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ABSTRACT: A Rh(III)-catalyzed selective C—H amination of 2-
phenylpyridine derivatives is reported. With pyridine as a directing
group, the reaction has high mono- or diamination selectivity, and a
wide range of effective substrates, including electron-deficient and
-rich aryl azides. Water helps to promote C—H activation, and the
concept of a water promoted rollover mechanism is postulated for

S NHAr
[RhCp*Clyl; " [RhCpCll
ArN; (1.0 equiv) DG ArN; (1.2 equiv)
mono-amination di-amination NHAr
“on water” "on water" i

water promoted; water as solvent; N;as the only byproduct; highly
mono- and di-selectivity; high functional group tolerance

the diamination step. The reactions were conducted using a Schlenk
flask and proceeded smoothly “on water” under atmospheric conditions with nitrogen gas as the only byproduct.

T ransition-metal catalyzed C—H amination is one of the
most powerful and facile methods to construct amine
derivatives, which have great potential applications in synthetic
organic and medicinal chemistry.' > A major advantage of such
methods is the absence of a requirement for prefunctionalized
starting materials. This allows simplification and abbreviation of
synthetic procedures. Among these methods, C—H activation
directed by functional groups has been successfully developed by
Sukbok Chang and others with an appropriate combination of
metal catalysts and chelate groups.”” Although having many
benefits, these reported protocols suffer from a selective and
diminished substrate scope. For example, the reactions work well
with electron-deficient nitrene sources because it helps to
dissociate the catalyst from the product by reducing the
coordination ability of a newly formed amino group (Inter-
mediate A, Scheme 1a). The coordination ability of the directing
group (DG) is lost because of intramolecular H-bonding if the
formed products are secondary amines (Structure B, Scheme
1a); thus, only monoaminated products are formed for most
substrates bearing conventional chelating groups even though
excess equivalents of sources of amino groups are used.” These
phenomena become more critical when two different amino
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groups need to be introduced while only one directing group is
present. Therefore, a general and efficient method with a broad
substrate scope, versatility in selectivity, and freedom from the
aforementioned drawback is still needed.

Water is inexpensive, nonpolluting, and nontoxic and can be
handled safely compared to organic solvents.’ It plays a critical
role in biological and other systems due in part to its multiple H-
bonding capabilities.” Due to the low stability of metal catalysts
and ligands in water, direct metal catalyzed C—H amination in or
on water has been developed minimally® although C—H
functionalization in/on water has significant importance.” We
recently reported mono-C—H amidation “on water” with tert-
butyl 2,4-dinitrophenoxycarbamate as an electron-deficient
nitrene source,” and Jones reported the “rollover” metalation
of bipyridine rings of rhodium complexes through C—H
activation with water as solvent.'® Inspired by these studies,”"’
we herein report water promoted rhodium-catalyzed direct
amination of arenes with a variety of aryl azides having both
electron-donating and -withdrawing substituents (Scheme 1b).
As the starting materials, catalyst, and additive are not particularly
soluble in water, the reactions are conducted “on water”.'!
Another exciting and important part of this investigation is
diamination. The diamination, recently reported by Chang et al,,
is achieved by rollover assisted by intramolecular H-bonding
which provides access to another C—H bond for catalytic
amination. A limited amount of azide is used for selective mono-
C—H amination and an excess amount of azide for the secondary
C—H amination step and a carefully designed purine as the
directing group.” Our method however works well with a
stoichiometric amount of aryl azide in both the first and second
amination reactions using pyridine as a directing group.
Therefore, we postulate a water promoted rollover mechanism
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through intermolecular H-bonding, which can provide access to
another C—H bond for amination.

Azides have unique advantages in C—H aminations, including
ready availability, generation of N, gas as the sole byproduct, and
neutral reaction conditions without additional oxidative or basic
reagents.zz"lz’13 Therefore, we have conducted our investigation
with 2-phenylpyridine (1a) and 1-azido-4-nitrobenzene (2a) in
the presence of [RhCp*Cl,], and other additives listed in Table
1. Extensive screening of the reaction conditions revealed that

Table 1. Optimization of Reaction Conditions

(2-Py) i [RhCp*Clzl2 @Py) y
. ’O {4 mol %) @,N
B o
additive, 24 h
NO; temp, solvent NO;
1a (0.15 mmol) 2a (1.0 equiv) 3a
entry  additive (mol %) solvent temp (°C)  yield® (%)

1 AgSbF, (16) H,0 80 50
2 none H,O0 80 2
3 AgCO, (16) H,0 80 11
4 AgBE, (16) H,0 80 88
3 NaBARF (16)  H,O 80 95
6 NaBARF (4) H,0 80 90
7 NaBARF (16)  H,O 110 99
8 NaBARF (4) H,0 110 99
9" NaBARF (2) H,0 110 74
10° NaBARF (4) H,0 110 80
11 NaBARF (4) organic solvents 110 <10
12 NaBARF (4) neat 110 <$

“Yield was detected by crude NMR. ?[RhCp*Cl,], (2 mol %) was
used. “For 12 h. “DCE, dioxane, THF, toluene, DMF, DMSO, hexane,
or isopropanol was used as solvent.

resulting in high yields of the corresponding diaryl amines (3a—
j). Although aryl azide lacking substituents in the aryl ring
provided the desired product in high yield (3k), the reaction
became sluggish when azides containing electron-rich functional
groups at the para position were used (31, 3m). This possibly
results from deactivation of the catalyst due to the strong
coordination of the electron-rich amino group in the products as
was mentioned in Scheme la. Fortunately, electron-rich azides
containing functional groups at the ortho position give good
yields (3n—t), presumably because steric hindrance at the ortho
position facilitates the release of the catalyst from the products.
Similarly, the highly sterically hindered aryl azide was also reacted
efficiently (3r). 1-Azidonaphthalene can also be used as an
efficient amino source (3u), and various functional groups, such
as NO,, CO,Et, CONHBu, COPhL, Br, and OMe, are well
tolerated.

To confirm that the electron-rich products deactivate the
catalyst, we performed the reactions of 2-phenylpyridine (1a)
with ethyl 4-azidobenzoate in the presence of electron-deficient
N-(4-nitrophenyl)-2-(pyridin-2-yl)aniline (3a, 0.4 equiv) or
electron-rich N-(4-methoxyphenyl)-2-(pyridin-2-yl)aniline (3,
0.4 equiv) (eqs S1, S2 in Supporting Information (SI)). The
reaction with 3a produced 62% of the product (3b) whereas
reaction with 31 gave only 6% of the desired product (3b) which
supports the assumption. Interestingly, we have also found that
the electron-rich azides (4-methoxyphenyl azide or 2-methox-
yphenyl azide) react faster than an electron-deficient azide (4-
nitrophenyl azide) in the intermolecular competitive reactions
(egs S3, S4 in SI).

We performed the reactions of substituted 2-arylpyridines and
substrates with directing groups other than pyridine (Scheme 3).

use of 4 mol % of [RhCp*Cl,], along with 4 mol % of NaBARF
[sodium tetrakis(3,5-bis(trifluoromethyl)phenyl)borate] at 110
°C provides essentially quantitative conversion (entry 8).
Addition of silver salts can increase the yield up to 88% (entries
1, 3, and 4), and organic solvents or neat conditions that were
investigated failed to give acceptable yields (entries 11, 12).
With these optimized reaction conditions, we explored the
substrate scope with substituted aryl azides (Scheme 2). As
anticipated, various electron-deficient aryl azides, including
sterically hindered 2-azido-1,3-dibromo-5-methylbenzene and
the electron-deficient 1-azidoanthracene-9,10-dione work well

Scheme 2. Substrate Scope of Arylazides”
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Scheme 3. Substrate Scope of 2-Phenylpyridine Derivatives”
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“Isolated yield. “For 48 h. “With p-NO,PhNj instead of 2e.

2-Phenylpyridines (1) with substituents on the arene ring work
well, providing the desired products (4a—h) in excellent yield,
irrespective of the electronic nature of the substituents.
Transformable functional groups such as ester, aldehyde, OTs,
OTf, and OTBS are well tolerated (4b—f). Substrates with
substituents on both the arene and the pyridine rings also
underwent reactions with 2-bromophenyl azide (2e) resulting in
>90% vield of the desired aminated products (4j—k). Other
directing groups such as pyrimidine, O-methyl oxime, and
nucleoside * derivatives react under the same conditions leading
to high yields of corresponding products (4l—n).

We examined whether diaminations are also possible and
found that, like monoaminations, diaminations also proceed well
under these reaction conditions (Scheme 4). Symmetrical (5a)
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Scheme 4. Scope of Diamination
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1a

and unsymmetrical diaminated products (Sb—f) could be
obtained in high yields from a series of monoaminated
compounds. Functional groups such as OMe, NO,, CO,Et,
and halogens are well tolerated. We observed that electron-rich
azides should be used in the second step; otherwise, the reaction
provides a lower yield of the desired products (5b—d). This is
because the electron-rich monoaminated compounds deactivate
the catalyst as we have already observed during the
monoamination reaction (eq S2). It is worthwhile to note that
the two-step reaction from 1a to Sb can be performed in “one
pot” and the desired product can still be obtained in 72% yield.

To gain insight into a possible reaction mechanism, a series of
additional experiments were performed and are shown in
Scheme S and the SI. The reactions of 2-phenylpyridine (1a)

Scheme 5. Preliminary Mechanistic Study
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@PY) “NaBARF (5 molt) @Py) y Br o NOBARF (10 mol%) (
110°C.6h i 110°C, 6 h A s
TH0 6 (10 mol %) H,0 RN
o cpr
80% Eq4 39% Eq3

3e

with [RhCp*Cl,], were carried out in DCE and on water. On
water, we obtained a 99% yield of rhodacycle 6 but in DCE no
reaction was observed (egs 1 and 2). When we treated 6 with 2-
bromophenyl azide (2e) on water a 39% yield of the desired
product was obtained (eq 3). When 6 was used as a catalyst it was
found to be almost as efficient as a rhodium catalyst in the
presence of NaBARF (eq 4), but in the absence of NaBAREF it is
inefficient (eq SS). The stoichiometric reaction gives a lower
yield than the catalytic reaction because in the latter, the starting
material, 2-phenylpyridine perhaps acts as a proton source and
helps to release the product from the rhodium complex.” We
performed H/D scrambling studies. Both of the protons at the
ortho position of 1a were exclusively deuterated by D,0O in the
presence of a rhodium catalyst within a 10 min reaction time (eq
S6), implying that the C—H activation step is reversible. The
same reaction in the presence of 2-bromophenyl azide provides
la with 27% deuterium incorporation and the desired
monoaminated product 3e with 26% deuterium incorporation
(eq S7) which suggests that the C—H activation step is faster
than the product formation step. Like monoamination, when we
treated the monoaminated starting material 3e with a rhodium
catalyst on D, 0, almost quantitative incorporation of deuterium
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at the ortho position of 3e was observed after 12 h of reaction
time (eq S8). This observation suggests that the water promotes
the necessary rollover to access the C—H bond for activation.
The reaction of 3e in the presence of 2-bromophenyl azide
provides 41% of the diaminated product (5a) and 55% of the
deuterated starting material (3e) (eq S9) which is also evidence
for a water promoted rollover mechanism."’

Based on the results from stoichiometric reactions and H/D
scrambling experiments we have found that the water plays at
least two critical roles in this reaction. First, it helps to form the
intermediate rhodacycle (6) which is an actlve 1ntermed1ate in
these reactions.'” The dangling hydroxyl groups'® present on the
hydrophobic interfaces help to abstract a proton giving access to
the desired rhodacycle (6). Second, it promotes the indis-
pensable rollover step possibly by intermolecular H-bonding.
Otherwise the directing site is occupied as a result of
intramolecular H-bonding, and only monoaminated products
are observed even with an excess amount of azides in previous
catalytic systems.”

Based on these experimental results and a previously regorted
reaction pathway of monoamination in organic solvents™ and
amidation “on water”,” a mechanism of diamination has been
proposed (Scheme 6). The monoaminated starting material 3

Scheme 6. Proposed Mechanistic Pathway of Diamination

3

NaBARF | [RhCp*Clzl
HO L-{NaCl + HCI)

e,

R""'Cl o

gﬂ;ﬁw w
Wy

c Water Promoted C-H activation

can form the intermediate A with an active Rh-catalyst simply by
acting as a bidented ligand. A then may undergo intermolecular
H-bonding assisted and water promoted rollover to give the
isomeric structure B. B can give the intermediate C after C—H
activation via transition state B'. C can react with azide to form D,
and D can generate the bis-aminated structure (E) after nitrene
transfer. Finally, in the presence of monoaminated starting
material (3), E can generate the active catalyst A and the
diaminated product (5) to complete the catalytic cycle.

In conclusion, we have successfully harvested water as a
reaction medium to solve the selectivity issue in metal-catalyzed
direct C—H amination. Using simple pyridine derivatives as the
directing functional groups, highly selective mono- or diamina-
tion was achieved in a reaction involving an intermolecular H-
bonding interaction with water. Using aryl azides as an amine
source, the method works well with a wide range of substrates
and without the addition of silver salts, acids, or bases. A water-
promoted rollover mechanism was proposed through inter-
molecular H-bonding for the high yielding secondary function-
alization reaction. This strategy may be very useful in catalysis
and in the synthetic chemistry of C—H functionalization.
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