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ABSTRACT: Chiral C,-symmetric phosphinic acids were
designed based on sterically demanding and helical chiral
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asymmetric reaction environment and catalytic activity. The
perfluoroalkyl catalysts, [(CF,;),F,] and [(C,Fs),F,] phos-
phinic acids, were synthesized via a stereoselective addition/
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cyclization sequence of methyl phosphinate and deoxofluorination. These new classes of Brensted acid catalysts were applied to
an asymmetric Friedel—Crafts reaction to give up to 89% yield and 82% R-enantioselectivity, which is higher than those

obtained with the parent phosphoric acid (42% and 55.5% S).

O rganocatalysts have attracted interest as the third pillar of
the asymmetric catalysts since the 1990s, after bio- and
metal catalysts, in the areas of easy synthetic operation, lower
toxicity, inexpensiveness, no sensitivity toward moisture and
air, and wide varieties of catalyst designs.l_6 In the field of
chiral Brensted acid catalysis,’ " binaphthol-based chiral
phosphoric acid catalysts, developed by Inanaga,'”"’ Akiya-
ma,'*"* and Terada,'® have been actively studied and utilized
for asymmetric organic synthesis (Figure I, ’bottom).”_21
Chiral phosphoric acid catalysts have been developed with
chiral skeletons including TADDOL,*” VAPOL,*® SPINOL,**
and others.”>™*’ One of the approaches for improving the
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Figure 1. Fluorinated phosphinic acids as a novel structural motif of
chiral Bronsted acid catalysts.
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catalytic activity is to increase the acidity by N-triflyl
phosphoramides,™ bis-phosphoric acids,”" and imidodiphos-
phorimidate.”® Nevertheless, asymmetric organic transforma-
tions that should be brushed up by chiral phosphoric acids still
remain. Therefore, novel methodologies to construct superior
chiral environments and architecture loading to more efficient
asymmetric induction should be developed.

Fluorine shows the largest electronegativity and induces a
strong electron-withdrawing substituent effect.>™> Therefore,
use of fluorine-containing functional groups is promising to
increase the acidity of the parent acids remarkably. Berkowitz
has reported that the acidity of phosphonic acids bearing a
difluoromethylene group at the a position of the phosphorus
atom showed notable increase of acidity compared with the
phosphoric acid.*® Perfluoroalkyl group is known to not only
show a strong electron-withdrawing substituent effect but also
adopt helical chirality.”’~*'

Herein, we report the design of new chiral phosphinic acid
catalysts bearing perfluoroalkyl groups (Figure 1, top). The
fluorinated phosphinic acids are expected to show higher
catalytic activity and enantioselectivity on the basis of steric
and electronic effects. In addition, the fluoroalkyl groups
construct helical environments, which would be effective to
promote unique chiral induction. The chiral phosphinic acid
catalysts have C,-symmetry, and fluoroalkyl functional groups
(Rg = CF;, C,Fs, etc.) come into close proximity to the
reaction site hopefully through construction of an excellent
asymmetric reaction field. The catalytic activity of the chiral
phosphinic acids was evaluated through the Friedel—Crafts
reaction as a proof of concept.
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We planned to synthesize chiral fluoroalkylated phosphinic
acids, [(CF;),F,], and [(C,F;),F,] phosphinic acids, on the
basis of the stereoselective addition/cyclization sequence of
methyl phosphinate as the key step. Commercially available
chiral (R)-BINOL (1) was converted into the triflate, and
Kumada—Tamao—Corriu cross-coupling reaction of 2 gave
2,2'-dimethyl-1,1'-binaphtalene 3 almost quantitatively. Bro-
mination of 3 gave tetrabromide 9 followed by treatment of
silver nitrate gave dialdehyde 10 in excellent yield.*
Subsequently, the fluoroalkylated diol was synthesized from
dialdehyde by nucleophilic fluoroalkylation: For trifluorome-
thylation, Ruppert—Prakash reagent was used.” For penta-
fluoroethylation, Gassman’s method was employed.** Swern
oxidation of diol (1la, 11b) gave diketone (12a, 12b) in
excellent yields in two steps (Scheme 1).

Scheme 1. Synthesis of perfluoroalkyl diketone

Tf,0 (2.1 eq) OO MeMgBr (2.2 eq)
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9
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CH,Clp, -78°C, 1h CORg

2) NEt3 (12.0 eq) CORg
-78°Ctort

12a:Rg = CF;3

12b : Rg = C,F5

Rr = CF3:73%
CoFs:82%
(in two steps)

We initiated our diastereofacial selective addition/cycliza-
tion sequence of methyl phosphinate, while Feng reported the
enantioselective hydrophosphonylation of trifluoroacetophe-
nones using chiral amino alcohol-derived AI(III) catalysts.*
Screening of achiral Lewis acids (Table 1), Ti(OiPr),, AlEt,,
and AlEt,Cl, gave complex reaction mixtures (entries 1—6).
Using BF;-OEt, gave phosphinic ester 14a in 81% conversion
and moderate diastereoselectivity (entry 7). Bulky B(C¢F;),
improved diastereoselectivity, but yield was decreased (entry
8). The use of TBME instead of THF as a solvent improved
both yield and diastereoselectivity (entry 9).

In order to determine the relative stereochemistry of
diastereomers, we examined the dealkylation of the phosphinic
ester 14a. Since the phosphinic ester 14a has an axial chirality
of binaphthyl skeleton, asymmetric carbons, and a center on
phosphorus, four diastereomers are conceivable (Figure 2,
top). Deprotection of 14a by sodium iodide proceeded
smoothly, and as the asymmetric center on the phosphorus
atom disappears due to the rapid exchange of the acidic proton
of phosphinic acid 15a, the same phosphinic acid was obtained
from d3 and d4, so that the number of diastereomers was
decreased from 4 to 3 (Figure 2, bottom). Phosphinic acids

Table 1. Screening of the Lewis Acid for the Stereoselective
Addition/Cyclization Sequence
oo

OO 1) Lewis acid (X eq)
COCF; solvent, 0 °C, 30 min
R P,
COCF OMe
3 2) HZPOzMe (2.6-3.5 eq)
HG CF3

12a

Lewis acid product (d1/d2/d3/d4)" recov
entry (equiv) solvent (%) (%)

1 Ti(OiPr) , (1.0) THF complex mixture nd
2 Ti(OiPr) , (2.0) THF complex mixture nd
3 AlEt, (1.0) THF complex mixture nd
4 AlEt; (2.0) THF complex mixture nd
S AlE4,Cl (1.0) THF complex mixture nd
6 AIEt,Cl (2.0) THF complex mixture nd
7 BF,OBt, (20) THF 43:12:21:5 <1
8  B(CGHE), (20) THF 29:8:20:8 <1
9  BF,OEt (20) TBME $8/6/18/11 <1

“Yields were determined by '°’F NMR.
HO ca HO CF3
Nal (10 eq)
OMe
acetone
HO CFs reflux, 30 min HO CFz

CFy
\n/\OH ;\l\/\ca \n/\m H*\n/\OH

3C

MeO MeO MeO MeO
d1(aR, S, S) d2 (aR, R, R) d3 (aR, S, R) d4 (aR, R, S)
0.0429 mmol 0.0045 mmol 0.0109 mmol 0.0072 mmol
CFs OH CFs
HO, 0 . F3C O ,: F3C. 0 ,:
\I./\OH \”/\CF \”/\OH
FsC T HO T HO T
HO HO HO
d1' (@R, S, 5) 42’ (aR, R, R) d3' (aR, R, 5)

0.0333 mmol
desired

0.0034 mmol 0.0182 mmol

Figure 2. Demethylation and configurations of phosphinic ester 14a.

derived from d1 and d2 have C,-symmetry, and CF; groups are
equivalent, while CF; groups of phophinic acids derived from
d3 and d4 are not equivalent. Since the deoxofluorination
reaction in the following step generally proceeds in the Sy2
reaction, d1 is the desired diastereomer because the CF;
groups positioned pseudoaxial in d1 are transferred to
pseudoequatorial via stereoinversion in the Sy2 deoxofluori-
nation reaction.*

Based on the integration in '’F NMR and *'P NMR spectra
before and after demethylation, the peaks of the diastereomer
were assigned. Diastereomers d1” and d2’ have C,-symmetry.
Based on these results of deoxofluorination, the major
diastereomer d1 was characterized as the desired one (Figure
3 and Figure 4). Similarly, the phosphinic ester 14b bearing
C,F; groups was obtained in high yield and excellent
diastereoselectivity in THF (Scheme 2).

Plausible reaction mechanism of stereoselective addition/
cyclization reaction is as shown in Scheme 3. After methyl
phosphinate becomes an active trivalent chemical species due
to tautomerism, nucleophilic addition proceeds to a carbonyl
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Figure 3. '”F NMR of CF; phosphinic ester 14a (top) and phosphinic
acid 15a (bottom).
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Figure 4. 3'P NMR of CF; phosphinic ester 14a (top) and phosphinic
acid 15a (bottom)

Scheme 2. Stereoselective Addition/Cyclization Sequence of
Methyl Phosphinate to C,F; Diketone 12b
1) BF4+OEt, (2.6 eq)

9¢ “° o
COC,Fs THF, 0 °C, 30 min
COCFs 7 HZPOQMe (3.6 eq) OMe
16 CFs

12b 1ab
80:<1:2:2 (%)

group”” activated by the Lewis acid, and subsequently,
intramolecular nucleophilic addition proceeds. The key to
the high diastereoselectivity of the reaction sequence is the
high level of recognition of the Re and Si faces of the carbonyl

Scheme 3. Plausible Reaction Mechanism of Stereoselective
Addition/ Cyclization Reaction
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group in the nucleophilic addition of methyl phosphinate in
inter- and then intramolecular additions. The nucleophilic
methyl phosphinate would approach from outside to the
carbonyl group (Re-face) in the first step and from inside to
the carbonyl group (Si face) in the second step. Therefore, d1
is obtained as the main product. Compared with the case of
the CF; group, the C,Fs group is bulky, so that the
diastereoselectivity of 14b is much improved (Scheme 2).

Subsequently, the deoxygenative fluorination reaction
proceeded smoothly by treatment of 14a with Xtalfluor-E
and TEA-3HF as an additive, and a fluorinated product 16a
was obtained as a single isomer in 57% yield over the two
steps. In the case of 14b having C,F; groups, the use of an
excess amount of TEA-3HF gave the fluorinated product 16b
(Scheme 4).

Scheme 4. Deoxygenative Fluorination of 14a and 14b
-SF,

99 g }
CORg Xta\F\uor _XtalFluor-E® (6.0 eq)_
COR¢ . TEA-3HF (X eq)
HO F CH,Cly, 1t, 2h

12a,b 14a 58:6:18:11 (%)
14b 80:<1:2:2 (%)

16a:57% (X = 4.0)
16b : 25% (X = 8.0)
(in two steps)
Rg=CF3(12a, 14a, 16a)
C,F5 (12b, 14b, 16b)

The structure of racemic 16b was confirmed by X-ray
crystallography, indicating that the stereochemistry of 16a and
16b was (aRS,RS,RS). Perfluoroalkyl groups are positioned in a
pseudoequatorial orientation in the binaphthyl backbone
accompanying the helical chirality and come forward into
close proximity to the reaction site (Figure 5).

Figure S. X-ray structure of 16b.

Finally, deprotection of 16a and 16b by sodium iodide
smoothly proceeded and gave phosphinic acids 17a and 17b
(Scheme ).

The catalytic activity and enantiocontrolling ability of the
new chiral Bronsted acids 17a,b were evaluated as a proof of
concept in an asymmetric transformation. As a test reaction,
the well-known asymmetric Friedel—Crafts reaction of indole
and N-tosylimine was employed (Table 2).** Furthermore,
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Scheme S. Deprotection of 16a and 16b

Nal (X eq)

acetone, rt, 10 min

Re = CFa, 77% (X = 2.0) (17a)
CyFs, 93% (X = 4.0) (17b)

Table 2. Friedel—Crafts Reaction of N-Tosylimine 18 with
Indole 19 Catalyzed by Chiral Brensted Acids 8, 17a, 17b,
21, and 22

entry yield (%) R:S
1 89 76:24
(60) (82:18)
2 63 66.5:33.5
3 56 54.5:45.5
0,
' “OH
4 OO ° 42 44.5:55.5
Phosphoric Acid
21
CCr,
O‘Pi’o
5 o o 80 25.5:74.5
X
Phosphoric Acid
22
a:—78°C,48h

[F,]-Phosphinic acid 8 had a higher catalytic activity than
phosphoric acid 21 (entry 3 vs 4) but surprisingly showed a
changeover in the sense of enantioselectivity (S — R).
Subsequently, when phosphinic acid 17a substituted with
CF; group was used, the enantioselectivity was dramatically
improved along with the improvement of yield (entry 2). With
phosphinic acid 17b having a C,Fg group as a longer chain of
the perfluoroalkyl group, further improvement in yield and
enantioselectivity was achieved—up to 82% R-selectivity and
89% yield (entry 1). [C,F;]-Phosophinic acid 17b had a higher
catalytic activity than 3,3’-substituted phosphoric acid 22
(entry 1 vs 5).

In summary, we have designed and synthesized chiral C,-
phosphinic acids with chiral fluoroalkyl groups at the closest a-
position for reaction field. In the synthesis of fluoroalkylated
phosphinic acids, the stereoselective addition/cyclization
sequence of methyl phosphinate can be achieved with excellent
yield and diastereoselectivity. The relative configuration of
fluoroalkylated products can also be determined by X-ray
analysis to prove the fluoroalkyl groups in a pseudoequatorial
orientation directed toward the active site. The new Brensted
acids provide high catalytic activity and enantioselectivity in

the Friedel—Crafts reaction. These results indicate fluoroalkyl
groups at the closest a-position for the active site are effective
for asymmetric transformations. Further investigation along
this line on the fluorinated functional groups at the closest a-
position for active sites is in progress.

B ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.or-
glett9b01131.

Experimental procedures and compound characteriza-
tion data (PDF)

Accession Codes

CCDC 1906829 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/data_request/cif, or by emailing
data_request@ccdc.cam.ac.uk, or by contacting The Cam-
bridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

B AUTHOR INFORMATION
Corresponding Author

*E-mail: mikami.k.ab@m.titech.ac.jp.
ORCID

Shigekazu Ito: 0000-0002-5737-8499
Koichi Mikami: 0000-0002-7093-2642

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by JST ACT-C Grant No.
JPMJCR12Z7 and JSPS KAKENHI Grant No. 26620078.

B REFERENCES

(1) List, B., Ed. Asymmetric Organocatalysis. In Topics in Current
Chemistry; Springer: Berlin, 2009; Vol. 291.

(2) Dalko, P. I; Moisan, L. Angew. Chem., Int. Ed. 2001, 40, 3726—
3748.

(3) Dalko, P. I; Moisan, L. Angew. Chem., Int. Ed. 2004, 43, S138—
S175.

(4) List, B. Adv. Synth. Catal. 2004, 346, 1021.

(5) Lelais, G.; MacMillan, D. W. C. In New Frontiers in Asymmetric
Catalysis; Mikami, K., Lautens, M., Eds.; John Wiley & Sons, Inc.:
Hoboken, 2007; pp 313—358.

(6) MacMillan, D. W. C. Nature 2008, 455, 304—308.

(7) Akiyama, T. Chem. Rev. 2007, 107, 5744—5758.

(8) Akiyama, T.; Mori, K. Chem. Rev. 2015, 115, 9277—9306.

(9) Sigman, M. S.; Jacobsen, E. N. J. Am. Chem. Soc. 1998, 120,
4901—4902.

(10) Huang, Y.; Unni, A. K; Thadani, A. N.; Rawal, V. H. Nature
2003, 424, 146—146a.

(11) Tonoi, T.; Mikami, K. Tetrahedron Lett. 2005, 46, 6355—6358.

(12) Inanaga, J.; Sugimoto, Y.; Hanamoto, T. New J. Chem. 1995, 19,
707—=712.

(13) Inanaga, J. US 6391926 B2, 2002.

(14) Akiyama, T.; Itoh, J.; Yokota, K.; Fuchibe, K. Angew. Chem., Int.
Ed. 2004, 43, 1566—1568.

(15) Akiyama, T. US 20060276329 Al, 2006.

(16) Uraguchi, D.; Terada, M. J. Am. Chem. Soc. 2004, 126, S356—
5357.

DOI: 10.1021/acs.orglett.9b01131
Org. Lett. XXXX, XXX, XXX—XXX


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.orglett.9b01131
http://pubs.acs.org/doi/abs/10.1021/acs.orglett.9b01131
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.9b01131/suppl_file/ol9b01131_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1906829&id=doi:10.1021/acs.orglett.9b01131
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
mailto:mikami.k.ab@m.titech.ac.jp
http://orcid.org/0000-0002-5737-8499
http://orcid.org/0000-0002-7093-2642
http://dx.doi.org/10.1021/acs.orglett.9b01131

Organic Letters

(17) Akiyama, T.; Itoh, J.; Fuchibe, K. Adv. Synth. Catal. 2006, 348,
999—-1010.

(18) Terada, M.; Sorimachi, K.; Uraguchi, D. Synlett 2006, 133—
136.

(19) Rueping, M.; Kuenkel, A.; Atodiresei, I. Chem. Soc. Rev. 2011,
40, 4539.

(20) Lv, F; Liu, S.; Hu, W. Asian J. Org. Chem. 2013, 2, 824—836.

(21) Parmar, D.; Sugiono, E.; Raja, S.; Rueping, M. Chem. Rev. 2014,
114, 9047—9153.

(22) Akiyama, T.; Saitoh, Y.; Morita, H.; Fuchibe, K. Adv. Synth.
Catal. 2008, 347, 1523—1526.

(23) Rowland, G. B.; Zhang, H,; Rowland, E. B.; Chennamadhavuni,
S.; Wang, Y.; Antilla, J. C. J. Am. Chem. Soc. 2008, 127, 15696—15697.

(24) Xu, F,; Huang, D.; Han, C.; Shen, W,; Lin, X,; Wang, Y. J. Org.
Chem. 2010, 75, 8677—8680.

(25) Gutierrez, E. G.; Moorhead, E. J.; Smith, E. H; Lin, V,;
Ackerman, L. K. G.; Knezevic, C. E.; Sun, V.; Grant, S.; Wenzel, A. G.
Eur. J. Org. Chem. 2010, 2010, 3027—3031.

(26) Chen, X.-H.; Zhang, W.-Q.; Gong, L.-Z. . Am. Chem. Soc.
2008, 130, 5652—5653.

(27) Enders, D.; Ludwig, M.; Raabe, G. Chirality 2012, 24, 215—
222.

(28) Stemper, J.; Isaac, K; Pastor, J.; Frison, G.; Retailleau, P;
Voituriez, A.; Betzer, J.-F.; Marinetti, A. Adv. Synth. Catal. 2013, 35S,
3613—3624.

(29) Isaac, K.; Stemper, J.; Servajean, V.; Retailleau, P.; Pastor, J.;
Frison, G.; Kaupmees, K.; Leito, L.; Betzer, J.-F.; Marinetti, A. . Org.
Chem. 2014, 79, 9639—9646.

(30) Nakashima, D.; Yamamoto, H. J. Am. Chem. Soc. 2006, 128,
9626—9627.

(31) Momiyama, N.; Konno, T.; Furiya, Y.; Iwamoto, T.; Terada, M.
J. Am. Chem. Soc. 2011, 133, 19294—19297.

(32) Tsuji, N.; Kennemur, J. L.; Buyck, T.; Lee, S.; Prévost, S.; Kaib,
P. S. J.; Bykov, D.; Fares, C.; List, B. Science 2018, 359, 1501—1505.

(33) Organofluorine Chemistry; Uneyama, K., Ed.; Blackwell
Publishing: Oxford, UK, 2006.

(34) Bgu, J.-P.; Bonnet-Delpon, D. Bioorganic and Medicinal
Chemistry of Fluorine; John Wiley & Sons, Inc.: Hoboken, 2008.

(3S) Fluorine in Medicinal Chemistry and Chemical Biology; Ojima, L,
Ed.; John Wiley & Sons, Ltd.: Chichester, UK, 2009.

(36) Berkowitz, D. B.; Bose, M. J. Fluorine Chem. 2001, 112, 13—33.

(37) Charton, M. In Progress in Physical Organic Chemise; 2007; Vol.
13, pp 119-251.

(38) Sheppard, W. A. J. Am. Chem. Soc. 1965, 87, 2410—2420.

(39) BUNN, C. W.; HOWELLS, E. R. Nature 1954, 174, 549—551.

(40) Ute, K; Kinoshita, R;; Matsui, K; Miyatake, N.; Hatada, K.
Chem. Lett. 1992, 21, 1337—1340.

(41) Monde, K.; Miura, N.; Hashimoto, M.; Taniguchi, T.; Inabe, T.
J. Am. Chem. Soc. 2006, 128, 6000—6001.

(42) Xia, Y; Liu, Z; Xiao, Q; Qu, P.; Ge, R; Zhang, Y.; Wang, J.
Angew. Chem,, Int. Ed. 2012, §1, 5714—5717.

(43) Prakash, G. K. S.; Krishnamurti, R;; Olah, G. A. J. Am. Chem.
Soc. 1989, 111, 393—395.

(44) Gassman, P. G.; O'reilly, N. J. J. Org. Chem. 1987, 52, 2481—
2490.

(45) Zhou, X.; Zhang, Q.; Hui, Y.; Chen, W,; Jiang, J.; Lin, L.; Liu,
X.; Feng, X. Org. Lett. 2010, 12, 4296—4299.

(46) Mange, K. C.; Middleton, W. J. J. Fluorine Chem. 1989, 43,
405—413.

(47) Sodium borohydride reduction binaphthyl trifluoromethyl
ketone: Mendizabal, J.; de March, P.; Recasens, J.; Virgili, A.; Alvarez-
Larena, A,; Elguero, J.; Alkorta, I. Tetrahedron 2012, 68, 9645—9651.

(48) Kang, Q.; Zhao, Z.-A.; You, S.-L. J. Am. Chem. Soc. 2007, 129,
1484—1485.

DOI: 10.1021/acs.orglett.9b01131
Org. Lett. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.orglett.9b01131

