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The synthesis of a novel phosphine-based pincer chromium(i) complex CrCL(PONN") (Cr-1) is reported

in this study. The complex exhibited promising catalytic performance in C-C and C-N bond formation

using the borrowing hydrogen methodology. Cr-1 catalyzed the a-alkylation of ketones using primary

alcohols as alkyl surrogates in the presence of catalytic amount of a base. Cr-1 was also found to catalyze

the B-alkylation of secondary alcohols using primary alcohols. In addition, the dehydrogenative annulation
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Introduction

The formation of carbon-carbon and carbon-nitrogen bonds
is vital in organic synthesis as it lays the foundation for the
synthesis of a large variety of pharmaceuticals, agrochemicals
and fine and bulk industrial chemicals." Recently, the redox-
neutral ‘borrowing hydrogen’ or the so-called ‘hydrogen auto-
transfer’ strategy (BH/HA) has emerged as an atom-efficient
and green protocol for the formation of C-C and C-N bonds
by coupling non-activated alcohols with ketones and secondary
alcohols with amines, respectively.” This methodology has also
been utilized for producing value-added heterocycles by multi-
component domino processes.® Traditional C-C and C-N
bond formation processes require expensive and/or hazardous
starting materials, reagents, and additives, resulting in the
generation of copious amounts of toxic wastes, thus limiting
their sustainable application.” The typical borrowing hydrogen
route for C-C/C-N bond formation enables the dehydrogena-
tive coupling of alcohols with ketones/amines, followed by
reduction of the unsaturated intermediate (enone/imine) by
the hydrogen produced from dehydrogenation of alcohol.® The
availability of starting materials from renewable resources,
operational simplicity, and the generation of H,O as the only
by-product render the borrowing hydrogen process sustain-
able, atom-economical, and environmentally benign.>®
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of 2-aminobenzyl alcohols with ketones to form quinolines was achieved using Cr-1 as the catalyst.
Based on the mechanistic investigation, a plausible mechanism based on metal-ligand cooperation is
proposed. The reactions are redox-neutral, atom-efficient, and produce water as the only by-product,
thus contributing to green chemistry.

Nonetheless, precious late-transition metals Pt, Pd, Rh and Ru
have been explored extensively for such types of reactions.”
Lately, 3d metal complexes have drawn considerable attention
for the aforementioned tasks owing to their earth-abundance,
cost-effectiveness and low toxicity.® Numerous reports on
homogeneous (de)hydrogenation reactions, including C- and
N-alkylation reactions, by employing iron-,” cobalt-,'° nickel-'!
and manganese-based complexes have been reported.' In this
regard, chromium is also an attractive replacement to noble
metal complexes in the realm of homogeneous (de)hydrogen-
ation due to its earth-abundance and bio-compatibility."* In
fact chromium-catalyzed hydrogenation of ketones, aldehydes,
and polycyclic aromatic hydrocarbons as well as the semi-
hydrogenation of alkynes has been demonstrated by several
groups.'* In recent years, well-defined Cr complexes have also
been applied in dehydrogenative coupling reactions such as
N-alkylation of amines via the borrowing hydrogen strategy
and the dehydrogenative coupling of alcohols and amines as
reported by Kempe and others.'> The growing interest towards
the applications of chromium catalysis in (de)hydrogenative
transformations has been reviewed by us recently."

In 2022, Kumar and coworkers'” reported the p-alkylation
of secondary alcohols with primary alcohols using CrCl; and
the corresponding NNN pincer complex under conventional
and microwave heating conditions. Very recently, Yinwu Li and
Zhuofeng Ke'® have shown that an NHC ligand-based Cr(0)
catalyst is very efficient in overcoming the alkoxide trap
towards achieving the C-alkylation of secondary alcohols with
primary alcohols in the presence of NaOH. To the best of our
knowledge, there has been no report on the a-alkylation of

This journal is © The Royal Society of Chemistry 2025
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ketones and Friedlander synthesis using well-defined chro-
mium complexes. While this study was in progress, a parallel
report on the a-alkylation of ketones using primary alcohols as
the alkyl surrogates and Friedlander synthesis was published
by Zhihua Peng et al., using the CrCl,/PPh; combination and
an over-stoichiometric amount of base with respect to the
alcohol.” Hence, there is ample scope for the development of
an efficient catalytic system for achieving C-C and C-N bond
formation via a green pathway.

Results and discussion

To achieve a sustainable, atom-economical and versatile cata-
lytic system that can promote the formation of C-C and C-N
bonds, we developed a pincer phosphine-based chromium(u)
pre-catalyst Cr-1 (Table 1). The complex turned out to be
effective in catalyzing the o-alkylation of a wide variety of
ketones, including cyclic ketones and heteroaromatic ketones,
and one-pot dehydrogenative annulation of 2-aminobenzyl
alcohols with ketones to form a diverse range of substituted
quinolines. Interestingly, the system also exhibited catalytic
activity towards the p-alkylation of secondary alcohols.

Initially, we designed an 8-hydroxy-quinoline-based novel
pincer phosphinite ligand (N-((8-((diphenylphosphaneyl)oxy)
naphthalen-2-yl)methyl)-2,6-diisopropylaniline) (PONN").
Phosphinite ligands have been proven to display unique reac-
tivities in homogeneous catalysis.?’*% However, insights on
8-hydroxyquinoline-derived phosphinite complexes in homo-
geneous (de)hydrogenation reactions are elusive despite their
usage in the hydroalkoxylation of terminal alkynes catalyzed
by Rh complexes and other related reactions.?***

Hence, in this work, we have probed quinoline-phosphinite
ligand-based 3d-metal complexes in homogeneous dehydro-

Table 1 Cr-catalyzed alkylation reactions and Friedlander syn-
thesis using previously reported catalysts and Cr-1

OH A, B, Cr-1

ROOH 4 g o

P
R”TOH + Cr1
DY

N
| NN =
((Nj\ @\90 ) Nei
lclar | N® “N O._.Ci—N
Cr.
—Cr—N / 0C72>Co \ KN H
g el \% co PH by

Kumar, 2022 Li Y. and Ke Z., 2023 Our work

A B cr-1

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

genation reactions. Thus, the pincer PONN” ligand was pre-
pared by treating chlorodiphenylphosphine with an amine pre-
cursor in the presence of triethylamine (yield = 58%,
Scheme 1). The *'P NMR of the synthesized ligand displayed a
sharp signal at 117.3 ppm, indicating the presence of one
phosphorus ligand attached to oxygen. The N-H moiety and
the CH, arm of the synthesized PONN* ligand are expected to
display metal-ligand cooperation (MLC).*!

The reaction of CrCl, with the PONN” ligand at room temp-
erature led to the formation of a dark green complex
CrCl,(PONN") (Cr-1) with a 68% yield (Scheme 2). The chro-
mium complex Cr-1 was characterized using IR and HRMS.
The attempt to obtain single crystals using various solvent
combinations failed. As the compound was paramagnetic in
nature, magnetic susceptibility was measured using the Evans
method and, its EPR spectrum was also recorded (Fig. S3 and
S7; see ESIt).*?

To evaluate the redox properties of the complex, a cyclic vol-
tammetry (CV) experiment was conducted, which showed two
oxidation potential peaks at —0.615 V and +1.143 V, respect-
ively, corresponding to a reversible Cr(u)/Cr(m) and an irrevers-
ible Cr(m)/Cr(iv) redox couples (Fig. 1).>>**

Next, the newly synthesized well-defined complex Cr-1 was
tested in the a-alkylation of ketones using primary alcohols.
We reacted acetophenone (0.5 mmol) with benzyl alcohol
(0.5 mmol) using KO'Bu (20%) and 3 mol% Cr-1 in a closed
system using toluene as the solvent under a nitrogen atmo-
sphere at 135 °C for 24 h. The alkylated product 1,3-diphenyl-
propan-1-one was formed with a 76% yield (Table S1, entry 27).
Interestingly, p-methylbenzyl alcohol furnished a better yield
under similar conditions (88%, Table S1, entry 31). Hence, for
further optimization, p-methylbenzyl alcohol was used as the
benchmark alkylating partner with acetophenone. Various

2,6-diisopropylaniline
o r B
@ Se0n Vo @ NN,
N Dioxane: H0, N EtOH, reflux, 6 h OH N

OH reflux, 24h  OH
NaBH,, |RT,
MeOH |overnight
B
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OPPh; HN Toluene, 80 °C, 12 h N
OH HN

58%

Scheme 1 Synthetic process of the PONN* ligand.
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Scheme 2 Preparation of the Cr-1 complex.
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Fig. 1 Cyclic Voltammetry study of Cr-1. Conditions: 1.0 mM analyte in
0.1 M TBAPF¢/MeCN, under a dry argon atmosphere; glassy carbon
working electrode, platinum wire counter electrode, and Ag/AgCl refer-
ence electrode; scan rate = 0.02 Vs,

bases were employed to explore the effect of cation in this reac-
tion. The results are summarized in Table S17 (entries 5-9, 20;
NaOH, 84%, KOH, 80%, NaO'Bu 78%, LiO'Bu 84% Cs,COs,
86%, and LiOH, 87%). Changing the base had minimal effect
on the alkylation reaction, and hence KO‘Bu was chosen for
further studies. However, in the absence of a base, a trace
amount of product formation was observed (Table S1, entry
10t). When the reaction was carried out at a lower temperature
(120 °C), a decrease in conversion (62%) of alcohol was
noticed (Table S1, entry 1%). Further, the evaluation of
different solvents was performed. Tertiary amyl alcohol
resulted in the lowering of conversion efficiency (50%,
Table S1, entry 117). Surprisingly, in the presence of dioxane
and THF, only trace amounts of products were formed
(Table S1, entries 12-14%). 45% of the desired product was
obtained in the presence of chlorobenzene solvent. When
mesitylene was used as the solvent in place of toluene, a 71%
yield was observed (Table S1, entries 16 and 171). To our
delight, when the optimized reaction was carried out for 36 h,
ayield of up to 98% was achieved (Table S1, entry 15t). When
CrCl, was used as the catalyst, only 20% of the corresponding
product was formed, whereas, with 20% KO'Bu as the base and
in the absence of catalyst Cr-1, only a trace amount of product
was observed (Table S1, entries 18 and 197%). To compare the
catalytic applicability of our Cr(i1) complex Cr-1 with the Cr(m)
complex, we treated the PONN” ligand with anhydrous CrCls.
This resulted in the formation of a golden-brown powder with
a 62% yield, which was confirmed by HRMS as the
CrCl3(PONN") complex Cr-2 (see ESI, Scheme S3t). The
a-alkylation of acetophenone with benzyl alcohol was carried
out using the freshly prepared Cr-2 complex, which yielded
59% of the desired product after heating for 24 h (Table S1,
entry 217), indicating its inferior catalytic efficiency in com-
parison with Cr-1 (76%).
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Thus, under the optimized conditions (135 °C, 3 mol% Cr-
1, and 20 mol% KO'Bu), a-alkylation reactions of a wide array
of primary alcohols and arylketones were explored. The reac-
tion was compatible with benzyl, heteroaromatic and even allyl
alcohols. An isolated yield of 74% 1,3-diphenylpropan-1-one
was obtained after the careful separation of the product from
the reactants through column chromatography (Scheme 3; 3d).

The reaction was found to tolerate electron-withdrawing
halides (4-Cl, Br, I) at the para position of benzyl alcohol, pro-
ducing decent yields of the corresponding coupled products
(Scheme 3; 3a-3c). Electron-donating p-methylbenzyl alcohol
furnished an 82% yield of the corresponding coupled product
with acetophenone (Scheme 3; 3e). When the reaction was con-
ducted using the strong electron-withdrawing cyano group at
the para position of the alcohol under optimized conditions, a
decrease in yield to 35% was observed (Scheme 3; 3f). ortho-
Substituted benzyl alcohols bearing electron-donating and
-withdrawing groups (2-OMe, 2-Br, 2-Me) afforded good yields
of the C-C coupled products with acetophenone under stan-
dard conditions (Scheme 3; 3g-3i). While meta-fluorobenzyl
alcohol yielded 63% of the product, meta-trifluoromethyl-
benzyl alcohol produced only a trace amount of the desired
alkylated product (Scheme 3; 3j and 3k). The catalytic perform-
ance of Cr-1 in the dehydrogenative reaction of heteroaromatic
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KO'Bu (20 mol%)
Toluene, 135 °C, 36 h
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Scheme 3 Cr-1-catalyzed «-alkylation reactions of ketones with a
variety of primary alcohols. Reaction conditions unless otherwise
specified: 0.5 mmol alcohol and 0.5 mmol ketone, 20 mol% KO'Bu,
3 mol% cat. Cr-1 and toluene (1.5 mL) were heated at 135 °C for 36 h.
The mol% values are with respect to the total alcohol content. Yields are
isolated (purified by silica gel column chromatography) using 0-5%
ethyl acetate in n-hexane as the eluent.
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alcohols like 2-picolylamine and 2-thiopheneethanol was also
decent, furnishing moderate yields (57% and 49%; Scheme 3;
3l and 3m) of the desired products. Nevertheless, in the cases
of allylic alcohol and straight-chain alcohols, the yields of the
alkylated products were rather unsatisfactory (3-5%, Scheme 3;
30 and 3t). Several substituted arylketones bearing various
functional groups were also employed in the coupling reac-
tions. In the case of para-substituted methylketones and
primary alcohols, moderate to good yields of the corres-
ponding alkylated products were obtained (Scheme 3; 3p
and3s). Additionally, meta-CF;-substituted acetophenone gave
a 56% yield when coupled with p-methylbenzyl alcohol
(Scheme 3; 3q). Arylmethylketones bearing 4-O'Bu and 4-OBn
groups at the para position were also tested for C-C bond for-
mation with alcohols, which generated products with decent
yields of 76% and 73%, respectively (Scheme 3; 3x and 3aa).
Nonetheless, in the case of 4-aminoacetophenone, only 32%
product yield was isolated, whereas, with p-OH acetophenone,
no product formation was observed, as revealed by 'H NMR
(Scheme 3; 3ab, 3z). Hetero-aromatic 2-acetyl-5-chlorothio-
phene produced only trace amounts of the desired products
(3n and 3u), but 3-acetylpyridine gave a moderate yield of
about 49% for the desired alkylated ketone (Scheme 3; 3w).
The scope of the alkylation reaction was also expanded to a
cyclic ketone, which furnished a satisfactory yield of 41% (3ad,
Scheme 3), whereas, an o, unsaturated ketone yielded no
desired product when coupled with benzyl alcohol (Scheme 3;
3r).

Next, we applied the catalyst in the synthesis of
N-heterocycles, particularly substituted quinolines, which are
essential components in natural products and biologically
active molecules that are widely used in pharmaceuticals, med-
icinal chemistry, agrochemicals, and functional materials.?

Traditional methods of quinoline synthesis usually suffer
from multi-step processes, harsh reaction conditions and low
yields. The Friedldnder reaction, though versatile, too faces
limitations like instability of starting materials (2-aminoben-
zaldehyde derivatives). A modified Friedlinder method of qui-
noline synthesis utilizing amino alcohols as aldehyde surro-
gates has been explored using 3d metals;*® however, only one
study has reported the use of chromium metal for such a
transformation and was published during the preparation of
this manuscript.'® Pleasingly, Cr-1 was found to display quite
efficient activity in the formation of quinoline derivatives via
Friedlinder annulation using 2-aminobenzyl alcohol and
various aryl ketones. On reacting acetophenone (0.5 mmol)
with 1 equiv. 2-aminobenzyl alcohol in the presence of
3 mol% of Cr-1 and 20 mol% of KO'Bu in toluene, 2-phenyl-
quinoline with an 84% isolated yield was obtained after 36 h
at 135 °C. Several other quinoline derivatives were synthesized
using substituted acetophenones. Electron-withdrawing
groups at the para or meta position (4-Br, 4-CF;, 3-Br, and
3-CF;) produced substituted quinolines with slightly lower
yields (43-64%) than electron-donating groups, such as
4-OCH,Ph (81%) and 4-O‘Bu (70%) (Scheme 4; 6b-6g). While
4-hydroxy acetophenone did not lead to product formation, a

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

_ Cri@mo%) N
N7 N + H0
KO'Bu (20 mol%) | X

Toluene, 135 °C, 36 h

‘%‘%‘%‘%

6a: 84% X= 6b: 64%, Br X= 6d: 43%, Br X= 6f: 70%, O'Bu
6c: 57%, CFy 6e: 51%, CFs 6g: 81%, OCH,Ph
N X oM N o
CC ) S
0, 0
X s N
6h: 0%, OH 6j: 63% 6k: 18% 6l: 52%
6i: 27%, NH,
998
N
6m: 48%

Scheme 4 Cr-1-catalyzed Friedldnder quinoline synthesis using 2-ami-
nobenzyl alcohol and substituted methylketones. Reaction conditions
unless otherwise specified: 0.5 mmol of 2-aminobenzyl alcohol and
0.5 mmol ketones, 20 mol% of KO'Bu, 3 mol% of Cr-1 and toluene
(1.5 mL) were heated at 135 °C for 36 h. The mol% values are with
respect to total alcohol content. Product yields are isolated (purified by
silica gel column chromatography using 5-10% ethyl acetate in
n-hexane as the eluent).

lower yield (27%) of the corresponding quinoline derivative
was obtained when p-aminoacetophenone was used as the
coupling partner (Scheme 4; 6h and 6i). With heteroaromatic
ketones, rather poor yields were observed (18%, 6k, Scheme 4).
Interestingly, we were able to obtain polycyclic heteroaromatic
compounds with moderate yields using cyclic ketones (61 and
6m, Scheme 4).

To further establish the significance of this Cr(u) pre-cata-
lyst, we explored the scope of p-alkylation of secondary alco-
hols using benzyl alcohol derivatives. Pleasingly, Cr-1 pre-
sented a convincing catalytic performance in this direction as
well. However, using the standard o-alkylation reaction and
catalytic amount of a base, a low conversion rate (20%) was
achieved with the benchmark substrates benzyl alcohol and
1-phenylethanol. By increasing the amount of base to 1 equiv.
relative to the alcohols, a 74% yield of desired 1,3-diphenylpro-
pan-1-ol was observed, as determined by NMR spectroscopy
using 1,1,2,2-tetrachloroethane as the internal standard (iso-
lated yield = 70%).

We also examined the potential of the newly synthesized Cr
(1) complex Cr-2 in the B-alkylation reaction. When the reac-
tion was performed under analogous conditions to those
reported by Kumar et al., 0.005 mol% Cr-2 and 2 mmol each of
benzyl alcohol and 1-phenylethanol along with 5 mol% of
NaO'Bu base yielded only 6% of the desired f-alkylated sec-
ondary alcohol (Table S1, entry 221), indicating inferior per-
formance to the system developed by Kumar.'” However, a
higher loading of complex Cr-2 (3 mol%) and 20 mol%
NaO'Bu at 135 °C furnished a yield of 54% in 24 h (entry 23,
Table S17).

Further experiments to evaluate the scope of f-alkylation of
1-phenylethanol using various benzyl alcohol substrates

Dalton Trans., 2025, 54,1212-1221 | 1215


https://doi.org/10.1039/d4dt01481b

Published on 18 November 2024. Downloaded on 5/20/2025 5:49:41 PM.

Paper

revealed that electron-withdrawing groups afforded much
higher rates of conversion to desired products compared with
electron-donating groups, such as methyl and methoxy func-
tional groups (Scheme 5; 8b-8d). The position of the func-
tional groups also apparently affected product formation; func-
tional groups at the para position resulted in higher product
yields than that those at the ortho and meta positions
(Scheme 5; 8a-8h). Heteroaromatic primary alcohols did not
exhibit satisfactory conversion to alkylated products
(Scheme 5; 8i and 8j). The scope of the reaction was further
expanded to a variety of secondary alcohols bearing electron-
withdrawing and -donating groups, which furnished the
desired p-alkylated secondary alcohols at good to excellent
yields (64-82%; Scheme 5; 8k-8n).

To investigate the mechanism of the C-alkylation reactions
catalyzed by Cr-1, we performed stoichiometric experiments
and monitored the changes by HRMS, "H NMR and IR spec-
troscopy. The addition of 3 equiv. KO'Bu to a dark-green
toluene solution of complex Cr-1 changed the colour of the
reaction mixture to greenish brown. This could be due to the
formation of an unstable dearomatized (Cr-1a) or amido
complex (Cr-1a’) formed via the deprotonation of the methyl-
ene arm proton or N-H moiety (Scheme 7). The air sensitivity
and high reactivity of the formed complex precluded us from
characterizing the reaction mixture spectroscopically. In a
similar context, the Milstein group developed a PNNH pyridyl-
based Ru system having the potential for dual-mode MLC via

OH Cr-1 (3 mol%) I
o B
R 0OH B ———————> R X +H,0
R KO'Bu (1 eq.) [ 3= 7
Toluene, 135 °C, 40 h
1 7 8
OH OH OH OH
Me MeO Br
8a: 70% 8b: 40% 8c: 34% 8d: 85%
OH OH OH oH
©\/\/k ©\/\)\ W th
Ph Ph Ph
Me Br OMe ¢
8e: 27% 8f: 62% 8g: 10%? 8h: 20%?
OH OH
s OH
o O L
P \_/ Ph
N OMe
8i: trace 8j: 5% 8k: 64%
OH
II A\ 'I OH OH
Br I I Br MeOmIIBr
8l: 79% 8m: 82% 8n: 73%

Scheme 5 Cr-1-catalyzed p-alkylation of substituted 1-phenylethanol
using alcohols. Reaction conditions unless otherwise specified:
0.5 mmol of primary alcohol and 0.5 mmol 1-phenylethanol derivatives,
1 equiv. KO'Bu and 3 mol% of catalyst Cr-1 and toluene (1.5 mL) were
heated at 135 °C for 40 h. The mol% values are with respect to the total
primary alcohol content. Yields are isolated (purified by silica gel
column chromatography) using 0-5% ethyl acetate in n-hexane as the
eluent. “NMR yield with respect to 1,1,2,2 tetrachloroethane as the
internal standard.
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aromatization-dearomatization or the amine-amido route.”®
In fact, they could crystallographically characterize the monoa-
nionic de-aromatized enamido Ru(u) species by deprotonating
both the N-H and methylene protons of the N-arm of the
PNNH pincer ligand.*® Their VI NMR studies after the
addition of base at low temperatures suggested that the depro-
tonation of the methylene arm proton takes place initially, and
they finally obtained the double-deprotonated monoanionic
Ru(u) complex at room temperature. However, in our case, the
double dehydrohalogenation of Cr-1 via deprotonation of the
methylene arm and the N-H moiety might lead to a very
unstable low-coordinated Cr(u) species, which is also less
likely to be formed. Thus, the formation of a double-deproto-
nated dearomatized enamido complex could not be confirmed
at this stage. Nevertheless, the colour of the reaction mixture
further turned brown with the addition of 3 equiv. benzyl
alcohol at room temperature, affording the alkoxy complex Cr-
1b (Scheme 6a). The formation of Cr-1b was confirmed by

X
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NGl Z
() Yoill 2. ph” O OH Nei
Osp 8N O CF—N
prp Gl PP -Kel L HDPP
cr1 'BUOH Ph Ph) erb
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0 0
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Scheme 7 Proposed mechanism of the Cr-catalyzed alkylation
reactions.
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HRMS and IR spectroscopy analyses of the brown reaction
mixture (Fig. S14 and 17, see ESIf). However, in the "H NMR
spectra, we did not observe any peak for the alkoxy species
because of the paramagnetic nature of the complex.
Alternatively, complex Cr-1b could also be prepared by reacting
benzyl alcohol with ‘BuOK, which generated a benzyloxy
species after the addition of Cr-1 (Fig. S14, 17 and 18; see
ESIT). We also conducted an experiment with benzyl alcohol
and acetophenone under the optimized reaction conditions
for 3 h, and the formation of various intermediates was ana-
lysed by "H NMR and HRMS (Scheme 6b). As expected, a peak
at § = 9.96 was detected for benzaldehyde due to the dehydro-
genation of benzyl alcohol along with the formation of the
desired product, 1,3-diphenylpropan-1-one. Interestingly, the
formation of a small amount of 1,3-diphenylpropan-1-ol was
also observed in the "H NMR spectra (Fig. S8, see ESIY).

Based on these observations and the literature,?® a mecha-
nism for the alkylation reaction involving metal-ligand
cooperation is proposed.”™?” The pre-catalyst Cr-1 is activated
by a base, forming the initial dearomatized kinetic product Cr-
1a via dehydrohalogenation of Cr-1. Cr-1a is expected to be in
equilibrium with the amido complex Cr-1a’. This unsaturated
species reacts with alcohol to form a stable alkoxy-metal
complex Cr-1b. Subsequently, f-hydrogen elimination from the
alkoxy species results in the formation of aldehyde along with
a hydride complex C-1c. The aldehyde undergoes an aldol con-
densation step in the presence of a base, producing a-p unsa-
turated ketone, which is concomitantly hydrogenated by the
hydrogen released from complex C-1c, thus closing the cata-
lytic cycle.

Experimental section
General information

All experiments were performed under an inert nitrogen atmo-
sphere using standard Schlenk techniques and inside a glove
box unless stated otherwise. Tetrahydrofuran (THF), toluene,
chloroform (CHCL;), diethyl ether (Et,O), hexane and ethyl
acetate were heated under reflux over a suitable drying agent
(sodium/benzophenone for THF, Et,O, hexane; calcium
hydride for CHCl; and kept under freshly dried molecular
sieves), distilled, and stored under a nitrogen atmosphere. All
solvents were degassed and kept in the glovebox over activated
4 A molecular sieves. Deuterated solvents were purged with
nitrogen and kept in a glovebox. Unless otherwise stated, com-
mercial reagents were used without purification; only benzyl
alcohol and acetophenone were purified via vacuum distilla-
tion. Chromium chloride (CrCl,) was purchased from Sigma-
Aldrich; calcium hydride (CaH,) and all other materials were
purchased from Avra, BLDpharma, TCI and Sigma-Aldrich,
stored under nitrogen and used as received. The reaction
temperatures reported indicate the temperature of the oil bath.
All the reactions carried out for ligand synthesis and substrate
scope analysis were monitored by TLC, and the products were
isolated by column chromatography or flash chromatography
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(silica gel 60-120). Then, each product was condensed with the
help of a rotary evaporator and characterized by '"H NMR and
3C NMR performed on a Bruker 500 MHz spectrometer using
CDClI; or C¢Dg. All spectra were recorded at room temperature,
unless otherwise noted. ATR-IR spectra were recorded on a
PerkinElmer FT-IR spectrometer. The mass spectra were
recorded on an Agilent spectrometer. The EPR analysis was
performed on a JES-FA200 ESR Spectrometer in the X-band
region (8.75-9.65 GHz). The elemental analysis was carried out
on a Flash smart V CHNS/O. Solution-state UV-visible absorp-
tion spectra were recorded on a Cary 4000 UV-vis spectrophoto-
meter using dichloromethane (DCM) as the solvent.

Synthesis of the PONN ligand

(2-(((2,6-Diisopropylphenyl Jamino)methyl)quinolin-8-o1)**
(1004 mg, 3 mmol) was dissolved in 20 mL toluene in a
100 mL Schlenk tube under a nitrogen atmosphere, and an
equimolar amount of triethyl amine (418 pL, 3 mmol) was
added to it dropwise with vigorous stirring. After 5 minutes,
3 mmol (540 pL) chlorodiphenylphosphine was also added
dropwise, while stirring the solution vigorously at room temp-
erature. Then, the Schlenk tube was closed tightly and heated
at 80 °C overnight. The reaction mixture was cooled to room
temperature, and the solvent was evaporated under a vacuum.
The residue was extracted with 20 mL of toluene and filtered
through Celite. Again, the solvent was evaporated under a
vacuum. This product was again washed with dried hexane,
and finally, a colourless oily liquid with a 58% yield was
obtained after drying in a vacuum. The purity of the ligand
was checked by *'P NMR, and the sample was used without
further purification. *'P NMR (203 MHz, Chloroform-d) &
117.3. "H NMR (500 MHz, Chloroform-d) 6 7.93 (d, J = 8.4 Hz,
1H), 7.70 (dd, J = 11.5, 7.6 Hz, 1H), 7.63 (dd, J = 13.7, 7.5 Hz,
1H), 7.51 (t, J = 7.9 Hz, 6H), 7.29 (dt, J = 8.3, 4.1 Hz, 1H), 7.22
(d, J = 7.3 Hz, 1H), 7.16 (t, J = 7.3 Hz, 6H), 7.10 (d, J = 7.7 Hz,
1H), 7.07 (d, J = 8.2 Hz, 1H), 7.00 (d, J = 7.7 Hz, 1H), 6.84 (s,
1H), 4.78 (s, 1H), 3.60 (p, J = 6.6 Hz, 2H), 1.06 (d, J = 6.6 Hz,
12H). *C NMR (126 MHz, Chloroform-d) § 152.78, 143.44,
135.40 (d, J = 7.1 Hz), 132.59 (d, J = 2.8 Hz), 131.85, 131.66,
131.51, 131.42-131.17 (m), 130.79, 130.70, 130.38, 129.61,
128.97, 128.87, 128.64 (d, J = 7.1 Hz), 128.45 (dd, J = 14.3, 9.7
Hz), 119.95, 117.53, 113.03, 45.82, 28.34, 24.49. IR (ATR,
em™'): 3380 (N-H), 2962 (C=C-H), 2861 (C-C-H), 1589 (aryl
C-H).

Synthesis of CrCL,(PONN") (Cr-1)

To a suspension of 5 mmol CrCl, (615 mg) in THF, the PONN”
ligand (5 mmol, 2.6 g) dissolved in THF was added dropwise
and stirred at room temperature overnight. The dark green sus-
pension formed was washed twice with hexane and then with
ether and dried in vacuo to get a green crystalline powder. 'H
NMR (500 MHz, benzene-ds) & 7.32 (s, 2H), 7.08-7.02 (m, 44H),
7.00 (s, 3H), 4.79 (s, OH), 4.27 (s, 1H), 2.25 (s, 1H), 2.11 (s, 1H),
1.55 (s, 2H). Selected IR (ATR, cm™"): 3054 (N-H), 2959 (C-H).
UV-vis (DCM) A/nm: 374 (broad). HRMS caled for
C54H;35CL,CrN,OP + Na': 663.1161, observed: 663.4545. Room
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temperature X-band EPR, g value: 2.002. Chemical formula:
C34H35Cl,CrN,OP. Elemental analysis (calculated): C, 63.66; H,
5.50; Cl, 11.05; Cr, 8.10; N, 4.37; O, 2.49; P, 4.83. Observed: C,
59.205; H, 5.888; N, 3.736. e = 2.86 (Evans, CDCly).

Synthesis of CrCl;(PONN") (Cr-2)

To a suspension of 80 mg (0.5 mmol) of CrCl; in THF, 1 equiv.
PONN” ligand (260 mg) in THF was added dropwise and
stirred at room temperature overnight. The brown suspension
formed was dried in vacuo and washed twice with hexane and
ether to get a golden-brown powder with a 62% yield. HRMS
caled, for C;4H;sCL,CrN,OP + 2Na’: 721.0958; observed:
721.0955.

General procedure for the catalytic reactions (Table S1t)

Typically, 0.5 mmol of p-methylbenzyl alcohol and 0.5 mmol
of acetophenone were added to 0.015 mmol of the pre-catalyst
Cr-1 and 20 mol% of ‘BuOK (or other bases, as mentioned in
Table S1t), and the mixture was dissolved in 1.5 mL toluene
(or t-amyl alcohol, 1,4-dioxane or THF; Table S1, entries 11, 12,
13, and 14, respectively) and placed in a 25 mL Schlenk tube
under N,. The tube was heated at 120-135 °C with stirring for
the mentioned duration. The reaction mixture was then cooled
down, and the products formed were monitored using TLC.
The products were analyzed by NMR spectroscopy either based
on substrate consumption or using 1,1,2,2-tetrachloroethane
as the internal standard.

For Scheme 3

A 25 mL flame-dried Schlenk tube was charged with Cr-1
(9.6 mg, 0.015 mmol, 3 mol%), and KO'Bu (11.2 mg,
0.10 mmol, 20 mol%) dissolved in 1.5 mL toluene under a
nitrogen atmosphere. Subsequently, 0.5 mmol of alcohol and
0.5 mmol of ketone were added and stirred for 5 minutes.
Then, the Schlenk flask was closed tightly and kept at 135 °C
for 36 h, followed by cooling to room temperature. Then, an
aliquot was taken for the determination of conversion by NMR
analysis. Purification was accomplished by column chromato-
graphy, and NMR was employed for the characterization of the
isolated compound.

For Scheme 4

A flame-dried Schlenk tube (25 mL) under a nitrogen atmo-
sphere was charged with Cr-1 (9.6 mg, 0.015 mmol, 3 mol%)
and potassium tert-butoxide (11.2 mg, 0.10 mmol, 20 mol%)
dissolved in 1.5 mL toluene. Then, 0.5 mmol of 2-aminobenzyl
alcohol and 0.5 mmol (1 equiv.) of various acetophenone
derivatives were added to the reaction mixture and stirred for
5 minutes at room temperature. After the reaction mixture
became homogeneous, the reaction vessel was heated at
135 °C for 36 h. After that, the reaction mixture was cooled to
room temperature, and the products were analyzed by NMR
after detection by TLC and separation by
chromatography.

column
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For Scheme 5

A flame-dried Schlenk tube (25 mL) under a nitrogen atmo-
sphere was charged with Cr-1 (9.6 mg, 0.015 mmol, 3 mol%)
and potassium tert-butoxide (56 mg, 0.5 mmol, 100 mol%) dis-
solved in 1.5 mL toluene. Then, 0.5 mmol of 1-phenylethanol
and 0.5 mmol (1 equiv.) of corresponding benzyl alcohol
derivatives were added to the reaction mixture and stirred for
5 minutes at room temperature. After the reaction mixture
became homogeneous, the reaction vessel was heated at
135 °C for 40 h. After that, the reaction mixture was cooled to
room temperature, and product formation was monitored by
TLC and analyzed by NMR spectroscopy either based on sub-
strate consumption or using 1,1,2,2-tetrachloroethane as the
internal standard.

General procedure for the stoichiometric reactions

The chromium complex Cr-1 (25 mg, 0.039 mmol,) was dis-
solved in toluene, forming a dark green solution. To this reac-
tion mixture, 3 equiv. KO'Bu (13 mg, 0.1171 mmol) was added
at room temperature and stirred for 5 min. The colour of the
reaction mixture gradually changed to greenish brown. After
5 min, 3 equiv. benzyl alcohol (12 pL) was added to this
mixture and stirred at room temperature. It was observed that
the colour of the mixture changed to brown. This mixture was
examined by HRMS, which confirmed the formation of alkoxy
species Cr-1b (exact mass = 712.2077 u, observed mass =
712.2745 u). However, in the '"H NMR spectra, we did not
observe any distinct peak for the alkoxy complex even after
heating the reaction mixture at 135 °C for 6 h because of the
paramagnetic nature of the complex. Cr-1b could also be
obtained by the reaction of Cr-1 with potassium benzyloxy
species obtained from benzyl alcohol and ‘BuOK under
heating conditions, as confirmed by the IR spectrum: IR (ATR,
em™') = 3109 (N-H) (Fig. S14, 17, and 18; see ESI{).

Conclusions

We have demonstrated the fabrication of a novel pincer
PONN” ligand-based multi-tasking chromium complex Cr-1,
which was effectively employed in the a-alkylation of ketones,
as well as p-alkylation of secondary alcohols using primary
alcohols as alkyl surrogates. The catalyst could also accom-
plish Friedlédnder quinoline synthesis by the dehydrogenative
annulation of alcohols and 2-aminobenzylalcohol. A plausible
mechanism based on metal-ligand cooperation is proposed
based on the borrowing hydrogen methodology. The one-pot
redox-neutral reaction is found to be atom-efficient, releasing
water as the only byproduct. This work focuses on developing
a new catalytic system using the earth-abundant and in-
expensive chromium metal. The usage of a low amount of pre-
catalyst (3 mol% Cr-1) and catalytic amount of {BuOK base
(20 mol%) for a-alkylation and Friedldnder quinoline synthesis
in this study is advantageous in contrast to the contemporary
protocol developed by Peng’s group'® using an over stoichio-
metric amount of base and higher amounts of Cr(u) and
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ligands (5 mol% CrCl,, 10 mol% PPh;, and 1.2 equiv. LiOH).
Thus, this method demonstrates an upper hand in terms of
sustainability and atom economy, obviating copious waste
generation. We believe this work will open up new avenues for
the sustainable catalysis of relatively less-explored non-noble
middle-transition (group six) metals.
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