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Abstract: A Cp*Ir(III) complex (1) of a newly designed ligand L1 

featuring a proton-responsive pyridyl(benzamide) appended on N-
heterocyclic carbene (NHC) has been synthesized. The molecular 
structure of 1 reveals a dearomatized form of the ligand. The 
protonation of 1 with HBF4 in tetrahydrofuran gives the 
corresponding aromatized complex [Cp*Ir(L1H)Cl]BF4 (2). Both 
compounds are characterized spectroscopically and by X-ray 
crystallography. The protonation of 1 with acid is examined by 1H 
NMR and UV-vis spectra. The proton-responsive character of 1 is 
exploited for catalyzing α-alkylation of ketones and β-alkylation of 
secondary alcohols using primary alcohols as alkylating agents 
through hydrogen-borrowing methodology. Compound 1 is an 
effective catalyst for these reactions and exhibits a superior activity 
in comparison to a structurally similar iridium complex 
[Cp*Ir(L2)Cl]PF6 (3) lacking a proton-responsive pendant amide 
moiety. The catalytic alkylation is characterized by a wide substrate 
scope, low catalyst and base loadings, and short reaction time. The 
catalytic efficacy of 1 is also demonstrated for the syntheses of 
quinoline and lactone derivatives via acceptorless dehydrogenation, 
and selective alkylation of two steroids, pregnenolone and 
testosterone. Detailed mechanistic investigations and DFT 
calculations substantiates the role of the proton-responsive ligand in 
the hydrogen-borrowing process. 

Introduction 

A protic ligand is capable of reversible interconversion between 
two electronically distinct states by gain or loss of a proton.[1–7] 
The ligand electronics controls proton transfer at proton-
responsive unit and hydride transfer at metal center to/from a 
suitable acceptor/donor. The catalysts bearing these ligands 
effectively promote the reactions that involve hydride and proton 
management, such as (de)hydrogenation[1–11] and borrowing-
hydrogenation.[12–16] The nature (acid-base properties) and the 
position/orientation of proton-responsive unit, along with the 
metal-hydricity,[17] are the key considerations to enable metal-
ligand cooperation (MLC)[18–20] for efficient hydrogen 
delivery/acceptance.[21–24] Among the various designs explored, 

the protic catalysts based on the reversible (de)protonation of –
OH/=O, –CH2/=CH and –NH/=N motifs on pyridine,[25–27] 
bipyridine,[28–32] bipyrimidine[33] and azole-pyridine/pyrimidine[34–

37] are particularly effective. Some of the representative 
examples that have been employed for catalyzing 
(de)hydrogenation and alkylation reactions are given in Scheme 
1. Yamaguchi and co-workers reported a Cp*Ir(III) compound 
with bipyridonate ligand (Scheme 1a) for catalyzing 
dehydrogenative oxidation of alcohols under mild conditions.[32] 
The reversible proton transfer in this type of catalyst features an 
interconversion between the hydroxy/oxyanion (lactim/lactam) 
forms of the ligand. Li employed the same catalyst for α-
alkylation of ketones with primary alcohols via borrowing-
hydrogen methodology.[38] The same group also reported a 
double-protonated complex [Cp*Ir(6,6′‐(OH)2‐bpy)(H2O)](OTf)2 
(bpy = 2,2′‐bipyridine) for N‐alkylation of sulfonamides with 
alcohols in water.[39] Ke introduced a series of Cp*Ir(III) 
compounds bearing picolyl-functionalized NHC ligands 
incorporating a pendant –OH group for catalyzing base-free N-
alkylation of aromatic amines and sulfonamides with primary 
alcohols.[40] Recently, we reported a proton-responsive 
annulated mesoionic carbene scaffold on Ir complex which 
shows lactam-lactim acid−base equilibrium (Scheme 1b).[41] 
Cyclometalated NHC-pyridyl platform where 
protonation/deprotonation takes place at the remote pyridine (N) 
site has been reported.[42] A lactam group installed on the NHC 
backbone is also known.[43] 

Milstein revealed MLC involving 
dearomatization/aromatization (–CH2/=CH) switch in pyridine-
based pincer complexes bearing active methylene arm.[18,44] 
Several of these complexes are shown to activate challenging 
substrates or catalyze synthetic transformations.[45–51] A 
dearomatized Mn complex bearing a bipyridine-phosphine ligand 
(Scheme 1c) exhibits good catalytic activity in one-step 
synthesis of N-substituted hydrazones by coupling of alcohols 
with hydrazine via a partial borrowing-hydrogen path.[52] Protic 
imine moiety containing N atom, which has electronegativity 
intermediate to that of C and O, has also been incorporated in 
pyridine based pincer complexes (Scheme 1d)[53] and MLC 
involving deprotonation/protonation of the imine arm (–NH/=N) 
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with concomitant dearomatization/aromatization of the central 
pyridine ring has been elucidated.[5,54–61] Huang[5,53,54,62–67], 
Kirchner,[68–81] Sortais,[82,83] and Kempe[84–91] have studied these 
complexes and the presence of more acidic and stronger N‒H 
bond appears to influence the catalytic efficacies of these 
complexes.[5,54,55,63,65,66] For example, the dearomatized “PN3(P)” 
pincer complex given in Scheme 1d exhibits enhanced catalytic 
activity towards the homocoupling of amines as compared to a 
related methylene counterpart.[53] 
 

 
 
Scheme 1. Protic catalysts featuring proton-responsive functionalized pyridine 
scaffold. 
 

Considering the need for designing new transition metal 
complexes bearing protic moieties, herein we report a 
pyridyl(benzamide)-functionalized NHC ligand and a 
dearomatized complex [Cp*IrL1Cl] (1) (Scheme 1e) derived from 
it. The new ligand framework can exhibit MLC through a 
dearomatization-aromatization mode of action. The design 
features a chelating ligand that can strongly bind to metal ions 
which is desired to avoid catalyst decomposition via ligand 
dissociation.[27,92] Further, NHC being a strong s-donor would 
promote the hydride transfer from the metal to a suitable 
substrate. The catalytic efficacy of 1 was evaluated in borrowing-
hydrogen methodology for α-alkylation of ketones and β-
alkylation of secondary alcohols using primary alcohols.[93–122] 
Apart from this, 1 was also employed for catalytic syntheses of 
quinoline and lactone derivatives and selective alkylation of two 
steroids pregnenolone and testosterone. Controlled experiments, 
mechanistic studies and density functional theory (DFT) 
calculations were performed to shed light on the role of proton-
responsive unit in the catalysis. 

 

Results and Discussion 

Syntheses and Structures  

The ligand precursor [L1H2]I was synthesized by refluxing N-(6-
bromopyridin-2-yl)benzamide with imidazole in the presence of 
KOH and a catalytic amount of Cu2O in dimethyl sulfoxide for 36 
h, followed by quaternization with methyl iodide. The product 
was characterized by spectroscopic techniques and X-ray 
crystallography (See, SI). The 1H NMR of [L1H2]I shows sharp 
singlets at d 8.06 ppm and 10.2 ppm which are assigned to 
imidazolium NCHN and amide N‒H protons, respectively. The 
ligand precursor [L2H]PF6 was synthesized following a literature 
procedure.[123]  
[Cp*Ir(L1)Cl] (1). A mixture of [L1H2]I, Ag2O and [Cp*IrCl2]2 was 
stirred in dichloromethane at room temperature for 12 h. The 
resultant mixture was passed through a pad of celite and the 
filtrate was concentrated under reduced pressure. The addition 
of 10 mL of hexane led to the formation of a precipitate, which 
was washed with hexane (3 × 10 mL) and dried to afford 1 in 
90% yield (Scheme 2). 
 

 
Scheme 2. Synthesis of 1. 

The 1H NMR spectrum reveals the disappearance of the 
NCHN (C1-H) proton signal. The methyl protons of Cp* resonate 
at δ 1.64 ppm. The carbonyl and carbene carbons resonate at δ 
173.1 and 166.4 ppm, respectively, in the 13C NMR spectrum. 
The IR spectrum shows ν(CO) band at 1618 cm-1. ESI-MS 
exhibits a signal at m/z = 605.2737 which is attributed to [1 – Cl]+.  

The molecular structure of 1 confirms the chelate binding of 
L1 to Ir through carbene carbon (Ir1‒C1 = 1.995(4) Å) and 
pyridyl nitrogen (Ir1‒N3 = 2.142(3) Å) (Figure 1a). One Cp* and 
one chloride complete the piano-stool geometry around the 
metal center. The ÐN3‒Ir1‒C1 is 75.78(15)°. The dearomatized 
form of the ligand is revealed in the alternate short-long pattern 
of the C5‒C6 (1.358(5) Å), C6‒C7 (1.405(5) Å), C7‒C8 
(1.360(6) Å) and C8‒C9 (1.424(5) Å) distances in the pyridine 
ring. The C9‒N4(amide) bond (1.345(5) Å) is shorter as 
compared to pyridyl C9‒N3 (1.366(5) Å). The carbonyl C10‒O1 
(1.241(5) Å) distance indicates double bond character. 
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Figure 1. Molecular structures of 1 and [2-BF4]+ with selected atoms labeled. Hydrogen atoms are omitted for clarity. Selected bond distances (Å) and angles 
(deg) are given below each structure. 

 
[Cp*Ir(L1H)Cl]BF4 (2). The complex 1 was treated with one 
equivalent of HBF4 in THF under N2 atmosphere and stirred at 
room temperature for 2 h. The solvent was evaporated under 
vacuum and the resultant crude product was washed with 10 mL 
of diethyl ether which afforded 2 in 70% yield (Scheme 3). 
 

 
Scheme 3. Protonation of 1. 

In the 1H NMR, the N‒H proton signal appears at d 10.08 
ppm. A significant downfield shift (Δ(δ) = 0.9 ppm) for C8 proton 
is observed which indicates aromaticity of the pyridine ring is 
restored. The other pyridine protons also exhibit a downfield shift. 
Although the carbene carbon exhibits similar chemical shift (δ 
166.5 ppm) to that of 1, the carbonyl carbon is shifted upfield 
significantly (Δ(δ) 8.3 ppm). The C=O band is shifted to a higher 
frequency by 76 cm-1. ESI-MS exhibits a signal at m/z = 
641.1579 which is attributed to [2 - BF4]+. The molecular 
structure of the cationic unit of 2 is similar to that of 1 except that 
the amide N is protonated and the pyridine ring is aromatized 
(Figure 1b). The reversal of the long/short C9‒N3/C9‒N4 bonds 
in 1 to a short (1.354(7) Å /long (1.388(7) Å) pattern in 2 
indicates the aromatization of the pyridine ring. The Ir1‒C1 and 
Ir1‒N3 distances are 2.012(5) Å and 2.153(4) Å, respectively. 
The C10‒O1 bond length in 2 (1.213(8) Å) is slightly shorter 
than 1 (1.241(5)), which is consistent with IR values. 
 
[Cp*Ir(L2)Cl]PF6 (3). To emphasize the role of the proton-
responsive unit in catalytic reactions, we also synthesized a 
control compound 3 where the amide side-arm is absent.[124,125] 

Complex 3 was characterized by various spectroscopic 
techniques and single crystal X-ray crystallography (see, SI). 
 

 
Scheme 4. Synthesis of 3. 
 
Protonation of 1 
To authenticate the proton-responsive nature of the pendent 
amide unit, the protonation of 1 was studied. The gradual 
addition of trifluoroacetic acid to a solution of 1 in CDCl3 was 
followed by 1H NMR. A signal appeared at d 10.02 ppm, which 
increased in intensity with the addition of acid, indicating the 
protonation of 1 (see, SI). The conversion was also monitored by 
UV-vis spectroscopy. A solution of 1 in acetonitrile exhibits 
absorption bands at 380 nm, 315 nm and 270 nm which can be 
assigned to metal to ligand charge transfer (MLCT) and/or 
ligand-centered (LC) transitions (Figure 2).[28,126,127] A gradual 
addition of trifluoroacetic acid to this solution resulted in a steady 
decrease in the intensity of the low energy band at 380 nm, 
which finally disappeared. Concomitantly, the intensity of bands 
at 315 nm and 270 nm increased. After several additions, the 
appearance of an isosbestic point was observed, that supports 
solution phase equilibrium between deprotonated and 
protonated forms. The changes in the UV-vis spectrum upon the 
addition of acid are indicative of protonation at the proton-
responsive unit. [8,28,126–130] Both UV-vis and 1H NMR results 
suggested the proton-responsive character of the ligand. 
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Figure 2. UV-Vis titration of 1 with CF3COOH. 

 
Catalytic Study 
The catalytic efficacy of Cp*Ir(NHC) complexes has been 
demonstrated for a wide variety of reactions including transfer 
hydrogenation of ketones and imines,[131] cross-coupling of 
alcohols and amines,[132] benzylation of arenes,[133] and reductive 
amination.[41] In light of these reports, and recognizing that 
proton-responsive complexes are suited for catalyzing 
hydrogen-related reactions, the catalytic efficacy of 1 was 
evaluated for α-alkylation of ketones and β-alkylation of 
secondary alcohols using primary alcohols as alkylating 
agents.[93–122]  Alcohols are attractive green and sustainable 
alkylating agents as compared to mutagenic alkyl halides and 
sulfonate esters employed in conventional alkylation 
methods.[134] Besides, the only by-product is water. These 
tandem reactions proceed via dehydrogenation of alcohol via 
hydride and proton transfer to a catalyst, followed by the 
reduction of the cross-aldol condensation product with hydrogen 
(hydride and proton) stored at the catalyst. We argued that 
complex 1 could effectively dehydrogenate alcohol to generate 
the hydrogenated form of the catalyst featuring a nucleophilic 
hydride at metal center and a proton on ligand amide moiety. 
Subsequently, both the hydridic and protic hydrogen atoms 
could be transferred to the unsaturated condensation product. 

α-alkylation of ketones with primary alcohols 

Initially, the α-alkylation of acetophenone with benzyl alcohol 
was tested using 5 mol% of 1 and 10 mol% of KOH in toluene at 
130 oC, and a quantitative conversion to the corresponding 
product was obtained in 30 min (see SI for optimization study). 
Lowering catalyst loading to 0.05 mol% did not affect the yield of 
the product significantly and a high value of TOF (3880 h-1) was 
achieved, though the further reduction in catalyst loading 
decreased the yield. The use of Cs2CO3 and NaOH instead of 
KOH afforded 98% and 94% yields of the product, respectively, 
whereas NaOAc, K2CO3 and DABCO were ineffective. In the 
absence of a base, less than 10% of the product was obtained. 
No significant change in conversion was observed when the 
reaction was carried out in DMSO but the use of p-xylene and 
1,4-dioxane as solvents was detrimental to the catalytic activity. 
The dramatic effect of the base is likely due to its role in the 
removal of chloride from the precatalyst to generate a 
catalytically active species. The aromatized complex 2 afforded 

similar catalytic activity as that of 1 (see Supporting Information). 
Noticeably, when catalyst 3 was used under optimized 
conditions, only 20% yield of the alkylated derivative was 
obtained after 2 h. The significantly higher catalytic activity of 
complex 1 as compared to that of complex 3 highlights the vital 
role of the proton-responsive unit to facilitate the catalytic 
reaction. A range of primary alcohols and ketones was selected 
to examine the substrate scope of the protocol under optimized 
conditions.  Benzyl alcohols having electron-donating methyl 
and methoxy substituents were effectively transformed into the 
corresponding α-alkylated products in high yields (85‒90%, 
Table 1 entries 4b, 4c). The fluorine substituted benzyl alcohol 
afforded the desired product in 80% yield (entry 4d). The 
transformation of 2-naphthalenemethanol, heteroaromatic as 
well as aliphatic alcohols proceeded smoothly and their 
corresponding derivatives were obtained in high yields (70‒91%, 
entries 4e‒4l). Acetophenone derivatives bearing both electron-
donating and electron-withdrawing groups such as methoxy, 
methyl, chloro and bromo afforded the corresponding α-alkylated 
derivatives with good to excellent yields (72‒96%, Table 2 
entries 5a‒5h). The α-alkylated derivatives of 2-
acetylnaphthalene and tetralone were obtained in 70 and 78% 
yields, respectively (entry 5i and 5j). The cyclic ketones 
furnished the respective products in 70‒74% yields (entries 5k‒
5l). 

Table 1. α-alkylation of acetophenone with various primary alcohols. [a] 

 

[a] Primary alcohol (4.16 mmol), acetophenone (4.16 mmol), 1 (0.05 mol%), 
KOH (10 mol%), toluene (5 mL), 130 °C. Yields determined by GC-MS 
analysis using n-dodecane as an internal standard. Traces (<2%) of the minor 
product were detected. 
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Table 2. α-alkylation of various ketones with benzyl alcohol. [a] 

 

[a] Reaction conditions are the same as given in Table 1. 

 

β-alkylation of secondary alcohols using primary alcohols 
We then evaluated the efficacy of 1 for more challenging 
alkylation of secondary alcohols. The reaction of 1-
phenylethanol with benzyl alcohol was conducted under 
optimized conditions as used for α-alkylation of ketones and the 
corresponding β-alkylated alcohol was formed selectively with 
TOF 3600 h-1, along with a trace amount of α-alkylated ketone. 
The reaction proceeded smoothly with a series of electronically 
diverse primary and secondary alcohols depicted in Table 3. The 
β-alkylation of 1-phenylethanol using benzyl alcohol bearing 
electron-rich methoxy and methyl substituents afforded the 
corresponding alkylated products selectively in 80 and 81% 
yields, respectively (entries 6b,6c). The electron-deficient benzyl 
alcohols bearing fluoro, chloro and bromo substituents furnished 
the corresponding β-alkylated secondary alcohols in 62‒80% 
yields (entries 6d‒6f). The heterocyclic alcohol 2-
thiophenemethanol was successfully converted to the desired 
product with 74% yield (entry 6g). A lower yield (52%) of the 
desired product was obtained using an aliphatic alcohol 1-
hexanol (entry 6h). The substrate scope was also extended to 
electron-rich and electron-deficient secondary alcohols, which 
converted to the corresponding β-alkylated derivatives 
selectively (65‒85%, entries 6i‒6k). 2-octanol gave the desired 
product with 62% yield (entry 6l). In addition, 2-
naphthalenemethanol resulted in the corresponding desired 
product with a high yield (86%, entry 6m). 

A comparison of the performances of reported proton-
responsive catalysts was made (see, Scheme S2). It is apparent 
that 1 exhibits better catalytic efficacy in terms of lower base 
loading and higher TON and TOF values for both a-alkylation of 
ketones[38,110,121,135–138] and b-alkylation of secondary 
alcohols[87,94,104,106,139]. 
 
 
 
 
 
 
 

 
Table 3. β-alkylation of secondary alcohols with primary alcohols. [a] 

 

 

[a] Reaction conditions are the same as given in Table 1. Yieds of the minor 
products are given in parenthesis. 

Synthesis of quinoline and lactone derivatives 
Quinolines are recognized as an important class of heterocyclic 
compounds because of their wide application in pharmaceuticals 
and materials.[140–145] We explored the utility of 1 for catalyzing 
one-pot synthesis of quinoline and lactone derivatives as shown 
in Tables 4 and 5. The substrate scope for quinoline synthesis 
using 2-aminobenzyl alcohol was elaborated for substituted 
acetophenones (entries 7a‒7c) as well as 2-acetylnaphthalene 
(entry 7d) and the corresponding quinoline derivatives were 
obtained in high yields after 12 h (70‒84%). Apart from aromatic 
ketones, 2-octanone also resulted in the formation of the 
corresponding quinoline derivative with a moderate yield 65% 
(entry 7e). Similarly, dehydrogenative lactonization of different 
diols was successfully achieved employing 1 as shown in Table 
5 (8a‒8e).[146,147] 
 

Table 4. Synthesis of quinolines via annulation of 2-amino-benzyl alcohol with 
various ketones.[a] 

 

 
 

[a] Time 12 h, other conditions are the same as given in Table 1. 
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Table 5. Synthesis of lactones using diols. [a] 

 

[a] Time 12 h, other conditions are same as given in Table 1. 
 

Selective alkylation of steroids 

The selective functionalization of steroids like pregnenolone and 
testosterone has drawn significant attention to explore structure-
activity relationship (SAR) studies. Catalyst 1 was examined for 
the selective α-alkylation of both of these steroids at carbon 
atom adjacent to carbonyl group by using benzyl alcohol and 2-
thiophenemethanol. The use of 1 mol% of 1 and 10 mol% KOH 
at 130 °C in toluene afforded the alkylated derivatives of 
pregnenolone (9a,b) and testosterone (9c,d) with 40‒57% yield 
in 24 h (Scheme 5). 

 

Scheme 5. α-alkylation of pregnenolone and testosterone using benzyl alcohol 
and 2-thiophenemethanol. 

 
Reaction Profiles 
 
The time-dependent product distribution of α- and β-alkylation is 
given in Figures 3a and 3b, respectively. The amounts of 1-
phenylethanol and benzyl alcohol gradually decreased with time, 
and concurrently the amount of 1,3-diphenylpropan-1-ol is 
increased. Less than 2% of 1,3-diphenylpropan-1-one was 
detected throughout the reaction. The complete consumption of 
reactants takes place in 30 min. The reaction profile of β-
alkylation shows a similar variation of the substrate and product 
amounts along with the formation of a small amount of 1,3-
diphenylpropan-1-one (<10%). 
 

 
 

Figure 3. Reactions profiles under optimized conditions: (a) α-alkylation of 
acetophenone with benzyl alcohol; (b) β-alkylation of 1-phenyl ethanol with 
benzyl alcohol. Conversions were determined by GC-MS analysis. 

Mechanistic Investigations 

Proposed mechanism 
We offer a mechanism for the alkylation reaction based on 
control experiments, deuterium labeling, DFT studies and taking 
earlier reports[96,99,100,102,103] into consideration (Scheme 6). It is 
presumed that initially a catalytically active species I is 
generated by the reaction of precatalyst 1 with KOH. The 
formation of I likely proceeds via a metal-hydroxide/alkoxide 
intermediate, followed by the release a H2O/alcohol molecule on 
protonation. The reaction of an alcohol with I gives the 
corresponding carbonyl compound and the hydrogenated 
catalyst II. To validate the formation of intermediate II, a mixture 
of 1, benzyl alcohol and TlPF6 was heated at 45 oC in CDCl3 in 
an NMR tube and the reaction was followed by 1H NMR 
spectroscopy. After 5 min. the appearance of new signals at δ 
10.1 ppm and δ -6.5 ppm was observed which is attributed to N‒
H and Ir‒H protons, respectively. The downfield shift for pyridine 
C8 proton (Δ(δ) = 0.9 ppm) indicated the aromatization of the 
ring. The appearance of a signal at δ 9.8 ppm suggests the 
formation of aldehyde. Finally, the ligand-promoted 1,4-addition 
of N─H proton and Ir─H hydride to the α,β-unsaturated 
ketone,[148] which is generated by the base-catalyzed aldol 
condensation, affords α-alkylated ketone, regenerating catalytic 
species I. 
 
 

 
 

Scheme 6. Proposed reaction mechanism for a-alkylation of ketones. 
 

+
      Toluene, 130 °C,  12 h

 2H2

Cat. 1 (0.05 mol %) 
KOH (10 mol%)

HO OH O O

8

1

N N N

NIr

Cp*

O

KOH

-Cl-

I Ph H

OH

H

Ph H

O

N
H

N N

NIrH
Cp*

O

Ph

O O

Ph

KOH

Ph

O

Ph

-H2O

H

Dehydrogenation

II

Ph

OH

Ph

H
H

Ph

O

Ph
H

H

N N N

NIrCl
Cp*

O

1,4-Hydrogenation

HO

O

O

O

+ R OH
      Toluene, 130 °C,  24 h

Cat. 1 (1 mol %) 
KOH (10 mol%)

R

9a (R = Phenyl) (57%)
9b (R = Thiophen-2-yl) (40%)

O

O

O

+ R OH
      Toluene, 130 °C,  24 h

Cat. 1 (1 mol %) 
KOH (10 mol%)

9c (R = Phenyl) (48%)
9d (R = Thiophen-2-yl) (42%)

OH

R

Pregnenolone

Testosterone

O

O

8a (94 %)

O

O

8b (89 %)

O
O

8c (75 %)

O

O

8d (70 %)

O

O

8e (45 %)

10.1002/chem.202101360

A
cc

ep
te

d 
M

an
us

cr
ip

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.



FULL PAPER    

7 
 

Control experiments 
Several control experiments were performed to gain insight into 
the possible steps in this transformation. Subjecting only benzyl 
alcohol to the catalytic conditions in the absence of any coupling 
partner (hydrogen acceptor), afforded benzaldehyde with the 
evolution of H2 (Schemes 7a). The evolved H2 gas was identified 
and measured.[149] To authenticate the borrowing-hydrogen 
pathway, α,β-unsaturated ketone (chalcone) was generated[109] 
and reacted with benzyl alcohol or 1-phenylethanol to afford the 
corresponding saturated ketone (Schemes 7b). These results 
show that 1 can effectively catalyze the transfer of hydrogen 
from the starting alcohols to C=C bond of the condensation 
product (chalcone). The β-alkylation of secondary alcohol 
proceeds via a saturated ketone intermediate (see, Supporting 
Information). To substantiate this assertion, a saturated ketone 
was reacted with alcohol resulting in the formation of the 
corresponding alcohol in 92% yield (Scheme 7c). 
 

 
 

Scheme 7. Control experiments. 

Deuterium-labeling experiments 
The alkylation of acetophenone using benzyl alcohol [α,α-D2] 
(PhCD2OH) under optimized conditions led to the formation of 
the product with 95% deuterium incorporation at β-position and 
2% deuterium incorporation at α-position (Scheme 8a). The high 
and low deuterium content at β- and α-positions, respectively, 
indicates that the reaction does not proceed via classical 
dihydride mechanism where similar deuterium incorporation is 
expected.[150–152] The alkylation of acetophenone using benzyl 
alcohol [α,α-D2] (PhCD2OH) catalyzed by 3 with no proton-
responsive unit led to 70% deuterium incorporation at β-position 
and 15% deuterium incorporation at α-position (Scheme 8b). 
The reaction of benzyl alcohol [α,α-D2] with 1-phenylethanol 
afforded the product with higher deuterium incorporation at α 
(75%) and g (65%) positions as compared to β-position (10%) 
(Scheme 8c). The deuterium incorporation is significantly less 
with PhCH2OD having exchangeable single deuterium (Scheme 
8d). The deuterium experiments are consistent with a 1,4-
addition of H2 to chalcone and indicate the involvement of both 
the metal and the participating ligand in the transfer‐
hydrogenation pathways (Scheme 6).[107] The results obtained 
with 1 are similar to those reported using Mn[137] and Fe[110] 
bifunctional catalysts. In contrast, a Co-catalyzed alkylation of 
acetophenone with secondary alcohol led to a comparable 
deuterium incorporation at both α- and β-positions owing to 

either reversible steps or a deuterium/hydrogen scrambling on 
the Co complex.[135]  
 

 
Scheme 8. Deuterium labeling experiments. 

DFT studies 
To corroborate the proposed mechanism, DFT calculations were 
performed for the 1-catalyzed alkylation of acetophenone using 
benzyl alcohol as a model reaction. The calculations were 
performed using M06 hybrid meta-GGA functional.[153] LanL2DZ 
basis set by Hay and Wadt with effective core potentials[154] was 
used for Ir and 6-31+G(d,p) basis set was used for other atoms. 
[155,156] Technical details of the computations are provided in the 
experimental section. 

Two limiting mechanistic scenarios can be considered for the 
transformation in hand: outer-sphere bifunctional pathway and 
inner-sphere β‑H elimination pathway.[157,158] The free energy 
profile and the optimized structures along the bifunctional 
pathway are given in Figures 4 and 5, respectively, whereas the 
same along the inner-sphere path are given in the Supporting 
Information. For either route, it is presumed that chloride 
dissociates from 1 to generate catalytically active species A. The 
formation of A from 1 is an endothermic process (ΔG~43 kcal 
mol-1). Along the bifunctional route, A reacts with benzyl alcohol 
to form a hydrogenated adduct B. The transition state (TSAB) 
for this step involves a synchronous transfer of hydride to Ir (Ir‒
H1=1.75 Å, C3‒H1=1.32 Å) and proton to amide N (N1‒H2=1.28 
Å, O1‒H2=1.20 Å). The Gibbs free energy barrier for this step is 
20 kcal mol-1. B was found to have stabilizing H2···O2 (2.44 Å) 
and H3···O2 (2.24 Å) interactions. The hydrogenation of the 
condensation product occurs in two steps. Initially, the hydride 
from Ir‒H is transferred to β-carbon of chalcone, to form C via 
TSBC, with a free energy barrier of 27 kcal mol-1. The species C 
features Ir‒O2 (2.13 Å) bond, and is further stabilized by 
H2···O2 (1.91 Å) and H3···O2 (2.42 Å) interactions. 
Subsequently, C undergoes protonation at carbonyl oxygen of 
chalcone by ‒NH proton via TSCA to form an enol product and 
the cycle is completed. The Gibbs free energy barrier for this 
step is 17 kcal mol-1. 
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Figure 4. Free energy profile for the alkylation along the outer-sphere bifunctional pathway. 
 

 

 
 
Figure 5. Optimized structures along the outer-sphere bifunctional pathway with important distances (in Å) labeled. For clarity, the methyl groups in Cp* and 
hydrogens on the five- and six-membered rings are not shown. Atom color codes: Ir(magenta), C(grey), N(blue), O(red), H(white).  
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Our attempts to identify a synchronous transition state for the 
hydrogenation step failed and ended up in structures similar to 
either of the transition states (TSBC or TSCA). It is likely due to 
the spatial disposition of Ir-H/N-H units not suited to deliver H-/H+ 
to chalcone in a concerted manner. In contrast, Renaud and co-
workers obtained a synchronous transition state for this step 
using cyclopentadienone iron carbonyl complexes.[159] The 
energy span for the bifunctional pathway is defined by A (turn 
over determining intermediate) and TSBC (turn over determining 
transition state), and amounts to 29 kcal mol-1.[160] This is 
somewhat higher than the experimentally determined value for 
Gibbs free energy of activation (24 kcal mol-1) (see, Supporting 
Information).[161] The difference can be attributed to the absence 
of explicit treatment of solvent in these computations. 

In addition to the bifunctional mechanism discussed above, 
we also studied the likelihood of an inner-sphere β-H elimination 
pathway. The formation of a metal-hydride species via β‒H 
elimination has a much higher Gibbs free energy barrier of 45 
kcal mol-1, hence, this pathway is discarded. Collectively, DFT 
results support the role of proton-responsive unit, which is in 
accordance with the significantly reduced activity observed with 
catalyst 3 where the proton-responsive unit is absent. 

Conclusion 

Herein we report the synthesis of a dearomatized Cp*Ir(III) 
compound 1 bearing a newly designed proton-responsive 
pyridyl(benzamide)-functionalized NHC ligand. The 
corresponding aromatized compound 2 was accessible by the 
protonation of 1. The protonation of 1 was studied by 1H NMR 
and UV-vis spectroscopy. The compound 1 exhibits a high 
catalytic activity for the alkylation of ketones and secondary 
alcohols using primary alcohols, synthesis of quinolines by 
annulation reaction using 2-amino-benzyl alcohol with various 
ketones, and selective alkylation of pregnenolone and 
testosterone. The control experiments, deuterated labeling and 
DFT studies support the importance of proton-responsive unit for 
hydrogen management during a catalytic process. We are 
currently exploring the potential of this new ligand scaffold in 
other transformations. 

Experimental Section 

General Experimental Details. The reactions with metal complexes 
were carried out under an atmosphere of purified nitrogen using standard 
Schlenk‒vessel and vacuum line techniques. 1H NMR spectra were 
obtained on JEOL JNM‒LA 500MHz and JEOL JNM‒LA 400MHz 
spectrometers. 1H NMR chemical shifts were referenced to the residual 
hydrogen signal of the deuterated solvents. The chemical shift is given as 
dimensionless δ values and is frequency referenced relative to TMS for 
1H and 13C NMR spectroscopy. The elemental analyses were performed 
on a Thermoquest EA1110 CHNS/O analyzer. The crystallized 
compounds were washed several times with dry diethyl ether, powdered 
and dried under vacuum for at least 48 h prior to elemental analysis. GC‒
MS experiments were performed on an Agilent 7890A GC and 5975C 
MS system. Infrared spectra were recorded in the range 4000‒400 cm-1 
on a Vertex 70 Bruker spectrophotometer on KBr pellets. ESI‒MS were 
recorded on a Waters Micromass Quattro Micro triple-quadruplet mass 
spectrometer. UV‒visible spectra were recorded using a JASCO V‒670 
UV/vis absorption spectrophotometer.  

Materials. Solvents were dried by conventional methods, distilled under 
nitrogen and deoxygenated prior to use. IrCl3.xH2O was purchased from 
Arora Matthey, India. 2-amino-6-bromopyridine was purchased from 
Sigma-Aldrich. [Cp*IrCl2]2 was prepared using a literature procedure.[162] 

X-ray data collections and refinement. Single-crystal X-ray studies 
were performed on a CCD Bruker SMART APEX diffractometer equipped 
with an Oxford Instruments low-temperature attachment. Data were 
collected at 100(2) K using graphite monochromatic Mo Kα radiation (λα 
= 0.71073 Å). The frames were indexed, integrated, and scaled using 
SMART and SAINT software packages,[163] and the data were corrected 
for absorption using SADABS program.[164] The structures were solved 
and refined with SHELX[165] and OLEX2[166] suites of programs, while 
additional crystallographic calculations were performed by PLATON 
program.[167] All hydrogen atoms were included in the final stages of the 
refinement and were refined with a typical “riding model”. The 
crystallographic figures have been generated using Diamond 3.1e 
software.[168] CCDC numbers 2015689-2015692 contain supplementary 
crystallographic data for all the compounds. These data can be obtained 
free of charge from the Cambridge Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/data_request/cif. 

Computational details. Density functional theory (DFT) based 
calculations were performed using Gaussian 16 program package.[169] 
The alkylation of acetophenone using benzyl alcohol at 130 oC in toluene 
was used as a model reaction. Geometry optimizations of minima and 
transition states were performed using GEDIIS (energy represented 
direct inversion in the iterative subspace for geometry optimization) 
approach as implemented in Gaussian 16. The density functional used 
here is M06 hybrid meta-GGA functional.[153] LanL2DZ basis set with 
effective core potentials[154] was employed for iridium and 6-31+G(d,p) 
basis set was employed for other elements.[155,156] Normal mode analysis 
was performed to ascertain the nature of the stationary state points on 
the potential energy surface. The optimized transition state structures 
were characterized by the presence of a single imaginary mode and the 
minima by the absence of such a mode. Solvent corrections to the 
energies were computed by performing single point calculations on the 
optimized geometries in gas phase using SMD implicit solvent model with 
toluene as the solvent. The Gibbs free energies were then computed at 
403.15 K and the computed free energy values include both zero-point 
correction and thermal correction to enthalpy and entropy to the total 
electronic energy. 

Synthesis of 1. In a flame-dried Schlenk flask, [L1H2]I (60 mg, 0.0148 
mmol), Ag2O (33 mg, 0.0148 mmol) and [Cp*IrCl2]2 (59 mg, 0.0739 
mmol) were dissolved in 15 mL of dichloromethane and stirred at room 
temperature in the absence of light for 12 h under N2 atmosphere. The 
resulting solution was filtered through a pad of celite. Then, the solution 
was concentrated under reduced pressure and 10 mL of hexane was 
added to induce precipitation. After the supernatant was discarded 
through cannula filtration, the precipitate was again washed with hexane 
(3 × 10 mL) and dried under vacuum. X-ray quality crystals were grown 
by layering hexane onto a saturated dichloromethane solution of 1 inside 
an 8 mm o.d. vacuum-sealed glass tube. Yield: 54 mg (90%). ESI‒MS, 
m/z: 605.2737 (z = 1), [1 ‒ Cl]+. 1H NMR (500 MHz, CDCl3, 292 K): δ 
8.44 (d, J = 5.15 Hz, 2H), 7.86 (d, J = 10 Hz, 1H), 7.46 (s, 1H), 7.36 (m, 
4H), 707 (s, 1H), 6.53 (d, J = 8.6 Hz, 1H), 3.92 (s, 3H), 1.64 (s, 15H). 13C 
NMR (100 MHz, CDCl3, 292 K): δ 173.1, 166.4, 164.8, 149.8, 149.4, 
140.4, 137.2, 129.9, 127.3, 123.8, 116.7, 116.3, 96.1, 91.6, 37.1, 9.8 
ppm. IR (KBr) data (cm-1): ν(CO): 1618 (s). Anal. Calcd. for 
C26H28ClIrN4O: C, 48.73; H, 4.40; N, 8.74. Found: C, 48.53; H, 4.31; N, 
8.61. 

Synthesis of 2. Complex 1 (60 mg, 0.0937 mmol) was dissolved in 15 
mL of THF and 1 equivalent (0.0110 mL) of HBF4 (HBF4 in ether) was 
added. The reaction mixture was stirred at room temperature for 2 h 
under N2 atmosphere. The solution was concentrated under reduced 
pressure and 10 mL of diethyl ether was added to induce precipitation. 
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After the supernatant was discarded through cannula filtration, the 
precipitate was again washed with diethyl ether (3 × 10 mL) and dried 
under vacuum. Suitable X-ray quality crystals were grown by layering 
petroleum ether onto a saturated dichloromethane solution of 2 inside an 
8 mm o.d. vacuum‒sealed glass tube. Yield: 45 mg (70%). ESI‒MS, m/z: 
641.1579 (z = 1), [2 – BF4]+. 1H NMR (500 MHz, CD3CN, 292 K): δ 10.08 
(s, 1H), 8.29 (d, J = 8.30 Hz, 1H), 8.17 (t, J = 8.22 Hz, 1H), 8.08 (d, J = 
7.15 Hz, 1H), 7.89 (d, J = 2.25 Hz, 3H), 7.73 (t, J = 7.31 Hz, 1H), 7.44 (d, 
J = 2.30 Hz, 1H), 4.01 (s, 3H), 1.51 (s, 15H). 13C NMR (125 MHz, CD3CN, 
292 K): δ 166.5, 164.8, 152.7, 151.0, 144.0, 133.7, 129.3, 127.8, 125.7, 
118.7, 117.3, 114.0, 107.1, 93.3, 37.6, 8.6 ppm. IR (KBr) data (cm-1): 
ν(CO): 1694 (s), ν(NH): 3306 (s). Anal. Calcd. for C26H29ClIrN4OBF4: C, 
42.84; H, 4.01; N, 7.69. Found: C, 42.78; H, 3.99; N, 7.62. 

Synthesis 3. Following a synthetic procedure similar to that described for 
1, the reaction of [L2H]PF6 (50 mg, 0.163 mmol), Ag2O (37.7 mg, 0.163 
mmol) and [Cp*IrCl2]2 (65.3 mg, 0.0819 mmol) in 15 mL of acetonitrile 
afforded complex 3. Yield: 40 mg (80%). ESI-MS, m/z: 522.1224 (z = 1), 
[3‒ PF6]+. 1H NMR (400 MHz, DMSO‒d6, 292 K): δ 8.68 (d, J = 5.52 Hz 
1H), 8.43 (d, J = 1.92 Hz, 1H), 8.25 (t, J = 6.1 Hz, 2H), 7.77 (d, J = 1.82 
Hz, 1H), 3.92 (s, 3H), 1.72 (s, 15H). 13C NMR (100 MHz, DMSO-d6, 292 
K): δ 166.3, 152.7, 151.6, 142.9, 126.4, 124.7, 117.7, 112.8, 92.2, 37.6, 
9.4 ppm. Anal. Calcd for C19H24N3ClIrPF6: C, 34.17; H, 3.62; N, 6.29. 
Found: C, 34.14; H, 3.58; N, 6.25. 

UV‒vis and NMR Monitoring of Protonation of 1 

(a) UV‒vis Study. The stock solutions of complex 1 (1.0 mM) and 
trifluoroacetic acid (CF3CO2H) (0.33 mM) were prepared in acetonitrile. 
Then 120 μL of the stock solution of 1 was taken in a quartz cuvette and 
diluted to 2.2 mL. This solution was titrated gradually by stepwise 
addition of 30 μL stock solution of CF3CO2H. The titration was monitored 
by UV‒vis spectroscopy, which confirmed the protonation of 1. (b) 1H 
NMR Study. To a CDCl3 solution (0.5 mL) of complex 1 (5 mg, 0.015 M), 
0.2 equivalent of trifluoroacetic acid (CF3CO2H) (0.1 μL, 0.015 M solution 
in 0.1 mL CDCl3, 20 μL) was added in an NMR tube and 1H NMR 
spectrum was recorded at room temperature. The same amount of 
CF3CO2H was added stepwise until the full conversion of complex 1 to 
the aromatized complex was achieved as monitored by 1H NMR 
spectroscopy.  

General Procedure for α‒alkylation of Ketone with Primary Alcohol. 
A stock solution was prepared by dissolving complex 1 (5 mg, 7.81×10-3 
mmol) in 3 mL acetonitrile. The required amount of the stock solution 
(0.05 mol%) was taken in an oven-dried 15 mL reaction vessel, equipped 
with a magnetic stir bar and acetonitrile was evaporated under reduced 
pressure. Next, ketone (4.16 mmol), primary alcohol (4.16 mmol) and 
KOH (10 mol%) were added. After adding 5 mL dry toluene, the vessel 
was heated at 130 °C in an oil bath for 30 min. The reaction mixture was 
cooled, diluted with ethyl acetate (EtOAc), passed through a short 
column of silica and subjected to GC-MS analysis using dodecane as an 
internal standard to determine yield. The solvent was evaporated under 
reduced pressure and the residue was purified by column 
chromatography using silica (hexane/EtOAc). The isolated product was 
characterized by NMR spectroscopy. 

General Procedure for β−Alkylation of Secondary Alcohols with 
Primary Alcohols. The catalyst (0.05 mol%) was added as described for 
α‒alkylation, followed by the addition of secondary alcohol (4.16 mmol), 
primary alcohol (4.16 mmol), KOH (10 mol%) and 5 mL dry toluene. Then 
the mixture was heated at 130 °C in an oil bath for 30 min. The reaction 
mixture was cooled, diluted with EtOAc, passed through a short column 
of silica and subjected to GC-MS analysis using dodecane as an internal 
standard to determine yield. The solvent was evaporated under reduced 
pressure and the residue was purified by column chromatography using 
silica (hexane/EtOAc). The isolated product was characterized by NMR 
spectroscopy. 

General Procedure for Quinoline Synthesis. The catalyst (0.05 mol%), 
2-aminobenzyl alcohol (4.16 mmol), ketone (4.16 mmol), KOH (10 mol%) 
and 5 mL dry toluene were taken in a 15 mL reaction vessel as described 
for alkylation reactions. The vessel was heated at 130 °C in an oil bath 
for 12 h. Then, the reaction mixture was cooled, diluted with EtOAc, 
passed through a short column of silica and subjected to GC–MS 
analysis using dodecane as an internal standard to determine yield. The 
solvent was evaporated under reduced pressure and the residue was 
purified by column chromatography using silica (hexane/EtOAc). The 
isolated product was characterized by NMR spectroscopy. 

General Procedure for Synthesis of Lactones. The catalyst (0.05 
mol%), diol (4.16 mmol), KOH (10 mol%) and 5 mL dry toluene were 
taken in a 15 mL reaction vessel and heated at 130 °C in an oil bath for 
12 h. The reaction mixture was cooled, diluted with EtOAc, passed 
through a short column of silica and subjected to GC–MS analysis using 
dodecane as an internal standard to determine yield. The solvent was 
evaporated under reduced pressure and the residue was purified by 
column chromatography using silica (hexane/EtOAc). The isolated 
product was characterized by NMR spectroscopy. 
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A Cp*Ir(III) complex bearing a pyridyl(benzamide)-functionalized N-heterocyclic carbene (NHC) ligand exhibits 
aromatization/dearomatization on protonation/deprotonation. The proton-responsive unit of the title compound plays a key role in 
catalyzing α-alkylation of ketones and β-alkylation of secondary alcohols using primary alcohols via a borrowing-hydrogen pathway. 
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