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ABSTRACT: The development of a new class of concave P-stereogenic phosphorodiamidite ligands, derived from Tröger Bases (TBs), is explored. These ligands, characterized by their remarkable stability and unique structural geometry around the P-atom, are used in asymmetric Rh(I)-catalyzed additions of boronic acids to NH-isatins resulting in excellent reactivities and reasonable enantioselectivity (e.r. up to 92:8).

Since the pioneering studies by Horner1 and Mislow2 on enantiopure phosphines, and their application in asymmetric catalysis,3 P-chiral trivalent phosphorus compounds have become prevalent ligand families in stereoselective chemistry.4 Among these compounds, phosphorodiamidites (diamidophosphites), which present two P–N and one P–O bonds around the stereogenic P(III) atom, have received a limited attention overall.5 Synthesized by direct condensation of enantiopure aminoalcohols or diamines with simple PX3 precursors, these derivatives yield often a mixture of diastereomers scrambled at the phosphorus atom (P-epimers). Achieving high stereoselectivity during preparation remains thus a synthetic challenge – underscoring the importance of developing novel chiral rigid backbones to control effectively the configuration at phosphorus, improve structural properties and subsequent reactivity.
Tröger Bases (TBs), unique [3.3.1] bicyclic structures with configurationally stable nitrogen atoms,6 are broadly used as chiral analytes or molecular building blocks6-7 but are seldom employed as organocatalysts or ligands in asymmetric catalysis,8 due to a configurational lability in the presence of Brønsted or Lewis acids.6, 9 There are several means to address this limitation,10 including the in-situ reactivity of carbenes with TBs to generate, after [1,2]-Stevens rearrangement, configurationally-stable ethano-bridged [3.3.2] moieties. In this context, 
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Figure 1. A: One-pot synthesis of rigid concave diamine scaffolds; Xray structure (CCDC 1832810, H and p-Tol omitted). B: Stereoselective synthesis of concave phosphorodiamidites (d.r. > 49:1, es > 99%).
condensations under Rh(II)-catalysis of TB 1 with -imino carbenes derived from N-sulfonyl-1,2,3-triazoles 2 were developed and generate, after a reaction cascade, polycyclic indoline-benzodiazepines 3 in good yield (75%) and high diastereoselectivity.11 Compounds 3 possess an original chalice-like geometry (Figure 1A, X-ray) and are easily resolved into single enantiomers by chiral stationary phase HPLC.11b Of importance, removal of the aminal functional group of 3 is possible and afford rigid sterically-constraint diamine backbones of type 4 (Figure 1B).12 Herein, based on this favorable diamine geometry and with the addition of a phenolic arm, new convave P-stereogenic phosphorodiamidites are afforded in three steps only (Figure 1B, yields up to 84%). Products 6 resulting from the final ring closure are obtained as single epimers (d.r. > 49:1, 31P NMR) and present a unique -conformation for the P-stereogenic atom (X-ray, vide infra). Application of phosphorodiamidites 6 to Rh(I)-catalyzed additions of boronic acids to unhindered NH-isatins result in good to excellent yields (50-95%) and satisfactory levels of enantiomeric ratios (e.r. 85:15 on average, up to 92:8).
With (R,R)-4a in hand,12 treatment with Na/Naphthalene in THF provided the corresponding diamine 4b by deprotection of the tosyl group (Scheme 1); subsequent reductive amination with salicylaldehydes in the presence of NaBH4 forming enantiopure hydroxyldiamine precursors 5a to 5d in excellent yields (85-99%). Then, addition of PBr3 to solutions of (R,R)-5a to 5d in CH2Cl2 containing an excess of Et3N, afforded the targeted phosphorodiamidites. 31P-NMR analysis of crude mixtures presented single peaks around  122 ppm indicative of unique diastereomers in solution. Confirmation of complete stereoselectivity at phosphorus (single P-epimers) was afforded by 1H, 13C and 31P-NMR spectroscopy of isolated products 6a to 6d, which were obtained in moderate to good yields after chromatography (Scheme 1, 58-84%). Of note, 6a to 6d exhibit chemical and configurational stability both in solution and solid states.
Scheme 1. Synthesis of P-Stereogenic Phosphorodiamidites and Au(I) Complex
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i) Na/Naphthalene, THF, -78 °C, 16 h, 25 °C; ii) a) Salicylaldehydes, MeOH, AcOH (1 mol%), 3 h; b) NaBH4, MeOH/THF, 0 °C to 25 °C, 16 h; iii) Et3N, PBr3, CH2Cl2, 0 °C to 25 °C, 16 h; iv) (tht)AuCl, CH2Cl2, 25 °C. X-Ray structure: Stick (H atoms and apical phenyl group omitted) and space filling models.
Searching for clues to the full stereocontrol at the P-atom by the chiral diamine and to determine the configuration of the stereogenic phosphorus, care was taken to obtain structural information about adducts 6a to 6d by X-ray diffraction. Direct analysis was not be possible by lack of crystallinity, but treatment of compounds 6 with chloro(tetrahydrothiophene)gold(I) or (tht)AuCl, afforded the targeted complexes (31P NMR  ~106 ppm) of which (6d)AuCl was obtained as a mono-crystal by diffusion of pentane into a CH2Cl2 solution. The crystallographic analysis (CCDC 2327334) revealed a conservation of the concave structure of the ligand and, to our surprise, an inward orientation of the phosphorus lone pair (-form, inside the cavity) rather than outward. The Au(I) atom is then completely embedded into the chalice-like geometry as shown by the representations of (6d)AuCl in Scheme 1. A (R,R,SP)-configuration can be assigned to ligand 6d and, as evidence for a configurational lability at phosphorus could not be found spectroscopically, the complexation with gold is assumed to be fully stereoretentive.13 The polycyclic and sterically-constraint diamino backbone of the chiral ligand plays clearly a major role in the resulting geometry of adducts 6 and in the stereoselective formation from precursors 5 (d.r. > 49:1). Furthermore, with the structural information in hand, calculations using the SambVca 2.1 14 provided the steric mapping and buried volume (Vbur) of ligand 6d. As illustrated in Figure S3, the topographic steric map revealed a significant Vbur of 45%. This observation, coupled with the original orientation of the phosphorus atoms in their β-form, led us to explore their potential in enantioselective catalysis.
Table 1. Optimization of the Reactivity of Ligands


	Entry
	Ligand
	Conversion
	e.r.

	1
	6a
	100%
	70:30

	2
	6b
	100%
	52:48

	3
	6c
	100%
	77:23

	4
	6d
	100%
	65:35

	5
	6e
	100%
	80:20

	6
	6f
	100%
	87:13

	7
	6g
	100%
	82:18

	8
	6h
	100%
	84:16

	10
	6e’
	100%
	49:51


As proof of concept, the Rh(I)-catalyzed asymmetric addition of boronic acids to NH-isatins was selected. For instance, this reaction was previously explored by Feringa and Minnaard with phosphoramidite ligands resulting in excellent yields (99%) and moderate levels of enantiomeric excess (ee 55%).15 Improvement in asymmetric induction was observed by Hayashi with MOP ligands (ee 87%, 47% yield).16 While most studies were performed with N-protected isatins,17 interesting results could be obtained with NH analogs.18 Using 3 mol% of Rh(acac)(C2H4)2 and 6 mol% of ligands 6 in the presence of isatin 7a and boronic acid 8a, crude NMR analyses were performed. Full conversion and quantitative formation of product 9aa were achieved (Table 1). While a lack of selectivity was noticed with 6b (e.r. 52:48), moderate levels of asymmetric induction were observed for 6a, 6c and 6d, 70:30, 77:23,  and 65:35% respectively.
To enhance the enantioselectivity of the Rh-catalyzed addition, a series of modified ligands was prepared (6e-6h), looking for a better stereocontrol of the ligand geometry. In practice, care was taken to (i) replace the benzylic phenol by a more rigid hydroxylated indenyl ring and (ii) introduce concomitantly an additional stereogenic center next to a chelating nitrogen. Reductive amination reactions were thus attempted between 4b and hydroxy dihydroindenone derivatives 10e to 10h (Scheme 2). While traditional conditions for imine formation were unsuccessful, ball milling conditions operating at 30 Hz frequency for >300 minutes, were solely efficient. Subsequent reductions at 25 °C with NaBH4 led to ~1:1 mixture of diastereomers; the ratio of which being improved by performing the reaction at -78 °C (d.r. 2.5:1). The major diastereomers were readily isolated after column chromatography (5e-5h, 43-56%, Scheme 2). Then, treatment with PBr3 afforded 6e to 6h in 55-67% yields. The crude mixtures were monitored by 31P-NMR spectroscopy prior to purification and indicated the occurrence of single P-epimers (unique peaks around  130 ppm). In one instance, for future comparison, minor diastereomer 5e' was reacted with PBr3 to yield 6e' in 68% yield (31P-NMR.  140 ppm). Configuration assignment of the novel phosphorodiamidite ligands relied again on X-ray diffraction analysis as complex (6e’)AuCl was obtained as a mono-crystal by diffusion of pentane into a CH2Cl2 solution (CCDC 2327333). This Au(I) derivative and (6d)AuCl present similar concave geometries with incorporation of the metal ion in its -form. Noticeable differences between the two crystallographic structures can be nevertheless observed, which are detailed in Figure S4. Overall, four stereocenters are observed for this minor diastereomer; two (R,R) carbons belonging to the TB scaffold, one (R)-configurated carbon obtained upon reduction of the imine and finally phosphorus atom presenting a (Sp)-configuration in its free form. Finally, complex (6e’)AuCl presents a solid state dimeric packing with Au-Au interaction (Figure S2). Major diastereomer6e, epimer of 6e’, can then assigned the following (R,R,S,SP) configuration. 
Scheme 2. Synthesis of Indenyl-Based P-Stereogenic Phosphorodiamidites and Au(I) Complex
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i) 10e-10h, MeOH, AcOH, Ball milling, 30 Hz; b) NaBH4, MeOH/THF, -78 °C to 25 °C, 16 h; ii) Et3N, CH2Cl2, PBr3, 0 °C to 25 °C 16 h; iv) (tht)AuCl, CH2Cl2, 25 °C. X-Ray structure.
With ligands 6e to 6h in hand, their impact on the Rh(I)-catalyzed asymmetric addition was assessed (Table 1). A small enhancement in enantioselectivity is observed from 6c to 6e (entry 5). Of note, upon addition of aryl groups as para substituents to the indenyl ring, substantial improvement is then achieved with 87:13 e.r. values with ligand 6f, while maintaining an excellent overall reactivity (entry 6). However, further modifications with bulky (tBu, 6g) or electron-withdrawing (CF3, 6h) groups, in place of the 3,5-dimethyl substituents (6f), provokes a decrease in selectivity with 82:18 and 84:16 e.r. values, respectively (entries 7 and 8). Of importance to demonstrate the structural role of the indenyl ring, and of the added stereocenter, product 9aa was obtained in high yield with ligand 6e’ albeit in essentially racemic form (entry 9).19
With ligand 6f in hand, the reaction scope was explored using a variety of NH-isatins and aryl boronic acids (Table 2). Substitution at C-5 and C-7 positions of the isatin heterocycle led to minimal changes in reactivity and resulted in good to excellent yields (67–95%, most > 83%). Enantioselectivity was slightly influenced with e.r. being rather constant and values up to 87:13. Changing aryl boronic acid reactants impacted the outcome. While preserving excellent reactivity, enantioselectivity was improved overall and reached 92:8 e.r. value. With a few substrates (in grey), a complete lack of conversion was nevertheless observed.
In conclusion, a novel class of P-stereogenic phosphorodiamidite ligands have been synthesized using, to its advantage, the rigid sterically-constraint framework of a chiral diamine derived from Tröger Base. Structural insights, afforded for the most part by X-ray diffraction analysis of Au(I)-complexes, confirmed full stereocontrol for the P-atom and revealed unique β-form geometry. These chemically-stable moieties were further used as chiral ligands in Rh(I)-catalyzed addition of boronic acids to NH-isatins, achieving excellent reactivity and reasonable enantioselectivity levels. Further studies looking at niche applications for these concave-shaped ligands are currently investigated.
Table 2. Substrate Scope


ASSOCIATED CONTENT 
Data Availability Statement
The data underlying this study are openly available yareta.unige.ch at DOI: 10.26037/yareta:c2rz2xbxancklnkqgvqkqbxl3a. It will be preserved for 10 years.
Supporting Information 
The Supporting Information is available free of charge at ACS Publications website.
Synthetic protocols and spectroscopic characterizations; 1H NMR and 13C NMR of new compounds (PDF)
Accession codes
CCDC 2327333 and 2327334 contain the supplementary crystallographic data for this paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/structures or by emailing data_request@ccdc.cam.ac.uk, or by contacting The Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033.
AUTHOR INFORMATION
Corresponding Authors
Nidal Saleh – Department of Organic Chemistry, University of Geneva, 1211 Geneva 4, Switzerland;
Email: nidal.saleh@unige.ch 
Jérôme Lacour – Department of Organic Chemistry, University of Geneva, 1211 Geneva 4, Switzerland; 
Email: jerome.lacour@unige.ch
Authors
Céline Besnard – Laboratory of Crystallography,
University of Geneva, 1211 Geneva 4, Switzerland
Notes
The authors declare no competing financial interest.
ACKNOWLEDGMENT 
We thank the University of Geneva and the Swiss National Science Foundation for financial support (Grants 200020-184843, 200020-207539). 
REFERENCES
(1) Horner, L.; Winkler, H.; Rapp, A.; Mentrup, A.; Hoffmann, H.; Beck, P. Phosphororganische verbindungen optisch aktive tertiäre phosphine aus optisch aktiven quartären phosphoniumsalzen. Tetrahedron Lett. 1961, 2, 161-166.
(2) (a) Korpiun, O.; Mislow, K. New route to the preparation and configurational correlation of optically active phosphine oxides. J. Am. Chem. Soc. 1967, 89, 4784-4786. (b) Korpiun, O.; Lewis, R. A.; Chickos, J.; Mislow, K. Synthesis and absolute configuration of optically active phosphine oxides and phosphinates. J. Am. Chem. Soc. 1968, 90, 4842-4846.
(3) (a) Knowles, W. S.; Sabacky, M. J. Catalytic asymmetric hydrogenation employing a soluble, optically active, rhodium complex. Chem. Commun. (London) 1968, 1445-1446. (b) Horner, L.; Siegel, H.; Büthe, H. Asymmetric Catalytic Hydrogenation with an Optically Active Phosphinerhodium Complex in Homogeneous Solution. Angew. Chem. Int. Ed. 1968, 7, 942-942.
(4) (a) Grabulosa, A.; Granell, J.; Muller, G. Preparation of optically pure P-stereogenic trivalent phosphorus compounds. Coord. Chem. Rev. 2007, 251, 25-90. (b) Lühr, S.; Holz, J.; Börner, A. The Synthesis of Chiral Phosphorus Ligands for use in Homogeneous Metal Catalysis. ChemCatChem 2011, 3, 1708-1730. (c) Imamoto, T. Synthesis and applications of high-performance P-chiral phosphine ligands. Proc. Jpn. Acad., Ser. B 2021, 97, 520-542. (d) Ye, X.; Peng, L.; Bao, X.; Tan, C.-H.; Wang, H. Recent developments in highly efficient construction of P-stereogenic centers. Green Synth. Catal. 2021, 2, 6-18. (e) Rojo, P.; Riera, A.; Verdaguer, X. Bulky P-stereogenic ligands. A success story in asymmetric catalysis. Coord. Chem. Rev. 2023, 489, 215192. (f) Teichert, J. F.; Feringa, B. L. Phosphoramidites: Privileged Ligands in Asymmetric Catalysis. Angew. Chem. Int. Ed. 2010, 49, 2486-2528. (g) Pellissier, H. TADDOL-derived phosphorus ligands in asymmetric catalysis. Coord. Chem. Rev. 2023, 482, 215079.
(5) (a) Alexakis, A.; Mutti, S.; Normant, J. F. A new chiral ligand for the asymmetric conjugate addition of organocopper reagents to enones. J. Am. Chem. Soc. 1991, 113, 6332-6334. (b) Alexakis, A.; Frutos, J.; Mangeney, P. Chiral phosphorus ligands for the asymmetric conjugate addition of organocopper reagents. Tetrahedron: Asymmetry 1993, 4, 2427-2430. (c) Reetz, M. T.; Oka, H.; Goddard, R. Binaphthyldiamine-based diazaphospholidinesas a new class of chiral monodentate P-ligands. Synthesis 2003, 2003, 1809-1814. (d) Tsarev, V. N.; Lyubimov, S. E.; Shiryaev, A. A.; Zheglov, S. V.; Bondarev, O. G.; Davankov, V. A.; Kabro, A. A.; Moiseev, S. K.; Kalinin, V. N.; Gavrilov, K. N. P-Chiral Monodentate Diamidophosphites − New and Efficient Ligands for Palladium-Catalysed Asymmetric Allylic Substitution. Eur. J. Org. Chem. 2004, 2004, 2214-2222. (e) Bondarev, O. G.; Goddard, R. New modular P-chiral ligands for Rh-catalyzed asymmetric hydrogenation. Tetrahedron Lett. 2006, 47, 9013-9015. (f) Kimura, M.; Uozumi, Y. Development of New P-Chiral Phosphorodiamidite Ligands Having a Pyrrolo[1,2-c]diazaphosphol-1-one Unit and Their Application to Regio- and Enantioselective Iridium-Catalyzed Allylic Etherification. J. Org. Chem. 2007, 72, 707-714. (g) Toselli, N.; Martin, D.; Buono, G. Looking for a Synergic Effect between NHCs and Chiral P-Ligands. Org. Lett. 2008, 10, 1453-1456. (h) Gavrilov, K. N.; Zheglov, S. V.; Benetsky, E. B.; Safronov, A. S.; Rastorguev, E. A.; Groshkin, N. N.; Davankov, V. A.; Schäffner, B.; Börner, A. P∗,P∗-Bidentate diastereoisomeric bisdiamidophosphites based on N-benzyltartarimide and their applications in asymmetric catalytic processes. Tetrahedron: Asymmetry 2009, 20, 2490-2496. (i) Gavrilov, K. N.; Zheglov, S. V.; Rastorguev, E. A.; Groshkin, N. N.; Maksimova, M. G.; Benetsky, E. B.; Davankov, V. A.; Reetz, M. T. Asymmetric Catalytic Reactions Using P*-Mono-, P*,N- and P*,P*-Bidentate x	Diamidophosphites with BINOL Backbones and 1,3,2-Diazaphospholidine Moieties: Differences in the Enantioselectivity. Adv. Synth. Catal. 2010, 352, 2599-2610. (j) Schmitz, C.; Leitner, W.; Franciò, G. Synthesis of P-Stereogenic Phosphoramidite and Phosphorodiamidite Ligands and Their Application in Asymmetric Catalysis. Eur. J. Org. Chem. 2015, 2015, 6205-6230.
(6) Rúnarsson, Ö. V.; Artacho, J.; Wärnmark, K. The 125th Anniversary of the Tröger's Base Molecule: Synthesis and Applications of Tröger's Base Analogues. Eur. J. Org. Chem. 2012, 2012, 7015-7041.
(7) Dolenský, B.; Havlík, M.; Král, V. Oligo Tröger's bases—new molecular scaffolds. Chem. Soc. Rev. 2012, 41, 3839-3858.
(8) (a) Harmata, M.; Kahraman, M. Congeners of Troeger's base as chiral ligands. Tetrahedron: Asymmetry 2000, 11, 2875-2879. (b) Pereira, R.; Cvengroš, J. Tröger's Base Derived Phosphanes for ­Suzuki–Miyaura and Buchwald–Hartwig Cross-Coupling Reactions. Eur. J. Org. Chem. 2013, 2013, 4233-4237. (c) Shen, Y.-M.; Zhao, M.-X.; Xu, J.; Shi, Y. An Amine-Promoted Aziridination of Chalcones. Angew. Chem. Int. Ed. 2006, 45, 8005-8008.
(9) Trapp, O.; Trapp, G.; Kong, J.; Hahn, U.; Vögtle, F.; Schurig, V. Probing the Stereointegrity of Tröger's Base—A Dynamic Electrokinetic Chromatographic Study. Chem. Eur. J. 2002, 8, 3629-3634.
(10) (a) Hamada, Y.; Mukai, S. Synthesis of ethano-Tröger's base, configurationally stable substitute of Tröger's base. Tetrahedron: Asymmetry 1996, 7, 2671-2674. (b) Lenev, D. A.; Lyssenko, K. A.; Golovanov, D. G.; Buss, V.; Kostyanovsky, R. G. Bis-ortho-Substitution by Methyl Groups Dramatically Increases the Racemization Barrier of Tröger Bases. Chem. Eur. J. 2006, 12, 6412-6418. (c) Lenev, D. A.; Golovanov, D. G.; Lyssenko, K. A.; Kostyanovsky, R. G. Configurationally stable methylates of methano- and ethano-Tröger bases. Tetrahedron: Asymmetry 2006, 17, 2191-2194.
(11) (a) Bosmani, A.; Guarnieri-Ibáñez, A.; Goudedranche, S.; Besnard, C.; Lacour, J. Polycyclic Indoline-Benzodiazepines through Electrophilic Additions of α-Imino Carbenes to Tröger Bases. Angew. Chem. Int. Ed. 2018, 57, 7151-7155. (b) Bosmani, A.; Guarnieri-Ibáñez, A.; Lacour, J. Configurational Lability of Imino-Substituted Ethano Tröger Bases. Insight on the Racemization Mechanism. Helv. Chim. Acta 2019, 102, e1900021.
(12) Saleh, N.; Bosmani, A.; Besnard, C.; Bürgi, T.; Jacquemin, D.; Lacour, J. Access to Chiral Rigid Hemicyanine Fluorophores from Tröger Bases and α-Imino Carbenes. Org. Lett. 2020, 22, 7599-7603.
(13) Within complex (R,R,RP)-(6d)AuCl, the relative configuration of the P-atom is inverted due the CIP priority rules.
(14) (a) Falivene, L.; Cao, Z.; Petta, A.; Serra, L.; Poater, A.; Oliva, R.; Scarano, V.; Cavallo, L. Towards the online computer-aided design of catalytic pockets. Nat. Chem. 2019, 11, 872-879. (b) Falivene, L.; Credendino, R.; Poater, A.; Petta, A.; Serra, L.; Oliva, R.; Scarano, V.; Cavallo, L. SambVca 2. A Web Tool for Analyzing Catalytic Pockets with Topographic Steric Maps. Organometallics 2016, 35, 2286-2293.
(15) Toullec, P. Y.; Jagt, R. B. C.; de Vries, J. G.; Feringa, B. L.; Minnaard, A. J. Rhodium-Catalyzed Addition of Arylboronic Acids to Isatins:  An Entry to Diversity in 3-Aryl-3-Hydroxyoxindoles. Org. Lett. 2006, 8, 2715-2718.
(16) Shintani, R.; Inoue, M.; Hayashi, T. Rhodium-Catalyzed Asymmetric Addition of Aryl- and Alkenylboronic Acids to Isatins. Angew. Chem. Int. Ed. 2006, 45, 3353-3356.
(17) Guo, W.; Zhan, S.; Yang, H.; Gu, Z. Confronting the Challenge of Asymmetric Carbonyl Addition to Sterically Bulky Isatins: Upgrading Dirhodium(II)/Biphosphine Catalytic System. Org. Lett. 2023, 25, 3281-3286 and references therein.
(18) (a) Gui, J.; Chen, G.; Cao, P.; Liao, J. Rh(I)-catalyzed asymmetric addition of arylboronic acids to NH isatins. Tetrahedron: Asymmetry 2012, 23, 554-563. (b) Feng, X.; Nie, Y.; Zhang, L.; Yang, J.; Du, H. Rh(I)-catalyzed asymmetric 1,2-additions of arylboronic acids to isatins with chiral sulfur–alkene hybrid ligands. Tetrahedron Lett. 2014, 55, 4581-4584. 
(19) The difference between 6e and 6e’ can be traced back to the geometry as shown in the SI (Fig. S4 and related information).

image1.emf
P

N

N

N

H

O

R

Concave P-Stereogenic Phosphorodiamidite

b-form exclusively

N

N

Asymmetric Rh(I)-Catalysis

5 steps

Ph

Full stereocontrol at P

Configurational stability✓

✓

✓

✓



image2.emf
NNTs

N

Ph

A Prior work (ref. 11)

B

 This work

1

2

Rh

2

(Piv)

4

4a

Desulfonylation

PBr

3

N

N

CPh

NHTs

N

NH

H

Reductive

amination to 

5

N

N

NTs

Ph

H

3

6

P

N

N

N

H

O

R

P-Stereogenic

Single epimer

b-form only

Rh(I)-catalysis

e.r. up to 92:8

N

2

NTs

Ph

equals

✓

✓

✓

✓

✓

Concave Phosphorodiamidites

Ph


image3.emf
NHTs

N

NH

H

P

N

N

N

H

O

R

(R,R)-

4a

(R,R)-

5a

 to 

5d

(R,R,S

P

)-

6a

 to 

6d

N

H

N

NH

H

HO

R

i, iiiii

P

N

N

N

H

O

6a

 (75%)

P

N

N

N

H

O

P

N

N

N

H

O

P

N

N

N

H

O

F

(

6d

)AuCl 

apical Ph omitted

iv

(

6d

)AuCl (>99%)

(

6d

)AuCl 

space filling

(85-99%)

6b

 (84%)

6c

 (75%)

6d

 (58%)


image4.emf
N

H

O

O

B(OH)

2

+

N

H

O

OH

Dioxane, 60 °C

16 hr

*

7a8a9aa

Rh(acac)(C

2

H

4

)

2

 

(3 mol%)

6

(6 mol%)



image5.png
~H
N it
NH, R —> N R
H an 221 S

(R.R)-4b (R.R.S)-5€ to 5h (R.R.S,Sp)-6e to 6h
(43-56%, major)

£o ;gasi %fva

6e (55%) 6f (64%) g (65%)
CF3
H H
R #
N ) O (yauct
=Py O CF3 N 4P\
[0}

6h (67%) (RRR.Sp)-6e" (68%) (RRRRo-{6e)ACI

apical Ph omitted




image6.emf
N

H

O

O

B(OH)

2

+

N

H

O

OH

Dioxane, 60 °C

16 hr

*

R

R'

R

R'

N

H

O

R

9aaR=H (95%); 87:13 e.r.

9ba 

R=OMe (90%); 82:18 e.r.

9ca 

R=Cl (93%); 83:17e.r.

9da R=Br (83%); 77:23 e.r.

9ea R=F (95%); 83:17 e.r.

N

H

O

OH

Ph

9fa R=Me (67%); 80:20 e.r.

9gaR=Cl (90%); 80:20 e.r.

9ha

R=F (92%); 80:20 e.r.

R

N

H

O

OH

Ph

Br

N

H

O

OH

N

H

O

OH

OMe

N

H

O

OH

MeO

N

H

O

OH

S

N

H

O

OH

N

N

H

O

OH

9ab

50%

85:15 e.r.

9ac 

95%

87:13 e.r.

9ad 

87%

89:11 e.r.

9ag 

67%

92:8 e.r.

9af 

80%

84:16 e.r.

N

H

O

OH

9ae 

92%

84:16 e.r.

789

N

H

O

OH

Ph

NO

2

OH

Ph

Rh(acac)(C

2

H

4

)

2

 

(3 mol%)

6f

(6 mol%)



