee (entry 14).

Reaction Scope. With the optimized conditions in hands [6 mol%
L9/2.5 mol% [IrCl(cod) ], 10 mol% NaBAr", S equiv. 1a, 1,4-dioxane
(1 mL/0.1 mmol 2)], the desymmetrization methodology was suc-
cessfully applied to the hydroarylation of other vinyl ethers 1b-f with
different heterobiaryls 3-6 (Table 2). The reaction worked well at
80 °C with n-butyl vinyl ether 1a and heterobiaryls 2§, affording
exclusively the corresponding branched products (S,R)- 7-10a af-
ter 24 h in excellent yields (88-95%) and dr’s (>20:1), along with
very high ee’s (up to 98%). The extension to other acyclic vinyl

Table 2. Scope of Hydroarylation Reactions with Acyclic Vinyl Ethers.*

[IrCl(cod)]» (2.5 mol%)
(S)-Tol-SDP L9 (6 mol%)

O ) O ) O N
N N
N 0"Bu " ocy Z " OFt

o

(SaR)-Ta: 95%,
dr >20:1, 94% ee

CC
N

7 O"Bu

OSSR

Me
(S R)-8a: 92%,
dr >20:1, 95% ee

CC

N

Z O"Bu
O¢ hy

OMe
(Sa R)-9a: 91%,
dr >20:1, 80% ee

(Sa R)-10a: 94%,
dr >20:1, 98% ee

o

(Sa R)-Tb: 87%,
dr >20:1, 96% ee

CC
/N

OCy

o

Me
(Sa R)-8b: 89%,
dr >20:1, 98% ee

o
SShs

OMe
(Sa,R)-9b: 92%,
dr>20:1, 91% ee?

(Sa,R)-10b: 87%,
dr >20:1, 98% ee

(S R)-11a:° 88%,
dr >20:1, 98% ee

e

(SaR)-Tc:P 89%,
dr13:1, 93% ee

L
N OFEt
oy

Me
(SaR)-8¢:P 94%,
dr 13:1, 86% ee

OMe
(SaR)-9¢:P 92%,
dr10:1, 53% ee

(Sa,R)-10c:° 96%,
dr 15:1, 96% ee

(SaR)-11b:° 78%,
dr >20:1, 98% ee

Z 0R
NaBArF (10 mol%)
1a-f .
1,4-dioxane
60-80 °C
CC CC CC
_N _N
N OBn OPMB OMOM
gt gt g
(S,.R)-7d: 70%, (Sa,R)-Te: 66%, (SaR)-TF:C 70%,

dr >20:1, 97% ee

(Sa R)-8d: 72%,
dr >20:1, 96% ee

O

N

7 OBn

¢ s
OMe

(Sa R)-9d: 91%,

dr >20:1, 91% ee

(S R)-10d: 45%,
dr >20:1, 99% ee

dr >20:1, 91% ee
X

OPMB
O "
Me

(Sa R)-8e: 44%,
dr >20:1, 98% ee

O
OPMB
g
OMe

(SaR)-9e: 51%,
dr>20:1, 89% ee

(S, R)-10e: 33%,
dr >20:1, 99% ee

(S, R)-11c:P 65%,
dr>20:1, 95% ee

dr >20:1, 97% ee

\, 7

OMOM
Me

Ao
@

(S4 R)-8f:° 76%,
dr >20:1, 98% ee

X
OMOM

Me

OMe

(S R)-9f:¢ 90%,
dr >20:1, 89% ee

(Sa,R)-10£:¢ 79%,
dr >20:1, 99% ee

@ Reactions performed at 0.1 mmol scale in anhydrous 1,4-dioxane (1 mL/0.1 mmol 2-6) with S equiv. of 1a—f for a 24 h period at 80 °C. Isolated
yields refer to major isomer after chromatography. Dr’s were determined by "H NMR in the crude reaction mixtures. Ee's were determined by chiral
HPLC analysis. ® 20 equiv. of 1¢ were used at 60 °C for 48 h. < 20 equiv. of 1d-f were used at 80 °C for 24 h. 4>99% ee after a single crystallization.



ethers such as 1b—c afforded the desired heterobiaryls 7-10b—c in
moderate to excellent yields while maintaining high levels of dia-
stereo- and enantioselectivity. Substituted acyclic vinyl ethers (e.g.
the simplest ethyl-1-propenyl ether) were unreactive, even under
forcing conditions. This limitation is attributed to the considerable
steric crowding introduced by the heterobiaryl fragment in the
hexacoordinate key intermediates and transition states (see mech-
anism discussion below). The absolute configuration of (S,R)-9b
was determined by single-crystal X-ray diffraction analysis (Figure
1), while that of other products 7-10 was assigned by analogy. The
reactions with ethyl vinyl ether 1¢ were carried at 60 °C for 48 h
and with a larger excess of reagent due to its higher volatility (bp
33 °C). Besides, the lower steric hindrance exerted by the ethyl
group in comparison with the #n-Bu or Cy groups on vinyl ethers
la-b caused the diastereoselectivity to drop from >20:1 to >9:1
(see the mechanism discussion below). In the case of the less reac-
tive heterobiaryl 6, the consumption of the vinyl ether 1a by a com-
petitive polymerization process was faster at 80 °C than the hy-
droarylation reaction itself. Fortunately, the expected axially chiral
products 11a—c were obtained in moderate to excellent (65%-
88%) yields, and with very high enantioselectivities (96-99% ee)
by performing the hydroarylation reaction at 60 °C and with a
larger excess (20 equiv.) of la—c.

A N~ (RoS)Tg

Figure 1. X-ray structures of (S,R)-9b and (R,,S)-7g. Thermal ellip-
soids drawn at 50% probability. H atoms are omitted for clarity.

Trimethylsilyl vinyl ether, a reagent envisaged to obtain depro-
tected secondary alcohols after removal of the trimethylsilyl group,
did not react with 2, even under forcing conditions. This lack of
reactivity is most likely due to the higher steric bulk of the silyl
group. As an alternative, the hydroarylation reaction was per-
formed with vinyl ethers 1d—f, which contain also removable
groups such as Bn, PMB (p-methoxybenzyl), or MOM (methox-
ymethyl). The behavior of benzyl vinyl ether 1d was similar to that
of the model regent 1a: using S equiv. of 1d at 80 °C, the desired
products 7d-10d were obtained in moderate to excellent 45-91%
yields, dr’s higher than 20:1, and ee’s up to 99%. Likewise, the hy-
droarylation reaction with PMB and MOM vinyl ethers 1e and1f
afforded the corresponding products 7-10e,f with excellent levels

Table 3. Hydroarylation of 2,3-Dihydrofurane 1g.*

AN [IrCl(cod)]; (2.5 mol%)
' 0 (5)-Tol-SDP L9 (6 mol%)

_N
Aol

minor

NaBAr" (10 mol%) diastereomer

R— | 1g 1,4-dioxane, 80 °C
X
2-6
L
S
N N
O N e e

Me OMe

(R.,S)-8g: 59%, (R,S)-9g: 76%,
dr3:1, 92% (32%) ee dr3.5:1, 97% (22%) ee

(Ra,S)-79: 46%,
dr 3:1,97% (23%) ee

N O S
ve” 2N o N o
99 QO

(R4 S)-11g:P 42%,
dr 2:1, 98% (76%) ee

(Ra,S)-10g: 35%,
dr2:1, 96% (12%) ee

*Reactions performed on a 0.1 mmol scale (1 mL/0.1 mmol 2-6) and
10 equiv. of vinyl ether 1g, for a 24h period at 80 °C. Isolated yields of
pure major isomer after chromatography. Diastereoisomeric ratios
(dr) were determined by "H NMR in the crude reaction mixtures. Ee's
were determined by chiral HPLC analysis. Values in brackets corre-
spond to the minor diastereomer, whose absolute configuration was not
determined.” 20 equiv. of vinyl ether 1f were used.

of regio-, diastereo-, and enantioselectivity, although a larger ex-
cess of reagent was necessary to reach moderate to excellent (33~
90%) yields. As an exception, methoxy-substituted heterobiaryl 4,
showed lower enantioselectivities in some cases.'

The methodology could be extended to a cyclic electron-rich al-
kene such as 2,3-dihydrofurane 1g (Table 3), although a signifi-
cant drop in the diastereoselectivity (dr ~3:1) was observed. Both
diastereoisomers of 7g-11g could be separated by column chro-
matography, affording the major diastereoisomer (R,,S)-7-11g in
moderate to good yields (35% to 76%) with enantioselectivities
higher than 92% ee. Single-crystal X-ray diffraction analysis of
(R4S)-7g unequivocally confirmed its absolute configuration(Fig-
ure 1) which, surprisingly, is opposite to that observed for the acy-
clic products 7-11a—f. For a plausible explanation of this unex-
pected observation, see the mechanism discussion below. Less
strained 3,4-dihydro-2H-pyran proved to be unreactive, but the at-
roposelective hydroarylation protocol could alternatively be ex-
tended to tensioned cyclic alkenes such as norbornene 1h and
functionalized derivative 1i (Table 4). Using in this case
[IrCl(cod).]/(R)-Tol-BINAP L2 as the catalyst (see the SI for the
optimization of the reaction conditions), these substrates readily
reacted with heterobiaryls 2—6,12-14 to afford the desired adducts
7-11,15-17h in moderate to near quantitative yields, with enanti-
oselectivities up to 99% ee and as a single exo diastereomer. The
exo selectivity, and the absolute configuration of the products,
could be again confirmed by X-ray diffraction analysis of (R, R,R,S)
16h (Figure 2). Assuming an uniform reaction pathway for the rest
of the products, the same absolute configuration was assigned to
analogues (R,R,R,S) 7-11,15,17h, while the absolute configura-
tion of i series major isomers was assigned to be (R4R,R,S,R,S)-7-
10i,15i,16i. The hydroarylation reaction of 1h with 2 could be



Table 4. Hydroarylation Reactions with Norbornenes.*

[IrCi(cod)], (2.5 mol%)

N ) €
N L2 (6 mol%)

/
PN R’ NaBArF (10 mol%)
- R’
AN

R
R 1,4-dioxane, 60-80 °C
1h,R=H exo-7-11h,15-177Th: R=H

1i, R = CH,OH exo-7-10i,15i,16i: R = CH,OH

2-6,12-14

(RaRR,S)-Th (RaRR.SR S)TI R ’\.‘:eR S)-8h
a v I,0)= 0/, b 0, a1, 0)
>99%, 98% ee >99%,° 98% ee 99%, 95% ee

& on & & o
N oH _N _N OH

Me OMe OMe
(RaR.R,S,R,S)-9i

(RaR.R.S,R,S)-8i (R,RR.S)-9h R
77%.,° 89% ee 43%, 97% ee 72%,° 92% ee
\ X OH
‘ I OH
Me N . 7 Me' =N

(Ra,R.R,S,R,S)-10i
80%,° 93% ee

(Ra,R,R,S)-10h
96%.° 99% ee

(Ra,R,R,S)-11h
88%,° 94% ee

& S o [
_N _N OH _N
Me .’ Me Me .’
Me Me OMe
(Ra,R,R,S)-15h (Ra,R.R,S,R,S)-15i (Ra,R.R,S)-16h
89%, 97% ee 86%,° 92% ee >99%, >99% ee
X OH
‘ _N 6H
Me
OMe

(Ro,RR,S,R,S)-16i
83%,° 98% ee

(RoR.R,S)-17h
95%,° 90% ee

*Reactions performed on a 0.1 mmol scale using anhydrous 1,4-diox-
ane (1 mL/0.1 mmol 2-6) and S equiv. of norbornene 1h, for a 24 h
period at 60 °C. Isolated yields after chromatography purification.
Exo/endo ratio was determined by "H NMR in the crude reaction mix-
tures. Ee's determined by chiral HPLC analysis. ® Reaction carried out
at 80 °C for 24h.

(Ra,R.R,S)-16h

Figure 2. X-ray structure of (R,R.R,S) 16h Thermal ellipsoids drawn
at 50% probability. H atoms are omitted for clarity.

also performed at 1 mmol scale, affording 7h in 98% yield and
97.5% ee, without compromising the exo selectivity.

Protecting group cleavage and representative transfor-
mations. The deprotection studies were initially carried out using
O-benzyl derivative (S,R)-7d as the starting material (Scheme 2).
Unexpectedly, C-O bond cleavage of this material either failed
(H,Pd/C) or exclusively takes place at the secondary benzylic po-
sition (BBrs in DCM), despite the higher steric hindrance around
the stereogenic center. Thus, reaction with BBr; afforded bromide
18 in 90% yield as a 85:15 diastereomeric mixture and with partial
racemization. The observed epimerization-racemization process
can be explained after formation of a cationic intermediate result-
ing from intramolecular nucleophilic displacement of the activated
OBn fragment by the heterocyclic N atom, followed by nucleo-
philic attack of Br™. A similar result was also observed for (S,R)-
7a. The oxidative cleavage (DDQ in DCM) of the PMB group on
(SyR)-7e afforded the desired free alcohol (S,R)-19, although in
a poor 31% yield. Fortunately, cleavage of the MOM group of
(84,R)-7f under acidic conditions (TfOH in DCM) could be satis-
factorily accomplished to afford (S,R)-19 in 75% yield without
erosion of the enantiomeric purity. Under these conditions, other
MOM derivatives 8f-10f were also transformed into alcohols
(S4R)-20-22 in good to excellent yields and high ee’s. Im-
portantly, the hydroarylation-MOM deprotection sequence can be
performed at 1 mmol scale to afford (SoR)-19 a in better yield (77%
isolated overall yield) and without erosion of the enantioselectivity. Al-
cohols (S,R)-19 and (S,R)-22 are useful intermediates: nucleo-
philic substitution with diphenylphosphoryl azide (DPPA) takes

Scheme 2. Protecting Group Cleavage and Representative
Transformations.
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X (52.9)-25 88%. 99% ee 84%, 99% ee
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place with inversion of configuration to afford azides (S,,S)-23,24
in good yields, and subsequent Staudinger reduction efficiently af-
forded appealing diamines (S,,5)-25,26."

Kinetic isotope effect. Deuterium labelling experiments were car-
ried out to gain mechanistic insight into the catalytic cycle. Two
parallel hydroarylations of n-butyl vinyl ether 1a were performed,
one with the non-deuterated substrate 2 and the other with the
deuterated counterpart 2 (Scheme 3). An apparent KIE (Kp/Ku)
value of ~0.9 was measured from the analysis of the reaction crudes
after 4 h at 80 °C. On the other hand, the analysis of the deuterium
incorporation in the recovered starting material 2° (only ~22% D
from ~99%) and the formed product (S,R)-7" (~46% D) showed
a significant amount of hydrogen incorporation, revealing that the
C—H activation and insertion steps are reversible. Although a cor-
rect value of the KIE cannot be provided by this data,” these ex-
periments indicate that the C—H activation is not the rate deter-
mining step, and suggest that the migratory insertion should be the
regio and stereodetermining step.

Scheme 3. KIE and Deuterium Labelling Experiments.

‘ A [IrCl(cod)l, (2.5 mol%)
N L9 (6 mol%) N ongy
+ 1a
H NaBAIF (10 mol%)
1,4-dioxane, 80 °C, 4 h

59% unreacted 32%
| N [IrCl(cod)], (2.5 mol%)
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Computational studies. Theoretical calculations (wB97xD /
6-31g(d,p) + SDD in 1,4-dioxane -SMD-; see the SI) have been
carried out to rationalize the origin of the observed regio- and en-
antioselectivities and support the conclusions from the observed
deuterium labelling experiments. While recent mechanistic studies
on metal-catalyzed hydroarylation justify the regio- and central en-
antioselectivity of similar hydroarylation reactions.”**
search we also account for the extra complexity introduced by sim-
ultaneous generation of axial and central chirality. In line with re-
lated investigations, the reaction proceeds through a modified
Chalk-Harrod-type mechanism,” with selectivity-determining mi-
gratory insertion into the Ir-Car bond preceding C-H reductive
elimination. Also, regiocontrol is determined by the alkoxy group,
that directs insertion so that the aryl group is coupled to the carbon
a to it. The origin of diastereoselectivity is however more complex,

in this re-

and calculations suggest a cooperative effect of the BINAP, the het-
erobiaryl ligands and vinyl ether ligands, in which dispersive inter-
actions play an important role.

Initial C-H oxidative addition of N-coordinated naphtylpyri-
dine $ to Ir' is facile when assisted by vinyl ether, which is placed
trans to hydride in the resulting Ir(III) complexes (see Ba.tvinyi in
Scheme 4). Up to eight octahedral isomers may result from this
step, differentiated by the relative orientation of the double bond
and by the configuration of the stereogenic axis. Importantly, dy-
namic kinetic resolution conditions are met at this stage, given the
low epimerization barriers (ca. 15 kcal-mol™) that interconvert the

R, and S, diastereomeric intermediates via C—C rotation.** Then
the following diastereomeric transition states should have different
energy barriers to account for the observed enantioselectivity. Cal-
culations of alkene migratory insertion into the Ir~Car bond of
isomers B.eviny yield barriers above 30 kcal-mol™ (see the SI), as
expected from the trans influence of the hydride ligand and could
not explain the experimental enantioselectiviy. Thus, the remain-
ing octahedral intermediates resulting from rearrangement of the
BINAP, heterobiaryl, hydrido and vinyl ether ligands around the
metal (Scheme 4) have also been considered in the calculations as

Scheme 4. Computational Study of C-H Oxidative Addition.*
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keal-mol™ and set of isomers considered in this study. Isomers in a
dashed rectangle yield the lowest energy pathways for hydroarylation.

Scheme 5. Set of Diastereomers Considered for Geometric
Isomer Bu.n.*
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*The numbering of intermediates, e.g. Sa-Bu.+.x, comprises one cap-
ital letter (a sequence of intermediates in a given pathway type is as-
signed letters in alphabetical order), followed by a sequence of charac-
ters associated to the isomeric rearrangement of the first complex in
any given pathway (i.e. H-t-N = “hydride trans to nitrogen”). The pre-
fixes S, and R, relate to the configuration of the C—C axis of the het-
eroaryl ligand, whereas the m prefix refers to pseudo mirror image na-
ture of a given isomer.



- t
I P "
g el 1
Co T N
= H
g || W \\/—'(l 0
I
< vy e
Q) = Sa-TS1H.tN 1
< OMe
Sa-TS3h.tN,2
14.7
migratory 12.9
insertion / -\ 10.2
‘ / SaChant ™
SaBi.en ot
=12
Sa-Bh.tN2 ———

39 L SaTSAms

T
Sa-C’H.t-N,1

isomerization

Sa TS24 N 1
55.3

t
e I

<0
= \éN//"
& A
4 285 \ MeO/\
S TS2'hen1

iy “I +F
 reductive §

i elimination \

E H

Figure 3. Free energy profiles for the formation of the (S,,R) hydroarylation product via migratory insertion into Ir-H/C-C reductive elimination (red-
dotted trace) and via insertion into Ir-C/C-H reductive elimination (blue solid trace) from isomers Ss-Bu.e.n.

starting points of the reaction manifold.”* For the shake of clarity
the following paragraphs will describe only pathways originating
from the H-t-N set of diastereomers (Scheme $S), since these jus-
tify the experimental enantioselectivity having the lowest energy
barriers. Results from calculations on alternative pathways starting
from H-¢-C diastereomers are also in accord with the experiments
and can be found in the supplementary information, while the re-
maining reaction pathways originating in H,C-t-P and H,N-t-P
isomers have high energy barriers that are at odds with the experi-
mental conditions. Specifically, we will focus on relevant aspects of
reaction pathways leading to branched (SoR) product, which is the
major isomer seen in the experiments for linear vinyl ethers, and
we will compare those to alternative pathways yielding linear or
minor diastereomeric forms of branched products.Double bond
insertion into either the Ir—H or Ir-Camy bonds of the alkene com-
plex S.-Bu:n and the ensuing pathways to hydroarylation are
closed by C-C or C-H reductive elimination steps, respectively.
These reaction sequences are examples of what has been described
as Chalk-Harrod and modified-Chalk-Harrod type mechanisms.”
In the first case, insertion into the Ir-H bond of the alkene complex
Su-Bren1® has an overall barrier from [(BINAP)Ir(1)(5)]* + me-
thyl vinyl ether of 12.9 kcal-mol™ (Figure 3, red-dotted trace),
whereas the reverse elementary step, 3-elimination, requires only
2.7 keal-mol™ from S.-Cr.en,1, in agreement with the reversibility
of the insertion step. On the contrary, C-C reductive coupling to
afford the (S, R) hydroarylation product from the insertion inter-
mediate is inaccessible, since the step has an energy barrier (S.-
TS2u.ex,1) of more than 50 kcal-mol™. This may be a consequence
of the C-H B-agostic interaction between the newly formed alkyl
ligand and the metal in intermediate C, which is retained in the
transition state TS2, constraining its geometry (Figure SC1). S.-
Cu.sxna can however undergo facile isomerization through a

trigonal bipyramidal transition state to a new species, So-C’u.r.x,1,
with N trans to phosphorous, from which C-C reductive coupling
has an overall barrier of 28.5 kcal-mol™.* These results are entirely
consistent with the literature'*” and will not be discussed in fur-
ther detail. It should however be emphasized that they illustrate
pathways for hydrogen-deuterium scrambling that are consistent
with the deuteration experiments, since migratory insertion into
Ir-H is fast and reversible, regardless of the high energy barrier
found for C-C reductive coupling.

Regarding the second type of mechanism mentioned above,
when double bond migratory insertion into the Ir-Caribond of S.-
Bu.en,2 (Figure 3, blue-solid trace) was calculated, it was found to
be slightly more difficult than insertion into Ir-H in the previous
route, having an energy barrier of 15.8 kcal-mol™. Then, similarly
to the previous route, the insertion intermediate, So-En.t.x2, under-
goes almost barrier-less isomerization to place the biaryl N trans to
phosphorous. This step is exergonic and yields a stable new inter-
mediate, So-E’n.en;2, which renders the overall step sequence irre-
versible (AG'= 32.0 kcal-mol™). However, reductive C-H cou-
pling from this point on the way to the (S,R) product is relatively
fast with a barrier of 17.7 kcal-mol™, at variance with C~C coupling
in the previous pathway. Similar results have been found for alter-
native routes starting from other isomers of intermediates B, as can
be seen in the supplementary information, which confirms a pref-
erence for a modified Chalk-Harrod-type mechanism in this reac-
tion. In addition, these results are consistent with migratory inser-
tion into Ir-C being the stereo-determining step.

The origin of the regioselectivity for this reaction is illustrated
by the insertion of vinyl methyl ether into the Ir—Cary bonds of Sa-
Bu.sn2and Sa-Bu.en, both alkene complexes being differentiated
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only by the orientation of the vinyl ether double bond. Thus, while
o-insertion at Su-Bu.cn2leads, as already shown, to the (S, R) prod-
uct through an energy barrier of 15.8 kcal-mol™, the barriers for 8-
insertion at S.-Bu.rn;3 and Sa-Bu.rn4, leading in both cases to the
(Sylinear) product, are 4.4 and 6.7 kcal-mol™" higher respectively
(Figure 4). Similar preference for ai-insertion into Ir—Cay has been
found in routes starting from different isomers of B, and this is in
line with related findings in the literature.’®”” These results can be
rationalized as resulting from the electron donating character of
the alkoxy group, that stabilizes the transition state for migratory
insertion (TS3) with the electrophilic iridium attaching to the
least substituted carbon. That is, it favors C—C coupling with the
carbon a to the alkoxy leading to branched product.

The origin of the enantioselectivity in this system is complex and
can be ascribed to at least three contributions, the more conspicu-
ous being that the energy barrier for migratory insertion into the
Ir-Cari bond depends on the configuration of the stereogenic axis
relative to the vinyl ether in octahedral complexes B. Two more
subtle, but determining contributions involve the orientation of
the methoxide moiety and the presence of dispersive interactions
between the chiral phosphine and the biaryl that may stabilize the
stereo determining transition state. Regarding the first contribu-
tion, while S.-Bu.c.n,2 features the Ir-Carm carbon pointing to the o
carbon of the vinyl ether, in Ri-Bu.s.x;2, the corresponding diastere-
omer bearing the R, form of the biaryl ligand, the Ir-Camy carbon
points away from it (Figure SC2). As a consequence, the transition
state for migratory insertion into the Ir-Caym bond of the latter,
eventually leading to the (R,R) product, Re-TS3n.enyz, is severely
distorted and lies 31.7 kcal-mol™ above the origin, compared to
15.8 kcal-mol™ for S.-TS3msn2 Scheme 6 summarizes the

information gathered from the calculations for o.-migratory inser-
tion of vinyl ethers into the Ir-Cam of the different diastereomers
H-t-N, confirming the effect of the configuration of the stereo-
genic axis on the energy barriers. Inspection of these results reveal
four routes with almost parallel energy profiles (see the SI) and en-
ergy barrier values for migratory insertion into Ir—Car that are
within an interval of less than 2 kcal-mol™ (from 17.1 to 15.3
kcal-mol™). Interestingly, the two most stable transition states (for
the methyl vinyl ether containing model), So-TS3n.+n2(AG* =15.8
kcal-mol™) and mR,-TS3m.x,2 (AG'= 15.3 kcal-mol™) feature the
methoxy group positioned in an endo fashion relative to the biaryl
ligand, and the same is true for routes starting from isomers H-¢-C
(See the SI). This suggests a, perhaps counterintuitive, role for dis-
persive (attractive) interaction between the alkoxy moiety of the
vinyl ether and the biaryl. However, this model system predicts the
(R4S) isomer as the major product of the reaction, instead of the
(S4R), as observed in the experimental study for linear OR groups.
The small size of the methoxy moiety may not be able to account
for the steric effects resulting from the larger alkoxy groups used in
the experiments. Therefore, when OMe was replaced by the bulk-
ier OCy fragment (i.e. the new model uses substrate 1b) the calcu-
lations predict that the route leading to the (S,R) product has the
most stable transition state for insertion into Ir—Caryi, Sa-TS3m.s-
N2,y (AG'= 14.8 keal-mol™), thus reproducing the experimental
selectivity. Noncovalent interaction analysis (NCI)*® of the two
most stable transition states for the cyclohexylvinyl ether (1b)-
containing system confirmed the presence of dispersive interac-
tions between the endo-facing OCy moiety and the biaryl ligand,
and a larger 7-7 interaction surface between the biaryl and the
BINAP in the most favorable transition state’ (Figure S and
SC10), thus revealing a role for the chiral phosphine in the enanti-
oselectivity control.*®



Scheme 6. Geometries of Cationic Transition States for Migratory Insertion into Ir-Cari Bonds.*
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*Figures in parentheses correspond to Gibbs energies in kcal-mol™ for R = Me and Cy (underlined). High-energy transition states are associated

with severe distortions of the aryl moiety (highlighted with red circles).
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Figure S. View along the P-Ir—Ciinyt axis of Sa-TS3m.t.n,2,cyand mRa-
TS3u.+n,5,cy, showing the match/mismatch alignment of the biaryl and
BINAP ligands: no interaction surface was located between the pyridyl
fragment and BINAP in mR.-TS3n.tn,s,cy. The color code for the NCI
plots is red = attractive / blue = repulsive. Green regions correspond
to weak, van der Waals-type interactions (only relevant surfaces are
shown for clarity).

CONCLUSIONS

In summary, a highly regio-, diastereo- and enantioselective (up
to >20:1 dr, up to 99% ee) desymmetrization of configurationally
labile heterobiaryls takes place through Ir-catalyzed hydroaryla-
tion of vinyl ethers or bicycloalkenes. The reaction affords appeal-
ing functionalized heterobiaryls with simultaneous installation of
central and axial chirality. Deuterium labeling experiments to-
gether with computational studies suggest that the reaction pro-
ceeds via a modified Chalk-Harrod-type mechanism, and that the
migratory insertion into the Ir-Cay bond is the selectivity-

determining step. The computational results are in fair agreement
with the observed regioselectivity and absolute configuration.
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Z 0R Atractive n-stacking interaction

[Ir}/(S)-Tol-SDP (Cat.)
NaBArF (10 mol%)
1,4-dioxane, 60-80 °C

Ay,

[IN/(R)-Tol-BINAP (Cat.)
NaBArF (10 mol%)
1,4-dioxane, 60-80 °C

32 examples
up to >20:1 d.r., 99% ee

14 examples TS for the insertion (enantiodetermining)
>20:1 exo, up to >99% ee Step leading to the observed (S,,R) product




