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Design, Synthesis and Application of Novel Chiral C,-symmetric
Spiroketal-containing Ligands in Transition Metal Cgtalysis**

Alonso J. Arglelles, Siyuan Sun, Brenna G. Budaitis, and Pavel Nagorny*

Abstract: We present an expedient and economical route to a new
spiroketal-based C,-symmetric chiral scaffold termed SPIROL.
Based on this spirocyclic scaffold, several chiral ligands were
generated and successfully employed in an array of stereoselective
transformations including Ir-catalyzed hydroarylation (up to 95% ee),
Pd-catalyzed allylic alkylation (up to 97% ee), intermolecular Pd-
catalyzed Heck reaction (up to 95% ee), and Rh-catalyzed
hydrogenations of dehydroalanine (up to 93% ee).

Asymmetric transition metal catalysis is one of the most
practical and powerful tools to achieve stereocontrol.™ Its
successful application heavily relies both on the powerful and
enabling chemistry of transition metals and the versatility of
chiral organic ligands to access stereoselective transformations.
The generality and utility of this mode of activation has stressed
the need for a wide variety of structurally diverse chiral ligands in
order to fine-tune the stereocontrol in these reactions. Since the
popularization of BINAP, chiral phosphine ligands have
dominated the field of asymmetric transition metal catalysis,*®
and organic chemists have strived to provide alternative chiral
backbones with superior performance in catalysis.” SPIN
derived ligands, such as SDPs,® have been used with
results in the past decades (Fig 1A, left).® Although
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Our studies commenced with a highly enantioselective
alkylation of protected 3-hydroxybenzaldehyde 1 (Scheme 1).
Although commercially available DBNE could be used to
catalyze a highly enantioselective additions to different protected
aldehydes (R=MOM, BOM, Bn),""! readily available aziridine-
based organocatalysts could also be used to attain the desired
products 2 in a practically enantiopure form (c¢f. SI).'"? The
treatment of the resulting alcohol 2 with two equivalents of n-
butyl lithium in toluene regioselectively afforded the dilithiated
species 3 (cf. Sl), which is then captured by diethyl carbonate to
produce the desired spiroketal 6 in good yields and excellent
diastereoselectivity. This transformation is proposed to proceed
through the intermediacy of isobenzofuranone 4, and then
adduct 5 that subsequently collapses to 6 upon treatment with
acetic acid. This unprecedented dimerization could be carried on
a decagram scale and provides quick means for accessing
protected SPIROL.
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Scheme 1. Highly diastereoselective spiroketalization of benzylic alcohols 2.
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(a) For R=Bn/MOM: (-)-DBNE (7 mol%), Et,Zn (1M in hex, 2.2 eq), hexanes,
0°C; 97% yield, 94% ee (R=MOM); 82% yield, 91% ee (R=Bn); (b) For
R=Bn/BOM/MOM,  aziridine  diphenyl((S)-1-((S)-1-phenylethyl)aziridin-2-
yl)methanol (5 mol%), Et,Zn (1M in hex, 2.2 eq), PhMe, 0°C; 97% yield, >99%
ee (R=MOM); 91% vyield, 99% ee (R=BOM); 99% yield, 98% ee (R=Bn); (R,S)-
aziridine organocatalyst could be used to get (R)-2 in excellent ee (see Sl) (c)
i) n-Butyllithium (1 M in hex, 2.0 eq), PhMe, 0°C to rt; ii) diethylcarbonate (0.55
eq), rt; iii) ACOH (xs), rt. 67% vyield (79% BRSM), >20:1 dr (R=MOM); 59%
yield (64% BRSM), >20:1 dr (R=BOM); 42% vyield (66% BRSM), >20:1 dr
(R=Bn).

Computational studies!™ showed that the
pseudoenantiomeric diol diastereomers (R,S,S)-7 and (S,S,S)-7
had near equal gas-phase energy (1.0 kcal/mol difference,
favoring (S,S,S)-7), and we therefore surmised that we would be
able to equilibrate them under mildly acidic conditions to obtain
majorly (S,S,S)-7, or suppress the epimerization to favo
(R,S,S)-7. To our delight, the deprotection of substrates 6a-c
could be carried out with excellent yields and moderate
selectivities for either diastereomer of SPIROL scaffold 7 (1:3.8
d.r. favoring (R,S,S)-7 to 1.9:1 favoring (S,S,S)-7, Scheme 2, cf.

Sl). During the acid deprotection of (R,S,S)-6a or (R,S,S)-6b, a,

small amount of undesired (S,R,S)-7 diol was also formed (~6%
for R=MOM). The mixture of diastereomers were not separated
at this stage as they were not configurationally stable and was
converted to the corresponding configurationally stable ditriflates
(R,S,S)-8 and (S,S,S)-8.

Scheme 2. Diol equilibration and chemical separation of diastereomers.
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impurity; for R=BOM, 87% yield,
1:1.3dr, + 10% (S,R, impurity, Bn, H, (balloon), NaHCO; (9 eq),
MeOH, rt; 94% yield, 1:6.9 dr; pyridine (5.3 eq), DCM, 0°C to
rt; 97% yield, with conse‘dr; (d) HP(O)Ph; (0.9 eq), Pd(OAc), (4.1 mol%),
dppb (4.1 mol%), DIPEA (2.3 eq), DMSO, 80°C. For 1:1.9 dr mixture with 6%
(S,R,S)-8 impurity: 54% yield of (S,S,S)-9, with 3% of (S,R,S)-9; and 31%

recovery of (R,S,S)-8 with 3% (S,R,S)-8 impurity. *(R,S,S)-7 is the major
diastefeom owever, a prolonged exposure to acids,
including SiO,, results in epi leading to (S,S,S)-7 as the major

diastereomer (cf. Sl). (e) PPPh,CI (2.5 eq), DMAP (0.1 eq) NEt; (4 eq), DCM,
82% yield over 2 steps, 2:1 dr favoring (R,S,S)-SPIRAPO;
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Despite their close R: values, the ditriflates could be
separated by the conventional chromatographic techniques.
However, we have also identified a more convenient for the
larger scale purification method Wedvantage of the
difference in reactivity between these . Thus, the mixture
of ditriflates was subjected to a Pd-catalyzed coupling with
diphenylphospine oxide at 80°C. W serv at, at this
cted in excellent yield to
ereomer was recovered
almost quantitatively. The (S,R,S)-8 impurity reacted partially but
was easily removed by recrystallization from cyclohexane.
Afterwards, we w te the triflate/phosphine
oxide (S,S,S)-9 to phine. A reduction with
trichlorosilane affo (S,S,S)-10, which was
then subjected to ith diphenyl phosphine
hine (S,S,S)-SPIRAP(O),
d by X-ray crystallography. In
ling of the phosphineftriflate (S,S,S)-10
provided (S,S,S)-SPIRAP in excellent
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(5,5,5)-SPIRAP
iCl; (16 eq), DIPEA (40 eq), PhMe, 80°C, 81% yield; (b) HP(O)Ph, (2
DIPEA (5 eq), Pd(OAc), (5 mol%), dppb (5 mol%) DMSO, 100°C, 94%
Id; (c) HPPh; (3 eq), DIPEA (6.1 eq), Pd(OAc), (10 mol%), dppb (11 mol%)
MF, 100°C, 92% yield; (d) Pd(PhCN),Cl, (1.0 eq), benzene, 97% yield. (e)
Cs,CO; (5 eq), DMF, 80°C, 95%;

(5,5,8)-11

In line with the aforementioned studies, the recovered
ditriflate (R,S,S)-8 was recrystallized from cyclohexane and
reacted in good yields with diphenyl phosphine oxide in similar
coupling conditions, albeit at 100°C, to provide pure (R,S,S)-9,
which was likewise elaborated to (R,S,S)-SPIRAP(O) and
(R,S,S)-SPIRAP in good yields. The absolute stereochemistry of
(S,R,R)-SPIRAP(O) obtained by an identical route using (R)-2a
was confirmed by X-ray crystallography (cf. Sl). All of the
intermediates towards (R,S,S)-SPIRAP were found to be
configurationally stable, which leads us to believe that
epimerization is mostly impeded for steric reasons. In addition,
other ligands such as diphosphinite (R,S,S)-SPIRAPO (Scheme
2) and catalysts such as (S,S,S)-SPIROMP as well PdCl;,
complexes 11 (Scheme 3) were conveniently generated. The
SPIRAPO was obtained as a separable by chromatography 2:1
mixture of (R,S,S)- and (S,S,S)- diastereomers (82% yield),
which is reflective of the dr of the initially used mixture of
isomers 7.

The ligands synthesized above were then tested in various
reported asymmetric catalysis applications (cf. Scheme 4). We
were pleased to find that (S,S,S)-SPIRAP is an exceptional
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ligand in the Ir-catalyzed hydroarylation of methylated cinnamyl
alcohol 12 and 2-phenyl pyridine 13, which provided better
enantiocontrol (entry 5) than the BINAP- (entries 1 and 3) and
SEGPHOS-based

Scheme 4. Application of SPIRAP, SPIRAP(O), and SPIRAPO in Ir-, Pd- and
Rh-catalyzed asymmetric transformations.

A. [IrCI(COD)], (2.5 mol%) MeQ Ph
N=— Ligand (6 mol%)
MeO™ S Ph + N N=
Y NaBArF, PhMe N\ /
12 13 14
entry ligand temperature (°C) yield (%) ee (%)
1 (R)-BINAP 80 84 88
2 (R)-SEGPHOS 80 7 81
3 (R)-3,5-XyI-BINAP 80 87 94
4 (R)-SDP 70 82 94
5 (S,S,S)-SPIRAP 70 91 95
6 (R,S,S)-SPIRAP 70 N.R. -
Yo 2 9 Pl Eman i
b
Ph/\)\Ph * MeOMOMe — MeO OMe
EtoZn (2 equiv) A
15 16 dioxane Ph Ph 17
entry ligand yield (%) ee (%)
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8 (S,S,S)-SPIRAP 94 97
9 (R,S,S)-SPIRAP 98 -88
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18 19 20
entry ligand yield (%) ee (%)
10 (R)-3,5-Xyl-SDP(O) 96 99
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12 (R,S,S)-SPIRAP(O) 96 89
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Ligand (6 mol%) ;\
—_—
AcHN”“COMe "1 600 psi), DCM, rt, 3h AcHN”>CO,Mg
21 22
entry ligand yield (%)
13 (S)-BINAPO 84
14 (S)-SDPO 85
15 (S,R,R)-SPIRAPO 87
(R,R,R)-SPIRAPO 85

CC,. <O
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phenylpyridine (1.07 eq),
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[Rh(COD)]OTf (5.0 mol%), ligand (6.

ligand (6 N
) [PdCl(allyl)], (2
q), rt, 1,4-dioxane; 8
. DIPEA (2 eq), T,4-dioxane, 70°C D)
01%), H (500 psi), DCM, rt.

(entry 2) ligan
(Scheme 6A).M"In

by the Nishimura group
reomer, (R,S,S)-SPIRAP
for this reaction, and no product was
ly, excellent performance of (S,S,S)-
e Pd-catalyzed allylic alkylation of
ethyl malonate 16 to afford chiral
diester 17 in 94% yiel ee (entry 8, Scheme 6B), which
is comparable to commercial (S)-SDP (entry 7)."® Remarkably,
the pseudoenantiomeric ligand (R,S,S)-SPIRAP favored the

Pd(dba), (2.5 mol%),
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other enantiomer of the product in 88% ee (entry 9). The
phosphine oxide/phosphine ligand (S,S,S)-SPIRAP(O) was also
used with great success in a Pd-catalyzed Heck reaction of 2-
vinylphenyl triflate 18 with norbo 19 to afford tricycle 20
(entry 11, Scheme 4C)M" As b he diastereomeric
complex (R,S,S)-SPIRAP(O) favored a jgmeric product
albeit with somewhat lower selecti (entry 12). Finally,
diphosphinites (S,R,R)-SP R,R,R)-SPiRAPO were
applied in the Rh-catalyze etric hydrogenations of
dehydroalanine derivativgamad Wi lent results." The
(R,R,R)-SPIRAPO performed similarly to SPINOL-based ligand
(S)-SDPO (entries 16 and 14) w the use of the (S,R,R)-
diastereomer resulji in reversal of tioselectivity (entry 15).
In addition, applicien of SPIROMP anocatalytic aza-Baylis
Hillman reaction!"® een demongiilited (cf. SI).

AP diastereomers and SDP.?

entry at Pd(ll) By By bite angle ()
1 0.425 0.113  0.125 94.4
0.425 0.086  0.092 95.3
0.427 0.112  0.129 94.2

7, and 7,’ are Geometry index parameters defined by two largest angles at Pd

The consistent similar performance of (S,S,S)-SPIRAP
S)-SDP and different behavior of (R,S,S)-SPIRAP
ted us to do a more thorough comparison between the
'S)- and (R,S,S)-diastereomers. The DFTI'*'¥ analysis of
stereomeric Pd(ll) complexes of SPIRAP (11), and
ommercial (S)-SDP, demonstrated that these complexes have
similar natural charge at the metallic center. However, while the
geometry index parameters 7, ?” and =’ ®" showed similar
values for (S,S,S)-11 and (S)-23 (entries 1 and 3, Table 1), 74
and 7’ for (R,S,S)-11 were found to be considerably different
(entry 2, Table 1). This implied that, although these three
complexes are electronically similar, the (R,S,S)-SPIRAP
complex is structurally significantly different from (S)-SDP, while
(S,S,S)-SPIRAP, although not identical, is much more similar.
The calculated bite angles also demonstrated this trend, with
(R,S,S)-SPIRAP showcasing a slightly larger angle. This
explains the lower performance of (R,S,S)-SPIRAP in catalytic
applications optimized for SDP. A closer inspection of the three-
dimensional structures of these complexes reveals that the ethyl
sidechain in (R,S,S)-SPIRAP disturbs the n-stacking between
the aryl groups of the backbone, leading to a different overall
geometry (Figure 2). The structural dissimilarities between our
spiroketal manifold and the SPINOL core leads us to believe that
our catalytic platform could provide a unique solution to new
asymmetric methodologies of importance in current organic
chemistry. This divergence is reflected in the performance of
some of the reactions mentioned above. The ease of
preparation,
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Figure 2. Comparison of (R,S,S)-SPIRAP, (S,S,S)-SPIRAP, and SDP complexes of PdCl,. The geometries of , (S)-25 were optimized
using DFT with B97-D exchange functional and mixed bases sets (Lanl2dz for Pd, P, Cl and 6-31G** for all of,

stability, availability of new sites for tuning and outstanding 5139; (c) G. Liu, iu, Z. Cai, G. Ji Xu, W. Tang, Angew. Chem.
performance of (S,S,S)-SPIRAP prompt us to suggest that it Int. Ed. 2015, 54,2520, Angew. Chenfi013, 125, 4329; (d) F. S. P.
could be a widely used and successful ligand in asymmetric Cardoso, K. A. Am. Chem. Soc. 2013, 135,

14548; (e), uenee, F. Leroux, A. Alexakis,

catalysis. In addition, (R,S,S)- ligands were easily accessible

L . . A. Adv. S f) P. Ramirez-Lopez, A. Ros, B.
from thg sa!me chllral intermediateand co.uld be _used if reversed Estepa, R. B Gomez-Bengoa, J. M. Lassaletta,
selectivity is desired. The results obtained with the (R,S,S)- ACS Catal. 201 955; (g) S. Mishra, A. Aponick, J. Am. Chem. Soc.

ligands are particularly remarkable, as these thermodynamically 2017, 139, 3352; H. S. Paioti, K. A. Abboud, A. Aponick, ACS
less stable than (S,S,S)-diastereomers ligands were found to Mw (i) F. Sartorius, M. Trebing, C. Briickner, R.
possess kinetic stability under a variety of reaction conditions. Briickner, Chem. Eur. J. 2017, 23, 17463.

Further application of our new ligands to novel reactions and [8]  (a)V.B. Birman, A. L. Rhgingold, K.-C. Lam, Tetrahedron: Asymmetry
chemical processes that will help highlight the differences 1999, 70, 125; (b) J-H. Zhang, J. Liao, X. Cui, K.-B. Yu, J.-G. Deng, S--
between these and established SDPs, as well as the preparation F. Zhu, k. Wang, Q-L. Zhou, L. W. Chung, T. Ye Tetrahedron:

. Asymmetry 2002, 13, 1363; (c) J. H. Xie, L. X. Wang, Y. Fu, S. F. Zhu,
of other catalysts derived from the SPIROL core, are currently B },:/I Fa;'yH F. Duan. Q-L (Zr)mu J. Am. Chem So?: 2003, 125. 4404
underway in our laboratory. (6]
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