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Carvone-Derived P-Stereogenic Phosphines: Design, Synthesis,
and Use in Allene—Imine [3 + 2] Annulation

Andrew J. Smaligo*, Sriramurthy Vardhineedi*, and Ohyun Kwon™iP
Department of Chemistry and Biochemistry, University of California, Los Angeles, Los Angeles,
California 90095-1569, United States

Abstract

We have prepared a previously unreported family of P-stereogenic [2.2.1] bicyclic chiral
phosphines through straightforward syntheses starting from the natural product carvone. This
design rationale prompted the development of an unforeseen C-dealkenylation reaction. We have
applied these organocatalysts in the asymmetric syntheses of a bevy of pyrrolines, obtained in high
yields and enantioselectivities, including a biologically active small molecule, efsevin.
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Chiral phosphines play significant roles in asymmetric catalysis.> These chiral ligands are
typically divided into three design archetypes: (i) phosphines possessing stereogenic
phosphorus centers (e.g., DIPAMP),2 (ii) phosphines having axial chirality (e.g., BINAP),1P
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and (iii) phosphines featuring carbon stereocenters (e.g., DuPhos, DIOP).1¢ Although
phosphines possessing both carbon and phosphorus stereocenters have been particularly
useful in asymmetric catalysis,? efficient methodologies for the production of enantiomers of
C-and P-chirogenic phosphines remain scarce.3 Herein we report the design, synthesis, and
application of new rigid P-stereogenic phosphines derived from the monoterpenoid natural
product carvone. These phosphines contain four to six stereogenic centers, one of which
appears at the phosphorus center.

By harnessing chirality found in Nature, we realized our design starting from the terpenoid
carvone, which has been used in many natural product syntheses* but seldom in the
preparation of chiral ligands.®> Here we decided to feature the [2.2.1] bicyclic scaffold found
in our group’s previously disclosed L-hydroxyproline (Hyp)-derived chiral phosphines, the
utility of which has been demonstrated in a number of recent synthetic applications.” Unlike
Hyp, both antipodes of carvone are available from natural sources, allowing the facile
generation of either enantiomeric product of chiral ligands through asymmetric
transformations.

We envisioned that alkylation of the dimesylate 2 (derived from the known diol 1)8 would
afford the [2.2.1] bicyclic scaffold of the phosphine 4a (Scheme 1). The 2-propenyl motif
would presumably control the stereochemistry at the newly formed phosphorus center and
provide a handle for structural diversification. In the event, mesylation of the diol 1,
alkylation with dilithium phenylphosphide, and oxidation smoothly produced the phosphine
oxide 3a. This common intermediate provided access to the phosphine oxides 3b (after
hydrogenation with Wilkinson’s catalyst), 3c (after Sharpless asymmetric dihydroxylation),
and 3d (after Simmons—Smith cyclopropanation). Subsequent reductions with trichlorosilane
gave the corresponding tertiary phosphines 4a—4d in high yields.

To gauge the levels of asymmetric induction, we employed these chiral phosphines in [3 + 2]
annulations of the allenoates 5 and A-(p-toluenesulfonyl)imine 6a to form the pyrroline
carboxylates 7 (Table 1).° Optimization of the reaction parameters led to the best results
being obtained at room temperature when using benzene as the solvent and a 15 mol %
catalyst loading.10 Preliminary screening of the reaction of 6a with the simple allenoate 5a
mediated by the 2-propenylsubstituted phosphine 4a provided the adduct 7aa in excellent
yield (95%) and with modest enantioselectivity (15% ee, entry 1). When employing
allenoates with -substituents, we observed products with improved enantioselectivities and
high selectivity for the cis-adduct (entries 2—4), particularly for the reaction of the )-tert
butylallenoate 5e mediated by the catalyst 4a (82% ee, entry 5). When applying the 2-
propylsubstituted phosphine 4b, the enantioselectivity increased further (93% ee, entry 6),
whereas the 1,2-dihydroxy-2-propyl-substituted phosphine 4c gave the product with the
lowest enantioselectivity (77% ee, entry 7). Interestingly, no products were obtained from
the reaction catalyzed by the 1-methylcyclopropyl-substituted phosphine 4d (entry 8).

With the promising behavior of the phosphine 4b, we briefly surveyed the scope of both the
imine and allenoate components in the enantioselective syntheses of 1,2,3,5-tetrasubstituted
pyrrolines 7 (Table 2). The y-fert-butyl-substituted allenoate 5e was compatible with an
array of imines, furnishing products with benzenesulfonyl (Bs; 7eb, 92% ee) and p-
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nitrobenzenesulfonyl (nosyl, Ns; 7ec, 95% ee) protecting groups. Pyrrolines derived from
arylimines bearing ortho- (7ed, 98% ee), meta-(7ee, 94% ee), and para-substituted (7ef, 92%
ee) phenyl groups were also tolerated, as was a 2-thienyl imine (7eg, 92% ee).

The enantioselectivity abated significantly when we varied the size of the allenoate -
substituent from ethyl to isopropyl to a hydrogen atom (7ch, 83% ee; 7da, 39% ee; 7aa,
35% ee), presumably due to pronounced steric repulsion in the TS leading to the minor R-
enantiomer.11 We observed a similar trend with the phosphine 4a, as displayed in Table 1
(7da, 38% ee; 7aa, 15% ee). To improve the enantioselectivity when employing allenoates
with smaller y-substituents, we turned our attention to the further modification of the rigid
catalyst framework.

Tables 1 and 2 reveal that the catalyst 4a provided lower overall enantioselectivities than
those of the catalyst 4b. We hypothesized that this behavior might be due to the less flexible
spp-hybridized 2-propenyl group exerting a greater steric effect on the endoface of the
bicyclic phosphine than did the 2-propyl group. As indicated through X-ray crystallographic
analysis of the phosphine oxide 3b (Scheme 1), free rotation positioned the methine
hydrogen atom of the 2-propyl group near the phosphorus center.12:13 Extension of this
hypothesis suggested that crowding of the endoface of the catalyst, where the phosphorus
atom forms a covalent bond to the allenoate, would be detrimental to subsequent formation
of a favorable stereochemistry-determining transition state.}! Consistent with this rationale
is the lack of reactivity in the reaction catalyzed by the phosphine 4d.

On the basis of this reasoning, we investigated methods for removing the endosubstituent
from the scaffold. We were inspired by the fragmentation of a-alkoxy hydroperoxides
pioneered by Schreiber (Scheme 2).14 The original procedure involves FeSO4-mediated
generation of an oxygen radical from an a-alkoxy hydroperoxide, fragmentation to form a
carbon radical, oxidative coupling with Cu(OAc),, and S-hydride elimination to form an
alkene. Although this protocol did not provide the desired alkene product from any of our
intermediates, we wondered whether it would be possible to quench the carbon radical with
a hydrogen atom donor (HAD) in place of the copper species, thereby generating an alkane
product rather than an alkene.

From a screening of various HADs, we found that thiophenol gave the best results. After
optimization of the other reaction parameters, we generated the desired fragmentation
product 2" in 80% isolated yield on a 10-g scale (Scheme 2). Because of known
reproducibility issues when scaling up these types of reactions, 144 we were pleased with the
consistency obtained when performing the transformation on a 50-g scale—while
simultaneously circumventing the need for column chromatography (purification through
trituration diminished the yield slightly, to approximately 65%).

The fragmented mesylate 2”, when subjected to alkylation and oxidation, generated the exo-
and endo-P-phenyl phosphine oxides 3e and 3¢ as a 2:1 mixture (Scheme 3). Reduction of
these oxides proceeded in near-quantitative yields to give the free phosphines 4e and 4e’,
which we screened for the allene—imine [3 + 2] annulation.

ACS Catal. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Smaligo et al.

Page 4

Similar to the behavior of our Hyp-derived chiral phosphines, the diastereomeric phosphines
4e and 4e” functioned as pseudoenantiomers for the annulation process (Table 3).6:15 The
catalyst 4e, with an S-configuration at the phosphorus center, provided the adducts 7 with
the (S,S5)-configuration, while the catalyst 4e”, with an R-configuration at the phosphorus
center, provided the adducts 7” with an (R, /)-configuration. For the reactions of the y-tert-
butylallenoate 5e, both the phosphines 4e and 4e” gave high levels of ee (entries 1 and 2). In
stark contrast to the 39% ee obtained for the pyrroline 7da from the reaction mediated by the
phosphine 4b (see Table 2), the reactions catalyzed by the phosphines 4e and 4e” gave 7da
and its antipode 7da” with ee’s of 76 and 92%, respectively (entries 3 and 4). To modulate
the nucleophilicity of the phosphorus center, we synthesized the p-anisyl phosphines 4f and
4f" and probed their annulation reactions. These catalysts gave better results (entries 5-8),
with ee’s ranging from 82-99%.

With our optimized catalyst design, we re-examined the scope of the allenoate and imine
components in the allene-imine [3 + 2] annulations mediated by the endophosphine 4f
(Table 4). Arylimines featuring electron-rich, electron-poor, mono-, di-, tri-, ortho-, meta-,
and para-substituted phenyl and heteroaryl groups were all compatible with this catalyst and
gave good results.1” The A:sulfonyl protecting group was also interchangeable, permitting
the use of p-tosyl, p-nosyl, and p-methoxyphenyl (PMP)-sulfonyl groups. Unlike the catalyst
4b, which rendered high enantioselectivities only when reacting the y-fert-butylallenoate 5e,
a wide range of substituents—including y-tert-butyl (7ei’/ej’/ek”), y-isopropyl (7dj’/dI
‘Idm”), y-ethyl (7ci’/en’/co”), y-methyl (7bh’/bm’/bp”), y-adamantyl (7fa’/ fc”), and y-
cyclohexyl (7ga’) groups—were tolerated in this 4f"-mediated process, providing yields of
88-99% and ee’s of 90-99%. Even the unsubstituted allenoate 5a gave its products (7aa’/al
‘fap”) in high yields (90-93%) and synthetically useful ee’s (84-92%).

One product in Table 4 is particularly notable: the adduct 7aa” formed from the reaction
between the unsubstituted allenoate 5a and N-tosylbenzaldimine (6a). Dubbed “efsevin,” the
pyrroline 7aa’ is a potent modulator of cardiac rhythmicity through regulation of
mitochondrial CaZ* uptake via the voltage-dependent anion channel 2 (VDAC2).182 It also
displays prophylactic activity against ventricular tachycardia in a rodent model of human
heart disease.18 Interestingly, neither of our pseudoenantiomeric Hyp-derived phosphines
was capable of providing the efsevin eutomer; both the exo- and endo-P-phenyl phosphines
4g and 49" produced (S5)-efsevin (7aa). Because both enantiomers of carvone are readily
available, it is possible to obtain the enantiomers of the catalysts 4e/4e” and 4f/4f’, thereby
enabling the synthesis of either enantiomeric product. For example, the phosphine 4f’,
derived from (R)-carvone, delivered (R)-efsevin (7aa”) in 93% yield and 84% ee (Scheme
4). A single recrystallization enriched the ee to greater than 99%.

In summary, we have synthesized novel P-stereogenic chiral phosphines from the readily
available (R)- and (S)-carvones and applied them to enantioselective [3 + 2] annulations of
allenoates and imines to obtain a series of pyrrolines, including the biologically active
molecule efsevin.1® During the course of this study, we developed a new reaction enabling
the one-pot formation of an alkane through fragmentation of an isopropenyl group. Further
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efforts directed toward the application of this technology in the construction of
pharmaceutically useful heterocyclic adducts will be outlined in due course.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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$(a) PhPH,, 7-BuLi; H,0, (2:1 exo/endo, 80% combined). (b) HSiCls, Et3 N (4e: 98%:; 4e”:
94%); 4f: 98%; 4f”: 99%). For abbreviations and full experimental details, see the SI.
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P NCOLEL + _orat
Z ° Ph)J\H
5a 6a
4f’
Tﬁ% TsN
p-Ph P
4g 49’ by,

Scheme 4. Synthesis of Efsevin Eutomer (7aa”)

Page 11

Ts
N(S) 4g 69% (26% ee)
49’ 82% (72% ee)
— 4f 92% (21% ee)
7aa CO2Et

NG @ 4t 93% (84% ee)
a >99% ee after single
— recrystallization
7aa’ COLEt

ACS Catal. Author manuscript; available in PMC 2019 June 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Smaligo et al.

Enantioselective Allenoate—Imine [3 + 2] Annulations Catalyzed by the Phosphines 4a—d

Table 1

Ts
N
e LR e O g
Ph™ °H 1,24 h CO,Et
5 6a 7
entry cat. 5(R) yield (%6)@ ee (%)P
1 4a 5a (H) 95 (7aa) 15
2 4a 5b (Me) 89 (7ba) 50
3 4a 5c¢ (Et) 84 (7ca) 67
4 4a 5d (Pr) 82 (7da) 38
5 4a 5e (Bu) 95 (7ea) 82
6 4b 5e (Bu) 94 (7ea) 93
7 4c 5e (Bu) 91 (7ea) 77
8 4d 5e (Bu) NR NR

alsolated yield after column chromatography (SiO2).

bDetermined through HPLC [REGIS (R,R)-DACH DNB column]. For abbreviations and full experimental details, see the SI.
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Table 2

Enantioselective Allenoate—Imine Annulations Catalyzed by the Phosphine 4b

\__Ar?
Q.0 o=
f N
e Ny o) R AI’1
2N N~ SAr2 15 mol% 4b:
R~ COEt  + 1 J\H benzene —
Ar rt, 24 h CO,Et
5 6 ylelda eeb)
Bs Ns
tBu N tBu N tBu
CO,Et CO,Et CO,Et
7eb (90%, 92% ee) 7ec (94%, 95% ee) 7ed (96%, 98% ee)
Ts Ns CF3 Ts
tBu N tBu N
— Cl —
CO,Et CO,Et CO,Et
7ee (89%, 94% ee) 7ef (89%, 92% ee) 7eg (89%, 92% ee)
F
Ts Ts
Eta_ iPra_N
CO,Et CO,Et CO,Et
7ch (93%, 83% ee) 7da (84%, 39% ee) 7aa (84%, 35% ee)

alsolated yield after column chromatography (SiO2).

bDetermined through HPLC [REGIS (R,R)-DACH DNB column]. For abbreviations and full experimental details, see the SI.
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Enantioselective Allenoate-Imine Annulations Catalyzed by the Phosphines 4e, 4e’, 4f, and 4f

Ts

Hk(lz‘Ph

15 mol%: 4

benzene

Table 3

Ls
NTs 15moi% 4 Ri. e~ uPh

S~
~F OOt )—I\ benzene e

COEt ,6-12h Ph™ "H rt,6-12h CO4Et
7 5 6a 7
entry cat. 5(R) yield (%)@ ee (%)P

1 4e 5e (Bu) 96 (7ea) 94
2 4e' 5e (Bu) 98 (7ea’) -97
3 e 5d (/Pr) 73 (7da) 76
4 4¢' 5d (Pr) 99 (7da’) -92
5 4f 5e (Bu) 95 (7ea) 98
6¢ 4f' 5e (Bu) 94 (7ea") -99

4f 5d (/Pr) 96 (7da) 82
8 4f 5d (/Pr) 97 (7da’) -94

alsolated yield after column chromatography (SiO2).

b . - . .
Determined through HPLC [REGIS (&, <)-DACH DNB column]. For abbreviations and full experimental details, see the SI.

cSee ref 16.
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Enantioselective Allenoate-Imine [3 + 2] Annulations Catalyzed by the Phosphine 4f

Table 4

0, >
i 0=s*
/S\ 0, ’ N 1
o~ NSz 15 morear R Ny ar
Rlaggst™ COREL + ; ' benzene —
5 6 7’ (yield?, eeb)
O
Ts (0] { Ts
tBu/,,CNI.n tBu,(Nz...\ tBu.. C z
CO,Et CO,Et CO,Et
7ei’ (94%, 99% ee) 7ej’ (94%, 98% ee) 7ek’ (98%, 98% ee)

OMe

O
iPru ©/ iPro.. Q/ iPro.. < z @

COzEt
7dj’ (92%, 93% ee)

Et’r
CO Et
7c¢i’ (95%, 90% ee)

7@

COgEt
7bh’ (95% 90% ee)

&HO 4

COZEt
7fa’ (95%, 98% ee)

20

CO,Et
7aa’ (93%, 84% ee)

COzEt CO,Et
7dI’ (95%, 95% ee) 7dm’ (97%, 93% ee)

PMPOQS
‘ QO
co Et COZEt

7cn’ (93%, 97% ee) 7¢0’ (99%, 92% ee)

Ts NMe,
Me: N sal
;—2 F

CO,Et COQEt
7bm’ (95%, 91% ee)  7bp’ (9 6%, 94% ee)

SRS SLEN

COzEt COZEt
7fc’ (88%, 92% ee) 79a’ (91%, 94% ee)
OMe
@( &
COzEt C02Et
7al’ (91%, 87% ee) 7ap’ (90%, 92% ee)

alsolated yield after column chromatography (SiO2).

b . - . .
Determined through HPLC [REGIS (R, <)-DACH DNB column]. For abbreviations and full experimental details, see the SI.
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