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ABSTRACT

The iridium-catalyzed asymmetric allylic substitution under biphasic conditions is reported. This
approach allows the use of various unstable and/or volatile nucleophiles including hydrazines,
methylamine, t-butyl hydroperoxide, N-hydroxylamine, a-chloroacetaldehyde and glutaraldehyde. This
transformation provides rapid access to a broad range of products from simple starting materials in good
yields and up to >99% ee and 20:1 d.r. Additionally, these products can be elaborated efficiently into a
diverse set of cyclic and acyclic compounds, bearing up to four stereocenters.

Enantioselective, transition metal-catalyzed allylic substitution has emerged as a powerful tool for the synthesis
of chiral building blocks from simple starting materials and a wide range of nucleophiles.! The electrophilic nature
of the n’-organometal intermediate typically restricts the conditions to non-nucleophilic organic solvents and with
few exceptions prescribes rigorous exclusion of water.? Yet, there are a number of highly reactive and/or unstable
small molecules such as chloroacetaldehyde, hydrazines or N-hydroxylamine that due to their reactivity or limited
stability in pure form are stored, sold, and most safely handled as aqueous solutions. To date, only protected versions
of these reagents including hydroxamic acids and hydrazones have been employed in transition metal-catalyzed
allylic substitution.?® Developing methods which employ the commercially available aqueous solutions of these
unstable molecules, however, would significantly expand the synthetic utility of enantioselective catalysis.

In general, organocatalytic methods based on enamine catalysis or hydrogen bonding catalysts have been shown
to be compatible with aqueous media.* For instance, aqueous chloroacetaldehyde has been employed as an
electrophile in enzymatic or organocatalytic aldol reactions but its use as an nucleophile remains elusive.’ In the
field of asymmetric transition-metal catalysis, biphasic systems for enantioselective oxidations® and
hydrogenations’ have garnered significant attention, but transformations generating carbon-carbon bonds under
aqueous conditions remain scarce.® Herein we report the asymmetric substitution reaction of racemic allylic
alcohols with aqueous nucleophiles such as hydrazines, N-hydroxylamines, and a-halo-acetaldehydes catalyzed by
a chiral Ir(P,olefin) complex under aqueous biphasic conditions (Scheme 1). The transformations employ aqueous
solutions that the reagents are supplied in, and thus avoid laborious extraction and dehydration techniques.” Our
approach delivers products in good yields and high regio- and enantioselectivities for nucleophiles that have been
rarely employed to date.



Scheme 1. Iridium-Catalyzed Allylic Substitution Using Nucleophiles or their Hydrates in Aqueous

Solutions.
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Excess water can pose a challenge in transition metal-catalyzed allylic substitution not only because it can lead
to decomposition of the n’-organometal intermediate but also due to its inherent nucleophilicity.?¢!'® Thus, for a
productive catalytic cycle with nucleophiles in aqueous solutions, the nucleophilic addition of water to the activated
allyl-metal complex needs to be either kinetically disfavored or reversible. This makes allylic substitution reactions
employing branched, unactivated allylic alcohols prime targets for the development of biphasic reactions, as
nucleophilic attack by water would regenerate the starting material. With these considerations in mind, we set out
to develop a general approach to biphasic allylic substitutions using the complex derived from [Ir(cod)Cl]./(S)-L
and nucleophiles in aqueous solutions. !

Our group has previously developed an Ir(P,olefin) complex derived from phosphoramidate ligand (S)-L and
iridium(I) for the displacement of allylic alcohols with various nucleophiles.!! Key features of this catalytic system
are its high robustness and its use of branched, unactivated allylic alcohols as substrates, activated by Brensted
acids.!"® Therefore, we envisioned that this system would be well suited to explore allylic substitutions under
biphasic conditions with nucleophiles that are stabilized in water and thus readily available as aqueous solutions.
To demonstrate the feasibility of this approach, we initially focused on aqueous hydrazine. Chiral hydrazine
derivatives are used in stereoselective [3+2]-cycloadditions,'? as organocatalysts,'* and as commercialized drugs
for the treatment of Parkinson’s disease.'* Hydrazine is a colorless liquid that decomposes explosively and is
commonly used as a rocket fuel.'® Thus, aqueous solutions of hydrazine find widespread applications in organic
synthesis. When a 51% aqueous solution of hydrazine was used in combination with the Ir(P,olefin) complex, allylic
alcohol 1a (R = 2-Np) and 3,5-dichlorobenzoic acid as a Brensted acid promoter adduct 2a was obtained in 61 %
yield and 94% ee (Table 1).'® This result encouraged us to investigate aqueous solutions of various substituted
hydrazine derivatives (Table 1, 2b-2e). Of particular interest are substrates 2d and 2e. Such 1-amino piperazine and
4-amino-1,2,3-triazole derivatives have garnered significant attention from medicinal chemists and can be found in
commercial drugs.!” Due to their limited solubility in aprotic, non-nucleophilic organic solvents and the fact that
they are freely soluble in water, these substrates demonstrate the synthetic power of a biphasic approach

Subsequently, we examined methyl, ethyl and dimethyl amine, which are gases at room temperature but are
readily available as aqueous solutions. Interestingly, for these more basic and less nucleophilic reagents, kinetic
resolution of allylic alcohol 1a was observed, and the enantioselectivity and conversion was found to strongly
depend on the acidic promoter used (see supplementary information). With 3,5-dichlorobenzoic acid the
corresponding secondary and tertiary amines were obtained in good yields along with the enantioenriched starting
material. We then aimed to expand the scope of aqueous nucleophiles to other heteroatoms. Interestingly, tert-butyl
hydroperoxide and sodium thiomethoxide, sold as 70% and 21% aqueous solutions respectively, afforded the
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corresponding adducts (2p and 2q) in good yield and stereoselectivity. It is noteworthy, that the catalytic system
described herein is compatible with both reductants (hydrazines)'® and oxidants (¢-butyl hydroperoxide).

Encouraged by these results, N-hydroxylamine was also investigated as nucleophile for iridium-catalyzed allylic
substitution. N-alkylated hydroxylamines are useful precursors for chiral nitrones and find application in the
synthesis of complex molecules.!® Similarly to hydrazine, hydroxylamine is preferably used as an aqueous solution
or its hydrochloride salt since the pure compound is unstable.’’ Recently Zhao reported the enantioselective
allylation of H,NOH-HCI requiring DMSO as solvent and triethyl amine to liberate hydroxyl amine.?' Hence, we
believe the biphasic system utilizing aqueous N-hydroxylamine complements this approach. When a 50% aqueous
solution of N-hydroxylamine was used in combination with the Ir(P,olefin) complex, allylic alcohol 1a (R = 2-Np)
and dibenzenesulfonamide as a Brensted acid promoter a adduct 2k was obtained in 64% yield and 93% ee. This
transformation was found to be compatible with a series of allylic alcohols with excellent selectivity for N-
alkylation (Table 1, and supporting information).

Table 1. Scope of the Biphasic Iridium-Catalyzed Allylation of N-, O- and S-Nucleophiles.”
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We next focused on the construction of carbon-carbon bonds under biphasic conditions. Since the synthesis of
halogenated, biologically active molecules has been an ongoing field of research in our group,** we first investigated
chloracetaldehyde (3) as nucleophile. Due to its high reactivity chloroacetaldehyde is only commercially available
as a 50% aqueous solution.”>>> Notably, the asymmetric a-functionalization of chloracetaldehyde is not known.
thus, our approach provides a complementary approach to optically active chlorides which are traditionally obtained
by organocatalytic a-halogenation.?®

We found that using 1b (R = Ph) and aqueous chloroacetaldehyde in combination with proline derived amine
A1,2%® ligand (R)-L, and dimethylphosphate afforded aldehyde 4b in 82% yield, 10:1 d.r. and >99% ee.
Optimization studies revealed that using solvents that give a homogenous reaction mixture such as 1,4-dioxane or
acetone did not lead to any product formation, indicating that biphasic conditions were essential for this
transformation. Furthermore, we found that inorganic salt additives (NaCl, Na>SO., MgSQy) increased the overall
conversion of the reaction. Presumably, an increase of ionic strength facilitates transfer of the water-soluble
aldehyde to the organic phase.?’

Table 2. Allylic Alcohol Scope of the a-Allylation of Aqueous Chloro- and Bromoacetaldehyde.”
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With optimized conditions in hand, the substrate scope of the reaction with regard to allylic alcohols was explored
(Table 2). Electron-poor as well as electron-rich substrates were tolerated, resulting in good yields (41-81%), d.r.
values between 5:1 and 20:1 and excellent enantioselectivity (>99% ee) (4c¢-4j). Additionally, hetereoaromatic
allylic alcohols (1k and 11) afforded the respective products in good yields and excellent selectivities.

When dichloroacetaldehyde (3b), commercially available as its solid hydrate, was employed under identical
reaction conditions, no allylated product was obtained. Optimization studies revealed that for this sterically
hindered aldehyde, primary amine catalysts were required. The iridium-catalyzed reaction of solid
dichloroacetaldehyde hydrate, diphenylmethane amine, allylic alcohol 1a and Zn(OTf), as a Lewis acid promoter
afforded the corresponding dichlorinated aldehyde, which was isolated as primary alcohol 4m in 55% yield and
>99% ee after reduction with NaBH4. Bromoacetaldehyde could also be allylated by slight alteration of the reaction
conditions and several adducts (4n-4w) could be obtained in 62-83% yield, high diastereomeric ratios (10:1-20:1
d.r.) and excellent enantioselectivity (98 - >99% ee).

In an effort to demonstrate the synthetic versatility of the product chiral a-chloro- and a-bromoaldehydes, a
variety of functionalization reactions were carried out (Scheme 2). Diverse heterocycles with various ring sizes
including aziridines (8), tetrahydrofurans (10) and B-lactams (7) could be accessed efficiently. Addition of
acetophenone to 4b followed by syn-selective reduction allowed the installation of two additional stereocenters
with good selectivity (product 5). Furthermore, reduction of 4b and 4o to the primary alcohol with NaBH4 enables
the synthesis of B-chloronitrile 6 and hydroxylthio ether 11.

Scheme 2. Functionalization of y,6-Unsaturaded Aldehydes”
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To further extend the synthetic potential of this iridium-catalyzed a-allylation of aldehydes in biphasic media,
glutaraldehyde was examined as a substrate. Like many small dialdehydes, glutaraldehyde is unstable and readily
forms polymeric solids.”® In aqueous solutions, glutaraldehyde forms cyclic hydrate 13 which can be stored for
extended periods of time (Scheme 3).%

We found that 13 also participates in dual-catalytic a-allylation reactions with allylic alcohol 1b. Interestingly,
the reaction proceeds with high selectivity for the mono-allylated aldehyde. Since attempts to isolate the resulting
dialdehyde were unsuccessful, the crude reaction mixture was reduced to the corresponding diol 14, which could
be further elaborated into tetrahydropyran 15 Alternatively, the mono-allylated aldehyde could be reductively
aminated in one pot to afford piperidine 16, demonstrating the synthetic potential of the method for the
enantioselective synthesis of chiral saturated heterocycles. Additionally, we found that with an excess of allylic
alcohol bis-allylated product 17 could be obtained with high enantio- and diastereoselectivity. Oxidation of diol 17
using tetrapropylammonium perruthenate afforded unsymmetrical, lactone 18. Sequential addition of two distinct
allylic alcohols, followed by reduction furnished asymmetric diol 19 in >99:1 ee and >10:1 d.r., which is remarkable
considering that the reaction could in principle afford 16 different stereoisomers.

In conclusion, we have developed a biphasic aqueous system for the enantioselective iridium-catalyzed allylic
substitution. This approach allows the use of readily available aqueous solutions of various nucleophiles which are
otherwise highly volatile or unstable when anhydrous. These biphasic conditions rely on a robust catalyst system
and allow for the synthesis of a broad range of synthetically useful chiral intermediates such as hydrazines,
peroxides, N-hydroxylamines, a-halo-aldehydes, and diols. Their use in asymmetric transition-metal catalysis has
been largely unexplored because of the requirements to use them in anhydrous forms for most other catalyst
systems. We believe that the concepts disclosed in this report will serve as inspiration for other transition metal-
catalyzed transformations employing these readily available, yet rarely used reagents.

Scheme 3. Iridium-Catalyzed a-Allylation of Glutaraldehyde ¢

50% in water (1-2 equiv)

HO, _O._,OH OH o o 0 OH
= A, = L -
HO H H H I
13 TsN 1s
[Ir/(R)-L], (S)-A1 | 1b/1s
1) 1b (1.0 equiv) 1) 1b (1.0 equiv) 1) 1b, (1.0 equiv) 1) 1b, (2.0 equiv) D :;e(r: ﬁobeg“'s"é uiv)
2) LiAlH, 2) LiAIH, 2) (BnO)NH, NaBH(CN); 2) LiAlH, 2) LIAIH, q
Y
OBn
/H\T/\_\)/OH /:)J\)/OH 'll /\‘/_\/E/\
g Ph g Ph /YHLJ
Ph TsN
(S,R)-14°: 71%, (S,S)-14°¢: 69% 15%: 63%, 5:1 d.r. 179: 61%, >10:1 d.r. 19°: 44%, >10:1 d.r.
>10:1 d.r., >99% ee >10:1 d.r., >99% ee >99% ee >99% ee >99% ee
1]
S p-TsOH 0 (n-Pr);NRuO,,
NNAN S~ MgSO, /YLJ NMO, 4 A MS /\‘/r\)i/\
~ =z
| [ H
& Ph
X-ray of 14 | 15: 83%, 14:1 d.r. 18. 63%,5.1 d.r.

aFor detailed experimental procedures see supporting information. Ellipsoids shown at 50% probability. Ts = toluenesulfonyl,
NMO = 4-methylmorpholine N-oxide. °2.0 equiv. of 19. ¢(R)-A was used.?1.0 equiv. of 19.

AUTHOR INFORMATION

Corresponding Author
*E-mail: erickm.carreira@org.chem.ethz.ch



Notes
The authors declare no competing financial interests.

ACKNOWLEDGMENT

We are grateful to the ETH Zirich and the Swiss National Science Foundation (200020_172516) for financial support. We also thank Dr. N.
Trapp and M. Solar for X-ray crystallographic analyses. Tobias Schnitzer and Greta Vastakaite are acknowledged for their support with
chiral chromatography analysis and Prof. Helma Wennemers (ETH Ziirich) is thanked for HPLC access.

REFERENCES

(1) For general reviews see: (a) Trost, B. M. Asymmetric catalysis: An enabling science. Proc. Natl. Acad. Sci. U. S. A.
2004, 101, 5348. (b) Transition Metal Catalyzed Enantioselective Allylic Substitution in Organic Synthesis in Topics in
Organometallic Chemistry Vol. 38; Kazmaier, U., Ed., Springer: Heidelberg, 2012. (c) Trost, B. M.; Crawley, M. L. Asymmetric
transition-metal-catalyzed allylic alkylations: Application in total synthesis. Chem. Rev. 2003, 103,2921. (d) Qu, J.; Helmchen,
G. Applications of iridium-catalyzed asymmetric allylic substitution reactions in target-oriented synthesis. Acc. Chem. Res.
2017, 50, 2539. (e) Chen, Q.; Tu, H.-F.; Zheng, C.; Qu, J.-P.; Helmchen, G.; You, S.-L. Iridium-catalyzed asymmetric allylic
substitution reactions. Chem. Rev. 2019, 119, 1855. For selected examples on formation of carbon-carbon bonds see: (f) Liu,
W.-B.; Reeves, C. M.; Virgil, S. C.; Stoltz, B. M. Construction of vicinal tertiary all-carbon quaternary stereocenters via Ir-
catalyzed regio- diastereo-, and enantioselective allylic alkylation and applications in sequential Pd catalysis. J. Am. Chem.
Soc. 2013, 135, 10626. (g) Jiang, X.; Beiger, J. J.; Hartwig, J. F. Stereodivergent allylic substitutions with aryl acetic acid esters
by synergistic iridium and lewis base catalysis. J. Am. Chem. Soc. 2017, 139, 87. (h) Hethcox, J. C.; Shockley, S. E.; Stoltz, B.
M. Enantioselective synthesis of vicinal all-carbon quaternary stereocenters via iridium-catalyzed allylic alkylation. Angew.
Chem. Int. Ed. 2018, 57, 8664. For selected examples on formation of carbon-heteroatom bonds see: (i) Ohmura, T.; Hartwig,
J. F. Regio- and enantioselective allylic amination of achiral allylic esters catalyzed by an iridium—phosphoramidite complex.
J. Am. Chem. Soc. 2002, /24, 15164. (j) Shu, C.; Hartwig, J. F. Iridium-catalyzed intermolecular allylic etherification with
aliphatic alkoxides: Asymmetric synthesis of dihydropyrans and dihydrofuranes. Angew. Chem. Int. Ed. 2004, 43, 4794. (k)
Ye, K.-Y.; He, H.; Liu, W.-B.; Dai, L.-X.; Helmchen, G.; You, S.-L. Iridium-catalyzed allylic vinylation and asymmetric allylic
amination reactions with o-aminostyrenes. J. Am. Chem. Soc. 2011, 133, 19006.

(2) For a general review see: (a) Lindstrom, U. M. Stereoseletive organic reactions in water. Chem. Rev. 2002, 102, 2751.
For selected examples see: (b) Trost, B. M.; McEachern, E. J. Inorganic carbonates as nucleophiles for the asymmetric synthesis
of vinylglycidols. J. Am. Chem. Soc. 1999, 121, 8649. (c¢) Liu, W.; Zhao, X.; Zhang, H.; Zhang, L.; Zhao, M. Asymmetric
synthesis of allylic sulfonic acids: Enantio- and Regioselective iridium-catalyzed allylations of Na,SO4. Chem. Eur. J. 2014,
20, 16873. (d) Miyabe, H.; Yoshida, K.; Yamauchi, M.; Takemoto, Y. Hydroxylamines as oxygen atom nucleophiles in
transition-metal-catalyzed allylic substitution. J. Org. Chem. 2005, 70, 2148. (¢) Ueda, M.; Hartwig, J. F. Iridium-catalyzed,
regio- and enantioselective allylic substitution with aromatic and aliphatic sulfonates. Org. Lett. 2010, 12, 92. (f) Zhen, S.;
Huang, W.; Gao, N.; Cui, R.; Zhang, M.; Zhao, X. One pot iridium-catalyzed asymmetrical double allylations of sodium sulfide:
a fast and economic way to construct chiral C,-symmetric bis(1-substituted-allyl)sulfane Chem. Commun. 2011, 47, 6969. (g)
Girtner, M.; Mader, S.; Seehafer, K.; Helmchen, G. Enantio- and regioselective iridium-catalyzed allylic hydroxylation. J. Am.
Chem. Soc. 2011, 133, 2072.

(3) (a) Girtner, M.; Jdkel, M.; Achatz, M.; Sonnenschein, C.; Tverskoy, O.; Helmchen, G. Enantioselective iridium-catalyzed
allylic substitutions with hydroxamic acid derivatives as N-nulceophiles. Org. Lett. 2011, 13, 2810. (b) Kanbayashi, N.;
Takenaka, K.; Okamura, T.-A.; Onitsuka, K. Asymmetric auto-tandem catalysis with aplanar-chiral ruthenium complex:
Sequential allylic amidation and atom-transfer radical cyclization. Angew. Chem. Int. Ed. 2013, 52, 4897. (c¢) Lu, B.; Feng, B.;
Ye, H.; Chen, J.-R.; Xiao, W.-J. Pd/phosphoramidite thioether complex-catalyzed asymmetric N-allylic alkylation of
hydrazones with allylic acetates. Org. Lett. 2018, 20, 3473.

(4) For reviews see: (a) Dalko, P. I.; Moisan, L. In the golden age of organocatalysis. Angew. Chem. Int. Ed. 2004, 43, 5138.
(b) Jimeno, C. Water in asymmetric organocatalytic systems: A global perspective. Org. Biomol. Chem. 2016, 14, 6147. For
selected examples see: (c) Hayashi, Y.; Sumiya, T.; Takahashi, J.; Gotoh, H.; Urushima, T.; Shoji, M. Highly diastereo- and
enantioselective direct aldol reactions in water. Angew. Chem. Int. Ed. 2006, 45, 958. (d) Hayashi, Y.; Aratake, S.; Okano, T.;
Takahashi, J.; Sumiya, T.; Shoji, M. Combined proline-surfactant organocatalyst for the highly diastereo- and enantioselective
aqueous direct cross-aldol reaction of aldehydes. Angew. Chem. Int. Ed. 2006, 45, 5527. (¢) Mase, N.; Nakai, Y.; Ohara, N.;
Yoda, H.; Takabe, K.; Tanaka, F.; Barbas; C. F., III Organocatalytic direct asymmetric aldol reactions in water. J. Am. Chem.
Soc. 2006, 128, 734. (f) Hayashi, Y.; Samanta, S.; Gotoh, H.; Ishikawa, H. Asymmetric Diels-Alder reaction of o,-unsaturated
aldehydes catalyzed by a diarylprolinol silyl ether salt in the presence of water. Angew. Chem. Int. Ed. 2008, 47, 6634. (g)
Zheng, Z.; Perkins, B. L.; Ni, B. Diarylprolinol silyl ether salts as new, efficient water-soluble, and recyclable organocatalysts
for the asymmetric Michael addition on water. J. Am. Chem. Soc. 2010, 132, 50. (h) Zotova, N.; Franzke, A.; Armstrong, A.;
Blackmond, D. G. Clarification of the role of water in proline-mediated aldol reactions. J. Am. Chem. Soc. 2007, 129, 15100.

(5) (a) Markert, M.; Scheffler, U; Mahrwald, R. Asymmetric histidine-catalyzed cross-aldol reactions of enolizable
aldehydes: Access to defined configured quaternary stereogenic centers. J. Am. Chem. Soc. 2009, 131, 16642. (b) Greenberg,

7


http://pubs.acs.org/doi/abs/10.1021/jacs.6b11692

W. A., Varvak, A.; Hanson, S. R.; Wong, K.; Huang, H.; Chen, P.; Burk, M. J. Development of an efficient, scalable aldolase-
catalyzed process for enantioselective synthesis of statin intermediates. Proc. Natl. Acad. Sci. U.S.A. 2004, 101, 5788.

(6) For areview see: (a) Kolb, H. C.; VanNieuwenhze, M. S; Sharpless, K. B. Catalytic asymmetric dihydroxylation. Chem.
Rev. 1994, 94, 2483. For selected examples see: (b) Wang, L.; Sharpless, K. B. Catalytic asymmetric dihydroxylation of cis-
substituted olefins. J. Am. Chem. Soc. 1992, 114, 7568. (c) Crispino, G. A.; Ho, P. T.; Sharpless, K. B. Selective
perhydroxylation of squalene: taming the arithmetic demon. Science, 1993, 259, 64. (d) Denmark, S. E.; Wu, Z. The
development of chiral, nonracemic dioxiranes for the catalytic, enantioselective epoxidation of alkenes. Synlett, 1999, S, 847.
(e) Malkov, A. V.; Czemerys, L.; Malyshev, D. A Vanadium-catalyzed asymmetric epoxidation of allylic alcohols in water. J.
Org. Chem. 2009, 74, 3350. (f) Shen, D.; Saracini, C.; Lee, Y.-M.; Sun, W.; Fukuzumi, S.; Nam, W. Photocatalytic asymmetric
epoxidation of terminal olefins using water as an oxygen source in the presence of a mononuclear non-heme chiral manganese
complex. J. Am. Chem. Soc. 2016, 138, 15857.

(7) (a) Kumar, A.; Oehme, G.; Roque, J. P.; Schwarze, M.; Selke, R. Increase in the enantioselectivity of asymmetric
hydrogenation in water influenced by surfactants or polymerized micelles. Angew. Chem. Int. Ed. 1994, 33, 2197. (b) Dwars,
T.; Schmidt, U.; Fischer, C.; Grassert, I.; Kempe, R.; Frohlich, R.; Drauz, K.; Oehme, G. Synthesis of optically active a-amino-
phosphinic acids by catalytic asymmetric hydrogenation in organic solvents and aqueous micellar media. Angew. Chem. Int.
Ed. 1996, 37, 2851. (c¢) Li, X.; Wu, X.; Chen, W.; Hancock, F. E.; King, F.; Xiao, J. Asymmetric transfer hydrogenation in
water witha supported Noyori-Ikariya catalyst. Org. Lett. 2004, 6, 3321. (d) Li, J.; Tang, Y.; Wang, Q.; Li, X.; Cun, L.; Zhang,
X.; Zhu, J.; Li, L.; Deng, J. Chiral surfactant-type catalyst for asymmetric reduction of aliphatic ketones in water. J. Am. Chem.
Soc. 2012, 134, 18522. (e) Soni, R.; Hall, T. H.; Mitchell, B. P.; Owen, M. R.; Wills, M. Asymmetric reduction of electron-rich
ketones with thethered Ru(II)/TSDPEN catalysts using formic acid/triethylamine or aqueous sodium formate. J. Org. Chem.
2015, 80, 6784.

(8) Cabrera, J. M.; Tauber, J.; Zhang, W.; Xiang, M.; Krishe, M. J. Selection between diastereomeric kinetic vs
thermodynamic carbonyl binding modes enables enantioselective iridium-catalyzed anti-(a-Aryl)allylation of aqueous fluoral
hydrate and difluoroacetaldehyde ethyl hemiacetal. J. Am. Chem. Soc. 2018, 140, 9392.

(9) (b) Day, A. C.; Whiting, M. C. Acetone hydrazine. Org. Synth. 1970, 50, 3. (b) Semon, W. L. The preparation of
hydroxylamine hydrochloride and acetoxime. J. Am. Chem. Soc. 1923, 45, 188.

(10) For controll experiments demonstrating that water can act as a competing nucleophile see supporting information. For
an example of water as a nucleophile in allylic substitution see:Liissen, B. J.; Gais, H.-J. Palladium-catalyzded deracemization
of allylic carbonates in water with formation of allylic alcohols: Hydrogen carbonate ion as nucleophile in the palladium-
catalyzed allylic substitution and kinetic resolution J. Am. Chem. Soc. 2003, 125, 6066. .

(11) (a) Defieber, C.; Ariger, M. A.; Moriel, P.; Carreira, E. M. Iridium-catalyzed synthesis of primary allylic amines from
allylic alcohols: Sulfamic acid as ammonia equivalent. Angew. Chem. Int. Ed. 2007, 46, 3139. (b) Hamilton, J. Y.; Sarlah, D.;
Carreria, E. M. Iridium-catalyzed enantioselective allyl-alkene coupling. J. Am. Chem. Soc. 2014, 136, 3006. (c) Krautwald,
S.; Sarlah, D.; Schafroth, M. A.; Carreira, E. M. Enantio- and diastereodivergent dual catalysis: a-allylation of branched
aldehydes. Science 2013, 340, 1065. (e) Sandmeier, T.; Krautwald, S.; Zipfel, H. F. Carreira, E. M. Stereodivergent dual
catalyitc a-allylation of protected a-amino and a-hydroxyacetaldehydes. Angew. Chem. Int. Ed. 2015, 54, 14363. (d) Rossler,
S. L.; Krautwald, S.; Carreira, E. M. Study of intermediates in Iridium-(phosphoramidite,olefin)-catalyzed enantioselective
allylic substitution. J. Am. Chem. Soc. 2017, 139, 3603

(12) (a) Synthetic Applications of 1,3-Dipolar Cycloaddition Chemistry Toward Heterocycles and Natural Products. Vol 59,
Padwa, A., Pearson, W. H., Eds.; John Wiley & Sons: Hoboken, 2003. (b) N4jera, C.; Sansano, J. M.; Yus, M. 1,3-Dipolar
cycloadditions of azomethine imines. Org. Biomol. Chem. 2015, 13, 8596.

(13) (a) Lemay, M.; Ogilvie, W. W. Aqueous enantioselective organocatalytic Diels-Alder reactions employing hydrazide
catalysts. A new scaffold for organic acceleration. Org. Lett. 2005, 7, 4141. (b) Li, Q.; Wong, W.-Y., Chan, W.-H., Lee A. W.
M. Second generation CaSH (camphor sulfonyl hydrazine) organocatalysis. Asymmetric Diels-Alder reactions and isolation
of the catalytic intermediate. Adv. Synth. Catal. 2010, 352, 2142.

(14) Granados, A.; del Olmo, A. Peccati, F.; Billard, T.; Sodupe, M.; Vallribera, A. Fluorous I-carbidopa precursors: Highly
enantioselective synthesis and computational prediction of bioactivity. J. Org. Chem. 2018, 83, 303.

(15) Niemeier, J. K.; Kjell, D. P. Hydrazine and aqueous hydrazine solutions: Evaluating safety in chemical processes Org.
Process Res. Dev. 2013, 17, 1580.

(16) For additional examples, including alkyl substituted allyic alchols see supporting information.

(17) (a) Follett, E. A. C.; Pennington, T. H. Antiviral effect of constituent parts of the rifampicin molecule. Nature 1971, 230,
117. (b) Woo, L. W. L.; Bubert, C.; Sutcliffe, O. B.; Smith, A.; Chander, S. K.; Mahon, M. F.; Purohit, A.; Reed, M. J.; Potter;
B. V. L. Dual aromatase-steroid sulfatase inhibitors. J. Med. Chem. 2007, 50, 3540.

(18) Hydrazine has been shown to reduce salts and complexes of transition metals. For examples see: (a) Demir, M. M.;
Gulgun, M. A.; Menceloglu, Y. Z.; Erman, B.; Abramchuk, S. S.; Makhaeva, E. E.; Khokhlov, A. R.; Matveeva, V. G.; Sulman,
M. G. Palladium nanoparticles by electronspinning from poly(acrylonitrile-co-acrylic acid)PdCl; solutions. Relations between
preparation conditions, particle size and catalytic activity. Macromolecules 2004, 37, 1787. (b) Wang, Y.; Shi, Y.-F.; Chen, Y.-



B.; Wu, L.-M. Hydrazine reduction of metal ions to porous submicro-structures of Ag, Pd, Cu, Ni, and Bi. J. Solid State Chem.
2012, 7191, 19.

(19) For selected examples of diastereoselective [3+2] cycloadditions using nitrones derived from chiral N-alkylated
hydroxylamines see: (a) Smith, A. L.; Williams, S. F.; Homes, A. B.; Huges, L. R.; Swithenbank, C.; Lidert, Z. Stereoselective
synthesis of (.+-.)-indolizidines 167B, 205A, and 207A. Enantioselective synthesis of (-)-indolizidine 209B. J. Am. Chem. Soc.
1988, 110, 8696. (b) Xu, Z.; Johannes, C. W.; Salman, S. S.; Hoveyda, A. H. Enantioselective total synthesis of antifungal
agent Sch 38516 J. Am. Chem. Soc. 1996, 118, 10926. (c) Snider, B. B.; Lin, H. Total synthesis of (—)-FR901483. J. Am. Chem.
Soc. 1999, 121,7778. (d) White J. D.; Hansen, J. D. Asymmetric synthesis of epicylindrospermopsin via intramolecular nitrone
cycloaddition. Assignement of absolute configuration. J. Am. Chem. Soc. 2002, 124, 4950.

(20) Adamopoulou, T.; Papadaki, M. I.; Kounalakis, M.; Vazquez-Carreto, V.; Pineda-Solano, A.; Wang, Q.; Mannan, M. S.
Thermal decomposition of hydroxylamine: Isoperibolic calorimetric measurements at different conditions. J. Hazard. Mater.
2013, 254, 382.

(21) Chen, J.; Liang, Q.; Zhao, X. Chemoselective, regioselective, and enantioselective allylations of NH,OH under iridium
catalysis. Org. Lett. 2019, 21, 5383.

(22) (a) Nilewski, C.; Geisser, R. W.; Carreira; E. M. Total synthesis of a chlorosulpholipid cytotoxin associated with seafood
poisoning Nature, 2009, 457, 573. (b) Krautwald, S.; Nilewski, C.; Mori, M.; Shiomi, K.; Satoshi, O.; Carreira, E. M.
Bioisosteric exchange of C(sp®)-chloro and methyl substituents: Synthesis and initial biological studies of atpenin A5
analogues. Angew. Chem. Int. Ed. 2016, 55, 4049. (c) Bailey, A. M.; Wolfrum, S.; Carreira, E. M. Biological investigations of
(+)-danicalipin A enabled through synthesis. Angew. Chem. Int. Ed. 2016, 55, 639. (d) Sempere, Y.; Ruchti, J.; Carreira, E. M.
Enantioselective addition of alkynes to a,0-dichlorinated aldehydes. Org. Lett 2017, 19, 743.

(23) Natterer, K. Uber Monochloraldehyd. Monatsh. Chem. 1882, 3, 442.

(24) Hatch, L. F.; Alexander, H. E. . Preparation of chloroacetaldehyde hydrate. J. Am. Chem. Soc. 1945, 67, 688.

(25) Chien, J. C. W.,; Lu, P.-H. Mechanistic study of radiation-induced depolymerization of poly(chloroacetaldehyde).
Macromolecules 1989, 22, 1042.

(26) (a) Brochu, M. P.; Brown, S. P.; MacMillan, D. W. C. Direct enantioselevtive organocatalytic a-chlorination of
aldehydes. J. Am. Chem. Soc. 2004, 126, 4108. (b) Halland, N.; Braunton, A.; Bachmann, S.; Marigo, M.; Jergensen, K. A.
Direct organocatalytic asymmetric a-chlorination of aldehydes. J. Am. Chem. Soc. 2004, 126, 4790. (¢) Franzén, J.; Margio,
M.; Fielenbach, D.; Wabnitz, T. C.; Kjarsgaard, A.; Jergensen, K. A. A general organocatalyst for direct a-functionalization of
aldehydes: stereoselective C—C, C—N, C—F, C—Br, and C—S bond-forming reactions. scope and mechanistic insights. J. 4m.
Chem. Soc. 2005, 127, 18296. (d) Beeson, T. D.; MacMillan, D. W. C. Enantioselective organocatalytic o-fluorination of
aldehydes. J. Am. Chem. Soc. 2005, 127, 8826

(27) Paul, M. A. The solubilites of naphthalene and biphenyl in aqueous solutions of electrolytes. J. Am. Chem. Soc. 1952,
74, 5274.

(28) Overberger, C. G.; Ishida, S.; Ringsdorf, H. Intra-intermolecular polymerization of glutaraldehyde. J. Polym. Sci. A
1962, 62, S1-S2.

(29) Hardy, P. M.; Nicholls, A. C.; Rydon, H. N. The hydration and polymerisation of succinaldehyde, glutaraldehyde, and
adipaldehyde J. Chem. Soc., Perkin Trans. 2 1972, 2270.YNOPSIS TOC



