1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
JAm Chem Soc. Author manuscript; available in PMC 2024 December 05.

-, HHS Public Access
«

Remote Hydroamination of Disubstituted Alkenes by a
Combination of Isomerization and Regioselective N-H Addition

Senjie Ma,

Department of Chemistry, University of California, Berkeley, California 94720, United States;
Division of Chemical Sciences, Lawrence Berkeley National Laboratory, Berkeley, California
94720, United States

Haoyu Fan,
Department of Chemistry, University of California, Berkeley, California 94720, United States

Craig S. Day,
Department of Chemistry, University of California, Berkeley, California 94720, United States

Yumeng Xi,

Department of Chemistry, University of California, Berkeley, California 94720, United States;
Division of Chemical Sciences, Lawrence Berkeley National Laboratory, Berkeley, California
94720, United States

John F. Hartwig

Department of Chemistry, University of California, Berkeley, California 94720, United States;
Division of Chemical Sciences, Lawrence Berkeley National Laboratory, Berkeley, California
94720, United States

Abstract

Remote hydrofunctionalizations of alkenes incorporate functional groups distal to existing
carbon—carbon double bonds. While remote carbonylations are well-known, remote
hydrofunctionalizations are most common for addition of relatively nonpolar B-H, Si-H, and
C-H bonds with alkenes. We report a system for the remote hydroamination of disubstituted
alkenes to functionalize an alkyl chain selectively at the subterminal, unactivated, methylene
position. Critical to the high regioselectivity and reaction rates are the electronic properties of
the substituent on the amine and the development of the ligand DIP-Ad-SEGPHOS by evaluating
the steric and electronic effects of ligand modules on reactivity and selectivity. The remote
hydroamination is compatible with a broad scope of alkenes and aminopyridines and enables

the regioconvergent synthesis of amines from an isomeric mixture of alkenes. The products can
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be derivatized by nucleophilic aromatic substitution on the amino substituent with a variety of
nucleophiles.

The selective functionalization at electronically and sterically similar methylene carbons
distal to a reactive site has been a long-standing goal in organic synthesis but has been
challenging to develop because of the similar reactivities of unactivated methylene groups.1~
5 The remote hydrofunctionalization of alkenes, which places a hydrogen on the alkene
and a functional group distal to the alkene, is a potential approach to this synthetic goal
(Scheme 1A). Remote hydrosilylation®-12 by chain walking is a classic reaction, and
remote hydrofunctionalization with boranes,13-22 as well as arenes or heteroarenes,23-26
is known. Nickel-catalyzed formal remote hydroarylation2’~39 and hydroalkylation40-42
has also been reported, but the remote hydrofunctionalization of alkenes with more polar
X—H bonds, especially those of amines,*3*4 remains underdeveloped. The few reported
transformations occur in a formal sense by combining silanes as the hydride donor and
esters of hydroxylamine or dioxazolone as the aminating reagents (Scheme 1B).45-48

We envisioned a reaction in which a single reagent containing an N-H bond could

trigger alkene isomerization and deliver an amino group to form the product. While
synthetically appealing, this reaction could generate a mixture of products with the amino
group at multiple internal sites.49 Our group recently reported catalytic hydroamination

of internal and terminal alkenes with a 2-aminopyridine (Scheme 1C)°0-52 that
suppressed isomerization and led to direct hydroamination. We envisioned that appropriate
modifications to the amine and catalyst could increase the rate of isomerization over that
of hydroamination at internal sites thereby creating a remote hydroamination of internal
alkenes by selective N—H addition to the terminal alkene (Scheme 1D). Herein, we report
the remote hydroamination of unactivated, internal alkenes to place the amino group at the
unactivated subterminal carbon of an alkyl chain. This process was enabled by tuning the
electronic properties of the N—H donor to retard the rate of migratory insertion and tuning
the backbone and aryl fragment of the bisphosphine ligand to promote the desired remote
hydroamination regioselectively.

To achieve remote hydroamination of internal alkenes, we first sought to identify an
aminopyridine that would change the selectivity from the hydroamination we reported
previously. To do so, we conducted the reactions of a model alkene, cis-4-octene (1a) with

a series of 2-aminopyridines in combination with our previously developed cationic iridium
catalyst.5%51 The reaction with the electron-rich 6-methyl-2-aminopyridine (2a) led to slow
isomerization of c/is-4-octene, the formation of the 2-aminoalkane (3aa) with low selectivity
(30%), and the 4-aminoalkane from direct addition of the N-H bond to the internal alkene as
the major product (Scheme 2A, entry 1).

We hypothesized that the selectivity for the 2-aminoalkane would increase if the rate

of hydroamination could be retarded to enable more complete isomerization of the

alkene. Building on the precedent that migratory insertions of alkenes into late transition-
metal amido bonds are faster when the amido group is more electron donating,33:54 we
examined the remote hydroamination with 2-aminopyridines bearing electron-withdrawing
substituents. Rapid isomerization occurred, and the desired 2-amine was observed as the
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major product with the electron-deficient 6-fluoro- and 6-trifluoromethyl-2-aminopyridines
(2b and 2c) as the N—H donor (Scheme 2A, entries 2 and 3). 6-Fluoro-2-aminopyridine (2b)
was selected as the amine for further reaction development because it reacted in higher yield
and with comparable selectivity than did 2c. In addition, the pyridyl fluoride in the product
would enable further derivatization by nucleophilic aromatic substitution.

To improve the yield of the reaction between cis-4-octene and 6-fluoro-2-aminopyridine

to form amine 3ab, we evaluated the effects of reaction time, temperature, solvent, and
bisphosphine. However, the product formed in lower or similar yields (ca. 34%) in all cases
(see the Supporting Information for details). Instead, the yield of the product increased

to 89% when an excess of c¢/s-4-octene (5 equiv) was used (Scheme 2A, entry 4). These
results prompted us to assess whether the remote hydroamination was reversible and if a
thermodynamic equilibrium between the isomeric alkenes and the 2-amine (3ab) affected
the yield.

To test for reversible hydroamination, we subjected 2-aminoalkane 3ab to the catalytic
conditions. Dehydroamination of 3ab occurred to form octene isomers as well as 2b,
and 37% of 3ab remained. This result suggested that the low yield of 2-aminoalkene
from a 1:1 ratio of cis-4-octene and 6-fluoro-2-aminopyridine resulted from unfavorable
thermodynamics, rather than low activity or stability of the iridium catalyst.

The regioselectivity of the reaction between c/s-4-octene (5 equiv) and 2b was further
increased to 91% by conducting the reaction at 90 °C instead of at 120 °C (Scheme 2A,
entry 5). However, prolonged reaction time (72 h) was required for the reaction to reach
equilibrium at this temperature. Thus, an iridium complex that would catalyze the remote
hydroamination with higher rates at the lower temperature was needed.

To do so, we sought to exploit the modularity of the ligand backbone and phosphine aryl
groups by an approach that could survey the effects within a broad range of structures. Due
to the challenge of synthesizing a library of bisphosphine ligands, particularly with biaryl
backbones,>59 we individually varied the components of the bisphosphines. We separately
evaluated the effects of the electronic and steric properties of a series of backbones and a
series of substituents on the aryl groups (Scheme 2B) of the bisphosphine ligands. After
identifying the backbone and the aryl groups leading to the highest yield and selectivity, we
combined these components to form a new ligand that would benefit from the properties of
both components.

To evaluate the effect of the ligand backbone, we conducted the remote hydroamination with
iridium catalysts of ligands possessing the same aryl group (DTBM group) but different
backbones (L1-L7). The effect of the backbone of the ligand on the selectivity of the
reaction was negligible, but the effect of the backbone on the rate was significant. The

rate of the reaction was fastest with the ligand containing the electron-rich and bulky
Ad-SEGPHOS backbone (L7).

The effect of the aryl group of the ligand on the reaction was assessed by conducting the
remote hydroamination with iridium catalysts of ligands possessing the same backbone
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(SEGPHOS) but different aryl groups (L8-L13). This effect was determined with the
SEGPHQOS backbone because it is present in commonly used bisphosphines, including
several commercially available versions, and because the racemic ligand is readily accessible
by the homocoupling of benzodioxolyl diethyl phosphonate.>” The size of the meta
substituents on the aryl rings significantly affected the selectivity of the reaction (L1, L8,
L9), and the electronic properties of the metaand para substituents affected the rate (L8, L9,
L12, L13). A midsized, slightly electron-donating, diisopropyl substituted aryl group (DIP,
L11) was determined to possess the properties leading to high selectivity and high rate for
the remote hydroamination.

Having identified the backbone (Ad-SEGPHQOS) and aryl group (3,5-diisopropylphenyl,
DIP) that individually led to the highest yield and selectivity, we prepared DIP-Ad-
SEGPHOS (L14) that combined these two components and discovered that the reaction
catalyzed by iridium and L14 yielded the product with selectivity equally high and with
rates 6.5 and 1.8 times higher than of those of the reactions performed with the parent
ligands L7 and L11, respectively (Scheme 2C). This new ligand, DIP-Ad-SEGPHOS
(L14), was synthesized in a high 34% overall yield on gram scale. Moreover, the remote
hydroamination of ¢/s-4-octene required 4 h to reach equilibrium, whereas the reaction
with widely used, commercially available DTBM-SEGPHOS (L.11) required 72 h. This
modular approach to the new ligand experimentally assessed a wide space of bisphosphine
ligands with 13 representative examples and revealed a structure with enhanced catalytic
performance in a rapid and rational manner.

Having identified a suitable N-H donor and ligand to realize the remote hydroamination,
the scope of the reaction with varied alkenes was investigated (Scheme 3). Remote
hydroamination occurred in high yields and with high regioselectivity with Zalkenes,
E-alkenes, and 1,1-disubstitued alkenes, including those requiring multiple isomerizations
(3ab-3db); 2-amino product 3cb formed from six consecutive isomerizations prior to
hydroamination. Selective remote hydroamination at the less hindered site was observed
with an alkene (1db) possessing two potential reactive subterminal positions. The remote
hydroamination also occurred with alkenes requiring contrathermodynamic isomerizations;
the remote hydroamination of vinylarenes formed products 3eb and 3fb, without competing
generation of products from hydroamination at the benzylic position, even though the
isomerization to generate the reactive alkene requires deconjugation. The hydroamination
of a B, y-unsaturated ester (3gb) furnished the product of remote amination without the
formation of the g-aminoalkyl product from conjugate addition of the aminopyridine into
an a,B-unsaturated ester that formed from isomerization. Less than 20% of the alkene
isomerized to the a,B-unsaturated ester during the remote hydroamination of alkene 1gb.
In addition, minimal isomerization of the alkene (<10%) and no remote hydroamination
occurred with the a,B-unsaturated ester as the substrate. These results indicated that
isomerization toward the carbonyl unit to form the conjugated enoate is slower than
isomerization to further deconjugated positions, and N-H addition to the more electron-
rich alkene is faster than that to the conjugated alkene. The remote hydroamination also
occurred with alkenes bearing a variety of suitably protected and free functional groups,
including protected amines (3hb, 3nb), alcohols (3ib-3jb), and esters (3kb—30b, 3qb-3rb)
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as well as arenes (3kb—3ob) and heteroarenes (3pb—3gb) bearing electron-donating and
electron-withdrawing substituents. It also occurred with alkenes containing proximal, fully
substituted B-carbons (3kb—3sb). The reaction even occurred with mixtures of alkenes to
form a single product. Regioconvergent generation of 2-substituted amines from isomeric
mixtures of alkenes occurred in high yield with excellent regioselectivity (3th, 3ab).
Finally, this reaction is compatible with the functionalization of alkenes derived from
biologically relevant compounds (3ub-3xb). For certain substrates (1c, 1g, 1i, 1j), the
reactions with DIP-MeOBIPHEP as ligand afforded products with higher regioselectivity
than those obtained from the reaction with the (4-NMe,-3,5-DIP)-MeOBIPHEP ligand. For
the reaction of S, y-unsaturated ester (1g) and alkenes containing fully substituted S-carbons
(1k-1q, 1s-1w), an increase in catalyst loading was required to achieve high yields.

The scope of aminopyridines undergoing the remote hydroamination is shown in Scheme
4. Aminopyridines containing electron-withdrawing trifluoromethyl and difluoromethyl
substituents at the 6-position underwent the remote hydroamination to afford the
corresponding amines (2c-2d) in good yield with high regioselectivity. The remote
hydroamination of cis-4-octene with aminopyridines containing synthetic handles for
cross-coupling and SyAr reactions (2e-2h) also occurred in good yield. The remote
hydroamination with aminopyridines containing a series of suitably protected or free
functional groups, such as a protected alcohol (2i), protected amine (2j), ester (2k), alkyl
(21), aryl, and heteroaryl groups (2m-2s), also occurred.

Subsequent functionalization of the remote hydroamination products containing pyridyl
fluorides occurred by nucleophilic aromatic substitutions (Scheme 5). SyAr reactions of
amine 3ab with sulfur-, oxygen-, and nitrogen-based nucleophiles proceeded smoothly to
afford the substituted products (4ab—9ab), although deprotonation of the acidic N-H proton
in 3ab under basic conditions significantly decreased its reactivity toward SyAr reactions.

In summary, we have discovered iridium-catalyzed remote hydroaminations of unactivated
disubstituted alkenes with electron-poor 2-aminopyridines. The keys to this development
are the use of aminopyridines bearing electron-withdrawing substituents at the 6-position
to increase the selectivity for the remote amine product by changing the relative rates

for hydroamination versus isomerization of the alkene and the creation of a new DIP-Ad-
SEGPHOS ligand by evaluating the steric and electronic effects of ligand modules on
reactivity and selectivity. Further work on elucidating the mechanism of the reaction is
ongoing, and we anticipate that this work will inspire the development of other remote
hydrofunctionalizations and the development of bisphosphines by experimental assessment
of the components of such modular ligands.
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ABBREVIATIONS
Ad 1-adamantyl
DMM 4-methoxy-3,5-dimethyl-phenyl
DTBM 4-methoxy-3,5-ditertbutyl-phenyl
DTMGM 4-methoxy-3,5-ditrimethylgermanyl-phenyl
DM 3,5-dimethyl-pheny!l
DIP 3,5-diisopropyl-phenyl
DIPO 3,5-diisopropoxyphenyl
SNAT nucleophilic aromatic substitution
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Remote hydrofunctionalization of alkenes
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Scheme 1.
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(A) Remote Hydrofunctionalization of Alkenes. (B) Formal Remote Hydroamination of

Alkenes. (C) Prior Work: Direct Hydroamination of Alkenes. (D) This Work: Remote

Hydroamination of Disubstituted Alkenes
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Initial reaction development

A 2.5 mol% [Ir(coe),Cll» Entry R X Yield of 3aa/ablac (selectivity)?
__ N 6 mol% (S)-DTBM-SEGPHOS HN-Q @ 1 Me 4% (30%)
+ | P 6 mol% NaBArF 2 F 1 31% (85%)
R_ N NHz  gioxane, 120 °C, 48 h 3 CF; 1 17% (89%)
i 2a,R=M ' ’ ,R=M ?
1a (X equiv) 2 RN ggﬂ R pe 4 F 5 82% (86%)
2¢, R=CF, 3ac, R=CF; 50 F 5 89% (91%)

Deconvolutional Ligand Development
2.5 mol% [Ir(coe);Cl]»

6 mol% ligand, NaBArF HN-C . L
yield of 3ab (selectivity)
dioxane, 90 °C, 16 h

H

1a (5 equiv) 3ab
Investlgation of the backbone of the ligand (R = DTBM group)
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O X1 E oS
o PR, F o PR, MeO PR, MeO
o] PR, F [o] PR2 PR2 PR, MeO PR, MeO. PRz PRZ
LT X1 99
(o] (o}
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L1 L2 L3 L4 L6
DTBM-SEGPHOS DTBM-DIFLUORPHOS DTBM-SYNPHOS DTBM-BINAP DTBM- GARPHOS DTBM-MeOBIPHEP DTBM-Ad SEGPHOS
34% (91%) <5% (N.D.) 43% (89%) 19% (88%) 48% (90%) 39% (90%) 51% (91%)

Investigation of the aryl group of the ligand (backbone = SEGPHOS)

o—< CF4
%Qom -4 OMe Q —EQ -4 - -
G- o—< CFs
L8 L1
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40% (93%) 34% (91%) 21% (84%) 70% (92%) 90% (90%) 67% (93%) 0% (N.D.)
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Scheme 2. Investigation of the Reaction Conditions for the Remote Hydroamination of cis-4-
Octene
aYield represents the yield of 2-amine with respect to 2-aminopyridine as the limiting

reagent; selectivity = 2-amine/all amines. #The reaction was performed at 90 °C for 72 h.
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H
. . A 2.5 mol% [Ir(coe),Cl], N
disubstituted alkene | 6 mol% DIP-AJ-SEGPHOS, NaBArF Q(‘ﬁn/\r ®
1a-1w, 5-10 equiv NH,

2b dioxane, 90-120 °C 3ab-3wb, yield (selectivity for 2-amine)
Simple alkenes Alkenes with conjugation or potential conjugation
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3hb, 92% (93%)  3ib, (n=1), 50% (871%)> 3jb, (n=5), 77% (91%)° 3o0b, O =Bu, 47% (>95%)
Alkenes bearing heteroaromatic substituents Alkene bearing bulky proximal substituents
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L ° ®
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Regioconvergent synthesis from isomeric alkenes
/TN H /TS H
Ph Ir* Ph No I /\/\/W/ No
Ph — V\f W S Bt — =
3tb, 79% (>95%)° 3ab, 92% (92%)
Ph o~ S =/

Alkenes tethered to biologically active motif

N Ad iPr
2 o] 0
RIS .
O/><\/Y ! o - P
@ 0 P Pr
<o

3ub, 81% (>95%)° o 3vb, 89% (>95%)¢
from Naproxen from Adapalene

DIP-Ad-SEGPHOS
iPr

NMe;

% o) MeO 2

O/><\/Y ¢ )S(\/\( MeO.

HN

0 ; O HN NMe,
3wb, 87% (>95%) 3xb, 58% (>95%) @ Py

from Indomethacin from Estrone 4-NMey-3,5-DIP-MeOBIPHEP

o

Scheme 3. Scope of the Remote Hydroamination with Different Alkenes?
aproducts 3eb—3fb, 3ub, and 3xb were formed in 1:1 dr. 44-NMe,-3,5-DIP)-MeOBIPHEP

as the ligand. €7.5 equiv of alkene. 93.75 mol % [Ir(coe;)Cl], 9 mol % ligand and NaBATrF.
€Ten equiv of alkene. TFive mol % [Ir(coe),Cl],, 12 mol % ligand and NaBArF. 9Twenty
equiv of alkene.
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i
\N_//\O

3ac-3as, yield (selectivity for 2-amine)
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| |
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2s, 64% (82%)

Scheme 4. Scope of the Remote Hydroamination with Different Aminopyridines
aFive mol % [Ir(coe),Cl],, 12 mol % ligand and NaBArF.
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Scheme 5.
Diversification of the Product through Nucleophilic Aromatic Substitutions
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