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Phosphole and azaphosphole derivatives with triazole functionalities, [CgHs{1,2,3-N3CCgH4C(PPh)}] (L1)
and [CgH4{1,2,3-N3C(Ph)C(PPh)}] (L2) were synthesized by reacting [(CgHs)(1,2,3-N3C = CH-0-Br-CgHy)l
and [(0-Br-CgH4)(1,2,3-N3C = CHCgHs)l with "Buli followed by the addition of dichlorophenylphosphine.
The reactions of L1 and L2 with an excess of 30% H,O, afforded phosphole oxides [CgHs{1,2,3-
N3CCgH4C(P(O)Ph)}l (L1o) and [CgH4{1,2,3-N3zC(Ph)C(P(O)Ph)}] (L2o) as white crystalline solids.
Stoichiometric reactions of L1 and L2 with [Ru(n®-p-cymene)Cll, in CH,CL, yielded [RuCl,(n®-p-cymene)
(L1-x*-P)] (1) and [RuClz(n6-p-cymene)(Lz-Kl-P)] (2), respectively. Similar reactions of L1 and L2 with [Pd
(COD)Cl] and [Pd(n*-CsHs)Cll, produced the corresponding complexes, trans-[PdCly(L1-k-P),] (3),
trans-[PdCly(L2-k!-P),] (4), [Pd(n®-C3sHs)Cl(LL-k!-P)] (5), and [Pd(n®-CsHs)ClL2-k-P)] (6). Treatment of L1
with [AuCl(SMe,)] in dichloromethane afforded [AuCL(L1-k!-P)] (7). Ruthenium complex 1 showed moder-
ate to good catalytic activity towards benzylic C—H oxidation, and the proposed mechanism for the cata-
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Introduction

Phospholes have emerged as a significant area of interest
within heterocyclic n-conjugated systems due to their versatile
applications in organic electronics,’ catalysis,® and related
fields.” The phosphole ring with a highly reactive phosphorus
atom, exhibits unique properties including low aromaticity
and o-n hyperconjugation, making it a valuable building block
for advanced molecular designs.* These compounds can be
synthesized through various strategies tailored to achieve
specific structural and functional attributes. A widely employed
method is the [4 + 1] cycloaddition of 1,3-diynes with primary
phosphines, enabling efficient construction of the phosphole
framework.> Additionally, dehydrohalogenation and dehalo-
genation reactions using lithium reagents facilitate ring
closure via halide elimination.® Metal-catalyzed techniques

Phosphorus Laboratory, Department of Chemistry, Indian Institute of Technology
Bombay, Powai, Mumbai 400076, India. E-mail: krishna@chem.iitb.ac.in,
msb_krishna@iitb.ac.in

+Dedicated to Prof. Vadapalli Chandrasekhar in celebration of his 65th birthday.
1 Electronic supplementary information (ESI) available: Tables of selected struc-
tural data and selected spectroscopic data. CCDC 2403173, 1832215 and
2403174 For ESI and crystallographic data in CIF or other electronic format see
DOIL: https:/doi.org/10.1039/d4dt03213f

This journal is © The Royal Society of Chemistry 2025

lysis was supported by spectroscopic data.

further provide efficient and versatile pathways for the syn-
thesis of diverse phosphole derivatives.”

The first examples of phosphole oxides featuring 1,2,3-tri-
azoles at the o-position were reported by Matano and co-
workers.® These compounds were synthesized via the Cu(i)-
catalyzed azide-alkyne cycloaddition (CuAAC) reaction
between ethynylphosphole P-oxides and aryl azides, achieving
moderate to high yields (Chart 1, I-III). Additionally,
Baumgartner and co-workers described the synthesis of
P-triazole dithienophospholes, wherein the triazole ring is
directly coordinated to the phosphorus atom (Chart 1, Iv).° To
the best of our knowledge, phospholes fused with triazole
rings and also azaphospholes are not known in the literature.
Compounds incorporating fused triazole, phenyl, and phosp-
hole units represent a distinctive combination of structural
components. The triazole'® offers a heterocyclic structure that
supports strong coordination interactions, while the phenyl
group enhances aromatic stability. The phosphole moiety,
characterized by its electron-rich phosphorus center, provides
additional coordination sites, facilitating interactions with
metals or other electrophilic species.

Complexes with phosphole ligands have demonstrated
diverse applications in catalysis, including hydrogenation,"*
carbonylation,"? and coupling reactions.”® C-H bond oxidation
is one of the most fundamental chemical processes in synthe-
sizing natural products, agrochemicals, pharmaceuticals and
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Chart 1 Phosphole appended ligands.

several other important transformations.'* Direct conversion
of a methylene group into a carbonyl group is a desirable syn-
thetic objective for which complexes containing chromium,"
manganese,'® iron,"” ruthenium,'”*® cobalt,"® rhodium?® and
gold®' act as catalysts in the presence of oxidants such as
0s0,, ‘BuOOH, (NH,4),Ce(NO;)s, NalO,. However, still enor-
mous potential is there to find better catalysts to tolerate a
broad range of substrates with different functional groups.

In this paper we describe the synthesis and transition metal
chemistry of phosphole and azaphosphole ligands [CcH5{1,2,3-
N3;CC¢H,C(PPh)}] (L1) and [CeH,4{1,2,3-N;C(Ph)C(PPh)}] (L2)
based on a 1,2,3-triazole core. The ruthenium(u) complex
[RuCl,(n®p-cymene){C¢Hj(1,2,3-N3CCsH,C(PPh))-«'-P}] (1) cat-
alysed the benzylic C-H oxidation reaction under aerobic con-
ditions efficiently.

Results and discussion

Synthesis of [CeHs5{1,2,3-N3CCsH,C(PPh)}] (L1), [CcH,{1,2,3-
N;C(Ph)C(PPh)}] (L2), [CeH5{1,2,3-N3CCeH,C(P(O)Ph)}] (L1o),
and [C¢H4{1,2,3-N;C(Ph)C(P(O)Ph)}] (L2o)

Bromo-triazole derivatives (A and B) were synthesized using
the modified procedure recently published by our group.>” The
reactions of phenyl azide or 2-bromophenyl azide with 2-bro-
mophenylacetylene or phenylacetylene in the presence of
copper sulfate and sodium ascorbate afforded 4-(2-bromophe-
nyl)-1-phenyl-1H-1,2,3-triazole A and 1-(2-bromophenyl)-4-
phenyl-1H-1,2,3-triazole B, respectively, as white crystalline
solids. The reactions of triazole derivatives A and B with "BuLi
followed by the addition of PhPCIl, afforded phosphole deriva-
tives [CeH5{1,2,3-N;CCcH,C(PPh)}] (L1) and [CeH4{1,2,3-N;5C
(Ph)C(PPh)}] (L2), respectively, as air-stable white crystalline
solids, soluble in most of the organic solvents (Scheme 1). The
reactions of L1 and L2 with an excess of H,O, afforded oxide
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derivatives ~ [C¢H5{1,2,3-N;CC¢H,C(P(O)Ph)}] (L1p) and
[C6H4{1,2,3-N;C(Ph)C(P(O)Ph)}] (L2o), respectively (Scheme 1).
The *'P{"H} NMR spectra of L1 and L2 showed single reso-
nances at —39.5 and —32.9 ppm (Fig. S3 and S7}), whereas the
same due to oxides Llp and L2, appeared at 11.5 and
14.1 ppm (Fig. S12 and S16}). The "H NMR spectra confirmed
the absence of triazolic C-H proton (which appear at 8.42 and
8.52 ppm). HRMS spectra of compounds L1 and L2 showed
molecular ion peaks at 328.0997 and 328.0991, respectively,
corresponding to [M + H]" ions, whereas those of L1, and L2¢
observed at 344.0941 corresponding to [M + H]" ion (Fig. S6,
S10, S14 and S18%).

Molecular structures of [C¢Hs{1,2,3-N3CCsH,C(PPh)}] (L1) and
[C6H4{1,2,3-N;C(Ph)C(PPh)}] (L2)

The perspective views of the molecular structures of L1 and L2
are shown in Fig. 1. The compound L1 crystallized in the tri-
clinic system with the P1 space group, whereas the compound
L2 crystallized in the monoclinic system with the P2,/c space
group. The pyramidal geometries around the P atoms (£C1-
P1-C15 = 102.77(7)°, «C1-P1-C8 = 87.13(7)°, £C15-P1-C8 =
100.64(7)° in L1 and £C15-P1-C4 = 100.7(3)°, £C19-P1-C15 =
102.6(3)°, £C19-P1-C4 = 87.4(3)°) in L2 are slightly distorted.
The P1-C1 bond distances in L1 (1.8051(16) A) and L2 (1.942
(13) A) are similar to that found in [CeHs{1,2,3-N5C(0-Ph,P
(C6Ha))C(PPh,)}].

Synthesis of Ru(i) complexes [RuCl,(n°-p-cymene)(L1-x"-P)] (1)
and [RuCl,(n°-p-cymene)(L2-k"-P)] (2)

Reactions of L1 and L2 with [Ru(n®p-cymene)Cl,], in 2: 1 ratios
in dichloromethane resulted in mononuclear complexes
[RuCl,(n®p-cymene)(L1-x'-P)] (1) and [RuCl,(n®-p-cymene)(L2-x"-
P)] (2), in good yield as shown in Scheme 2. The *'P{'"H} NMR
spectra of complexes 1 and 2 showed single resonances at —0.1
and -3.9 ppm, respectively (Fig. S20 and S25}). The aliphatic

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Synthesis of phosphole, azaphosphole and their oxides.
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Fig. 1 Molecular structures of [CgHs{1,2,3-N3CCgH4C(PPh)}] (L1) and [CgH4{1,2,3-NsC(Ph)C(PPh)}] (L2) with 30% thermal ellipsoids (H atoms have
been omitted for clarity). Selected bond lengths (A) and bond angles (°): compound L1: C1-P1 1.8057(16), C8—P1 1.8454(18), C15-P1 1.8325(17), C1-
P1-C15 = 102.77(7) °, C1-P1-C8 = 87.13(7) °, C15-P1-C8 = 100.64(7) °; compound L2: C1-P1 1.942(13), C15-P1 1.983(7), C14-P1 1.942(9), C15-
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Scheme 2 Synthesis of Ru" complexes 1 and 2.

protons of the p-cymene group revealed a septet at 2.27 ppm,
two doublets at 0.91 and 0.83 ppm with a */yy coupling of 6.9
Hz for the isopropyl group, and a singlet at 1.27 ppm for the
methyl group. HRMS spectra of compounds 1 and 2 showed a

This journal is © The Royal Society of Chemistry 2025

molecular ion peak at 571.9854 corresponding to [M + H]' ion
(Fig. S23 and S28%). The complex 1 was also studied by UV-Vis
absorption spectroscopy in dichloromethane solution recorded
at room temperature. Ru(n) complex 1, in dichloromethane,
showed a strong absorption band with a maximum (4,p,s) around
320 nm and broad absorption bands with a maximum (Aps)
around 383 nm. The higher energy absorption band is due to
the effective = conjugation in the phosphole skeleton, whereas
the lower energy band is assigned to metal to ligand charge
transfer (MLCT) (Fig. S521).

The molecular structures of [RuCl,(n°-p-cymene)(L1-x"-P)] (1)
and [RuCl,(n°-p-cymene)(L2-k"-P)] (2)

The perspective views of molecular structures 1 and 2 (data is
of poor quality, given for reference only) along with the atom
labelling are shown in Fig. 2. The crystallographic data and the
details of the structure determination are given in the
Experimental section (Table 1). The selected bond lengths (A)
and bond angles (°) are listed in Fig. 2. In complexes 1 and 2,
Ru" adopts the pseudo-octahedral geometry with a p-cymene,

Dalton Trans., 2025, 54, 2599-2608 | 2601
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Fig. 2 The molecular [RuCly(n®-p-cymene)(L1-k-P)] (1) and [RuCly(n®-p-cymene)(L2-k*-P)] (2). Hydrogen atoms have been omitted for clarity.
Displacement ellipsoids are drawn at the 30% probability level. Selected bond lengths (A) and bond angles (°): for complex 1: C1-P1 1.813(3), C8—P1
1.851(3), C15-P1 1.824(3), P1-Rul 2.3244(9), Rul-Cl1 2.4021(9), Rul-Cl2 2.4136(9), N1-C1 1.357(4), C2-C3 1.458(5), C3-C8 1.398(5) C1-P1-C8
88.39(16), C1-P1-C15 104.59(16), C1-P1-Rul 115.02(12), C8—P1-Rul 114.97(11), Cl1-Rul-CI2 = 86.36(3), P1-Rul-Cl1 89.38(3), P1-Rul-Cl2 86.20
(3). For complex 2: C1-P1 1.837(8), C15-P1 C14—P1 1.873(9), P1-Rul 2.348(2), Rul-Cl1 2.409(3), Rul-Cl2 2.402(2), N1-C1 1.392(9), C1-P1-C8
88.42(19), C1-P1-C14 89.2(4), C1-P1-Rul 114.8(2), Cl1-Rul-Cl1 = 88.24(8), P1-Rul-Cl1 83.49(8), P1-Rul-ClI2 89.46(7).

Table 1 Optimization of reaction conditions of benzylic C-H
oxidation®

H H Q
O [Ru], Solvent O O
Oxidant, rt
Oxidant Time Conversion”
Entry Cat. (mol %) (equiv) (h) Solvent [%]
1 — TBHP (4) 1 CH,Cl, NC°
2 1(0.2) — 1 CH,Cl, NC°
3 2(0.2) TBHP (2) 1 CH,Cl, 61
4 1(0.2) TBHP (2) 1 CH,CI, 83
5 1(0.2) H,0; (3) 1 CH,Cl, 58
6 1(0.2) CAN (3) 1 CH,Cl, 49
7 1(0.2) m-CPBA (3) 1 CH,Cl, 39
8 1(0.2) NalO, (3) 1 CH,Cl, 14
9 1(0.2) TBHP (3) 1 CH,Cl, 89
10 1(0.5) TBHP (3) 1 CH,Cl, 94
1 1(0.5) TBHP (4) 2 CH,Cl, 100
12 1(0.5) TBHP (4) 2 EtOH 48
13 1(0.5) TBHP (4) 1 THF 35
14 1(0.5) TBHP (4) 2 'ProH 54
15 1(0.5) TBHP (4) 2 H,O0 17
16  [Ru(p-cymene) TBHP (4) 2 CH,Cl, 21
CLJ, (0.5)
17 RuCl;-3H,0 (0.5) TBHP(4) 2 CH,Cl, 7

“Reaction conditions: diphenylmethane (0.5 mmol), Ru" precatalyst
(0.5 mol%), oxidant (4 equiv.), solvent (2 mL), rt, 2 h. ” GC conversion.
Abbreviations: “NC = no conversion, p-cym = para-cymene, TBHP =
tert-butyl hydroperoxide.

two chloride and a phosphorus atom completing the coordi-
nation sphere. The Ru-P bond distances of 2.3244(9) and
2.348(2) A in complexes 1 and 2 fall within a comparable
range, so as Ru-Cl bond distances.”® The P1-Ru1-Cl1 bond

2602 | Dalton Trans., 2025, 54, 2599-2608

angle in complex 1 (89.38(3)°) is larger than that in 2 (83.49
(8)°), whereas the P1-Ru1-Cl2 and Cl1-Ru1l-CI2 bond angles
in 1 (86.20(3)°) and 2 (88.24(8)°) lie within a fairly narrow devi-
ation. The distance between the ruthenium center and cen-
troid of p-cymene or proximal phenyl ring of ligand backbone
is 1.70 A and is independent of coordination geometry around
the metal atoms. However, the average Ru-C(cymene) distance
of 2.219 A in 1 is in the range observed in complexes such as
[Ru(n®-p-cymene)Cl,{DippNHPPh,}-«"-P] (2.211(2) A)** and
[RuCl,(n®-p-cymene){(PPh;)«'-P}] (2.218(2) A).>> The Ru-C
bonds trans to the phosphorus atom (Ru(1)-C(26) = 2.243(4)
and Ru(1)-C(25) = 2.239(3) A) are slightly longer than those
(2.160(3)-2.194(3) A) trans to the two chloride ions. Similar
trends were observed in related arene-ruthenium(u) complexes
and attributed to the bond-lengthening effect of the phos-
phine ligands.?® The (Ru-P 2.3246(10) A) and (Ru-Cl 2.4022
(10) A) bond distances are similar to those in [Ru(n®p-cymene)
Cl,(DippNHPPh,)-«"'-P] (2.372(5) and 2.418(6) A),*° [{Ru(n®p-
cymene)Cl,},{(¢-DPEphos)-«'-P}] (2.370(10) and 2.410(8) A) and
[Ru(n®p-cymene)Cl,{(PPh;)-«'-P}] (2.343(6) and 2.415(6) A).>’

Synthesis of Pd" and Au' complexes (3-6)

The reactions of L1 and L2 with [Pd(COD)Cl,] in 2:1 molar
ratios afforded trans-[PdCl,(L1-k"-P),] (3) and trans-[PdCl,(L2-
k'-P),] (4), respectively. Treatment of L1 with [Pd(n*-C3H;5)Cl],
in 1:1 molar ratios in dichloromethane afforded square
planar complexes [Pd(n*-C;Hs)Cl(L1-x"-P)] (5) as shown in
Chart 2. The *'P{"H} NMR spectra of 3 and 4 showed two
signals at —0.3 and —1.6 ppm and —1.3 and —2.6 ppm, respect-
ively, probably due to the presence of SR/RS and RR/SS diaster-
omers (Fig S30 and S331). In both the complexes the ligands
are in a mutually trans-disposition which is primarily due to

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4dt03213f

Published on 27 December 2024. Downloaded on 10/12/2025 1:20:51 PM.

Dalton Transactions

¢ N-N
| Pr L
=i
"N Ph l
@ .
3
v:N N"IN
N/ N
[ [ _P
Ph™\ (::S/’
o/ ~cl
U \\
5 6

Chart 2 Pd" and Au' complexes 3-7.

the steric bulk of the ligands.?” Single-crystal X-ray analysis
revealed the predominance of the SRIRS diastereomers in both
3 and 4. The *'P NMR spectrum of 5 showed a singlet at
—3.0 ppm, whereas the "H NMR spectrum showed five allylic
signals due to the asymmetry in the complex. The two upfield
resonances around 3.0 and 2.3 ppm may be arising due to the
CH, group anti to the chloride ion. The reaction of L2 with [Pd
(n*-C5Hs)Cl], yielded a mixture of product evinced by *'P NMR
spectrum which showed two signals of nearly equal intensity,
probably due the presence of [Pd(n*-C;H;5)CI(L2k'-P)] 6
(monomer) and its dimer having a {Pd(p-Cl),Pd} moiety. While
the mass spectrum predominantly displayed a peak corres-
ponding to the monomer, it is noteworthy that, dimeric
species often show mass signals consistent with the mono-
meric fragments.

Treatment of L1 with [AuCl(SMe,)] in 1: 1 molar ratio in di-
chloromethane afforded [AuCl(L1-x'-P)] (7) as a white solid.
The *"P{'"H} NMR spectrum of 7 showed a single resonance at
6.8 ppm (Fig. S45%). In the 'H NMR spectrum of 7 aromatic
protons appeared in the range of 7.48-8.17 ppm. HRMS spec-
trum of 7 showed a molecular ion peak at 524.0581 corres-
ponding to [M — CI]" ions, and the molecular structure was
confirmed by a single-crystal X-ray analysis.

Ru(u) catalyzed benzylic C-H oxidation reaction

Ru(u) complexes 1 and 2 were tested for their catalytic ability
in the direct oxidation of aromatic hydrocarbons, such as
benzylic C-H bonds, to the corresponding aromatic ketones
(Table 1). Diphenylmethane was selected as a model substrate
in the presence of tert-butyl hydroperoxide (TBHP) with
CH,Cl, as a solvent (Table 1). The oxidation of diphenyl-
methane was not observed in the absence of catalyst (1) and
oxidant (TBHP) (Table 1, entries 1 and 2). Initially, complexes
1 and 2 were tested using 0.2 mol% of catalyst loading and

This journal is © The Royal Society of Chemistry 2025
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TBHP (4 equiv.) as oxidant at room temperature in dichloro-
methane for 1 h. Complex 2 showed moderate activity and
effected 61% conversion to form benzophenone (Table 1, entry
3), whereas complex 1 showed a relatively higher conversion
(83%) (Table 1, entry 4). Oxidizing agents such as: H,0,, CAN,
m-CPBA, and NalO,, produced low to moderate conversions
(Table 1, entries 5-8), but TBHP worked well and hence used
in subsequent reactions along with complex 1.

The catalyst loading 0.2 mol% with 3 equiv. oxidant TBHP
in 1 h showed up to 89% conversion (Table 1, entry 9). As a
result, raising the catalyst loading from 0.2 to 0.5 mol% with 4
equiv. oxidant TBHP in 2 h resulted in 100% conversion
(Table 1, entry 11). Later, the oxidation process was examined
using Ru(u) complex 1, and various solvents such as dichloro-
methane, ethanol, THF, ‘PrOH and H,O, amongst dichloro-
methane was shown to be good solvent (Table 1, entries
12-15). Thus RuCl;-3H,0 and [Ru(p-cymene)Cl,] were poorly
active in comparison with Ru(u1) complex 1 (Table 1, entries 16
and 17). We found that the Ru(u) complex 1 (0.5 mol%) in the
presence of TBHP (4 equiv.) in dichloromethane at room temp-
erature showed the best conversion to form benzophenone in
just 2 h. Also, ruthenium complex 1 with low catalyst loading
and reduced time found to be much better than the similar
ruthenium catalysts>® used in benzylic C-H oxidation.

In order to demonstrate the breadth of the current method-
ology, many aromatic alkanes were examined using four
equivalents of TBHP and 0.5 mol% of 1 at room temperature
in dichloromethane (Chart 3). A series of benzylic hydro-
carbons furnished the desired ketones in good to excellent
yields (Chart 3, entries 1a-1i). However, the ethyl groups at the
ortho and para position of pyridines showed poor conversion
(Chart 3, entries 1j-1k). Phenylethanes containing either elec-
tron-neutral or electron-donating groups produced moderate
yields of 44-56% (Chart 3, entries 11-10).

Dalton Trans., 2025, 54, 2599-2608 | 2603
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Chart 3 Substrates scope of benzylic C—H oxidation. Reaction conditions: substrate (0.5 mmol), Ru catalyst 1 (0.5 mol%), TBHP (4 equiv.), CH,Cl,

(2 mL), rt, 2 h, all are isolated yields.  n.r. = no reaction.

Proposed mechanism for the benzylic C-H oxidation reaction

To elucidate the reaction mechanism, few controlled experi-
ments were conducted. A radical quenching experiment was
performed using 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)
to gain insights into the oxidation process (Scheme 3a). The
addition of 4 equiv. of TEMPO to the reaction mixture resulted
in a significant reduction in the reaction rate. This observation
suggests the involvement of a free radical pathway in the oxi-
dation. It is hypothesized that, in the presence of ruthenium
catalyst and TBHP, a carbon-centered radical is generated from
the hydrocarbon substrate. This radical reacts with TEMPO to
form a benzyl alcohol-TEMPO adduct, which was detected by

low-resolution electrospray ionization mass spectrometry

a) Radical trapping experiment

standand conditions

A

(ESI-MS) (Fig. S49%). These findings support the proposed
radical-based mechanism. Additionally, when diphenylmetha-
nol was used, the corresponding ketone was formed in very low
yield (Scheme 3b), indicating the fact that the benzylic alcohol
does not act as an intermediate. However, when ethylbenzene
was used as the substrate, the corresponding oxygenated
product was detected after 75 minutes, suggesting its role as an
intermediate in the reaction (Scheme 3c and Fig. S50%).
Further, UV-Vis absorption spectra were taken to gain more
insight into the nature of the intermediate(s), and to under-
stand the probable pathway involved in this oxidative trans-
formation. UV-Vis spectrum recorded for 1 at room tempera-
ture showed two absorption bands at 320 and 383 nm, which
were shifted to 324 and 420 nm, upon addition of TBHP

£

b) Oxidation of diphenylmethanol
OH

TEMPO (4 equiv.)

standand conditions

OO

T g

c) Detection of oxygenated intermediate

standand conditions

- e

Scheme 3 (a—c) Controlled experiments.

2604 | Dalton Trans., 2025, 54, 2599-2608

??
O

19,23 %

B
QO'BU | pMs [M+H]

Calc:195.13852
Found:195.0933

qQ

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4dt03213f

Published on 27 December 2024. Downloaded on 10/12/2025 1:20:51 PM.

Dalton Transactions

(Fig. S52%1). The quenched characteristic MLCT band at
383 nm indicated the possible formation of a high-valent Ru-
oxo species in the presence of TBHP. Similar spectral changes
have been reported in the literature upon the addition of oxi-
dants to Ru complexes, thus supporting the proposed for-
mation of such intermediates in the reaction mechanism.?*”°
Based on the reported literature®®” and experimental obser-
vations, a plausible mechanism for the Ru-catalyzed benzylic C-
H oxidation is proposed (Scheme S1i). Initially, TBHP reacts
with complex 1 to form an intermediate A, which undergoes
cleavage to generate a ‘BuO’ radical and Ru™-OH species B,
which was detected by LRMS (Fig. S51%). The species B sub-
sequently reacts with an additional equivalent of TBHP to form
the Ru™-O0'Bu intermediate C along with water. Intermediate C
then decomposes to release a ‘BuOO" radical and regenerate A.
The ‘BuO’ radical abstracts a hydrogen atom from the hydro-
carbon substrate, forming a carbon-centered radical, which
reacts with the ‘BuOO" radical to produce an oxygenated inter-
mediate. This intermediate undergoes further transformation to
yield the corresponding ketone with the elimination of ‘BuOH.

Conclusions

In summary, new 1,2,3-triazole based phosphole and aza-
phosphole and their Ru(u), Pd(u) and Au(i) complexes were pre-
pared and characterized using spectroscopic methods and
single-crystal X-ray analysis. Ru(u) complex showed very good
catalytic activity towards the oxidation of benzylic methylene
with TBHP at room temperature. The phenylethane derivatives
either with electron-neutral or electron-donating groups were
oxidized to ketones with moderate to good conversions.
Mechanistic studies by spectroscopic measurements including
UV-Vis, ESI-MS, support the Ru(m) complex as an active inter-
mediate involved in the oxidation reaction.

Experimental section
General procedures

All air-sensitive compounds were handled and stored in the
MBRAUN Glovebox. All experimental manipulations were per-
formed under dry nitrogen or argon using standard Schlenk
techniques. All the solvents were purified by conventional pro-
cedures and distilled prior to use. [Pd(COD)Cl,],*° [Pd(n?-C3H;)
Cl],*" and [AuCI(SMe,)]** were prepared according to the pub-
lished procedures. Other reagents were obtained from com-
mercial sources and used after purification.

Instrumentation

The 'H and *'P{'"H} NMR (5 in ppm) spectra were obtained on
a BRUKER spectrometer operating at 400 and 500 MHz. The
spectrum was recorded in CDCl; solutions with an internal
lock; TMS and 85% H;PO, were used as internal and external
standards for "H and *'P{'"H} NMR, respectively. Microanalyses
were carried out on a Carlo Erba (model 1106) elemental analy-
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zer. Melting points of all compounds were determined on a
Veego melting point apparatus and are uncorrected.

Synthesis of [C¢H5{1,2,3-N;CCcH,C(PPh)}] (L1) and
[C6H4{1,2,3-N;C(Ph)C(PPh)}] (L2)

To a schlenk flask charged with 4-(2-bromophenyl)-1-phenyl-
1H-1,2,3-triazole (0.50 g, 1.66 mmol) or 1-(2-bromophenyl)-4-
phenyl-1H-1,2,3-triazole (0.50 g, 1.66 mmol) in Et,O (30 mL)
maintained at —78 °C, was added dropwise a solution of "BuLi
(1.50 mL, 3.49 mmol, 1.6 M solution in hexane), room temp-
erature and stirred for 6 h. Again, the solution was cooled to
—78 °C and PhPClI, (0.297 g, 1.66 mmol) was added dropwise
through a cannula. After the completion of the addition, the
solution was slowly warmed to room temperature and stirred
for 12 h. The LiCl salt was filtered off, the solvent was removed
under reduced pressure and the residue obtained was purified
by column chromatography on silica gel with ethyl acetate and
petroleum ether as eluent to obtain L1 and L2, respectively, as
white crystalline solid. X-ray quality crystals of L1 and L2 were
obtained by crystallizing in a 1:1 mixture of dichloromethane
and petroleum ether at room temperature for 24 h. Yield:
(0.30 g, 55% yield in case of L1; 0.250 g, 45% yield in case of
L2). NMR data for compound L1: *'P{'H} NMR (162 MHz,
CDCl;): 6§ —39.5 (s). "H NMR (400 MHz, CDCl,): & 8.17 (d, J =
8.0 Hz, 1H), 7.88-7.84 (m, 2H), 7.66 (dd, J = 7.4, 4.8 Hz, 1H),
7.62-7.58 (m, 1H), 7.42-7.37 (m, 5H), 7.35-7.29 (m, 4H). *C
{'H} NMR (101 MHz, CDCl,): § 148.6, 138.0, 135.2 (d, J = 12.0
Hz), 133.5, 133.3, 131.8, 131.6, 131.0, 130.6, 129.5, 129.4,
129.0, 128.5, 128.1 (d, J = 7.2 Hz), 126.3 (d, J = 3.2 Hz). FT-IR
(KBr disk, cm™): 3062 s, 1603 w, 1459 w, 1206 s, 1557 W, 994 s,
769 m, 692 w. HRMS calc. for C,oH4N;P; [M + H]" 328.0998,
found 328.0997. Anal. caled for C,oH,,N;P: C, 73.39; H, 4.31;
N, 12.84. found: C, 73.48; H, 4.28; N, 12.80. NMR data for com-
pound L2: *'P{"H} NMR (162 MHz, CDCl;): § —32.9 (s). 'H
NMR (400 MHz, CDCl;): § 8.13 (dd, J = 7.6, 1.0 Hz, 1H),
7.73-7.69 (m, 2H), 7.59-7.51 (m, 2H), 7.46-7.42 (m, 2H),
7.40-7.35 (m, 4H), 7.33-7.27 (m, 3H). C{'"H} NMR (101 MHz,
CDCl,): 6 145.5, 137.6, 134.1, 133.8, 131.2, 131.1, 130.9, 129.8,
129.6, 129.4, 129.3, 128.7, 127.9 (d, J = 8.9 Hz), 121.9, 120.5 (d,
J = 3.8 Hz). FT-IR (KBr disk, cm™"): 3022 s, 1503 w, 1420 w,
1200 s, 1457 w, 984 s, 779 m, 622 w. HRMS calc. for
Co0H14N3P; [M + H]" 328.0998, found 328.0991. Anal. caled for
CooH14N3P: C, 73.39; H, 4.31; N, 12.84. Found: C, 73.46; H,
4.27; N, 12.82.

Synthesis of [C¢H5{1,2,3-N;CCsH,C(P(O)Ph)}] (L1o)

H,0, (0.025 mL, 0.150 mmol, 30% H,0,) was added to a solu-
tion of L1 (0.045 g, 0.137 mmol) in THF (30 mL). The reaction
mixture was stirred at room temperature for 12 h. After remov-
ing the solvents under reduced pressure, the white sticky oil
obtained was washed with petroleum ether (3 x 10 mL) to give
analytically pure compound L1, as a white solid. Yield:
(0.023 g, 56%). Mp 220-222 °C. *'P{'"H} NMR (162 MHz,
CDCl;): 6 11.5 (s). "H NMR (400 MHz, CDCl;): § 8.17-8.12 (m,
1H), 8.04-7.97 (m, 2H), 7.85-7.79 (m, 2H), 7.76-7.70 (m, 2H),
7.59-7.52 (m, 2H), 7.48-7.40 (m, 5H). FT-IR (KBr disk, cm™):
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2964 s, 2930 s, 2023 w, 1415 s, 1262 s, 1203 s, 1119 s, 1037 s,
763 s, 553 5. HRMS calc. for C,oH;4,NgP,0, [M + H]" 344.0947,
found 344.0941. Anal. calcd for C,,H4N3PO: C, 69.97; H, 4.11;
N, 12.24. Found: C, 69.90; H, 4.19; N, 12.10.

Synthesis of [C¢H,{1,2,3-N;C(Ph)C(P(O)Ph)}] (L2o)

A procedure similar to that of L1, was used by taking H,O,
(0.02 mL, 0.150 mmol, 30% H,0,) and L2 (0.045 g,
0.137 mmol) to obtain an analytically pure product of L2, as
white solid. Yield: (0.025 g, 61%). Mp: 225-227 °C(dec.). *'P
{"H} NMR (162 MHz, CDCl;): 6 14.1 (s).

"H NMR (400 MHz, CDCl;) § 8.01-7.96 (m, 2H), 7.96-7.94
(m, 1H), 7.73-7.65 (m, 4H), 7.55-7.49 (m, 3H), 7.47-7.39 (m,
4H). FT-IR (KBr disk, cm™): 2854 s, 2820 s, 2022 w, 1386 s,
1152 s, 1103 s, 1159 s, 1127 s, 757 s, 525 s. HRMS calc. for
C0H14NGP,0, [M + H]" 344.0947, found 344.0941. Anal. caled
for C,oH,,N;PO: C, 69.97; H, 4.11; N, 12.24. Found: C, 69.76;
H, 4.23; N, 12.31.

Synthesis of [RuCl,(n°-p-cymene){C¢Hs(1,2,3-N;CC¢H,C(PPh))-
x'-P}] (1)

A solution of [Ru(-p-cymene)Cl,], (0.028 g, 0.0458 mmol) in di-
chloromethane (3 mL) was added dropwise to a solution of L1
(0.030 g, 0.091 mmol) also in dichloromethane (4 mL) and
stirred for 4 h at room temperature. The solvent was removed
under reduced pressure and the residue obtained was washed
with petroleum ether (2 x 10 mL) and dried under vacuum to
give compound 1 as a red solid. The crystals of 1 suitable for
single-crystal X-ray diffraction study were obtained by crystalliz-
ing in a 1:1 mixture of chloroform and petroleum ether at
room temperature over 30 h. Yield: 80% (0.029 g). Mp:
215-217 °C, *'P{'"H} NMR (162 MHz, CDClL): § —0.1 (s). 'H
NMR (400 MHz, CDCly): § 8.29 (t, J = 8.2 Hz, 1H), 8.11 (d, J =
7.6 Hz, 1H), 8.01 (d, J = 8.0 Hz, 2H), 7.91-7.83 (m, 2H), 7.59 (t,
J = 7.5 Hz, 1H), 7.53-7.48 (m, 2H), 7.43-7.34 (m, 3H), 7.24 (dd,
J =75, 3.1 Hz, 2H), 5.11 (d,J = 6.1 Hz, 1H), 5.04 (d, J = 6.2 Hz,
1H), 4.89 (d, J = 6.0 Hz, 1H), 4.63 (d, ] = 5.9 Hz, 1H), 2.26 (q, ] =
7.1 Hz, 1H), 1.51 (s, 3H), 0.91 (d, J = 6.9 Hz, 3H), 0.83 (d,J = 6.9
Hz, 3H). FT-IR (KBr disk, cm™): 3241 w, 2967 s, 1731 s, 1626
w, 1566 s, 1414 s, 1262 s, 1092 s, 1023 w, 847 w, 77 w, 547 s.
HRMS calc. for C30H,sCIN;PRu [M — ClI]" 598.0747, found
598.0755. Anal. caled for C3oH,gN3PRuCl,: C, 56.88; H, 4.45; N,
6.63. Found: C, 56.75; H, 4.46; N, 6.60.

Synthesis of [RuCl,(n°-p-cymene){C¢H,4(1,2,3-N;C(Ph)C(PPh))-
x'-P}] (2)

A procedure similar to that of 1 was used by taking solution of
[Ru(-p-cymene)Cl,], (0.028 g, 0.0458 mmol) in dichloro-
methane (3 mL) was added dropwise to a solution of L2
(0.033 g, 0.057 mmol) in dichloromethane (4 mL) and stirring
for 4 h at room temperature. The solvent was removed under
reduced pressure and the residue obtained was washed with
petroleum ether (3 x 5 mL) and dried under vacuum to give
compound 2 as a red solid. X-ray quality crystals of 2 were
obtained by crystallizing in a 1:1 mixture of dichloromethane
and petroleum ether at room temperature for 10 h. Yield: 72%
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(0.026 g) Mp: 170-175 °C, *'"P{'"H} NMR (162 MHz, CDCl;): §
—3.9 (s). 'H NMR (400 MHz, CDCl,): § 8.55 (t, J = 7.6 Hz, 1H),
8.19-8.16 (m, 2H), 7.84 (dd, J = 12.1, 7.8 Hz, 2H), 7.69 (t, /= 7.7
Hz, 1H), 7.57-7.41 (m, 4H), 7.38 (dd, J = 8.4, 6.3 Hz, 1H), 5.27
(d,J = 6.2 Hz, 1H), 5.16 (d, J = 6.2 Hz, 1H), 4.99-4.88 (m, 1H),
4.69 (d, J = 5.8 Hz, 1H), 2.39-2.31 (m, 1H), 1.37-1.18 (m, 3H),
0.97 (d, J = 7.0 Hz, 3H), 0.85 (d, J = 6.8 Hz, 3H). *C NMR
(101 MHz, CDCl;): § 134.0, 133.9, 133.3, 133.2, 132.4, 131.5,
129.7, 129.4, 129.0, 128.9, 128.7, 128.6, 128.4, 127.8, 113.9,
109.4, 101.3, 90.2, 90.1, 89.8, 86.3, 85.0, 30.2, 22.0, 21.3, 17.7.
FT-IR (KBr disk, cm™): 3059 w, 2967 s, 1644 s, 1558 m, 1416 s,
1103 w, 1023 s, 847 s, 774 s, 694 w, 547 m. HRMS calc. for
C30H,5CL1N3P Ry, [M — Cl]" 598.0747, found 598.0755. Anal.
caled for C3oH,gN3PRuCl,: C, 56.88; H, 4.45; N, 6.63 found: C,
56.62; H, 4.65; N, 6.41.

Synthesis of trans-[PdCl,(L1-x'-P),] (3)

To a stirred solution of [Pd(COD)Cl,] (0.013 g, 0.045 mmol) in
dichloromethane (4 mL) was added dropwise a solution of L1
(0.03 g, 0.091 mmol) also in dichloromethane (4 mL) and the
reaction mixture was stirred for 4 h at room temperature. The
solvent was removed under reduced pressure and the residue
obtained was washed with petroleum ether (2 x 8 mL) and
dried under vacuum to give compound 3 as a yellow solid. The
crystals of 3 suitable for X-ray analysis were obtained by crystal-
lizing in a 1:1 mixture of dichloromethane and petroleum
ether stored at room temperature for 20 h. Yield: 79%
(0.060 g). Mp: 180-183 °C. *'P{'"H} NMR (162 MHz, CDCl;): §
—0.3 (s, SS/RR, 21%), —1.6 (s, SR\RS, 79%). "H NMR (400 MHz,
CDCl;): 6 9.94 (d, J = 5.9 Hz, 2H), 8.62 (d, J = 7.9 Hz, 2H), 8.06
(d, J = 9.6 Hz, 2H), 7.50 (dd, J = 15.1, 7.5 Hz, 14H), 7.07 (d, J =
7.3 Hz, 4H), 6.82 (d, J = 8.3 Hz, 4H). HRMS calc. for
C4oH45C1,NgP,Pd [M + H]' 851.1900, found 853.1881.

Synthesis of trans-[PdCl,(L2-x'-P),] (4)

A procedure similar to 3 was used by taking a stirred solution
of [Pd(COD)Cl,] (0.013 g, 0.045 mmol) in dichloromethane
(4 mL) was added dropwise a solution of L2 (0.030 g,
0.091 mmol) in the same solvent dichloromethane (4 mL) and
stirring for 4 h at room temperature. The solvent was removed
under reduced pressure and the residue obtained was washed
with petroleum ether (2 x 10 mL) and dried under vacuum to
give compound 4 as a yellow solid. Yield: 65% (0.030 g). Mp:
190-193 °C. *'P{'"H} NMR (162 MHz, CDCl;): § —1.3 (s, RS/RS,
60%), —2.6 (s, SS/RR, 40%). 'H NMR (500 MHz, CDCl;) &
7.99-7.90 (m, 1H), 7.65 (t, J = 6.5 Hz, 1H), 7.38-7.11 (m, 11H),
6.95 (t, ] = 7.6 Hz, 1H). "H NMR (500 MHz, CDCl;) & 8.16-8.19
(m, 1H), 7.80-7.74 (m, 2H), 7.53 (h, J = 7.7 Hz, 9H), 7.07 (t,] =
7.3 Hz, 2H). FT-IR (KBr disk, cm™"): 3359 w, 1636 s, 1568 s,
1415 s, 1098 s, 548 w. HRMS calc. for C,3H;oN;PPd [M — CIJ"
474.0346, found 474.0354.

Synthesis of [Pd(n*-C;H;)Cl(L1-x"-P)] (5)

To a stirred solution of [Pd(n*-C3H;)Cl], (0.016 g, 0.045 mmol)
in dichloromethane (4 mL) was added dropwise a solution of
L1 (0.03 g, 0.091 mmol) also in dichloromethane (4 mL) and
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the reaction mixture was stirred for 4 h at room temperature.
The solvent was removed under reduced pressure and the
residue obtained was washed with petroleum ether (3 x 6 mL)
and dried under vacuum to give compound 5 as a red solid.
Single-crystal suitable for X-ray diffraction was grown from a
(1:1) mixture of CH,Cl, and petroleum ether. Yield 72%
(0.033 g) Mp: 210-214 °C. *'"P{'"H} NMR (162 MHz, CDCL;): §
—3.0 (s). "H NMR (400 MHz, CDCl;): 6 8.17-8.06 (m, 2H), 7.81
(s, 2H), 7.62-7.56 (m, 3H), 7.46-7.32 (m, 7H), 5.31 (s, 1H), 4.78
(s, 1H), 3.70 (s, 1H), 3.00 (s, 1H), 2.41-2.22 (m, 1H). HRMS
cale. for Cy3H oN3P,Pd; [M — CI]" 474.0346, found 474.0354.
Anal. caled for C,3H;oN;PPdCl: C, 54.14; H, 3.75; N, 8.24.
Found: C, 54.02; H, 3.62; N, 8.14.

Synthesis of [Pd(n*-C;H;)CI(L2-x"-P)] (6)

A procedure similar to 5 was used by taking a stirred solution
of [Pd(n*-C3H;)Cl], (0.016 g, 0.045 mmol) in dichloromethane
(4 mL) was added dropwise a solution of L2 (0.030 g,
0.091 mmol) in dichloromethane (5 mL) and stirring for 4 h at
room temperature. The solvent was removed under reduced
pressure and the residue obtained was washed with petroleum
ether (2 x 10 mL) and dried under vacuum to give compound 6
as a yellow solid. Yield: 68% (0.031 g). Mp: 225-227 °C. *'P{'H}
NMR (162 MHz, CDCl3): § =7.9 (s, 53%), —8.7 (s, 47%). 'H
NMR (400 MHz, CDCl;) 6 8.16 (s, 2H), 7.52-7.38 (m, 12H), 4.80
(s, 1H), 3.34 (s, 1H), 3.21-2.90 (m, 2H), 2.41 (d, J = 10.2 Hz,
1H). HRMS calc. for C,3H,oN3P,Pd; [M — CI]" 474.0346, found
474.0354.

Synthesis of [AuCI(L1-k"-P)] (7)

A solution of AuCl(SMe,) (0.029 g, 0.097 mmol) in dichloro-
methane (8 mL) was added dropwise to a solution of L1
(0.032 g, 0.097 mmol) in the same solvent (8 mL) and the solu-
tion was stirred at room temperature for 5 h. After the com-
plete removal of solvent under reduced pressure, the residue
obtained was washed with petroleum ether (1 x 8 mL) and
dried under vacuum to give 7 as a colorless solid. The crystals
of 7 suitable for single-crystal X-ray diffraction study were
obtained by crystallizing in 1 : 1 mixture of chloroform and pet-
roleum ether at room temperature over 36 h. Yield: 90%
(0.066 g). Mp: 210-214 °C (dec.). *'"P{'H} NMR (162 MHz,
CDCl;) 6 6.8 (s). '"H NMR (400 MHz, CDCl;) § 8.18-8.14 (m,
1H), 7.73-7.70 (m, 3H), 7.68-7.61 (m, 3H), 7.57-7.37 (m, 7H).
FT-IR (KBr disk, cm™): 3055 s, 1650 s, 1565 w, 1385 s, 1102 s,
1040 s, 764 s, 567 s. HRMS calc. for C,oH;,AulN;P; [M — CI]"
524.0586, found 853.1881. Anal. caled for C,yH;4,Au;Cl;N;P;:
C, 42.92; H, 2.52; N, 7.51. Found: C, 43.25; H, 2.24; N, 7.27.

General procedure for Ru(u) catalysed C-H oxidation

Hydrocarbons (1 equiv.), Ru catalyst (0.5 mol%), and TBHP
(4.0 mmol) were added to 2 mL of CH,Cl, in a 5 mL reaction
tube. The solution was stirred at room temperature for 2 h
under open atmosphere. The residual mixture was diluted
with H,O (10 mL) and extracted twice with ethyl acetate
(10 mL). The combined organic fractions were dried over
Na,SO,, and the solvent was evaporated under reduced
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pressure to give crude product. The crude products were puri-
fied by silica gel column chromatography using petroleum
ether/ethyl acetate as eluent.

Crystal structure determination of compounds L1, L2, 1-4,
and 7

Single crystals of all compounds were mounted on a Cryoloop
with a drop of Paratone oil and positioned in the cold nitrogen
stream on a Rigaku Saturn724+ (2 x 2 bin mode) diffract-
ometer. The data collections were performed at 150 K using a
graphite monochromated Mo-Ka (4 = 0.71073) radiation source
for L1, L2, 1-3, 5 and 7 with the o-scan technique [data for 2,
3, 5 and 7 are not publishable. Several attempts to obtaine
X-ray good quality single crystals have been unsuccessful. As a
result, the data is not deposited with CCDC, but structural
description is given in ESIf]. The data were reduced using
CrysalisPro Red 171.41_64.93a software. The structures were
solved using Olex2*® with the ShelXT** structure solution
program using intrinsic phasing and refined with the ShelXL**
refinement package using least-squares minimization. All non-
hydrogen atoms were refined anisotropically. Hydrogen atoms
were placed in calculated positions and included as riding con-
tributions with isotropic displacement parameters tied to
those of the attached non-hydrogen atoms. In the given chemi-
cal formula and other crystal data, the unknown solvent mole-
cule(s) are not considered. The reflections with error/esd more
than 10 were excluded in order to avoid problems related to
better refinement of the data. The data completeness is more
than 99.8% in most of the cases, which is enough to guarantee
a very good refinement of data. The details of X-ray structural
determinations are given in Tables S1 and S2.}
Crystallographic data for the structures reported in this paper
have been deposited with the Cambridge Crystallographic
Data Centre. CCDC 2403173 (compound L1), 1832215 (com-
pound L2), and 2403174 (compound 2)i contain the sup-
plementary crystallographic data for this paper.
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