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a b s t r a c t 

The metalation/transmetalation strategy using [Zr(NMe 2 ) 4 ] as initial metalating reagent offers an efficient 

approach to the synthesis of CCC–NHC pincer complexes. Many CCC–NHC pincer complexes have been 

prepared via this methodology. As efficient as this methodology is, many questions remained as to the 

mechanism for the process, particularly the requirement of two equivalents of Rh per proligand for good 

yields. Previously, no intermediates have been reported to shed light on the mechanism. In the process 

of investigating an intermediate and the mechanism of the metalation/transmetalation methodology, a 

new mixed valent bimetallic CCC–NHC pincer Rh complex with two chloro ligands bridged between a 

[(CCC–NHC)Rh(III)] and a [Rh(I)(COD)] fragment was isolated and fully characterized. The investigation of 

the Rh(III)/Rh(I) bimetallic intermediate in the CCC–NHC pincer metalation/transmetalation methodology 

led to an improved stoichiometric synthesis of CCC–NHC pincer Rh complexes. It was found that switch- 

ing the proligand from iodide to chloride counterion obviated the need for an extra equivalent of Rh. 

The iodide bridged Rh(III)/Rh(I) intermediate was much more stable and prevented further reaction in 

comparison to the chloride congener. When it was switched to only chloride present the reaction quickly 

gave efficient, complete transmetalation with only a 1:1 ratio of proligand:Rh. 

© 2022 Elsevier B.V. All rights reserved. 
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. Introduction 

After more than a century of research [1–5] , stable, free car- 

enes only became recognized in 1988 when Bertrand’s group re- 

orted the “push-pull” carbenes [ 6 , 7 ]. A few years later, the stable,

rystalline N-heterocyclic carbenes (NHCs), were reported by Ar- 

uengo [8–10] . Particularly important was the discovery that these 

ere strong two electron σ -donors to transition metals [11–15] , 

hich led to widespread application in transition metal complexes 

nd catalysts. Especially noteworthy was the incorporation of a 

HC into a Ru metathesis catalyst, the, so called, Grubbs II cat- 

lyst that inspired widespread industrial application [16–18] . The 

solation of stable carbenes, particularly access to NHCs, initiated 

he development of numerous ligands, complexes, and a wide va- 

iety of catalytic and other applications of these unique molecules 

shering in the present age of stable carbenes [ 2 , 11 , 19-22 ]. 
∗ Corresponding author. 

E-mail address: khollis@chemistry.msstate.edu (T. Keith Hollis) . 
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The incorporation of NHCs into pincer ligand frameworks has 

eceived considerable attention recently [22–31] . The strong σ - 

onating ability, stability, general ease of synthesis, combined with 

he ability to fine tune the steric and electronic properties made 

HC pincer ligands highly attractive for the preparation of tran- 

ition metal complexes [ 24 , 29 , 32-36 ]. Many different pincer com- 

lexes containing NHCs have been reported and have been demon- 

trated to be efficient catalysts for C–H activation [37] , CO 2 reduc- 

ion [ 38 , 39 ], hydroamination [40] , hydrosilylation [41] , hydrobora- 

ion [42] , to name a few [ 19 , 26 , 29 , 43-47 ]. 

An efficient preparation of CCC–NHC pincer proligands was 

rst reported in 2003 [48] . An efficient metalation/transmetalation 

trategy to tris-activate the bisimidazolium salt proligand for 

he preparation of the CCC–NHC pincer complexes was reported 

n 2005 [49] . This strategy exploited the unique properties of 

Zr(NMe 2 ) 4 ]. Namely, the basicity of the amido group and the 

ewis acidity (i.e., electrophilicity) of the electron deficient Zr cen- 

er. These combined with the reversibility of the metalation under 

he reaction conditions provided efficient and quantitative access 

o the CCC–NHC pincer Zr complexes [40] . Having achieved concur- 

https://doi.org/10.1016/j.jorganchem.2022.122499
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jorganchem
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jorganchem.2022.122499&domain=pdf
mailto:khollis@chemistry.msstate.edu
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Scheme 1. Previously reported in situ metalation/transmetalation sequence show- 

ing equilibrium between Rh amine complex 3 and dimer 4 . The Zr complex 2 was 

formed in situ [49] . 
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ent activation of the three desired C–H bonds, the CCC–NHC pin- 

er Zr complex was found to transmetalate providing access to late 

ransition metal complexes of Rh and Ir [ 49 , 50 ]. Achieving trans-

etalation of the CCC–NHC pincer Zr complex ( 2 → 3 , Scheme 1 )

an contrary to the prevailing dogma at the time that both NHCs 

nd the tridentate pincers were non-dissociating ligands [ 11 , 51- 

3 ]. 

The metalation/transmetalation methodology to prepare CCC–

HC pincer complexes of the late transition metals has become 

ell-established for many metals including Pt [54] , Co [ 55 , 56 ],

r[50], Rh [49] , and Ni [57] . Initial contributions focused on syn- 

heses of the pincer complexes of Rh or Ir, and highlighted their 

atalytic activity in hydroamination [50] , hydroboration [58] , and 

ydrosilylation [41] . However, the mechanism of the transmetala- 

ion has not been addressed. For example, the optimized in situ 

ransmetalation step required two atom equivalents of Rh per pro- 

igand, 1 (Rh:proligand::2:1) as illustrated in Scheme 1 for the con- 

ersion of 1 to 3 via 2 . With loss of HNMe 2 during crystallization

imer 4 was obtained as x-ray quality crystals [49] . Specifically, 

hen only a 1:1 ratio of Rh:proligand 1 , was used during the in 

itu metalation/transmetalation, only about 50% conversion of the 

CC–NHC pincer Zr complex 2 to Rh pincer 3 was observed by 13 C 

MR spectroscopy [49] . Therefore, a ratio of one proligand to one 

Rh(COD)Cl] 2 dimer was reported for quantitative in situ transmet- 

lation and to achieve improved yields of the CCC–NHC pincer Rh 

omplex ( Scheme 1 ) [ 49 , 58 ]. 

The nature of the transmetalation step and its mechanism were 

ot clarified [49] , and no intermediates were identified in typi- 

al synthetic procedures. If an intermediate generated during the 

ransmetalation step could be isolated, it would provide crucial in- 

ight to understand the reaction mechanism and to guide improve- 

ents. Additionally, it would perhaps more significantly provide 

nderstanding into NHC ligand dissociation from transition metals 

59–61] . 

We report herein the investigation of a Rh(III)/Rh(I) bimetal- 

ic intermediate in the CCC–NHC pincer Zr(NMe 2 ) 4 -based metala- 

ion/transmetalation methodology. It led to an improved transmet- 

lation to Rh that required only the minimum one atom equivalent. 

he results indicated that switching the proligand salt 1 from io- 

ide to the chloride as counterion obviated the need for an extra 
2 
quivalent of Rh. Thus, the atom efficiency and yield of the meta- 

ation/transmetalation methodology were significantly improved. 

. Experimental 

.1. General considerations 

All syntheses were carried out under an inert atmosphere of N 2 . 

eagents were purchased from standard sources. The Zr(NMe 2 ) 4 
as sublimed before use. All solvents were dried and degassed us- 

ng an anhydrous, anaerobic solvent purification system. All reac- 

ions involving organometallic reagents were carried out in a nitro- 

en filled glovebox. All workups were done on the benchtop. NMR 

olvents were passed through basic alumina with 4 Å molecular 

ieves plug. Bisimidazolium dichloride salt 6 and pincer Zr com- 

lex 9 were synthesized following literature procedures [ 40 , 62 ]. 

.2. Synthesis 

.2.1. Synthesis of 2-(1,3-bis(N-butylimidazol-2-ylidene)phenylene)- 

1,5-cylooctadiene)(chloro)bis( μ–chloro) Rh(III)-Rh(I), 7 : in-situ 

etalation/transmetalation 

A sample of 1,3-bis(1-butylimidazole)benzene dichloride, 6 

0.100 g, 0.253 mmol), Zr(NMe 2 ) 4 (0.101 g, 0.379 mmol), and 

ry THF (10 mL) were stirred for 1 h at room temperature af- 

ording a yellow solution. A sample of [Rh(COD)Cl] 2 (0.125 g, 

.253 mmol) was added producing an orange solution. Stirring 

as continued for 15 min. The volatiles were removed under 

educed pressure. The resulting solid was washed with pentane 

3 × 10 mL). Dichloromethane (15 mL) was added to the solid, 

nd the resulting mixture was filtered through Celite® and con- 

entrated to dryness. The crude product was triturated with ace- 

one (5 mL) and the light-yellow solid was collected by filtra- 

ion. It was washed with acetone (3 × 5 mL) and dried under 

acuum. The product was recrystallized from a saturated solu- 

ion of DCM by addition of hexane (0.079 g, 58%, 0.106 mmol). 
 H NMR (500 MHz, CDCl 3 ) δ 7.57 (d, J = 1.8 Hz, 2H), 7.13 (d,

 = 1.8 Hz, 2H), 7.10 (t, J = 8.1 Hz, 1H), 7.00 (d, J = 7.7 Hz,

H), 5.14 – 4.98 (m, 4H), 4.31 (s, 2H), 3.75 (s, 2H), 2.53 – 2.27 

m, 8H), 1.85 – 1.58 (m, 8H), 1.15 (t, J = 7.4 Hz, 6H). 13 C NMR

151 MHz, CDCl 3 ) δ 179.52 (d, J = 36.8 Hz, C carbene-Rh ), 147.91 (d,

 = 28.0 Hz, C aromatic-Rh ), 146.17 (s), 124.11 (s), 120.98 (s), 115.73 

s), 108.57 (s), 79.23 (d, J = 13.9 Hz, C COD-Rh ), 77.96 (d, J = 13.5 Hz,

 COD-Rh ), 50.28 (s), 34.44 (s), 30.86 (s), 30.72 (s), 20.42 (s), 14.12 

s). Anal Calcd for C 28 H 37 Cl 3 N 4 Rh 2 •0.3CH 2 Cl 2 : C, 44.30; H, 4.94;

, 7.30. found C, 44.67; H, 4.99; N, 7.53. HRMS (ESI-TOF) Calcd for 

 28 H 37 Cl 2 N 4 Rh 2 [M-Cl] + = 705.0500, obs m/z = 705.0516; Calcd 

or [M-Cl + CH 3 CN] + = 746.0765, obs m/z = 746.0805; Calcd for [M- 

Cl-Rh(COD)] + = 459.0817, obs m/z = 459.0795 

.2.2. Synthesis of 2-(1,3-bis(N-butylimidazol-2-ylidene)phenylene)- 

1,5-cylooctadiene)(chloro)bis( μ–chloro) Rh(III)-Rh(I), 7 : direct 

ransmetalation from isolated Zr complex 9 

A sample of 2-(1,3-bis(N-butylimidazol-2-ylidene)- 

henylene)(dimethylamido)bis(chloro)zirconium (IV), 9 (0.100 g, 

.190 mmol) was stirred in THF (15 mL) at room temperature 

or 15 mins affording a pale-yellow suspension. A sample of 

Rh(COD)Cl] 2 (0.093 g, 0.190 mmol) was added, instantly yielding 

 red solution. The solution was stirred for 15 min. The volatiles 

ere removed under reduced pressure. The resulting solid was 

ashed with pentane (3 × 10 mL). Dichloromethane (15 mL) 

as added to the solid and the resulting suspension was filtered 

hrough Celite® and concentrated to dryness. The crude product 

as triturated with acetone (5 mL) and the pale-yellow solid was 

ollected by filtration. It was washed with acetone (3 × 5 mL) and 

ried under vacuum. Yield (0.089 g, 63%, 0.120 mmol). Crystals 
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uitable for x-ray analysis were grown by vapor diffusion of 

exane into a DCM solution of the pale-yellow solid. 1 H NMR 

300 MHz, CDCl 3 ) δ 7.57 (d, J = 2.0 Hz, 2H), 7.13 (d, J = 2.0 Hz,

H), 7.12 – 7.07 (m, 1H), 7.00 (d, J = 7.3 Hz, 2H), 5.14 – 4.97 (m,

H), 4.31 (d, J = 3.1 Hz, 2H), 3.75 (d, J = 3.0 Hz, 2H), 2.50 – 2.29

m, 8H), 1.86 – 1.60 (m, 8H), 1.15 (t, J = 7.4 Hz, 6H). 13 C NMR

151 MHz, CDCl 3 ) δ 179.52 (d, J = 36.8 Hz, C carbene-Rh ), 147.91 (d,

 = 28.0 Hz, C aromatic-Rh ), 146.17 (s), 124.11 (s), 120.98 (s), 115.73 

s), 108.57 (s), 79.23 (d, J = 13.9 Hz, C COD-Rh ), 77.96 (d, J = 13.5 Hz,

 COD-Rh ), 50.28 (s), 34.44 (s), 30.86 (s), 30.72 (s), 20.42 (s), 14.12 

s). HRMS (ESI-TOF) Calcd for C 28 H 37 Cl 2 N 4 Rh 2 [M-Cl] + = 705.0500, 

bs m/z = 705.0505; Calcd for [M-Cl + CH 3 CN] + = 746.0765, obs 

/z = 746.0789; Calcd for [M-2Cl-Rh(COD)] + = 459.0817, obs 

/z = 459.0806 

.2.3. Synthesis of 2-((1,3-bis(N-butylimidazol-2-ylidene)phenylene)- 

dimethylamido)bis(chloro)rhodium(III), 8 

i) From in situ metalation/transmetalation, ligand:Rh ratio of 1:1 : 

A sample of 1,3-bis(1-butylimidazole)benzene dichloride 6 

(0.120 g, 0.303 mmol), Zr(NMe 2 ) 4 (0.122 g, 0.455 mmol), 

and THF (15 mL) were combined in a vial. The reaction was 

stirred at room temperature for 1 hour affording a yellow 

solution. A sample of [Rh(COD)Cl] 2 (0.076 g, 0.152 mmol) 

was added to the reaction and stirring was continued for 

8 h. Deionized water (5 drops) was added to the reaction 

and stirred for 10 min or until a white precipitate formed. 

The resulting mixture was filtered, and the solvent was re- 

moved in vacuo. The crude product was dissolved in a min- 

imum of dichloromethane (1 mL), and hexane (15 mL) was 

added yielding a precipitate. The yellow solid was collected 

by filtration, giving 8 in 87% yield (0.142 g, 0.263 mmol). 
1 H NMR (500 MHz, CDCl 3 ) δ 7.56 (d, J = 1.9 Hz, 2H), 7.18

(dd, J = 8.3, 7.3 Hz, 1H), 7.08 (d, J = 7.8 Hz, 2H), 7.05 (d,

J = 1.9 Hz, 2H), 5.08 – 5.00 (m, 2H), 4.87 – 4.79 (m, 2H), 

3.72 (s, 1H), 1.99 (dtd, J = 20.9, 14.1, 6.0 Hz, 4H), 1.68 (d, 

J = 5.5 Hz, 6H), 1.54 (dq, J = 15.0, 7.4 Hz, 4H), 1.01 (t,

J = 7.4 Hz, 6H). 13 C NMR (151 MHz, CDCl 3 ) δ 180.84 (d, 

J = 39.1 Hz), 155.51 (d, J = 29.5 Hz), 145.96 (s), 123.85 (s), 

120.86 (s), 115.60 (s), 108.61 (s), 49.84 (s), 45.52 (s), 33.66 

(s), 20.04 (s), 13.96 (s). 

ii) From in situ metalation/transmetalation, ligand:Rh ratio of 1:2 . 

A sample of 1,3-bis(1-butylimidazole)benzene dichloride 6 

(0.030 g, 0.076 mmol), Zr(NMe 2 ) 4 (0.030 g, 0.114 mmol), 

and THF (10 mL) were combined in a vial. The reaction was 

stirred at room temperature for an hour affording a yellow 

solution. A sample of [Rh(COD)Cl] 2 (0.037 g, 0.076 mmol) 

was added and stirring was continued for 8 h. Deionized 

water (5 drops) was added to the reaction, and it stirred 

open to air for approximately 10 min providing a precipitate 

and a yellow supernatant. The mixture was filtered and con- 

centrated to dryness. The crude product was dissolved in a 

minimum dichloromethane (1 mL) and hexane (15 mL) was 

added yielding a precipitate. The precipitate was collected 

by filtration and recrystallized from dichloromethane/hexane 

(3:1) giving 8 (bright yellow crystals) in 51% yield (0.021 mg, 

0.039 mmol). The 1 H NMR spectroscopy in CDCl 3 was con- 

sistent with 8 . 

iii) Direct transmetalation from 11 . A sample of 2-(1,3-bis(N- 

butylimidazol-2-ylidene)-phenylene)bis(dimethylamido) 

(chloro) zirconium (IV) 11 (0.013 g, 0.024 mmol) was 

dissolved in THF (2.0 mL) affording a yellow solution. A 

sample of [Rh(COD)Cl] 2 (0.006 g, 0.012 mmol) was added, 

and the reaction was stirred at room temperature for 8 h. 

Deionized water (5 drops) was added, and the suspension 

was stirred for 10 min. The resulting suspension was fil- 

tered, and the solvent was removed in vacuo. A minimum 
3 
of dichloromethane (1.0 mL) was added, and petroleum 

ether (10 mL) was added to precipitate the product that 

was collected by filtration affording 8 in 85% yield (0.011 g, 

0.020 mmol). It was analyzed by 1 H NMR spectroscopy 

in CDCl 3 , which indicated the formation of 8 as the main 

product. 

.2.4. Synthesis of bis(2-(1,3-bis(N-butylimidazol-2-ylidene) 

henylene))bis( μ–chloro) dirhodium(III), 10 

i) Synthesis using Zr:Rh ratio of 1:1 . A sample of 

2-(1,3-bis(N-butylimidazol-2-ylidene)-phenylene) 

(dimethylamido)bis(chloro) zirconium (IV) 9 (0.030 g, 

0.057 mmol) was stirred with THF (2 mL) at room tem- 

perature for 15 mins affording a pale-yellow suspension. A 

sample of [Rh(COD)Cl] 2 (0.014 g, 0.028 mmol) was added 

yielding a red solution and stirring was continued for 18 h. 

Deionized water (5 drops) was added, and the suspension 

was stirred for 10 min. The resulting suspension was fil- 

tered, and the solvent was removed in vacuo yielding a 

yellow solid. A minimum of dichloromethane (1 mL) was 

added to this solid, and hexane was added to precipitate a 

pale-yellow solid that was collected by filtration. The crude 

product was triturated with acetone affording 10 as a pale- 

yellow microcrystalline solid (67%, 0.038 g, 0.038 mmol). 

The soluble portion was concentrated to dryness, and the 

residue was analyzed by 1 H NMR spectroscopy in chlo- 

roform, and it was consistent with complex 8 (33% yield, 

0.010 g, 0.019 mmol). 

ii) Synthesis using Zr:Rh ratio of 1:2 . A sample of 

2-(1,3-bis(N-butylimidazol-2-ylidene)-phenylene) 

(dimethylamido)bis(chloro) zirconium (IV) 9 (0.100 g, 

0.190 mmol) and THF (15 mL) were stirred at room tem- 

perature for 15 mins affording a pale-yellow suspension. A 

sample of [Rh(COD)Cl] 2 (0.094 g, 0.190 mmol) was added 

yielding a red solution, and stirring was continued for 8 h. 

The volatiles were removed under reduced pressure. The 

resulting solid was washed with pentane (3 × 10 mL). 

Dichloromethane (15 mL) was added to the solid, and the 

resulting mixture was filtered. The filtrate was concentrated 

to dryness and recrystallized at room temperature from 

a saturated solution of DCM/Hexane (3:1 v/v), giving 10 

as pale-yellow solid (63%, 119 mg, 0.120 mmol). Crystals 

suitable for x-ray analysis were grown by vapor diffusion of 

hexane into a saturated DCM solution. 1 H NMR (500 MHz, 

CD 2 Cl 2 ) δ 7.72 (d, J = 1.9 Hz, 4H), 7.25 (dd, J = 8.4, 7.0 Hz,

2H), 7.16 (d, J = 7.9 Hz, 4H), 7.15 (d, J = 1.9 Hz, 4H), 4.84

(ddd, J = 13.3, 9.7, 5.6 Hz, 4H), 3.52 (ddd, J = 13.2, 9.3, 

6.5 Hz, 4H), 1.75 (ddd, J = 16.3, 11.0, 6.4 Hz, 4H), 1.67 

(ddd, J = 13.5, 9.8, 6.7 Hz, 4H), 1.19 – 1.11 (m, 8H), 0.75 (t, 

J = 7.4 Hz, 12H). 13 C NMR (151 MHz, CD 2 Cl 2 ) δ 181.85 (d,

J = 37.0 Hz), 151.65 (d, J = 27.7 Hz), 146.55 (s), 124.15 (s), 

120.99 (s), 116.55 (s), 108.97 (s), 49.61 (s), 33.49 (s), 20.30 

(s), 13.70 (s). HRMS (ESI-TOF) Calcd for C 40 H 50 Cl 3 N 8 Rh 2 

[M-Cl] + = 953.1329, obs m/z = 953.1331; Calcd for [M- 

Cl + CH 3 CN] + = 994.1594, obs m/z = 994.1599; Calcd for 

[M-2Cl] 2 + = 459.0817, obs m/z = 459.0779. 

.3. X-ray structure determination 

A single crystal of appropriate dimensions 

0.08 ×0.04 ×0.02 mm 

3 for 5 ; 0.096 ×0.109 ×0.128 mm 

3 for 7 ;

.130 ×0.153 ×0.174 mm 

3 for 8 ; 0.237 ×0.277 ×0.658 mm 

3 , 10 ) was

ounted on a cryoloop using an oil cryoprotectant. The X-ray in- 

ensity data were measured at low temperature ( T = 100 K), using 

 three circles goniometer Kappa geometry with a fixed Kappa 

ngle at = 54.74 deg on a Bruker AXS D8 Venture, equipped with a 
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hoton 100 CMOS active pixel sensor detector. A monochromatized 

u X-ray radiation ( λ = 1.54178 Å) ( 7 and 8 ) or Mo X-ray radiation

 λ = 0.71073 Å) ( 5 and 10 ) was selected for the measurement. All 

rames were integrated with the aid of the Bruker SAINT software 

sing a narrow-frame algorithm. Data were corrected for absorp- 

ion effects using the multi-Scan method implemented in the 

rogram [63] . Using the Bruker SHELXT Software Package [ 64 , 65 ],

efinement of the structure was carried out by least squares 

rocedures on weighted F 2 values using the SHELXTL-2018/3 

65] included in the APEX3 v2019, 11.0, AXS Bruker program. Hy- 

rogen atoms were localized on difference Fourier maps but then 

ntroduced in the refinement as fixed contributors in idealized 

eometry with an isotropic thermal parameter fixed at 20% higher 

han the carbon atoms to which they were connected. 

. Results and discussion 

.1. Synthesis and characterization: in situ 

etalation/transmetalation proligand: Rh ratio of 1:2 

In previous reports reaction intermediates pertinent to the met- 

lation/transmetalation were not fully described. In this report, we 

solate and characterize a di-Rh intermediate relevant to optimiz- 

ng the synthesis of CCC–NHC pincer Rh complexes. It explains the 

equirement of an extra equivalent of Rh during the transmeta- 

ation with [Rh(COD)Cl] 2 when starting with the diiodide salt of 

he proligand. Shortly after the initial publication of the metala- 

ion/transmetalation methodology, a recrystallization of the orange 

CC–NHC Rh amine adduct, 3 , contained a random light red crys- 

al. A crystal structure was obtained and along with confirmation 

y EDS data the Rh(III)/Rh(I) bimetallic complex, 5 , illustrated in 

ig. 1 was confirmed. It contained a Rh(III) center with one CCC–

HC ligand with halogens bridging to a [Rh(I)(COD)] fragment. De- 

pite numerous attempts the results were not consistently repeat- 

ble until recently. 

.1.1. Avoiding halogen mixtures 

To avoid the problems of halogen scrambling and the resulting 

omplicated spectra, the proligand counterion was switched from 

odide to chloride in the metalation/transmetalation sequence. It 

as performed quantitatively by allowing a 1:1.5 mr (mole ratio), 

f bis(imidazolium) dichloride salt 6 and [Zr(NMe 2 ) 4 ] in THF to re- 

ct at room temperature for 1 h as illustrated in Scheme 2 Path 

. The observable changes in the 1 H NMR spectrum were the dis- 

ppearance of the imidazolium protons singlet (2H) at 11.96 ppm, 

nd the aryl C–H singlet (1H) at 9.21 ppm of salt 6 . Signals ob-

erved in the aromatic region were shifted upfield. Additionally, 

he triplet signal at 4.43 ppm assigned to the methylene protons 

lpha to the nitrogen of the butyl chain in salt 6 became di- 

stereotopic and were observed in the region 4.09–4.59 ppm as 
ig. 1. ORTEP plot and chemdraw structure of early crystal of Rh(III)/Rh(I) obtained 

erendipitously. The ligands Cl1/I3 were present at 50/50 ratio in one position of 

he bridging halides. 
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4

ultiplets consistent with formation of a C s -symmetric CCC–NHC 

incer Zr complex. The identity of this Zr complex was established 

s the chloride congener of iodo Zr complex, 2 . It was more thor- 

ughly characterized by 1 H and 

13 C NMR spectroscopy in a sepa- 

ate experiment (Complex 11 , Scheme S4 p. S6 and Figure SI 23 p. 

17). 

.1.2. Identification of intermediate and characterization of 8 and 10 

After the metalation step was complete, [Rh(COD)Cl] 2 in a 

:1 mr of dimer to proligand, which results in a 2:1 ratio of 

h:proligand, was added to the reaction. After 8 h, a new mul- 

iplet signal attributed to the methylene protons alpha to the ni- 

rogen of the butyl chain was observed at 5.04 ppm. Furthermore, 

ew olefinic proton signals of a bound COD ligand were observed 

t 3.23 ppm and 4.00 ppm compared to 2.50 ppm and 4.23 ppm in 

he starting material, [Rh(COD)Cl] 2 . These signals were significantly 

ifferent from the olefinic proton signal of free COD (5.54 ppm) 

nd were tentatively assigned to intermediate complex 7 , as will 

e confirmed (vide infra). The 1 H NMR spectrum did not contain 

n imidazolium proton signal 11.96 ppm indicating no decompo- 

ition occurred. Two new sets of multiplet signals were observed 

n the region of 4.42–5.11 ppm (see stacked spectra plot, Figure SI 

5 in supporting information), and a doublet assigned to a coordi- 

ated Rh-NH(CH 3 ) 2 was observed at 1.65 ppm ( 3 J Rh-H = 6.3 Hz) 

onsistent with formation of the monoamine complex, 8 . After 

ddition of deionized water and completion of the workup, the 

onoamine Rh complex, 8 was obtained in 71% yield ( Scheme 2 

ath A). The NMR and mass spectroscopic data of complex 8 were 

onsistent with the previous literature report [58] . 

The in-situ metalation/transmetalation reaction was carried 

ut using a 1:2.5 mr of bis(imidazolium) dichloride salt 6 and 

Zr(NMe 2 ) 4 ] followed by the addition of [Rh(COD)Cl] 2 in a 1:1 ratio 

f dimer to ligand. When the reaction time was extended to 18 h 

s illustrated in Scheme 2 Path B, a complex mixture was obtained. 

he exact mass ESI-TOF analysis of the reaction mixture showed 

eaks at m/z 705.0512, 504.1409, and 953.1309 corresponding 

o theoretical mass for C 28 H 37 Cl 2 N 4 Rh 2 [ M 

+ −Cl] + = 705.0500

 7 ), C 22 H 32 ClN 5 Rh [ M 

+ −Cl] + = 504.1396 ( 8 ), and C 40 H 50 Cl 3 N 8 Rh 2 

 M 

+ −Cl] + = 953.1329 ( 10 ). Separation of the mixture using sil-

ca gel chromatography was not successful. A crystal was obtained 

rom this mixture that was identified to be the solvate of com- 

lex 7 (Figure SI 29, p. S49, S1 ). Subsequently, the presence of 

imer complex 10 was also established through selective crystal- 

ization of the mixture (Figure SI 32, p. S100, S2 ). The data were 

onsistent with fast formation of Rh(III)/Rh(I) dimer 7 , and slow 

onversion of 7 to monomeric amine adduct 8 . The longer reac- 

ion time led to dimerization of amine adduct 8 , yielding 10 . From 

hese observations it was reasoned that by carefully controlling 

he stoichiometry and the reaction time, the mixed valent com- 

lex 7 could be isolated and characterized by the in-situ metala- 

ion/transmetalation method. 

.1.3. Isolation and characterization of intermediate complex 7 

Thus, the in-situ reaction was completed by combining 

is(imidazolium) dichloride salt, 6 and [Zr(NMe 2 ) 4 ] in a 1:1.5 mr 

nd allowed to react at room temperature for one hour. It was fol- 

owed by the transmetalation step where [Rh(COD)Cl] 2 in a ratio 

:1 of dimer to ligand was added and allowed to react for 15 min. 

he mixed valent Rh(III)/Rh(I) complex 7 was obtained as a yellow 

icrocrystalline solid in 65% yield ( Scheme 2 Path C). It was read- 

ly isolated by trituration of the crude with acetone. It is worth 

oting that when free 1,5-cyclooctadiene (COD) was still present 

n the crude mixture, complex 7 did not precipitate out when the 

rude was triturated with acetone. However, when free COD was 

emoved by washing the crude several times with pentane, com- 
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Scheme 2. Metalation/transmetalation sequence in the synthesis of CCC–NHC Rh pincer complexes at rt in THF. 
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lex 7 was obtained after trituration with acetone and it was col- 

ected by filtration. 

The identity of complex 7 was fully established by 1 H and 

13 C 

MR spectroscopy, ESI-TOF mass spectroscopy, and further con- 

rmed by X-ray crystallographic determination (vide infra). In the 
 H NMR spectrum, the signal corresponding to the methylene pro- 

ons alpha to the nitrogen in 7 was observed as a multiplet at 

.97–5.12 ppm compared to a triplet at 4.43 ppm and a multiplet 

t 4.40 ppm in chloride salt 6 and Zr complex 9, respectively. Ad- 

itionally, the presence of the bound COD ligand in complex 7 is 

lso supported by the 1 H- and 

13 C NMR spectra. The methylene 

rotons of the bound COD ligand were observed to overlap with 

wo signals of the butyl chain in the region 1.78–2.45 ppm (Fig- 

re SI 5). Those of the olefinic protons were observed at 3.75 and 

.31 ppm. In the 13 C NMR spectrum, the C carbene -Rh signal was ob- 

erved as a doublet at 179.52 ppm ( J = 36.8 Hz) and the C aryl -Rh

ignal was observed as a doublet at 147.91 ppm ( J = 28 Hz) con-

istent with CCC–NHC pincer Rh complex formation. The signals 

ue to the methylene carbons of the COD ligand were observed at 

0.72 and 34.44 ppm, and those of the olefinic carbons were ob- 

erved as doublets at 77.96 ppm ( J RhC = 13.5 Hz) and 79.23 ppm

 J RhC = 13.9 Hz) consistent with the structure. The high-resolution 

SI-TOF mass spectrum showed peak at m/z 705.0505 assignable 

o [M-Cl] + , corresponding to theoretical mass for C 28 H 37 Cl 2 N 4 Rh 2 

05.0500 ( � = 0.7 ppm). It is noteworthy that disproportionation 

f complex 7 to Rh(III)/Rh(III) dimer 10 and [Rh(COD)Cl] 2 was ob- 

erved in solution as shown in the 1 H NMR spectrum analysis in 

DCl 3 (Figure SI 7). 

.2. Direct transmetalation from isolated CCC-NHC Zr pincer 

omplex, 9 

Further investigation of the intermediate complex 7 was con- 

ucted by employing direct transmetalation methodology. Direct 

ransmetalation from isolated CCC–NHC Zr complex to late tran- 

ition metals might provide an excellent route to the preparation 

f late transition metal pincer complexes. This method would con- 

rast and complement existing in-situ methods, and perhaps shed 
5 
ore light on the mechanism of the transmetalation step. In 2016 

nd 2017, when the in situ methodology gave mixture of products 

r undesired products one of us employed this route to prepare se- 

ies of CCC–NHC pincer complexes of Co [ 42 , 55 ]. Direct transmeta-

ation from discrete CCC–NHC Zr complex to prepare CCC–NHC Rh 

incer complexes was envisaged. 

Initially, CCC–NHC Zr complex 9 prepared by following previous 

iterature procedure [62] , was combined with [Rh(COD)Cl] 2 in a 1:1 

r and the reaction was monitored by using NMR spectroscopy. 

he color immediately changed from pale yellow to dark green- 

sh. Over time, a yellow precipitate formed in the reaction. The 

bvious change in the 1 H NMR spectrum was the disappearance 

f the diastereotopic methylene proton signal observed at 4.20–

.59 ppm of the starting CCC–NHC pincer Zr complex 9 . New dis- 

inct multiplet signals were observed at 5.09–5.19 ppm attributable 

o methylene protons alpha to the nitrogen in intermediate com- 

lex 7 (Figure SI 26, p. S19). Due to the formation of a precipitate

uring the reaction, it was difficult to get good spectroscopic han- 

le. Therefore, the direct transmetalation reaction was conducted 

t synthetic scale to isolate and characterize the products. 

The isolated CCC–NHC Zr complex 9 suspended in THF was 

ombined with [Rh(COD)Cl] 2 in a 1:1 mr and the resulting mix- 

ure was stirred at room temperature for 15 min ( Scheme 2 Path 

). The reaction became homogeneous. The color changed imme- 

iately to dark red, then dark greenish. The reaction was brought 

ut of the glovebox and exposed to air. The dark green color im- 

ediately changed to bright yellow, and a precipitate formed. The 

olvent was removed by evaporation and the crude was extracted 

ith DCM. The intermediate complex 7 was obtained in 78% iso- 

ated yield ( Scheme 2 Path D). 

The darkish green color may be due to the presence of some 

r(II) species, since in the literature, known Zr(II) complexes have 

een identified to appear as blackish green in color [ 66 , 67 ]. How-

ver, attempts to identify the nature of the reduced Zr(II) species 

ere unsuccessful. Although, it was recently demonstrated with Ti 

hat low valent group (IV) metal complexes could be accessed with 

he ligand system still intact [68] . It was speculated that Zr(IV) 

ay have been reduced to Zr(II) while Rh(I) was oxidized to Rh(III) 
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Scheme 3. Reactivity of intermediate complex 7 with dimethylamine. 
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uring the transmetalation reaction. When exposed to air the Zr(II) 

pecies may have been oxidized back to Zr(IV). The redox process, 

owever, is beyond the scope of this report. 

Similar to Scheme 2 Path D, the isolated CCC–NHC Zr complex 

 was combined with [Rh(COD)Cl] 2 in a 1:1 mr of Zr to dimer, in

HF and stirred for 15 min, but deionized water was added. Af- 

er workup, the monoamine complex 8 was obtained in 51% yield 

 Scheme 2 Path E). This observation may be attributed to a proton 

ource introduced during workup with deionized water protonat- 

ng metal bound NMe 2 to form NHMe 2 . 

Next, the reaction time was extended as illustrated in 

cheme 2 Path F. A yellow precipitate formed in the reaction. After 

 h and without addition of deionized water during workup, the 

imeric Rh(III)/Rh(III) complex 10 was obtained in 63% yield along 

ith minor amount of mixed valent complex 7 , and [Rh(COD)Cl] 2 
 Scheme 2 Path F). This result was consistent with slow conversion 

f intermediate complex 7 to complex 10 . Complex 10 was iden- 

ified in solution by comparing the NMR spectrum with a known 

ample. In the 1 H NMR spectrum, the methylene protons alpha to 

he nitrogen were observed as doublet of doublets of doublets at 

.52 ppm and 4.84 ppm. In the 13 C NMR spectrum, signal due to 

he C carbene -Rh was observed at 181.85 ppm ( J = 37.0 Hz). The 

 aryl -Rh signal was observed at 151.65 ppm ( J = 27.7 Hz). The 

xact mass ESI-TOF analysis showed peak at m/z 953.1331 ([M- 

 l ] + ), corresponding to theoretical mass C 40 H 50 Cl 3 N 8 Rh 2 953.1329

 � = 0.2 ppm), with isotope patterns matching perfectly. There 

as no evidence for the formation of a dimethylamido substituted 

orm of complex 10 in the mass spectra data (Figure SI 17). The 

tructure was further confirmed by X-ray crystallographic determi- 

ation (vide infra). 

.3. Reaction of isolated intermediate 7 

Further transformation of isolated intermediate complex 7 was 

onducted by reacting with stoichiometric amount of dimethyl 

mine (HNMe 2 ) as illustrated in Scheme 3 . The 1 H NMR spectrum 

howed two sets of multiplet signals at 4.71–4.77 ppm and 5.02–

.07 ppm consistent with formation of CCC–NHC Rh amine adduct 

 when compared to authentic 8 . It was allowed to react for 8 h,

uring which time a yellow precipitate formed. The yellow solid 

as collected by filtration and characterized by spectroscopic tech- 

iques to be consistent with the dimeric Rh(III)/Rh(III) complex 10 , 

n 70% yield. The results are consistent with formation of complex 

 which dimerizes to complex 10 upon loss of NHMe 2 . Due to the

ow solubility of 10 in dichloromethane, it precipitates out of so- 

ution. The filtrate was also analyzed by 1 H NMR spectroscopy and 

ound to contain complex 8 and [Rh(COD)(NHMe 2 )Cl] by-product 

Figure SI 22). Thus, the coordination chemistry of Rh(III)/Rh(I) 

imer 7 was independently found to readily produce the Rh amine 

dduct 8 and less soluble Rh(III)/Rh(III) dimer 10 . 
6 
.4. Improved metalation/transmetalation using ligand to Rh ratio of 

:1 with Cl only vs I/Cl 

To understand the need for the extra equivalent of Rh dur- 

ng the transmetalation step, the reaction was repeated using 

 1:1 ratio of proligand to Rh (i.e., 1 proligand: 0.5 mr of 

Rh(COD)Cl] 2 ) in an attempt to avoid using excess Rh. The meta- 

ation/transmetalation of the diiodide salt 1 was repeated. In the 
3 C NMR spectrum, new signal corresponding to Rh-C NHC doublet 

ppeared at 177.05 ppm ( J = 53.2 Hz) and the Rh-C aryl signal ap-

eared as doublet at 154.16 ppm ( J = 40.7 Hz) consistent with for- 

ation of CCC–NHC Rh pincer complex 3 . However, the CCC–NHC 

r complex 2 was still observed in the 13 C NMR spectrum consis- 

ent with incomplete conversion to CCC–NHC pincer Rh complex 

Figure SI 2, p. S3). The results were consistent with the previous 

iterature report [49] . 

Having established that using diiodide salt and proligand 1 

id not give complete transmetalation to Rh with a 1:1 ratio, 

he counter ion was switched to chloride to remove the compli- 

ations of multiple halides being present. The reaction was per- 

ormed using the dichloride salt 6 in a ligand to Rh ratio of 1:1 

 Scheme 4 ). Complete conversion to the CCC–NHC pincer Rh com- 

lex 8 was obtained. In the 13 C NMR spectrum, two sets of Rh- 

 NHC doublet signals appeared at 182.43 ppm ( J = 41.8 Hz ) and 

79.99 ppm ( J = 54.3 Hz ) and two different C aryl -Rh signals ap-

eared at 156.41 ppm ( J = 32.2 Hz) and 151.07 ppm (42.4 Hz) 

onsistent with equilibrium between CCC–NHC pincer Rh com- 

lex, 8 and dimeric Rh(III)/Rh(III) complex 10 (Figure SI 4, p. S5). 

pon addition of deionized water and completing the workup, the 

onoamine Rh adduct 8 was obtained in 87% yield. The results 

how that an extra equivalent of Rh was not required for meta- 

ation/transmetalation reaction when starting with dichloride salt 

roligand 6 . The reason may be because the iodide bridged inter- 

ediate was more stable and prevented further reaction in com- 

arison to the chloride congener. Thus, when only chloride, and no 

odide, was present the reaction quickly gave full conversion with 

nly 1:1 ratio of proligand:Rh. 

Next, direct transmetalation of isolated CCC–NHC pincer Zr 

omplexes 9 and 11 was carried out employing 0.5 mr of 

Rh(COD)Cl] 2 which results in a 1:1 ratio of Zr:Rh as illustrated 

n Scheme 4 . The direct transmetalation of CCC–NHC pincer Zr 

omplex 9 with half equivalent of [Rh(COD)Cl] 2 , then workup 

ith deionized water, afforded a mixture of CCC–NHC pincer Rh 

omplex 8 (33%) and 10 (67%). On the other hand, direct trans- 

etalation of CCC–NHC pincer Zr complex 11 with half equiva- 

ent of [Rh(COD)Cl] 2 , and workup with deionized water afforded 

nly CCC–NHC pincer Rh complex 8 in 85% yield. It is worth 

entioning that longer reaction time (above 8 h) and high vac- 

um can result in loss of the bound amine in complex 8 , giving 

ise to the equilibrium between monoamine complex 8 and the 
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Fig. 2. Molecular structures of bimetallic Rh(III)/Rh(I) complex 7, octahedral amine adduct 8, and bimetallic Rh(III)/Rh(III) dimer 10 . Hydrogen atoms are omitted for clarity. 

Only one of the two independent molecules of 8 in the unit cell is shown. 

Scheme 4. Improved synthetic methodology, in situ and direct transmetalation using 1:1 ratio of ligand to Rh. 

d

t

d

3

a

p

t

p

n

7

R

w  

t

a

N

p

s  

[

a

d

b

i

C

b

a

C

2

t

a

b

[  

1

1

[  

r

o

imeric Rh(III)/Rh(III) complex 10 . The equilibrium tends to favor 

he formation of the dimeric Rh(III)/Rh(III) complex 10 when less 

imethyl amine is present in the system. 

.5. Molecular structures 

ORTEP plots of the molecular structures of complexes 7, 8 , 

nd 10 are presented in Fig. 2 , to complement that of com- 

lex 5 in Fig. 1 . Selected bond distances and angles along with 

hose of related iodo analogs are presented in Table 1 . Com- 

lexes 5 and 7 are comprised of a four-coordinate square pla- 

ar Rh(I) center bridged by two halogens (I/Cl for 5 and Cl for 

 ) to a six-coordinate distorted octahedron Rh(III) center. Pincer 

h complexes comprised of mixed valent Rh(III)/Rh(I) are rare 

ith only few examples reported in the literature [ 69 , 70 ]. To

he best of our knowledge 5 and 7 are the first reported ex- 

mples of mixed valent Rh(III)/Rh(I) complexes bearing a CCC–

HC pincer ligand. The overall geometry around the square 

lanar Rh(I) fragment is similar to related Rh(COD) complexes 

uch as [RhCl( κ3 -C H –2,6-(CH PPh ) )( μ-Cl) Rh(COD)] [71] , and
6 3 2 2 2 2 

7 
RhCl( κ3 -C 6 H 3 –2,6-(SPPh 2 ) 2 )( μ-Cl) 2 Rh(COD)] [70] . The geometry 

round the Rh(III) center is distorted from an idealized octahe- 

ron due the constraints of the CCC–NHC pincer ligand [49] . The 

ridging halogen ligands are unsymmetrically bonded to Rh. For 

nstance, complex 7 has Rh2-Cl1(axial) = 2.3834(7) Å and Rh2- 

l2(equatorial) = 2.5799(7) Å. The longer Rh2-Cl2 bond is caused 

y the strong trans influence of phenylene bridged pincer lig- 

nd. For comparison, the mixed valent pincer complexes [RhCl( κ3 - 

 6 H 3 –2,6-(CH 2 PPh 2 ) 2 )( μ-Cl) 2 Rh(COD)] [71] and [RhCl( κ3 -C 6 H 3 –

,6-(SPPh 2 ) 2 )( μ-Cl) 2 Rh(COD)] [70] have the Rh-Cl bonds trans to 

he phenylene to be 2.555(3) Å and 2.524 Å, respectively, which 

re consistent with strong trans influence. 

The solid-state molecular structures of 8 and 10 notably 

ear significant structural resemblance to their iodo analogs 

 49 , 58 ]. The C NHC -Rh-C NHC angle of 156.3(2) for complex 8 and

56.89(7) for complex 10 are very similar to the iodo analogs of 

56.61(14) for [( Bu C 

i C 

i C 

Bu )RhI 2 (NHMe 2 )] [58] and 156.98(16) for 

( Bu C 

i C 

i C 

Bu )RhI 2 ] 2 [49] ( Table 1 ), and were within experimental er-

or. Subtle changes to the average bond distances and angles were 

bserved with changes in coordination sphere and oxidation state, 
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Table 1 

Select metric data (distances ( ̊A) and angles ( °)) for CCC–NHC Rh complexes 5, 7, 8, 10 , and available iodo analogs [ 49 , 58 ] of complexes 

8 and 10 . 

5 7 8 10 [( Bu C i C i C Bu )RhI 2 (NHMe 2 )][58] [( Bu C i C i C Bu )RhI 2 ] 2 [49] 

Rh-C aryl 1.938(9) 1.938(3) 1.949(5) 1.9335(17) 1.948(4) 1.943(4) 

Rh-C NHC 2.070(7) 2.075(3) 2.070(5) 2.0655(16) 2.083(4) 2.063(4) 

Rh-C NHC 2.070(8) 2.068(3) 2.053(6) 2.0497(17) 2.074(4) 2.061(4) 

Rh-X ax 2.648(1) 2.3834(7) b 2.3648(12) 2.3716(4) 2.6610(4) 2.6694(5) b 

Rh-X ax 2.633(1) 2.3369(7) 2.185(13) a 2.3286(4) 2.136(3) a 2.6567(5) 

Rh-X eq 2.706(2) 2.5799(7) 2.5185(11) 2.5681(4) 2.8555(4) 2.8366(5) 

C NHC -Rh-C NHC 157.3(3) 157.56(12) 156.3(2) 156.89(7) 156.61(14) 156.98(16) 

C aryl -Rh-X ax 92.5(2) 94.2(1) b 92.9(2) 90.41(5) 88.20(10) 88.3(1) b 

C aryl -Rh-X ax 89.6(2) 89.5(1) 93.1(4) a 92.36(5) 92.55(13) a 91.6(1) 

C aryl -Rh-X eq 179.6(2) 176.5(1) 172.5(2) 175.08(5) 176.12(10) 174.8(1) 

C aryl -Rh-C NHC 78.9(3) 78.9(1) 78.1(2) 78.78(7) 78.48(14) 78.56(18) 

C aryl -Rh-C NHC 78.4(3) 78.6(1) 78.7(2) 78.70(7) 78.41(15) 78.54(17) 

C NHC -Rh-X ax 89.1(2) b 90.77(1) b 89.3(2) 93.94(5) 88.86(10) 89.7(1) b 

C NHC -Rh-X ax 90.9(2) 89.44(9) 97.0(4) 87.61(5) 94.56(13) a 88.7(1) 

C NHC -Rh-X eq 101.4(2) 100.77(9) 100.4(2) 102.17(5) 100.46(10) 101.8(1) 

a X ax = NHMe 2 . 
b X ax = bridging Cl, or I. 
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ut the rigid CCC–NHC ligand dictates the basic structure of these 

omplexes. 

. Conclusion 

An intermediate for the CCC–NHC metalation/transmetalation 

equence has been isolated and characterized by X-ray crys- 

allography, NMR spectroscopy, elemental analysis, and time-of- 

ight high resolution mass spectrometry. The new mixed valent 

h(III)/Rh(I) complex 7 was obtained by employing the in-situ 

etalation/transmetalation methodology and direct transmetala- 

ion from isolated CCC–NHC Zr pincer complex 9 . The investigation 

f this novel intermediate led to an improved stoichiometric syn- 

hesis of series of CCC–NHC pincer Rh complexes. It was found that 

witching the proligand salt from diiodide to dichloride as counte- 

ion obviated the need for extra equivalent of Rh. When the dichlo- 

ide salt proligand was employed in a ligand to Rh ratio of 1:1 

or the in-situ metalation/transmetalation sequence, the CCC–NHC 

incer Rh complex 8 was obtained in 87% yield. This improvement 

uts the amount of Rh required by half in comparison to the pre- 

iously reported procedure in which two atom equivalents of Rh 

er ligand was employed. Also, direct transmetalation from iso- 

ated CCC–NHC pincer Zr complexes 9 and 11 employed in a 1:1 

atio of Zr to Rh efficiently afforded desired CCC–NHC pincer Rh 

omplexes 8 and 10 in good yields (85 and 67%). The improved sto- 

chiometric synthetic methodology offers a facile and cost-effective 

ay to scale up the synthesis of CCC–NHC pincer Rh complexes for 

uture applications. 

eclaration of Competing Interest 

The authors declare that they do not have known competing 

nterests in the work reported in this paper. 

ata availability 

The data are included in the supporting information. 

cknowledgements 

This work was supported by the National Science Foundation 

IA 1539035 , TI 1827686 and Mississippi State University Depart- 

ent of Chemistry. 
8 
upplementary materials 

CCDC numbers 2101948 ( 5 ), 2101949 ( 7 ), 2101950 ( 8 ), 2101951

 10 ), 2101952 ( S1 ), 2101953 ( S2 ) contain the supplementary crys-

allographic data for this paper. These data can be obtained 

ree of charge via https://www.ccdc.cam.ac.uk/structures/ , or by e- 

ailing data _ request@ccdc.cam.ac.uk , or by contacting The Cam- 

ridge Crystallographic Data centre, 12 Union Road, Cambridge CB2 

EZ, UK; fax: +44(0)1223–336,033. 

Supplementary material associated with this article can be 

ound, in the online version, at doi: 10.1016/j.jorganchem.2022. 

22499 . 

eferences 

[1] J.B. Dumas, E.M. Peligot, Mémoire sur l’esprit de bois et sur les divers com-

posés éthérés qui en proviennent, Ann. Chim. Phys. 58 (1835) 5–74 . 

[2] D. Bourissou, O. Guerret, F.P. Gabbai, G. Bertrand, Stable carbenes, Chem. Rev. 
10 0 (20 0 0) 39–92, doi: 10.1021/cr940472u . 

[3] G. Bertrand, Carbene Chemistry: from Fleeting Intermediates to Powerful 
Reagents, Marcel Dekker, New York, 2002 . 

[4] A.J. Arduengo, G. Bertrand, Carbenes introduction, Chem. Rev. 109 (2009) 
3209–3210, doi: 10.1021/cr900241h . 

[5] A.J. Arduengo III, R. Krafczyk, Auf der suche nach stabilen carbenen, Chem. Un- 

serer Zeit 32 (1998) 6–14, doi: 10.1002/ciuz.19980320103 . 
[6] A. Igau, H. Grutzmacher, A. Baceiredo, G. Bertrand, Analogous 

α, α’-bis-carbenoid, triply bonded species: synthesis of a stable λ3 -phosphino 
carbene- λ5 -phosphaacetylene, J. Am. Chem. Soc. 110 (1988) 6463–6466 . 

[7] A . Igau, A . Baceiredo, G. Trinquier, G. Bertrand, 
[bis(diisopropylamino)phosphino]trimethylsilylcarbene: a stable nucle- 

ophilic carbene, Angew. Chem., Int. Ed. 28 (1989) 621–622, doi: 10.1002/ 

anie.198906211 . 
[8] A.J. Arduengo, R.L. Harlow, M. Kline, A stable crystalline carbene, J. Am. Chem. 

Soc. 113 (1991) 361–363 . 
[9] A.J. Arduengo III, H.R. Dias, R.L. Harlow, M. Kline, Electronic stabilization of 

nucleophilic carbenes, J. Am. Chem. Soc. 114 (1992) 5530–5534 . 
[10] A.J. Arduengo, Looking for stable carbenes: the difficulty in starting anew, Acc. 

Chem. Res. 32 (1999) 913–921, doi: 10.1021/ar980126p . 

[11] W.A. Herrmann, N-heterocyclic carbenes: a new concept in organometal- 
lic catalysis, Angew. Chem., Int. Ed. 41 (2002) 1290–1309, doi: 10.1002/ 

1521-3773(20020415)41:8 〈 1290::aid-anie1290 〉 3.0.co;2-y . 
[12] W.A. Herrmann, C. Köcher, N-heterocyclic carbenes, Angew. Chem., Int. Ed. 36 

(1997) 2162–2187, doi: 10.1002/anie.199721621 . 
[13] W.A. Herrmann, D. Mihalios, K. Öfele, P. Kiprof, F. Belmedjahed, 

Metallcarbonyl-synthesen, XXI. Einfache synthese eines präparativ nüt- 
zlichen alkoxy(carbonyl)metallats, Chem. Ber. 125 (1992) 1795–1799, 

doi: 10.1002/cber.19921250803 . 

[14] K. Öfele, W.A. Herrmann, D. Mihalios, M. Elison, E. Herdtweck, W. Scherer, 
J. Mink, Mehrfachbindungen zwischen hauptgruppenelementen und über- 

gangsmetallen: CXXVI. Heterocyclen-carbene als phosphananaloge liganden 
in metallkomplexen, J. Organomet. Chem. 459 (1993) 177–184, doi: 10.1016/ 

0022- 328x(93)86070- x . 

https://doi.org/10.13039/100000001
https://www.ccdc.cam.ac.uk/structures/
https://www.data_request@ccdc.cam.ac.uk
https://doi.org/10.1016/j.jorganchem.2022.122499
http://refhub.elsevier.com/S0022-328X(22)00247-9/sbref0001
https://doi.org/10.1021/cr940472u
http://refhub.elsevier.com/S0022-328X(22)00247-9/sbref0003
https://doi.org/10.1021/cr900241h
https://doi.org/10.1002/ciuz.19980320103
http://refhub.elsevier.com/S0022-328X(22)00247-9/sbref0006
https://doi.org/10.1002/anie.198906211
http://refhub.elsevier.com/S0022-328X(22)00247-9/sbref0008
http://refhub.elsevier.com/S0022-328X(22)00247-9/sbref0009
https://doi.org/10.1021/ar980126p
https://doi.org/10.1002/1521-3773(20020415)41:8$<$1290::aid-anie1290>3.0.co;2-y
https://doi.org/10.1002/anie.199721621
https://doi.org/10.1002/cber.19921250803
https://doi.org/10.1016/0022-328x(93)86070-x


E.D. Amoateng, J. Zamora-Moreno, G. Kuchenbeiser et al. Journal of Organometallic Chemistry 979 (2022) 122499 

 

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[15] W.A. Herrmann, K. Öfele, M. Elison, F.E. Kühn, P.W. Roesky, Nucleophilic cy- 
clocarbenes as ligands in metal halides and metal oxides, J. Organomet. Chem. 

480 (1994) c7–c9, doi: 10.1016/0022- 328x(94)87130- 2 . 
[16] M. Scholl, T.M. Trnka, J.P. Morgan, R.H. Grubbs, Increased ring closing metathe- 

sis activity of ruthenium-based olefin metathesis catalysts coordinated with 
imidazolin-2-ylidene ligands, Tetrahedron Lett 40 (1999) 2247–2250 . 

[17] G.C. Vougioukalakis, R.H. Grubbs, Ruthenium-based heterocyclic carbene- 
coordinated olefin metathesis catalysts, Chem. Rev. 110 (2010) 1746–1787, 

doi: 10.1021/cr9002424 . 

[18] M. Scholl, S. Ding, C.W. Lee, R.H. Grubbs, Synthesis and activity of a new gen-
eration of ruthenium-based olefin metathesis catalysts coordinated with 1,3- 

dimesityl-4,5-dihydroimidazol-2-ylidene ligands, Org. Lett. 1 (1999) 953–956, 
doi: 10.1021/ol990909q . 

[19] R.E. Andrew, L. González-Sebastián, A.B. Chaplin, NHC-based pincer ligands: 
carbenes with a bite, Dalton Transactions 45 (2016) 1299–1305, doi: 10.1039/ 

c5dt04429d . 

20] D. Pugh, A. Danopoulos, Metal complexes with ‘pincer’-type ligands incorpo- 
rating N-heterocyclic carbene functionalities, Coord. Chem. Rev. 251 (2007) 

610–641, doi: 10.1016/j.ccr.20 06.08.0 01 . 
[21] R.H. Crabtree, Abnormal, mesoionic and remote N-heterocyclic carbene com- 

plexes, Coord. Chem. Rev. 257 (2013) 755–766, doi: 10.1016/j.ccr.2012.09.006 . 
22] S. Dey, M. Rawat, T.K. Hollis, Carbene-based pincer ligands, in: G.P. Edwin, 

C. Constable, Que Lawrence Jr (Eds.), Comprehensive Coordination Chemistry 

III, Elsevier, New York, 2021, pp. 607–649 . 
23] J.T. Singleton, The uses of pincer complexes in organic synthesis, Tetrahedron 

11 (2003) 1837–1857 . 
24] V. Charra, P. de Fremont, P. Braunstein, Multidentate N-heterocyclic carbene 

complexes of the 3d metals: synthesis, structure, reactivity and catalysis, Co- 
ord. Chem. Rev. 341 (2017) 53–176 . 

25] W.A. Herrmann, N-heterocyclic carbenes: a new concept in organometal- 

lic catalysis, Angew. Chem., Int. Ed. 41 (2002) 1290–1309, doi: 10.1002/ 
1521-3773(20020415)41:8 〈 1290::AID-ANIE1290 〉 3.0.CO;2-Y . 

26] E. Peris, R.H. Crabtree, Recent homogeneous catalytic applications of chelate 
and pincer N-heterocyclic carbenes, Coord. Chem. Rev. 248 (2004) 2239–2246, 

doi: 10.1016/j.ccr.2004.04.014 . 
27] S.P. Nolan, N-heterocyclic Carbenes in Synthesis, John Wiley & Sons, New York, 

2006 . 

28] A.J. Arduengo III, N-heterocyclic carbenes, Aust. J. Chem. 64 (2011) 1106–1108, 
doi: 10.1071/ch11249 . 

29] M.N. Hopkinson, C. Richter, M. Schedler, F. Glorius, An overview of N- 
heterocyclic carbenes, Nature 510 (2014) 4 85–4 96, doi: 10.1038/nature13384 . 

30] D. Morales-Morales, Pincer Compounds: Chemistry and Applications, Elsevier, 
2018 first ed. . 

[31] H. Valdés, E. Rufino-Felipe, D. Morales-Morales, Pincer complexes, leading 

characters in C–H bond activation processes. Synthesis and catalytic ap- 
plications, J. Organomet. Chem. 898 (2019) 120864–120876, doi: 10.1016/j. 

jorganchem.2019.07.015 . 
32] D. Morales-Morales, C.G. Jensen, The Chemistry of Pincer Compounds, Elsevier, 

2011 first ed. . 
33] S. Díez-González, N. Marion, S.P. Nolan, N-heterocyclic carbenes in late transi- 

tion metal catalysis, Chem. Rev. 109 (2009) 3612–3676 . 
34] S.P. Nolan, N-heterocyclic Carbenes: Effective Tools for Organometallic Synthe- 

sis, John Wiley & Sons, 2014 . 

35] V.H. Nguyen, T.T. Dang, H.H. Nguyen, H.V. Huynh, Platinum(II) 1,2,4-triazolin-5- 
ylidene complexes: stereoelectronic influences on their catalytic activity in hy- 

droelementation reactions, Organometallics 39 (2020) 2309–2319, doi: 10.1021/ 
acs.organomet.0c00260 . 

36] H. Valdés, M.A. García-Eleno, D. Canseco-Gonzalez, D. Morales-Morales, Recent 
advances in catalysis with transition-metal pincer compounds, ChemCatChem 

10 (2018) 3136–3172, doi: 10.1002/cctc.201702019 . 

37] M. Muehlhofer, T. Strassner, W.A. Herrmann, C-H activation by N-heterocyclic 
carbenes, part 1. New catalyst systems for the catalytic conversion of methane 

into methanol, Angew. Chem., Int. Ed. 41 (2002) 1745–1747, doi: 10.1002/ 
1521-3773(20020517)41:10 〈 1745::Aid-anie1745 〉 3.0.Co;2-e . 

38] J.A. Therrien, M.O. Wolf, B.O. Patrick, Electrocatalytic reduction of CO 2 with 
palladium bis-N-heterocyclic carbene pincer complexes, Inorg. Chem. 53 

(2014) 12962–12972, doi: 10.1021/ic502056w . 

39] J.D. Cope, N.P. Liyanage, P.J. Kelley, J.A. Denny, E.J. Valente, C.E. Webster, 
J.H. Delcamp, T.K. Hollis, Electrocatalytic reduction of CO 2 with CCC-NHC pin- 

cer nickel complexes, Chem. Commun. 53 (2017) 9442–9445, doi: 10.1039/ 
c6cc06537f . 

40] J. Cho, T.K. Hollis, T.R. Helgert, E.J. Valente, An improved method for the syn- 
thesis of zirconium (CCC-N-heterocyclic carbene) pincer complexes and appli- 

cations in hydroamination, Chem. Commun. (20 08) 50 01–50 03, doi: 10.1039/ 

b805174g . 
[41] A.J. Huckaba, T.K. Hollis, T.O. Howell, H.U. Valle, Y. Wu, Synthesis and charac- 

terization of a 1,3-phenylene-bridged n-alkyl bis(benzimidazole) CCC-NHC pin- 
cer ligand precursor: homobimetallic silver and rhodium complexes and the 

catalytic hydrosilylation of phenylacetylene, Organometallics 32 (2013) 63–69, 
doi: 10.1021/om3008037 . 

42] S.W. Reilly, C.E. Webster, T.K. Hollis, H.U. Valle, Transmetallation from CCC-NHC 

pincer Zr complexes in the synthesis of air-stable CCC-NHC pincer Co(III) com- 
plexes and initial hydroboration trials, Dalton Transactions 45 (2016) 2823–

2828, doi: 10.1039/c5dt04752h . 
43] C. Gunanathan, D. Milstein, Bond activation and catalysis by ruthenium pincer 

complexes, Chem. Rev. 114 (2014) 12024–12087, doi: 10.1021/cr5002782 . 
9

44] A.R. Chianese, R.H. Crabtree, Pincer and chelate N-heterocyclic carbene com- 
plexes of Rh, Ir, and Pd: synthetic routes, dynamics, catalysis, abnormal bind- 

ing, and counterion effects, ACS Symp. Ser. 885 (2004) 169–183, doi: 10.1021/ 
bk- 2004- 0885.ch010 . 

45] J.A. Denny, G.M. Lang, T.K. Hollis, CCC-NHC pincer complexes: synthesis, appli- 
cations, and catalysis, in: D. Morales-Morales (Ed.), Pincer Compounds Chem- 

istry and Applications, Elsevier, 2018, pp. 251–272 . 
46] F.E. Hahn, M.C. Jahnke, V. Gomez-Benitez, D. Morales-Morales, T. Pape, 

Synthesis and catalytic activity of pincer-type bis(benzimidazolin-2-ylidene) 

palladium complexes, Organometallics 24 (2005) 6458–6463, doi: 10.1021/ 
om0507124 . 

[47] S.D. Juárez-Escamilla, M. Rawat, T.K. Hollis, Organometallic complexes of group 
5 metals with pincer and noninnocent ligands, in: G. Parkin, K. Meyer, 

D. O’hare (Eds.), Comprehensive Organometallic Chemistry IV, Elsevier, 2022, 
pp. 623–647 . 

48] V.C. Vargas, R.J. Rubio, T.K. Hollis, M.E. Salcido, Efficient route to 1,3-di- 

n-imidazolylbenzene. A comparison of monodentate vs bidentate carbenes 
in Pd-catalyzed cross coupling, Org. Lett. 5 (2003) 4 847–4 84 9, doi: 10.1021/ 

ol035906z . 
49] R.J. Rubio, G.T.S. Andavan, E.B. Bauer, T.K. Hollis, J. Cho, F.S. Tham, B. Don- 

nadieu, Toward a general method for CCC N-heterocyclic carbene pincer syn- 
thesis: metallation and transmetallation strategies for concurrent activation of 

three C-H bonds, J. Organomet. Chem. 690 (2005) 5353–5364, doi: 10.1016/j. 

jorganchem.20 05.05.0 07 . 
50] E.B. Bauer, G.T.S. Andavan, T.K. Hollis, R.J. Rubio, J. Cho, G.R. Kuchenbeiser, 

T.R. Helgert, C.S. Letko, F.S. Tham, Air- and water-stable catalysts for hydroam- 
ination/cyclization. Synthesis and application of CCC-NHC pincer complexes of 

Rh and Ir, Org. Lett. 10 (2008) 1175–1178, doi: 10.1021/ol80 0 0766 . 
[51] H.M.J. Wang, I.J.B. Lin, Facile synthesis of silver(I)–carbene complexes. Useful 

carbene transfer agents, Organometallics 17 (1998) 972–975 . 

52] M.R.L. Furst, C.S.J. Cazin, Copper N-heterocyclic carbene (NHC) complexes as 
carbene transfer reagents, Chem. Commun. 46 (2010) 6924–6925, doi: 10.1039/ 

c0cc02308f . 
53] J.C. Garrison, W.J. Youngs, Ag(I) N-heterocyclic carbene complexes: synthe- 

sis, structure, and application, Chem. Rev. 105 (20 05) 3978–40 08, doi: 10.1021/ 
cr050 0 04s . 

54] X. Zhang, A.M. Wright, N.J. DeYonker, T.K. Hollis, N.I. Hammer, C.E. Web- 

ster, E.J. Valente, Synthesis, air stability, photobleaching, and DFT modeling 
of blue light emitting platinum CCC-N-heterocyclic carbene pincer complexes, 

Organometallics 31 (2012) 1664–1672, doi: 10.1021/om200687w . 
55] J.A. Denny, R.W. Lamb, S.W. Reilly, B. Donnadieu, C.E. Webster, T.K. Hollis, 

Investigation of metallation/transmetallation reactions to synthesize a series 
of CCC-NHC Co pincer complexes and their X-ray structures, Polyhedron 151 

(2018) 568–574, doi: 10.1016/j.poly.2018.05.040 . 

56] A.D. Ibrahim, K. Tokmic, M.R. Brennan, D. Kim, E.M. Matson, M.J. Nilges, 
J.A . Bertke, A .R. Fout, Monoanionic bis(carbene) pincer complexes featuring 

cobalt(I–III) oxidation states, Dalton Transactions 45 (2016) 9805–9811, doi: 10. 
1039/c5dt04723d . 

57] J.D. Cope, J.A. Denny, R.W. Lamb, L.E. McNamara, N.I. Hammer, C.E. Web- 
ster, T.K. Hollis, Synthesis, characterization, photophysics, and a ligand rear- 

rangement of CCC-NHC pincer nickel complexes: colors, polymorphs, emission, 
and raman spectra, J. Organomet. Chem. 845 (2017) 258–265, doi: 10.1016/j. 

jorganchem.2017.05.046 . 

58] S.W. Reilly, G. Akurathi, H.K. Box, H.U. Valle, T.K. Hollis, C.E. Webster, β- 
boration of α, β-unsaturated carbonyl compounds in ethanol and methanol 

catalyzed by CCC-NHC pincer Rh complexes, J. Organomet. Chem. 802 (2016) 
32–38, doi: 10.1016/j.jorganchem.2015.11.010 . 

59] E.L. Dias, S.T. Nguyen, R.H. Grubbs, Well-defined ruthenium olefin metathesis 
catalysts: mechanism and activity, J. Am. Chem. Soc. 119 (1997) 3887–3897, 

doi: 10.1021/ja963136z . 

60] M.S. Sanford, J.A. Love, R.H. Grubbs, Mechanism and activity of ruthenium 

olefin metathesis catalysts, J. Am. Chem. Soc. 123 (2001) 6543–6554, doi: 10. 

1021/ja010624k . 
61] C.M. Crudden, D.P. Allen, Stability and reactivity of N-heterocyclic carbene 

complexes, Coord. Chem. Rev. 248 (2004) 2247–2273, doi: 10.1016/j.ccr.2004. 
05.013 . 

62] W.D. Clark, J. Cho, H.U. Valle, T.K. Hollis, E.J. Valente, Metal and halogen 

dependence of the rate effect in hydroamination/cyclization of unactivated 
aminoalkenes: synthesis, characterization, and catalytic rates of CCC-NHC 

hafnium and zirconium pincer complexes, J. Organomet. Chem. 751 (2014) 
534–540, doi: 10.1016/j.jorganchem.2013.11.001 . 

63] S. SMART, X. SADABS, SHELXTL/NT, area detector control and integration soft- 
ware, smart apex software reference manuals, bruker analytical X-ray instru- 

ments, Inc.USA, Madison, WI, 20 0 0 . 

64] G.M. Sheldrick, SHELXT-Integrated space-group and crystal-structure deter- 
mination, Acta Crystallogr., Sect. A: Found. Adv. 71 (2015) 3–8, doi: 10.1107/ 

S2053273314026370 . 
65] G.M. Sheldrick, SHELXT–Integrated space-group and crystal-structure determi- 

nation, Acta Crystallographica Section A: Found. Adv. 71 (2015) 3–8 . 
66] K.I. Gell, J. Schwartz, Preparation of zirconium (II) complexes by ligand-induced 

reductive elimination. Bis ( η5 -cyclopentadienyl) bis (phosphine) zirconium (II) 

complexes and their reactions, J. Am. Chem. Soc. 103 (1981) 2687–2695 . 
67] P. Bazinet, T.D. Tilley, Octa- and nonamethylfluorenyl complexes of Zr(II), 

Zr(IV), and Hf(IV). Investigation of steric and electronic effects, Or ganometallics 
27 (2008) 1267–1274, doi: 10.1021/om701133e . 

https://doi.org/10.1016/0022-328x(94)87130-2
http://refhub.elsevier.com/S0022-328X(22)00247-9/sbref0016
https://doi.org/10.1021/cr9002424
https://doi.org/10.1021/ol990909q
https://doi.org/10.1039/c5dt04429d
https://doi.org/10.1016/j.ccr.2006.08.001
https://doi.org/10.1016/j.ccr.2012.09.006
http://refhub.elsevier.com/S0022-328X(22)00247-9/sbref0022
http://refhub.elsevier.com/S0022-328X(22)00247-9/sbref0023
http://refhub.elsevier.com/S0022-328X(22)00247-9/sbref0024
https://doi.org/10.1002/1521-3773(20020415)41:8$<$1290::AID-ANIE1290>3.0.CO;2-Y
https://doi.org/10.1016/j.ccr.2004.04.014
http://refhub.elsevier.com/S0022-328X(22)00247-9/sbref0027
https://doi.org/10.1071/ch11249
https://doi.org/10.1038/nature13384
http://refhub.elsevier.com/S0022-328X(22)00247-9/sbref0030
https://doi.org/10.1016/j.jorganchem.2019.07.015
http://refhub.elsevier.com/S0022-328X(22)00247-9/sbref0032
http://refhub.elsevier.com/S0022-328X(22)00247-9/sbref0033
http://refhub.elsevier.com/S0022-328X(22)00247-9/sbref0034
https://doi.org/10.1021/acs.organomet.0c00260
https://doi.org/10.1002/cctc.201702019
https://doi.org/10.1002/1521-3773(20020517)41:10$<$1745::Aid-anie1745>3.0.Co;2-e
https://doi.org/10.1021/ic502056w
https://doi.org/10.1039/c6cc06537f
https://doi.org/10.1039/b805174g
https://doi.org/10.1021/om3008037
https://doi.org/10.1039/c5dt04752h
https://doi.org/10.1021/cr5002782
https://doi.org/10.1021/bk-2004-0885.ch010
http://refhub.elsevier.com/S0022-328X(22)00247-9/sbref0045
https://doi.org/10.1021/om0507124
http://refhub.elsevier.com/S0022-328X(22)00247-9/sbref0047
https://doi.org/10.1021/ol035906z
https://doi.org/10.1016/j.jorganchem.2005.05.007
https://doi.org/10.1021/ol8000766
http://refhub.elsevier.com/S0022-328X(22)00247-9/sbref0051
https://doi.org/10.1039/c0cc02308f
https://doi.org/10.1021/cr050004s
https://doi.org/10.1021/om200687w
https://doi.org/10.1016/j.poly.2018.05.040
https://doi.org/10.1039/c5dt04723d
https://doi.org/10.1016/j.jorganchem.2017.05.046
https://doi.org/10.1016/j.jorganchem.2015.11.010
https://doi.org/10.1021/ja963136z
https://doi.org/10.1021/ja010624k
https://doi.org/10.1016/j.ccr.2004.05.013
https://doi.org/10.1016/j.jorganchem.2013.11.001
http://refhub.elsevier.com/S0022-328X(22)00247-9/sbref0063
https://doi.org/10.1107/S2053273314026370
http://refhub.elsevier.com/S0022-328X(22)00247-9/sbref0065
http://refhub.elsevier.com/S0022-328X(22)00247-9/sbref0066
https://doi.org/10.1021/om701133e


E.D. Amoateng, J. Zamora-Moreno, G. Kuchenbeiser et al. Journal of Organometallic Chemistry 979 (2022) 122499 

[

[

[  
68] S. Dey, T.K. Hollis, Accessing low-valent titanium CCC-NHC complexes: toward 
nitrogen fixation, Inorganics 9 (2021) 1–15, doi: 10.3390/inorganics9020015 . 

69] P. Govender, S. Ngubane, B. Therrien, G.S. Smith, Monometallic and mixed- 
valence bimetallic Rh(I/III) complexes: synthesis, structure, electrochemistry 

and application in 1-octene hydroformylation, J. Organomet. Chem. 848 (2017) 
281–287, doi: 10.1016/j.jorganchem.2017.07.037 . 

70] G. Vlahopoulou, S. Moeller, J. Haak, P. Hasche, H.J. Drexler, D. Heller, T. Bew-
eries, Synthesis of Rh(III) thiophosphinito pincer hydrido complexes by base- 
10 
free C-H bond activation at room temperature, Chem. Commun. 54 (2018) 
6292–6295, doi: 10.1039/c8cc03913e . 

[71] J. Yao, W.T. Wong, G. Jia, Preparation of some dinuclear rhodium complexes 
with the orthometallated ligand [2,6-(PPh 2 CH 2 ) 2 C 6 H 3 ] − and their catalytic ac- 

tivity for polymerization of phenylacetylene, J. Organomet. Chem. 598 (20 0 0) 
228–234, doi: 10.1016/s0 022-328x(99)0 0710-x . 

https://doi.org/10.3390/inorganics9020015
https://doi.org/10.1016/j.jorganchem.2017.07.037
https://doi.org/10.1039/c8cc03913e
https://doi.org/10.1016/s0022-328x(99)00710-x

	Investigating intermediates in the CCC-NHC pincer ligand metalation/transmetalation to Rh sequence, an improved stoichiometric synthesis of CCC-NHC pincer Rh complexes
	1 Introduction
	2 Experimental
	2.1 General considerations
	2.2 Synthesis
	2.2.1 Synthesis of 2-(1,3-bis(N-butylimidazol-2-ylidene)phenylene)-(1,5-cylooctadiene)(chloro)bis(chloro) Rh(III)-Rh(I), : in-situ metalation/transmetalation
	2.2.2 Synthesis of 2-(1,3-bis(N-butylimidazol-2-ylidene)phenylene)-(1,5-cylooctadiene)(chloro)bis(chloro) Rh(III)-Rh(I), : direct transmetalation from isolated Zr complex 
	2.2.3 Synthesis of 2-((1,3-bis(N-butylimidazol-2-ylidene)phenylene)-(dimethylamido)bis(chloro)rhodium(III), 
	2.2.4 Synthesis of bis(2-(1,3-bis(N-butylimidazol-2-ylidene)phenylene))bis(chloro) dirhodium(III), 

	2.3 X-ray structure determination

	3 Results and discussion
	3.1 Synthesis and characterization: in situ metalation/transmetalation proligand: Rh ratio of 1:2
	3.1.1 Avoiding halogen mixtures
	3.1.2 Identification of intermediate and characterization of  and 
	3.1.3 Isolation and characterization of intermediate complex 

	3.2 Direct transmetalation from isolated CCC-NHC Zr pincer complex, 
	3.3 Reaction of isolated intermediate 
	3.4 Improved metalation/transmetalation using ligand to Rh ratio of 1:1 with Cl only vs I/Cl
	3.5 Molecular structures

	4 Conclusion
	Declaration of Competing Interest
	Acknowledgements
	Supplementary materials
	References


