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Amide-Functionalized Naphthyridines on a Rh"-Rh" Platform:
Effect of Steric Crowding, Hemilability, and Hydrogen-Bonding
Interactions on the Structural Diversity and Catalytic Activity of

Dirhodium(ll) Complexes
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(Abstract: Ferrocene-amide-functionalized 1,8-naphthyridine
(NP) based ligands {[(5,7-dimethyl-1,8-naphthyridin-2-yl)ami-
nolcarbonyliferrocene (L'H) and {[(3-phenyl-1,8-naphthyridin-
2-yllamino]carbonyliferrocene (L?H) have been synthesized.
Room-temperature treatment of both the ligands with
Rh,(CH;C00), produced [Rh,(CH,COO)(LYT (1) and
[Rh,(CH;C0O0),(L?)] (2) as neutral complexes in which the li-
gands were deprotonated and bound in a tridentate fashion.
The steric effect of the ortho-methyl group in L'H and the in-
ertness of the bridging carboxylate groups prevented the in-
corporation of the second ligand on the {Rh'-Rh"} unit. The
use of the more labile Rh,(CF;C00), salt with L'H produced
a cis bis-adduct [Rh,(CF;C00),(L'H)4 (3), whereas L*H result-
ed in a trans bis-adduct [Rh,(CF;COO);(L})(L*H)] (4). Ligand
L'H exhibits chelate binding in 3 and L°H forms a bridge-
chelate mode in 4. Hydrogen-bonding interactions between
the amide hydrogen and carboxylate oxygen atoms play an
important role in the formation of these complexes. In the

absence of this hydrogen-bonding interaction, both Iigands\
bind axially as evident from the X-ray structure of
[Rh,(CH;COO0),(CH;CN),(LH),1(BF,), (6). However, the axial
ligands reorganize at reflux into a bridge-chelate coordina-
tion mode and produce [Rh,(CH,COO),(CH,CN),(L'H)I(BF,),
(5) and [Rh,(CH;COO0),(L*H),](BF,), (7). Judicious selection of
the dirhodium(ll) precursors, choice of ligand, and adapta-
tion of the correct reaction conditions affords 7, which fea-
tures hemilabile amide side arms that occupy sites trans to
the Rh-Rh bond. Consequently, this compound exhibits
higher catalytic activity for carbene insertion to the C—H
bond of substituted indoles by using appropriate diazo com-
pounds, whereas other compounds are far less reactive.
Thus, this work demonstrates the utility of steric crowding,
hemilability, and hydrogen-bonding functionalities to govern
the structure and catalytic efficacyof dirhodium(ll,ll) com-
pounds.

/

Introduction

Dirhodium catalysts are widely known for the decomposition
of diazo compounds and subsequent carbene transfer to vari-
ous organic substrates." The majority of the complexes are de-
rived from Rh,(CH,COO), and retain a paddlewheel geometry
around the {Rh-Rh} unit.">? Axial and bridging ligands control
the stereoelectronic properties,” thus influencing the catalytic
process.®>* Strong o/m-donor ligands at the equatorial sites
increase electron density on the rhodium center relative to
Rh,(CH,C00),,"" therefore decreasing the electrophilicity of the
metal carbene formed after diazo decomposition and provid-
ing a higher level of thermodynamic control of the selectivity.”
Dirhodium complexes that contain electron-deficient carboxyl-
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ate groups possess higher Lewis acidity” and exhibit en-
hanced catalytic activity.®! A series of complexes with various
anionic bridging ligands, such as carboxylates,” amidinates,"”
triazenides,"" and orthometalated phosphanes,? have been
synthesized and their catalytic activities explored. Chiral
modification of the bridging ligands has afforded a new class
of catalyst for asymmetric synthesis @213

The incorporation of neutral ligands makes the complexes
cationic and further increases the electrophilicity of both the
metal center and the carbenoid."” 1,8-Naphthyridine (NP) and
its derivatives have been employed as potential bi-, tri-, and
tetradentate ligands (Scheme 1). Kaska and co-workers, with
others, have reported several cationic dirhodium complexes
with NP, 2-(2-pyridyl)-1,8-naphthyridine (pyNP), and 2,7-bis-(2-
pyridyl)-1,8-naphthyridine (bpNP) ligands."™ The unique syn,

XX X S XX
PP L PP
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M—M M—M—X X—M—M—X

Scheme 1. Different coordination modes of 1,8-naphthyridine-derived li-
gands
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syn-bridging coordination mode of the NP ligands makes them
a suitable alternative to bridging carboxylate ligands."® The
rigid skeleton holds two metal centers in proximity, thus offer-
ing synergistic action between the metal centers, and the func-
tionalized side arms provide additional stability by chelation.
Although these complexes have long been known, their cata-
lytic utilities have not been evaluated. We proposed to synthe-
size cationic dirhodium complexes by incorporating suitably
designed NP ligands at the equatorial sites and use them as
catalysts for a carbene-transfer reaction. Because most of the
catalytic reactions of dirhodium complexes occur at the axial
sites, these positions need to be accessible for substrate bind-
ing. Thus, multidentate naphthyridine ligands with strong axial
donors make the complexes catalytically ineffective; however,
functionalization of the naphthyridine side arm with an amide
group alleviates this problem. The carbonyl oxygen atom
binds at the axial site and allows substrate coordination during
the catalytic cycle. This type of hemilabile behavior of amide-
functionalized naphthyridine has been reported earlier for
Pd'-Pd' and Ru'-Ru' platforms by our group.!'”

Herein, we demonstrate the effect of steric crowding,
hemilability, and hydrogen-bonding functionalities of L'H and
L’H ligands to control the structures and catalytic activities of
dirhodium(ll) compounds (Scheme 2).

' | e ]
_H
\N \N N/H \N \N N
o 0%
Fe Fe
L'H - L2H

Scheme 2. Line drawings of ligands L'H and L?H.

Results and Discussion
L'H and L?H ligands

Ferrocene-amide-functionalized naphthyridine-based ligands
L'H and L*H were synthesized by a reaction between 5,7-di-
methyl-2-amino-1,8-naphthyridine and 2-amino-3-phenyl-1,8-
naphthyridine, respectively, with freshly prepared ferrocenoyl
chloride in THF in the presence of Et;N (Scheme 3). A detailed
structural description and spectroscopic data for L'H has been
provided earlier."® The "H NMR spectrum of L?H exhibits a char-
acteristic singlet for the amide proton at 6 =9.05 ppm, where-
as the amide carbon atom resonates at 6 =171.2 ppm in the

R
<= % RSN WH, HP o)@
Fe

L'H: R = CHa, Ar=H

L2H: R = H, Ar=Ph

Scheme 3. Synthesis of ligands L'H and L*H.
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BC NMR spectrum. The IR spectrum shows two strong bands
at 7=1678 and 1662 cm™' for the CO stretching and N-H
bending vibrations, respectively. The N—H stretching vibration
appears at 7=23449 cm™'. The ESI-MS spectrum shows a signal
at m/z 434.09, which corresponds to the [M+H]" ion.

The molecular structure of L?H (Figure 1) reveals that the
amide unit is not planar with the naphthyridine ring, as reflect-
ed from the dihedral angle N2-C8-N3-C15 ¢=58.9(3)°, as op-

C11

Fe1

Figure 1. Molecular structure of ligand L?H, showing intermolecular hydro-
gen bonding with the important atoms labeled. All the hydrogen atoms,
except for N—H, have been omitted for the sake of clarity. The ferrocene
rings of the second ligand at C41 have been removed for clarity. Thermal
ellipsoids are drawn at the 40% probability level.

posed to the near-planar configuration in L'H.'® This differ-
ence is caused by the substituent phenyl group on the NP
ring. The C15-01 and C15-N3 distances are 1.222(3) and
1.369(3) A, respectively. The crystal structure of L*H shows
a double hydrogen-bonded dimer that involves an amide
hydrogen atom and a proximal nitrogen atom of the naphthyr-
idine unit.

Dirhodium complexes
Reaction with Rh,(CH,COOQ),

Reaction of a solution of L'H in dichloromethane with
Rh,(CH;COO), at room temperature in a ratio of 1:1 afforded
the complex [Rh,(CH;COO),(LY1 (1) in high yield (80%;
Scheme 4). The ligand was deprotonated and only one ligand
could be incorporated, even after the use of excess ligand and
carrying out the reaction at a higher temperature for a longer
time. The absence of the N—H proton in the '"H NMR spectrum
(see Figure S3 in the Supporting Information) indicates depro-
tonation. Three NP protons appear in the range 60=7.13-
8.02 ppm. Two methyl groups resonate at =3.84 and
2.59 ppm, whereas signals at d =5.14, 4.48, and 4.20 ppm in an
intensity ratio of 2:2:5 correspond to the cyclopentadienyl
(Cp)-ring protons. The ESI-MS spectrum reveals a signal at m/
z767.95 attributed to the [M+H]" ion. The IR absorption of
the amide carbonyl group appears at #=1635cm', a differ-
ence of 43 cm™ relative to the free ligand."®

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 4. Syntheses of dirhodium complexes 1-7. 1,2-DCE = 1,2-dichloroethane.

Reaction of Rh,(CH,COO0), with the L?H ligand under identi-
cal reaction conditions produced a red precipitate. The poor
solubility of the product in common organic solvents prevent-
ed reliable characterization. However, the ESI-MS signal at
m/z 815.91 (see Figure S9 in the Supporting Information) in
acetonitrile suggests the formation of [Rh,(CH;COO);(L)] (2),
which is analogous to complex 1 (Scheme 4).

The molecular structure of 1 (Figure 2) reveals a paddlewheel
structure that consists of three bridging acetate groups and
one L' ligand, which spans the dimetal unit with deprotonated
amide oxygen atoms that occupy one of the axial sites. The
second axial site remains blocked by ortho-methyl protons
(Rh1--H19A/H19C =2.802(1)/2.798(1) &). The "H NMR spectrum
reveals a large downfield shift (Ad=1.12 ppm) for the ortho-
methyl protons relative to the free ligand, thus reflecting Rh--H
preagostic interactions."” The Rh1-Rh2 distance is 2.386(1) A.
The N3—C21 distance (1.329(6) A) is shorter and the C21-07
distance (1.271(5) A) is longer than in L'H by 0.046 and
0.048 A, respectively, thus suggesting delocalization of the
negative charge throughout the amide skeleton.

Chem. Eur. J. 2014, 20, 16537 - 16549 www.chemeurj.org
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Figure 2. Molecular structure of 1 with the important atoms labeled. All the
hydrogen atoms, except for those in the ortho-methyl group, have been
omitted for the sake of clarity. Thermal ellipsoids are drawn at the 40%
probability level.
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Reaction with Rh,(CF,CO0),

Rh,(CF,C00),, on reaction with L'H in a ratio of 1:2, gave the
adduct [Rh,(CF,CO0),(L'H),] (3) as a dark-red solid in 76 % yield
under identical conditions as for 1 (Scheme 4). The labile tri-
fluoroacetate ions allowed the incorporation of two neutral li-
gands on the {Rh,} unit. An attempt to isolate a 1:1 adduct by
reaction of equimolar amounts of Rh,(CF;COO), and L'H only
gave 3, but in decreased yields and starting-material
Rh,(CF;CO0), was recovered.

The molecular structure of 3 (Figure 3) shows a four-mem-
bered chelate coordination of two L'H ligands that involve
both naphthyridine nitrogen atoms and the Rh centers at

Figure 3. Molecular structure of 3 with the important atoms labeled. All the
hydrogen atoms, except for N—H, have been omitted for the sake of clarity.
Thermal ellipsoids are drawn at the 40 % probability level.

equatorial sites (XN1-Rh1-N2 and <N4-Rh2-N5=65.0(1)°).
Two trifluoroacetate groups bridge the dirhodium unit and the
remaining two groups occupy two axial sites. The amide N—H
hydrogen atoms engage in hydrogen-bonding interactions
with the unbound oxygen atoms of the axial trifluoroacetate
groups, therefore stabilizing the rare coordination mode of
naphthyridine. Careful examination of the crystal structure re-
veals that two chelate-bound NP rings are in a syn-periplanar
conformation around the Rh—Rh bond (the corresponding di-
hedral angles N1-Rh1-Rh2-N5 and N2-Rh1-Rh2-N4: ¢=21.5(1)°)
and are disposed in a head-to-tail fashion. Interestingly, the
Rh1—Rh2 distance is quite long, 2.551(1) A) relative to the
other carboxylate-bridged dirhodium complexes in this series.

The singular nature of the 'H and "*C NMR spectra (see Fig-
ure S4 in the Supporting Information) in CD,Cl, suggests a sym-
metrical structure in solution. The N—H proton appears at 6 =
10.17 ppm in the 'HNMR spectrum and the amide carbon
atom appears at d=170.2 ppm in the *C NMR spectrum. The
IR spectrum also shows uncoordinated carbonyl stretching
frequencies at 7=1678 and 1672 cm™'. The ESI-MS spectrum
reveals a signal at m/z1314.92, which corresponds to the
[M—CF,COO01" ion.

The use of L’H under similar conditions afforded the com-
plex [Rh,(CF;CO0)5(L»)(L*H)] (4; Scheme 4). The molecular struc-
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Figure 4. Molecular structure of 4 with the important atoms labeled. All the
hydrogen atoms, except for those in the N—H and the ortho-NP—H bonds,
have been omitted for the sake of clarity. Thermal ellipsoids are drawn at
the 40% probability level.

ture of 4 comprises of two trans-oriented NP ligands, among
which one is deprotonated (Figure 4). Two bridging trifluoro-
acetate moieties and one axially bound trifluoroacetate unit
complete the coordination around the {Rh,} unit. Two naph-
thyridine ligands are arranged in a head-to-head fashion!"*?
and are stabilized by a hydrogen-bonding interaction between
the N—H group of the neutral L?H ligand and the axially bound
amide oxygen atom of the deprotonated ligand. Similarly, the
ortho-hydrogen atom of the two naphthyridine ligands engag-
es in a hydrogen-bonding interaction with the axially coordi-
nated trifluoroacetate moiety. The Rh1—Rh2 distance is
2.409(1) A. The overall structure deviates significantly from
a paddlewheel geometry, as indicated from the relevant metri-
cal parameters (¢p=18.5(2) and 18.1(2)° for N1-Rh1-Rh2-N2 and
N4-Rh1-Rh2-N5, respectively).

Reaction with [Rh,(CH,COO0),(CH;CN)I(BF,),

The reaction of equimolar amounts of [Rh,(CH;COO0),(CH;CN),]
(BF,), and L'H in 1,2-dichloroethane at reflux produced the
bridge-chelate complex [Rh,(CH;COO),(L"H)(CH,CN),(BF,),] (5)
as a red solid within 24 hours (Scheme 4). The use of excess
ligand did not lead to the incorporation of the second ligand
due to the steric effect of the ortho-methyl group at one of
the axial sites. The appearance of the N—H proton at 6=
9.54 ppm and carbonyl carbon atom at d=174.6 ppm in the
'H and C NMR spectra, respectively, indicates no deprotona-
tion and weak coordination through the carbonyl oxygen
atom to the metal center. A weak IR band at #=3240 cm™’
(N—H stretching) and strong band at #=1638cm™' (CO
stretching) also substantiate this fact.

The molecular structure of 5 was further characterized by X-
ray crystallography studies, and the dicationic unit of 5 is
shown in Figure 5. This unit consists of two cis-bound bridging
acetate moieties, two acetonitrile molecules at equatorial sites,

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Molecular structure of the dicationic unit [Rh,(L'H)(u-CH;COO0),
(CH5CN),] in 5 with the important atoms labeled. All the hydrogen atoms,
except for those in the ortho-methyl group and N—H bond, have been omit-
ted for the sake of clarity. Thermal ellipsoids are drawn at the 40% probabili-
ty level.

and a neutral L'H ligand that spans the dirhodium unit in a tri-
dentate fashion. The Rh1-Rh2 distance is 2.430(1) A and N2-
C18-N3-C21 dihedral angle is 9.7(1)°, which shows little devia-
tion of the amide plane from the NP ring. The N3—C21 and
C21-05 bond lengths are 1.376(7) and 1.237(7) A, respectively,
which are comparable to the free ligand.

The reaction of L’H with [Rh,(CH;COO),(CH;CN)I(BF,), in
a ratio of 2:1 at room temperature afforded the simple bis-
axial adduct [Rh,(CH;COO),(L?H),(CH;CN),(BF,),] (6), which was
confirmed by X-ray crystallography studies (Figure 6). The ob-
tained structure shows that both the ligands coordinate to the
metal center only through the distal nitrogen atom of naph-
thyridine, therefore exhibiting similar 'H and *C NMR spectra

Figure 6. Molecular structure of the dicationic unit [Rh,(L>H),(u-CH,CO0),-
(CH;CN),] in 6 with the important atoms labeled. All the hydrogen atoms,
except for N—H, have been omitted for the sake of clarity. Thermal ellipsoids
are drawn at the 40% probability level.
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to that of the free ligand. The ESI-MS spectrum exhibits signal
at m/z 1277, which corresponds to the [Rh*(L?H),(BF,)] " ion.
Instead, when the reaction was carried out at reflux in 1,2-di-
chloroethane, a bis-bridge chelate complex [Rh,(CH;COO),
(LH),(BF,),] (7) was isolated as a red solid in 73% yield after
24 hours (Scheme 4). The molecular structure of the dicationic
unit of 7 (Figure 7) consists of a dirhodium unit spanned by

Figure 7. Molecular structure of the cationic unit [Rh,(L?H)},(u-CH;COO0),] in

7 with the important atoms labeled. All the hydrogen atoms, except for N—
H, have been omitted for the sake of clarity. Thermal ellipsoids are drawn at
the 40% probability level.

two cis-L’H ligands. The N-C-N units of the naphthyridine li-
gands bridge between two Rh centers, and the sites trans to
the Rh—Rh bond are occupied by amide oxygen atoms. Thus,
two L?H ligands and two cis-bridging acetates complete the
coordination around the {Rh,} unit.

The 'H NMR spectrum of 7 shows two closely separated sin-
glets for N—H protons at 6 =9.35 and 9.34 ppm, whereas the
NP, Ph, and Cp protons of two ligands appear in the range
7.60-8.95 ppm (see Figure S7 in the Supporting Information).
Interestingly, nine Cp protons of two Cp rings resonate with an
intensity ratio of 1:1:1:5:1, unlike other cases in which the Cp
protons show intensity ratios of 2:2:5. One of the ortho-hydro-
gen atoms in the substituted ferrocene ring falls in the shield-
ed region of the phenyl ring and appears in the upfield region.
The "C NMR signal at =173.8 ppm and IR stretching frequen-
cy at #=1653cm™' for the amide carbonyl bond signifies
weak coordination to the metal center. The ESI-MS spectrum
exhibits at a signal at m/z 1277, which is attributed to the
[M—BF,]" ion.

Effect of steric crowding, lability, and hydrogen-bonding
interactions

From the above discussion, it is evident that the formation of
complexes 1-7 is governed by 1) the steric effect of the ortho-
methyl group in the L'H ligand, 2) the basicity/lability of the
bridging carboxylate moieties, 3) the structural rigidity of the
carboxylate-bridged dirhodium complexes, and 4) hydrogen-
bonding interactions between the amide proton and the car-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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boxylate oxygen atom. The crystal structures of complexes
1 and 5 show that the ortho-methyl group engages the axial
site of the {Rh,} core, thus preventing another ligand from ap-
proaching. Furthermore, the bridging carboxylate units render
a planar structure that involve the {Rh,} unit and NP ring,
which is evident from the dihedral angles of ¢=1.3(1) and
1.1(1)° for N1-Rh1-Rh2-N2 in 1 and 5, respectively. This finding
is unlike the Ru'—Ru' complex [Ru,(L"H),(CO),(BF,),],"" in which
the NP rings significantly deviate from planarity due to permit-
ted rotation around the Ru—Ru bond (the corresponding
angles are ¢=33.0(2) and 33.6(2)° for N1-Ru1-Ru2-N2 and N4-
Ru2-Ru1-N5, respectively; Figure 8). Therefore, the ortho-
methyl groups in the Ru'—Ru' complex remain away from the
axial sites of the {Ru,} core and allow the incorpora-

tion of the second L'H ligand. This case does not
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in 3 due to steric crowding between the ortho-methyl groups.
Instead, two ligands bind in a rare bidentate chelate mode and
are disposed in a head-to-tail fashion to minimize steric repul-
sion between them.

Complexes 1, 2, and 4 reveal ligand deprotonation in the
final structures. Deprotonation under mild conditions in the
absence of an external reagent invokes the possibility of hy-
drogen-bonding interactions between the amide hydrogen
and carboxylate oxygen atoms® prior to deprotonation. It is
assumed that the naphthyridine ligand equilibrates from N8
(distal) to N2 (proximal) coordination to engage in hydrogen-
bonding interaction of the amide hydrogen atom with the car-
boxylate oxygen atom (Scheme 5). This behavior is followed by

occur for complexes 1 and 5. Fc
. . L = )\ Fe AN
The use of more labile trifluoroacetate moieties N-H A, o=( o Sy
. . . N=H-""
allows us to incorporate two ligands into complexes { |/°'\<o ¢ |/O’(o ~CH,COOH ’ OI o >\
. N / /

3 and 4. The crystal structures reveal the different co- - N‘O,th—,Rh—S == N O,th—, "—S ———  R_ri—d Fe

s o o /
ordination modes of L'H and L’H. Due to the absence 7T & s )!/0 |

of any ortho-methyl group in L’H; two ligands are
trans-oriented and span the dirhodium core in the
most stable bridge-chelate mode in 4. However, such
a trans bis-adduct formation is not possible with L'H

v Y v

Scheme 5. Hydrogen-bonding-assisted rearrangement of the naphthyridine ligand from
axial to bridge-chelate coordination at room temperature.

hydrogen abstraction and subsequent rearrangement from the
axial to bridge-chelate coordination. In the absence of hydro-
gen-bonding interactions, the ligands remain coordinated at
the axial sites, which is evident from complex 6. The bridge-
chelate form 7 is obtained only at reflux.

Electronic-absorption spectroscopic analysis and electro-
chemical studies

The electronic-absorption data and electrochemical-potential
values for L'H, L?H, and 1-7 are summarized in Tables 1 and 2,
respectively. The ligands exhibit multiple T—u* transitions be-
tween 1=230 and 338 nm. Accordingly, the absorptions ob-
served in the UV region for 1-7 correspond to ligand-centered
n—m* transitions.**'® The visible regions in the spectra of all
the complexes show two intense metal-ligand charge-transfer

Table 1. Electronic-absorption data for L'H, L?H, and 1-7 in CH,Cl, at
room temperature.
Comp. Absorption data
Amax [NM] (£x 1073 [mol™"dm3*cm ™))
L'H 230 (46.5), 327 (16), 336 (15.7), 436 (1.2)
L*H 231 (54.6), 303 (10.5), 338 (13.5), 484 (1.1)
1 230 (43.5), 314 (19.8), 358 (15.6), 377 (19.5), 436 (6.1), 506 (5.6)
2 230 (51.2), 310 (22.6), 354 (18.3), 76 (21.5), 438 (5.9), 512 (4.8
3 229 (53.8), 302 (41.5), 332 (34.1), 408 (5.7), 506 (4.5)
) ) o : 4 231 (71.4), 311 (27.2), 351 (20.8), 440 (6.5), 536 (3.6)
Figure 8. POV-ray diagram of the dicationic unit of a) [Ru,(CO),(L'H),](BF,), 5 230 (64.7), 303 (35.7), 341 (29.5), 428 (7.1), 527 (4.7)
| I 1 ! !

(Bu ~Ru') and b) [Rh,(OAC),(L'H)(CH;CN),](BF4), (5) that §hows .the deforma- 6 231 (64.2), 303 (26.8), 341 (20), 440 (3), 516 (2.2)

tion of the NP planes. Fc=ferrocene, N4 =N5=CH,CN in 5. Dihedral angles 7 235 (66), 312 (37.3), 336 (24), 349 (22.5), 450 (7.0), 523 (6.4)

[°]: N1-Ru1-Ru2-N2 =33.0(2), N4-Ru2-Ru1-N5 =33.6(2). i - i - -
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Table 2. Electrochemical potentials for L'H, L?H, and 1-7 in CH,CN at
room temperature.”!

Compound Oxidation [V] Reduction [V]

L'H 0.64 (76)"! —0.849, —1,5714

L2H 0.62 (78)"! —0.834, 1519

1 0.571, 1,241, 1,54 —1.029, —1.53¢

2 0.549, 1,221, 1,58 —1.01, —1.4219

3 0.72 (66)" —0.579, —1,089, —1.621
4 0.63 (143)® —0.854, —1.309, —1.71
5 0.65 (109)® —0.569, —1.121¥, —1,57¢
6 0.58 (75)"! —0.579, —1.231¢, 7 58
7 0.80 (81)"! —0.739, —0.95'¥, —1.48

[a] Potentials were measured at a Pt disk with Ag/AgCl as the reference
electrode, Pt wire as an auxiliary electrode, and 0.1 m TBAPF, as the sup-
porting electrolyte at a scan rate of 100 mVS™". [b] Half-wave potentials
evaluated from cyclic voltammetry as E,,=(E,,+E,J)/2; peak potential
differences [mV] are given in parentheses. [c] Peak potentials E,, for irre-
versible oxidation processes. [d] Peak potentials £, for irreversible reduc-
tion processes.

(MLCT) bands assigned to {Rh,}(t*)—NP(w*).24"*! The higher
intensities of the MLCT bands overshadow the much weaker
d-d transitions for the ferrocenyl unit?" and the metal-cen-
tered {Rh,}(mt*)—{Rh,}(0*) transitions observed in the parent
dirhodium complexes.?® %>

The electrochemical studies of both ligands show one rever-
sible ferrocenyl oxidation at around +0.6 V and two irreversi-
ble reductions at around E,.=—0.8 and —1.5V. In contrast,
only one reduction process is observed for NP, pyNP, and bpNP
ligands (at —1.88, —1.68, and —1.56V, respectively)2¢™1 Al-
though complexes 1 and 2 show multiple oxidations, com-
plexes 3-7 show multiple reductions in their respective cyclic
voltammograms. All the complexes show ferrocene-based oxi-
dation below +0.81V, whereas two additional oxidations
occur above +1.2V for complexes 1 and 2. These processes
are considered to be rhodium centered."*® Complexes 1 and 2
exhibit two irreversible reduction processes, whereas an addi-
tional reduction below —0.86 V is observed for complexes 3-7.
These reductions at lower potentials are attributed to be metal
centered. The occurrence of additional oxidation and reduc-
tion processes for complexes 1, 2, and 3-7 can be explained
on the basis of their ligand compositions. The NP ligands in
1 and 2 are anionic, which increases the electron density at
the Rh center, thus favoring the oxidation of Rh,**—Rh,’* —
Rh, .21 Complexes 3-7 are either cationic and contain
neutral NP ligands or consist of more electron-withdrawing tri-
fluoroacetate groups. Therefore, in addition to two ligand-cen-
tered reductions, a metal-centered Rh,*"™—Rh,®" reduction is
also accessible within the potential range.l'®*?!

Catalytic C—H functionalization of indoles

The transition-metal-catalyzed decomposition of diazo com-
pounds provides one of the most powerful approaches to the
functionalization of C—H bonds.""*?*! Because indole derivatives
are important structural motifs in many naturally occurring al-
kaloids and pharmaceutically active compounds,® efforts have
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been made to functionalize the C3 or C2 positions of substitut-
ed indoles selectively by applying this strategy.””’ Wenkert
et al. first reported the C3 functionalization of N-methylindole
with ethyl diazoacetate with Cu bronze as a catalyst, and ethyl
2-(1-methyl-1 H-indol-3-yl)acetate was obtained in 27 % vyield.”™®
A recent report on the same procedure provided tert-butyl 2-
(1-methyl-1 H-indol-3-yl)acetate in 11% yield by using tert-butyl
diazoacetate as the carbenoid source and a CuO/SiO, mixture
as the catalyst.?? Although these catalyst systems and the ac-
ceptor carbenoid showed disappointed results, a major break-
through occurred by using the donor/acceptor diazo com-
pound as the carbenoid source with various dirhodium carbox-
ylate derivatives as catalysts.*” Muthusamy et al. reported the
regiospecific intermolecular C—H insertion of 3-diazooxindoles
with various substituted indoles in the presence of Rh,(OAc),
in high yield (up to 99%).%" Fox and co-workers demonstrated
the enantioselective C—H functionalization of indoles with
ethyl a-alkyl-o-diazoacetates with 0.5 mol% Rh,(S-NTTL),
(NTTL=N-(1,8-naphthaloyl)-tert-leucinate) and [Rh,(S-PTTL);TPA
(PTTL = N-phthaloyl-tert-leucinate, TPA=triphenylacetate) in
82-96% yield with 79-99% enantioselectivity.*> 3 Lian and
Davies developed the enantioselective C—H functionalization
of indoles by using vinylcarbenoids in the presence of a catalyt-
ic amount (2 mol%) of Rh,(S-biTISP), (TISP=5,5"-(1,3-phenyle-
ne)bis[1-(2,4,6-triisopropylphenylsulfonyl)pyrrolidine-2-carboxyl-
ate] in 64-86% yield with 86-95% enantioselectivity.*” Several
other metal catalysts, including copper,®¥ ruthenium,®¥ and
iron,*® have also been used toward this goal. The metal carbe-
noids flanked by electron-withdrawing and electron-donating
groups exhibit greater stability and selectivity over the tradi-
tional acceptor rhodium carbenoids (e.g., ethyl diazoacetate),
in which the carbene carbon atom lacks donor-group stabiliza-
tion, and are therefore highly reactive."” Furthermore, by in-
corporating various donor functionalities into the diazo com-
pound, it is possible to obtain a wide range of functionalized
products with a particular dirhodium catalyst.

On this backdrop, and with well-characterized dirhodium
complexes in hand, we performed a C—H functionalization of
indoles. Comparative catalytic studies were carried out for all
complexes 1-7 and Rh,(OAc), by using three types of carbe-
noid source, namely, an acceptor (ethyl diazoacetate), a donor/
acceptor (methyl phenyldiazoacetate), and an acceptor/accept-
or (dimethyl diazomalonate). We rationalized that complex 7
would be the best choice among 1-7 because it has hemilabile
amide groups at both the axial sites, whereas the axial sites in
other complexes are less accessible due to strong axial coordi-
nation of the ligands (see below). Accordingly, 1-methyl-1H-
indole, ethyl diazoacetate (acceptor), and Rh,(OAc), underwent
a reaction in a ratio of 1:1.2:0.05 in 1,2-dichloroethane at room
temperature with one equivalent of dodecane as an internal
standard. The reaction was monitored by using GC-MS, and
a maximum vyield of 56% was obtained within 24 hours
(Figure 9). A longer reaction time did not increase the product
formation. Next, complex 7 was employed under identical con-
ditions, and only 22% product was obtained, even after
36 hours. Subsequently, the reaction was carried out at higher
temperature (60 °C), and we observed 58% product formation
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Figure 9. Time- and temperature-dependence curve for C—H functionaliza-
tion of 1-methyl-1 H-indole with ethyl diazoacetate and 5 mol% dirhodium
catalyst. a) Rh,(OAc), at room temperature, b) complex 7 at room tempera-
ture, and ¢) complex 7 at 60°C.

within 24 hours (Figure 9). A longer reaction time (36 h) and
carrying the reaction out at reflux (85 °C) only led to a marginal
increase in the yield (60%), whereas Rh,(OAc), lead to a lower
yield due to catalyst decomposition at this temperature.
Lowering the catalyst loading from 5 to 2 mol% did not
affect the product formation by much for both Rh,(OAc), and
7, but further lowering the catalyst loading to 1 mol% gave
much lower vyields (Table 3). Subsequently, complexes 1-6
were tested with 2 mol% of the complexes at 60°C for
24 hours. Although complex 5 resulted in 45% vyield, far less
conversion was obtained for complexes 1-4 and 6 (Table 3).
Methyl phenyldiazoacetate (donor/acceptor) was used next
and the reaction was carried out for N-methylindole with

Table 3. Optimization of the reaction conditions and catalysts.”

{ w oot oot IRRi] "\ -coz
t cat. [Rh—|
I e e ]
N N, 1,2-DCE N

\ T, 24h \

Entry Catalyst [mol %] T Yield [%]"™
1 Rh,(OAC), 5 RT 56
2 Rh,(OAC), 2 RT 54
3 Rh,(OAc), 1 RT 42
4 7 5 60 58
5 7 2 60 56
6 7 1 60 38
7 7 2 85 60
8 1 2 60 10
9 2 2 60 14

10 3 2 60 16

1 4 2 60 6

12 5 2 60 45

13 6 2 60 Il

[a] Conditions: Catalyst=1-5 mol%, 1-methyl-1H-indole (1 mmol), slow
addition of ethyl diazoacetate (1.2 mmol) over 30 min, and stirring at the
respective temperatures for 24 h in a nitrogen atmosphere. [b] The reac-
tion was monitored by using GC-MS and the yield was calculated by

using dodecane (1 mmol) as an internal standard.
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1 mol% Rh,(OAc), and complex 7 independently (the results
are summarized in Table 4). At room temperature, 90 % yield of
methyl 2-(1-methyl-1 H-indol-3-yl)-2-phenylacetate was isolated
within 12 hours for Rh,(OAc), whereas complex 7 produced
a marginally increased yield (92%) under identical conditions.

Table 4. Optimization of the reaction conditions and catalysts.”

H Ph
COMe
Ph__CO,Me cat. [Rh-Rh] z
S+ S —— \
N [\ 1,2-DCE, RT »

\ 12h \

Entry Catalyst [mol %] Yield [9%]®
1 Rh,(OAC), 1 90
2 Rh,(OAC), 05 76
3 7 1 92
4 7 0.5 72
5 1 1 22
6 2 1 16
7 3 1 35
8 4 1 18
9 5 1 78

10 6 1 55

[a] Conditions: Catalyst=0.5-1 mol %), 1-methyl-1H-indole (1 mmol), slow
addition of methyl phenyldiazoacetate (1.2 mmol) over 30 min, and stir-
ring at room temperature for 12 h in a nitrogen atmosphere. [b] Yield of
the isolated product.

As in the previous case, a decreased catalyst loading and the
use of other dirhodium complexes 1-6 produced much lower
yields (Table 4). Finally, dimethyl diazomalonate (acceptor/ac-
ceptor) was used as the carbenoid source. Although it was
readily decomposed by Rh,(OAc), at room temperature,*” no
decomposition of the diazo compound occurred by complex 7
even at refluxing temperature.

With the optimized reaction conditions in hand, the sub-
strate scope of both reactions was examined with complex 7
as the catalyst (the results are summarized in Tables 5 and 6).
Substitution at the benzene ring had a less prominent effect as
the corresponding products 8b-8e and 9b-9e were isolated
in yields of 52-56 and 88-92%, respectively; however, substi-
tution at the C2 position of the pyrrole ring produced a slightly
lower yield of 8f and 9f. In contrast, substitution of the N—H
bond showed a more prominent effect. The unprotected
indole produced a mixture of C—H, N—H, and both C—H and
N—H insertion products, among which the C—H insertion prod-
uct 8g was isolated in 38% yield as the major product and by-
products were detected by GC-MS. N-acetyl substitution makes
the pyrrole ring electron deficient, which therefore remained
unreactive toward C—H functionalization for both the diazo
compounds. Allyl substitution at N—H showed preferential C—H
insertion over cyclopropanation (8i and 9h). Both the reac-
tions were very specific for C3 functionalization, and no iso-
meric C2 functionalized products were detected. Attempts to
obtain the C2-functionalized product by blocking the C2 posi-
tion only resulted in recovery of the starting material. The use
of N-methyl-7-azaindole instead of N-methylindole remained
unsuccessful for ethyl diazoacetate (8k), but a moderate yield
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Table 5. C—H functionalization of indoles with ethyl diazoacetate.”
2 mol %)
H™ "CO.Et 1 2-DCE

R! 60°C, 24h

CO,Et CO,Et
cl
A
N

~Z /é\

8a, 54% 8b, 56 % 8¢, 54%
CO,Et CO,Et COEt
o.
N N N
\ MeO,C ] \
8d, 55% 8e,52% 8f, 48%
COLEt COLEt COaEt
\ \ A
H pn \\\\
89,38 %" 8h, 50% 8i, 50%
COEt CO,Et
ard 1 @c%
N
NN CO,Et
/=0 \
8j, nr. 8k, n.r. 81, n.r.

[a] Substituted indole (1 mmol), catalyst 7 (0.02 mmol), slow addition of
ethyl diazoacetate (1.2 mmol) over 30 min, and stirring at 60°C for 24 h
in a nitrogen atmosphere. Yield of the isolated product is given. [b] C—H
insertion product only. [c] n.r.=No reaction.

Table 6. C—H functionalization of indoles with methyl phenyl-
diazoacetate®
Ph
CO,Me
z
I A\ N 7 (1 mol %) Z
Rs | Rz 2 A\
———> Ry—— | R
NN /U\cone 120CE 2 NN
Ry RT, 12h 9 ‘R1
Ph CO,Me Ph CO,Me Ph COMe
cl
A\ A\ A\
N N N
\ \ \
9a, 92% 9b, 90% 9a, 88%
Ph Ph Ph
CO,Me CO,Me CO,Me
o
N N N
\ MeO,C \ \
9d, 92% 9e, 90% 9f, 80%

Ph

Ph CO,M
CO,Me Me Ph_coMe
\ N @
N N N

A\

N N

ph \\\\ \

99, 84% 9h, 86% 9i, 58%

[a] Substituted indole (1 mmol), catalyst 7 (0.01 mmol), slow addition of
methyl phenyldiazoacetate (1.2 mmol) over 30 min, and stirring at room
temperature for 12 h in a nitrogen atmosphere. Yield of the isolated
product is given.
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(58%) of the corresponding C—H functionalized product (9i)
was obtained for methyl phenyldiazoacetate.

All the results obtained above can be explained by compar-
ing the structures of the dirhodium complexes, the nucleophi-
licity of the diazo compounds, and the formation pathways of
the electrophilic metal carbenoids (Scheme 6). Nakamura and

SNTSN NN NN II\IJKFC
~|< N ~|< H
Hoy N N\‘ /)\ R oy N N\.7 R?
Fc
)=0---Rh—Rh--0O _ )=0---Rh—Rh ;
Fc ‘\o |\5\-/R2 COR! c |\O ‘\o( CO,R
I 2 TN
e N
l7N2
2+
AT ‘] Ph 2+
| g NF
N"SNTNT Fe o s J
3 N N” N7 N7 SFe
Hoy~—N"|>N " - , -
N R Ho ~~N"|>N 2
,)=0---Rh—Rh N Nl N\I- 4+ R
Fc l\ N CO,R! =0---Rh—Rh
< Fe ‘\o [Jo  TCoR'
o <

Scheme 6. Decomposition of the diazo compound and the formation of dir-
hodium carbenoid by complex 7.

Berry suggested that the reaction occurs only at one axial site
while the second metal center acts as an electron sink by form-
ing a 3c/4e bonding manifold that involves two rhodium cen-
ters and lone carbene carbon center.®**? Among all the com-
plexes, Rh,(OAc), 5, and 7, with at least one accessible axial
site, show much a higher reactivity relative to the other com-
plexes, in which both axial sites are blocked either due to
a stronger coordination of neutral/anionic donor ligands or by
axial preagostic interactions between the {Rh-Rh} unit and the
ortho-methyl hydrogen atoms. The lower reactivity of 2 is at-
tributed to its poor solubility in the chlorinated solvent. In the
case of 5 and 7, both the axial sites in the latter are protected
by the hemilabile amide groups and offer greater accessibility
of the axial sites over 5, which has only one accessible site.
Consequently, 7 shows a much higher reactivity than 5 be-
cause the formation of the metal carbenoid involves an initial
nucleophilic attack of the diazo compound on the Rh center at
the axial site (Scheme 6). Methyl phenyldiazoacetate, with
a greater nucleophilic character, forces an outward rotation of
the amide group, even at room temperature, to de-coordinate
from the axial site, thus allowing the reaction to take place.
However, carrying out the reaction at reflux is necessary for
ethyl diazoacetate. Dimethyl diazomalonate, with the least nu-
cleophilic character, remained unreactive toward the metal-car-
bene formation, even at reflux. Thus, catalyst 7 exhibits better
selectivity of the diazo compounds than Rh,(OAc), at room
temperature, although the reactivities are comparable; further-
more, 7 has a higher thermal stability over Rh,(OAc),. There-
fore, catalyst 7 has the potential to perform a selective C—H
functionalization reaction by carefully choosing the diazo
compound and controlling the reaction temperature.
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Conclusion

Ferrocene-amide-functionalized 1,8-naphthyridine (NP) based
ligands L'H and L*H have been synthesized to exploit their
hemilabile amide side arm as a weakly coordinating axial
ligand on the Rh"-Rh" platform. Depending on the ortho sub-
stituent, the lability of the bridging carboxylate moieties, and
hydrogen-bonding interactions between the amide hydrogen
and carboxylate oxygen atoms, a host of structurally diverse
compounds have been isolated that vary in the number,
nature (neutral/anionic), and coordinating modes of the incor-
porated ligands. Among all the complexes reported in this
study, complex 7, with two hemilabile amide side arms at the
axial sites of the {Rh,} core, shows superior activity toward the
C—H functionalization of indoles with appropriate diazo com-
pounds. Although the reactivity of 7 is marginally better than
Rh,(OAc),, it has a higher thermal stability and exhibits better
selectivity toward the diazo compounds at a controlled reac-
tion temperature. Thus, hemilabile ligands appear to serve as
a way to improve thermal stability, control the reaction rate,
and induce selectivity in the dirhodium catalyst.

Experimental Section

2-Aminonicotinaldehyde,"® 2-amino-3-phenyl-1,8-naphthyridine,*

substituted indoles, dimethyl diazomalonate, and methyl phenyl-
diazoacetate were prepared by following reported proce-
dures.?*3%39 Ethyl diazoacetate was purchased from Sigma Aldrich.
Dirhodium  precursors, such as [Rh,(CH;COO),(CH,CN),], "
[Rh,(CF5C00),(Et,0),]1,? and [Rh,(CH;CO0),(CH;CN):I(BF,),“" were
prepared as reported earlier.

Syntheses

{[(5,7-Dimethyl-1,8-naphthyridin-2-yl)aminolcarbonyl}ferrocene
(L'H): Oxalyl chloride (1.1 mL, 13 mmol) was added dropwise to
a suspension of ferrocenecarboxylic acid (2 g, 8.694 mmol) in di-
chloromethane (50 mL) at 0°C. A few drops of DMF were added to
the reaction mixture, and the reaction began immediately. The
mixture was slowly brought to room temperature and stirred for
12 h. All the solvent and excess oxalyl chloride were removed
under reduced pressure to afford ferrocenoyl chloride as a dark-red
solid in almost quantitative yield. This crude product was directly
used in the next step without further purification.
2-Amino-5,7-dimethyl-1,8-naphthyridine (1.66 g, 9.563 mmol) was
dissolved in THF (100 mL) and triethylamine (3 mL, 21.6 mmol) was
added to the solution. The solution was chilled to 0°C and a sus-
pension of ferrocenoyl chloride (prepared in the previous step) in
THF was added portionwise over 30 min. The resulting mixture
was slowly brought to room temperature while a white precipitate
of triethylamine hydrochloride deposited on the walls of the flask.
Stirring was continued for 12 h at room temperature and then
heated to reflux for an additional 12 h. After completion of the re-
action, the solvent was removed by means of rotary evaporation.
The residue was taken in dichloromethane and extracted with a sa-
turated aqueous solution of sodium bicarbonate. The organic
phase was dried over anhydrous Na,SO, and evaporated to obtain
a dark-brown solid. The residue was purified by column chroma-
tography on silica gel with ethyl acetate/petroleum ether (1:1) as
the eluent to obtain the product as an orange solid (3 g, 90%).
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'H NMR (500 MHz, CDCl,): 6 =8.85 (brs, 1H; NH), 8.57 (d, J=8.6 Hz,
1H; NP), 833 (d, J=8.9Hz, 1H; NP), 7.12 (s, TH; NP), 490 (s, 2H;
Cp), 449 (s, 2H; Cp), 4.26 (s, 5H; Cp), 2.72 (s, 3H; Me), 2.66 ppm (s,
3H; Me); *C NMR (126 MHz, CDCl,): =170.2 (NHCO), 162.9 (NP),
154.4 (NP), 153.3 (NP), 145.7 (NP), 135.8 (NP), 122.3 (NP), 118.6 (NP),
113.9 (NP), 74.8 (Cp), 71.8 (Cp), 70.2 (Cp), 68.8 (Cp), 254 (Me),
18.2 ppm (Me); IR (KBr): 7=3474 (br, w, N—H), 3228 (br, w), 3084
(sh, w), 1678 (vs; CO), 1601 (vs; N—H), 1510 (s), 1454 (m), 1404 (m),
1315 (s), 1285 cm™' (s); MS (ESI; CH;CN): m/z 386.0951 [M+H] ™.

{[(3-Phenyl-1,8-naphthyridin-2-yl)aminolcarbonyl}ferrocene
(L?H): Ligand L?H was synthesized by following a similar procedure
described for the synthesis of L'H by the reaction between ferroce-
necarboxylic acid (2 g, 8.694 mmol) and 2-amino-3-phenyl-1,8-
naphthyridine (2.12 g, 9.563 mmol) to obtain an orange solid
(2.8 9, 74%). Orange block-shaped crystals of X-ray quality were
grown by layering petroleum ether onto a solution of the ligand in
ethyl acetate. '"H NMR (500 MHz, CDCl,): 6=9.05 (brs, 1H; NH),
8.39 (brs, TH; NP), 8.16 (brs, 1H; NP), 8.10 (brs, 1H; NP), 7.58 (brs,
1H; NP), 7.52-7.55 (m, 3H; Ph), 7.45-7.48 (m, 2H; Ph), 4.62 (s, 2H;
Cp), 437 (s, 2H; Cp), 4.11 ppm (s, 5H; Cp); *CNMR (126 MHz,
CDCly): 6=171.2 (NHCO), 168.8 (NP), 162.9 (NP), 154.1 (NP), 147.6
(NP), 139.6 (NP), 138.0 (NP), 136.9 (NP), 130.0 (Ph), 129.1 (Ph), 128.4
(Ph), 121.4 (NP), 71.4 (Cp), 70.0 (Cp), 68.9 ppm (Cp); IR (KBr): 7=
3449 (br, w; N—H), 3195 (br, w), 3080 (sh, w), 1678 (vs; CO), 1662
(vs; N—H), 1608 (m), 1595 (m), 1558 (m), 1522 (m), 1500 (m), 1471
(m), 1457 (m), 1432 (m), 1419cm™" (m); MS (ESI; CH,CN):
m/z 434.0956 [M+H]*.

[Rh,(L")(u-CH;C0OO0);] (1): Rh,(CH,COO), (40 mg, 0.091 mmol) was
added in one portion to (5,7-dimethyl-1,8-naphthyridin-2-yl)amino-
carbonylferrocene (L'H; 40 mg, 0.104 mmol) dissolved in dichloro-
methane (10 mL). The resulting red solution was stirred at room
temperature for 24 h in a nitrogen atmosphere. The solution was
concentrated to a small volume under reduced pressure, and di-
ethyl ether/petroleum ether (10 mL, 1:2) was added while stirring
to obtain a red precipitate. The precipitate was further washed
with petroleum ether (3x10mL) and dried under vacuum to
afford 1 as a red microcrystalline solid (58 mg, 80%). Block-shaped
crystals of X-ray quality were grown by layering petroleum ether
onto a solution of 1 in dichloromethane in a vacuum-sealed glass
tube (0.d.=8 mm). 'HNMR (400 MHz, CD,CN): 6=8.02 (d, J=
9.2 Hz, TH; NP), 7.16 (s, 1H; NP), 7.13 (d, J/=9.6 Hz, 1H; NP), 5.14
(s, 2H; Cp), 4.48 (s, 2H; Cp), 4.20 (s, 5H; Cp), 3.84 (s, 3H; Mey),
2.59 (s, 3H; Meyp), 2.10 (s, 3H; Megp), 1.60 ppm (s, 6H; Megp);
BCNMR (100 MHz, CD,CN): 6=189.9 (COqpo), 185.3 (COpp), 172.1
(NP), 166.1 (COyco), 163.8 (NP), 158.6 (NP), 148.0 (NP), 143.0 (NP),
134.0 (NP), 125,7 (NP), 121.9 (NP), 71.0 (Cp), 70.7 (Cp), 69.8 (Cp),
69.3 (Cp), 24.3 (Meyp), 22.9 (Megpl), 22.7 (Megp), 17.6 ppm (Meye);
IR (KBr): #=3098 (w), 3059 (w), 2988 (w), 2924 (w), 1635 (s, COnco),
1593 (vs; OAc), 1572 (vs; OAc), 1433 cm™ (vs); MS (ESI; CH;CN), m/
z: 76795 [M+H]"; elemental analysis (%) caled for
C,;H,,N;0,Fe;Rh,: C 42.27, H 3.55, N 5.48; found: C 42.78, H 3.64, N
5.22.

[Rh,(L?)(n-CH;C00);] (2): Complex 2 was synthesized by following
the similar procedure described for the synthesis of complex 1 by
reaction of Rh,(CH,COO), (40 mg, 0.091 mmol) and L*H (45 mg,
0.104 mmol) to obtain 57 mg (74%) of the product. IR (KBr): 7=
3094 (w), 3060 (w), 2980 (w), 2924 (w), 1630 (s; COyco), 1588 (vs;
0AC), 1574 (vs; OAc), 1416 cm ™' (s); MS (ESI; CH;CN): m/z 815.9095
[M+HI"; elemental analysis (%) calcd for Ci;H,,N;O,Fe;Rh,: C
45.67, H 3.34, N 5.15; found: C 44.80, H 3.62, N 5.32.

[Rh,(L"H),(CF,C00),] (3): Rh,(CF,CO0), (50 mg, 0.076 mmol) was
dissolved in dichloromethane (10 mL) and L'H (60 mg, 0.156 mmol)
was added in one portion. Immediately after the addition, the
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color of the solution became deep red. The solution was further
stirred for 24 h at room temperature in a nitrogen atmosphere and
then concentrated to a small volume under reduced pressure. Pe-
troleum ether (10 mL) was added to the residue while stirring to
obtain a red precipitate, which was further washed with petroleum
ether (3x10 mL) and dried under vacuum to afford 3 as a deep-
red solid (82 mg, 76 %). Block-shaped crystals of X-ray quality were
grown by layering petroleum ether onto a solution of 3 in di-
chloromethane inside a vacuum-sealed glass tube (0.d.=8 mm).
"H NMR (500 MHz, CD,Cl,): 6=10.17 (s, 2H; NH), 7.80 (d, J=9.2 Hz,
2H; NP), 7.74 (d, J=9.5Hz, 2H; NP),6.84 (s, 2H; NP), 497 (s, 4H;
Cp), 4.61 (s, 4H; Cp), 430 (s, 10H; Cp), 2.48 (s, 6H; Meyp), 2.11 ppm
(s, 6H; Mey); *CNMR (126 MHz, CD,Cl,): 6=176.5 (OTfAc), 173.6
(OTfAc), 170.2 (NHCO), 167.0 (NP), 164.0 (NP), 156.0 (NP), 150.3
(NP), 147.2 (NP), 132.4 (NP), 125.3 (NP), 116.8 (CF,), 114.1 (CF,), 73.2
(Cp), 73.0 (Cp), 72.3 (Cp), 70.7 (Cp), 69.7 (Cp), 68.9 (Cp), 21.4 (Meyy),
17.6 ppm (Meys); '""FNMR (470 MHz, CD,Cl,): 0=-73.8, —74.3,
—74.6, —74.7 ppm; IR (KBr): 7=3204 (w; N—H), 3106 (w), 2963 (w),
1678 (s, CO), 1672 (s; CO), 1645 (s; N—H), 1597 (s; OTfAc), 1580 (s;
OTfAc), 1514 (s; OTfAc), 1425 (s), 1195cm™' (vs; CF;); MS (ESI;
CH;CN): m/z 1314.92 [M—CF,COQ]"; elemental analysis (%) calcd
for CgoHaNgO1oF1,Fe,Rh,: C 42.04, H 2.68, N 5.88; found: C 42.45, H
291, N 5.20.

[Rh,(L)(L*H)(CF,COO0),] (4): Complex 4 was synthesized by follow-
ing the similar procedure described for the synthesis of complex 3
through a reaction of Rh,(CF,COO0), (50 mg, 0.076 mmol) and L*H
(68 mg, 0.157 mmol) to obtain 78 mg (73 %) of product. Red block-
shaped crystals of X-ray quality were grown by layering petroleum
ether onto a solution of 4 in dichloromethane in a vacuum-sealed
glass tube (0.d.=8 mm). "H NMR (500 MHz, CD,Cl,): §=9.20 (brs,
1H; NH), 7.23-8.46 (br, 18H; NP, Ph), 5.25 (s, 2H; Cp), 5.14 (s, 2H;
Cp), 4.74 (s, 2H; Cp), 4.63 (s, 2H; Cp), 4.33 (s, 5H; Cp), 4.27 ppm (s,
5H; Cp); “CNMR (126 MHz, CD,Cl,): 6=1755 (OTfAc), 173.9
(OTfAc), 171.9 (NHCO), 170.4 (NP), 169.5 (NP), 164.5 (NCO), 163.4
(NP), 156.0 (NP), 154.0 (NP), 149.2 (NP), 147.1 (NP), 141.3 (NP), 140.2
(NP), 134.7 (NP), 131.0 (Ph), 130.1 (Ph), 129.9 (Ph), 129.5, (Ph), 128.8
(NP), 128.0 (NP), 123.0 (NP), 122.4 (NP), 113.3 (CF;), 111.0 (CF5), 73.9
(Cp), 73.7 (Cp), 714 (Cp), 708 ppm (Cp); "FNMR (470 MHz,
CD,CN): 6=-747, —748 —749, —75.0, —75.2, —75.3, —75.6,
—76.2 ppm; IR (KBr): #=3352 (w; N—H), 3086 (w), 2927 (w), 1675
(s; NHCO), 1642 (s; NCO), 1598 (s; N—H), 1574 (s; OTfAc), 1520 (s;
OTfAC), 1477 (s), 1422 (vs), 1198 (vs; CF;), 1155 cm™" (vs; CF3); MS
(ESI; CH;CN): m/z 1296.94 [M—CF,CO0]*; elemental analysis (%)
calcd for CyH3NgOgFoFe,Rh,: C 47.69, H 2.64, N 5.96; found: C
46.78, H 2.98, N 5.42.

[Rh,(L"H)(u-CH;COO0),(CH;CN),II(BF,),] (5): [Rh,(CH;CO0),(CH;CN),]
(BF,), (50 mg, 0.067 mmol) was added in one portion to a solution
of L'H (28 mg, 0.074 mmol) in 1,2-dichloroethane (10 mL). The
color of the solution became red immediately after this addition.
The resulting red solution was heated to reflux for 24 h in a nitro-
gen atmosphere and cooled to room temperature. The solution
was concentrated to a small volume under reduced pressure and
diethyl ether (10 mL) was added while stirring to obtain a red pre-
cipitate. The precipitate was further washed with diethyl ether (3 x
10 mL) and dried under vacuum to afford 5 as a red microcrystal-
line solid (53 mg, 82%). Block-shaped crystals of X-ray quality were
grown by layering petroleum ether onto a solution of 5 in di-
chloromethane a vacuum-sealed glass tube (0.d.=8 mm). '"H NMR
(500 MHz, CD5CN): 6=9.54 (s, TH; NH), 8.63 (d, J/=8.9 Hz, TH; NP),
7.76 (d, J=8.9 Hz, TH; NP),7.62 (s, 1H; NP), 535 (s, 1H; Cp), 5.32 (s,
1H; Cp), 487 (s, 1H; Cp), 4.86 (s, 1H; Cp), 443 (s, 5H; Cp), 3.48 (s,
3H; Mey), 2.74 (s, 3H; Mey), 242 (s, 3H; Megs), 2.13 (s, 6H;
CH,CN), 1.80 ppm (s, 3H; Mega); "*C NMR (126 MHz, CD;CN): 6=
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193.4 (COppd, 192.1 (COpal), 174.6 (NHCO), 172.8 (NP), 163.6 (NP),
157.7 (NP), 153.7 (NP), 152.1 (NP), 140.6 (NP), 127.2 (NP), 122,5 (NP),
78.6 (Cp), 75.3 (Cp), 72.1 (Cp), 70.6 (Cp), 29.5 (Mey), 24.3 (Megal),
22.7 (Megpl), 18.7 (Meyp), 4.5 (Mecysen); IR (KBr): 7=3240 (w; N—H),
3093 (w), 3000 (w), 2938 (w), 2334 (w; CH;CN), 2306 (w; CH;CN)
1638 (s, CO), 1592 (m; N—H), 1558 (s; OAc), 1422 (vs), 1063 cm~
(vs; BF,); MS (ESI; CH,CN): m/z 877.98 [M—BF,]*; elemental analysis
(%) calcd for C,gH5,N;OsB,FsFe;Rh,: C 36.10, H 3.24, N 7.26; found:
C 3578, H 2.98, N 7.42.

[Rh,(L?H),(n-CH;COO),(CH,CN)II(BF,),]  (6):  [Rh,(CH,COO0),-
(CHCN)¢]
(BF,), (40 mg, 0.054 mmol) was dissolved in dichloromethane

(10 mL) and L?H (48 mg, 0.111 mmol) was added in one portion.
The solution became red immediately and was stirred at room
temperature for 30 min. The solution was taken into four glass
tubes (0.d.=8 mm ), layered with petroleum ether, and sealed
under nitrogen. Red block-shaped crystals of 6 were formed after
3—4 days, which were collected and combined for further analysis
(36 mg, 44%). '"HNMR (500 MHz, CDCl;): 6=9.06 (brs, 2H; NH),
8.62 (brs, 2H; NP), 8.38 (brs, 2H; NP), 8.26 (brs, 2H; NP), 7.96 (brs,
2H; NP), 7.79 (brs, 4H; Ph), 7.71 (brs, 6H; Ph), 4.52-4.75 (4 s, 8H;
Cp), 4.27 (s, 5H; Cp), 4.14 (s, 5H; Cp), 2.25 (s, 3H; Mega), 2.16 (s,
3H; Megad, 1.97 ppm (brs, 12H; CH;CN); IR (KBr): 7=3384 (m; N—
H), 3352 (m; N—H), 3061 (w), 2980 (w), 2925 (w), 2363 (w; CH;CN),
2330 (w; CH,CN), 1676 (s; CO), 1656 (s; N—H), 1567 (s; OAc), 1505
(m), 1452 (vs), 1413 (vs), 1072 cm™" (vs; BF,); MS (ESI; CH;CN): m/
7127721 [M—BF,—CH,CN),]*; elemental analysis (%) calcd for
CeoHssN1O4B,FsFesRN,: C 4872, H 3.69, N 9.17; found: C 47.78, H
3.98, N 9.42.

[Rh,(L?H),(1n-CH;COO0),1I(BF,),] (7): Complex 7 was synthesized by
following the similar procedure described for the synthesis of com-
plex 5 by reaction of [Rh,(CH;COO),(CH;CN):I(BF,), (40 mg,
0.054 mmol) and L?H (48 mg, 0.111 mmol) to obtain 52 mg (71%)
of the product. Red block-shaped crystals of X-ray quality were
grown by layering diethyl ether onto an solution of 7 in acetoni-
trile in a vacuum-sealed glass tube (0.d.=8 mm). 'HNMR
(400 MHz, CD;CN): 6=9.35 (s, TH; NH), 9.34 (s, 1TH; NH), 8.95 (s,
2H; NP), 8.39 (d, J/=8.2 Hz, 2H; NP), 8.35 (s, 2H; NP), 7.82-7.89 (m,
6H; Ph), 7.71 (d, J=7.8 Hz, 4H; Ph), 7.60 (dd, J/=7.8 Hz, 5.5 Hz, 2H;
NP), 5.04 (s, 2H; Cp), 4.87 (s, 2H; Cp), 4.76 (s, 2H; Cp), 4.39 (s, 10H;
Cp), 4.07 (s, 2H; Cp), 1.96 ppm (s, 6H; Meg,); *C NMR (100 MHz,
CD;CN): 6=191.6 (COpp), 173.8 (NHCO), 167.8 (NP), 158.9 (NP),
153.1 (NP), 148.5 (NP), 143.5 (NP), 142.8 (NP), 138.9 (NP), 134.4 (NP),
131.7 (Ph), 131.4 (Ph), 130.7 (Ph), 757 (Cp), 72.4 (Cp), 71.3 (Cp),
66.2 (Cp), 24.0 ppm (Meg,d); IR (KBr): #=3363 (m; N—H), 3090 (w)
2926 (w), 1653 (vs; CO), 1597 (s; N—H), 1549 (m), 1518 (s; OAc),
1405 (s), 1083 cm™ (vs; BF,); MS (ESI; CH;CN): m/z 1277.21
[M—BF,]"; elemental analysis (%) calcd for Cs,H,,NgO¢B,FsFe,Rh,: C
47.55, H 3.25, N 6.16; found: C 45.98, H 2.96, N 6.22.

'

General procedure for the catalytic C—H functionalization of
indoles

Complex 7 (0.02 mmol, 27 mg) and substituted indole (1 mmol)
were dissolved in dry 1,2-dichloroethane (3 mL) in a flame-dried
schlenk round-bottomed flask in a nitrogen atmosphere. A solution
of ethyl diazoacetate (1.2 mmol, 126 uL) in 1,2-dichloroethane
(2 mL) was added dropwise to the resulting solution over 30 min
at room temperature. The temperature of the reaction mixture was
raised to 60°C, and the reaction was stirred for 24 h. After comple-
tion of the reaction, the solvent was evaporated under reduced
pressure and the crude product was purified by flash chromatogra-
phy on silica gel with ethyl acetate/petroleum ether (2:98) as the

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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eluent. (For methyl phenyldiazoacetate, complex 7 (14 mg,

0.01 mmol) was taken and the reaction mixture was stirred at
room temperature for 12 h. The crude product was purified by
flash chromatography on silica gel with ethyl acetate/petroleum
ether (5:95) as the eluent.
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