
HAL Id: hal-02970844
https://univ-pau.hal.science/hal-02970844v2

Submitted on 13 Nov 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Cu-Catalyzed P–C bond formation/cleavage:
straightforward synthesis/ring-expansion of strained

cyclic phosphoniums
Maryne Duval, Charlie Blons, Sonia Mallet-Ladeira, Damien Delcroix, Lionel
Magna, Hélène Olivier-Bourbigou, E. Daiann Sosa Carrizo, Karinne Miqueu,

Abderrahmane Amgoune, György Szalóki, et al.

To cite this version:
Maryne Duval, Charlie Blons, Sonia Mallet-Ladeira, Damien Delcroix, Lionel Magna, et al.. Cu-
Catalyzed P–C bond formation/cleavage: straightforward synthesis/ring-expansion of strained cyclic
phosphoniums. Dalton Transactions, 2020, 49 (37), pp.13100-13109. �10.1039/d0dt03059g�. �hal-
02970844v2�

https://univ-pau.hal.science/hal-02970844v2
https://hal.archives-ouvertes.fr


1 

Cu-catalyzed P-C bond formation/cleavage: 

straightforward synthesis/ring-expansion of 

strained cyclic phosphoniums 

 
Maryne Duval,a Charlie Blons,a Sonia Mallet-Ladeira,b Damien Delcroix,c Lionel Magna,c Hélène 

Olivier-Bourbigou,c E. Daiann Sosa Carrizo,d Karinne Miqueu,*d Abderrahmane Amgoune,a György 

Szalókia and Didier Bourissou*a 

 

 

aCNRS/Université Toulouse III - Paul Sabatier, Laboratoire Hétérochimie Fondamentale et 

Appliquée (LHFA, UMR 5069), 118 Route de Narbonne, 31062 Toulouse Cedex 09, France. E-mail: 

dbouriss@chimie.ups-tlse.fr 

bInstitut de Chimie de Toulouse (FR 2599), 118 Route de Narbonne, 31062 Toulouse Cedex 09, 

France. 

cIFP Energies nouvelles, Rond-Point de l’Echangeur de Solaize BP3, 69360 Solaize (France), France. 

dCNRS/Université de Pau et des Pays de l’Adour, Institut des Sciences Analytiques et Physico-Chimie 

pour l’Environnement et les Matériaux (IPREM, UMR 5254), Hélioparc, 2 Avenue du Président 

Angot, 64053 Pau Cedex 09, France. E-mail: kmiqueu@univ-pau.fr 

 

 

 

 

 

  

mailto:dbouriss@chimie.ups-tlse.fr


2 

Abstract: 

Upon reaction with copper(I), peri-halo naphthyl phosphines readily form peri-bridged naphthyl 

phosphonium salts. The reaction works with alkyl, aryl and amino substituents at phosphorus, with 

iodine, bromine and chlorine as a halogen. It proceeds under mild conditions and is quantitative, 

despite the strain associated with the resulting 4-membered ring structure and the naphthalene 

framework. The transformation is amenable to catalysis. Under optimized conditions, the peri-iodo 

naphthyl phosphine 1-I is converted into the corresponding peri-bridged naphthyl phosphonium salt 

2b in only 5 minutes at room temperature using 1 mol% of CuI. Based on DFT calculations, the 

reaction is proposed to involve a Cu(I)/Cu(III) cycle made of P-coordination, C‒X oxidative addition 

and P‒C reductive elimination. This copper-catalyzed route gives a general and efficient access to 

peri-bridged naphthyl phosphonium salts for the first time. Reactivity studies could thus be initiated 

and the possibility to insert gold into the strained P‒C bond was demonstrated. It leads to (P,C)-

cyclometallated gold(III) complexes. According to experimental observations and DFT calculations, 

two mechanistic pathways are operating: (i) direct oxidative addition of the strained P‒C bond to 

gold, (ii) backward-formation of the peri-halo naphthyl phosphine (by C‒P oxidative addition to 

copper followed by C‒X reductive elimination), copper to gold exchange and oxidative addition of 

the C‒X bond to gold. Detailed analysis of the reaction profiles computed theoretically gives more 

insight into the influence of the nature of the solvent and halogen atom, and provides rationale for 

the very different behaviour of copper and gold in this chemistry. 
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Introduction 

Reductive elimination plays a pivotal role in organometallic chemistry. It intervenes in most 

catalytic cycles of transition-metal mediated cross-couplings as the key product-releasing step. 

Reductive coupling between L-type ligands (such as phosphines, thioethers, pyridines, N-

heterocyclic carbenes…) and X-type groups (such as aryls, alkyls, halogens…) is also well-known 

(Figure 1). It has recently attracted an upsurge of interest, in particular the coupling of phosphines 

and aryl groups.1-4 It is not only an efficient way to prepare aryl phosphonium salts (Figure 1, path 

a)5 but also an undesirable deactivation pathway for catalytic transformations involving 

phosphine-ligated aryl complexes. Aryl-aryl exchange between transition metals and phosphine 

ligands is also possible and this M‒C/P‒C bond metathesis process (Figure 1, path b) has been 

recently exploited to achieve catalytic functional group exchange between aroyl chlorides and aryl 

iodides.6 In all this chemistry, the group 10 metals, Pd and Ni especially, occupy the forefront 

position due to their easy cycling between the M(0) and M(II) oxidation states. 

 

 

Figure 1. Top: Schematic representation of the reductive coupling between L and X-type ligands at 

transition metals. Bottom: Phosphine-aryl coupling promoted by transition metals (a) and aryl/aryl 

exchange between phosphines and transition metals (b). 

 

Comparatively, much less is known in the field with the group 11 metals that are inherently reluctant 

to undergo oxidative addition and therefore to achieve 2-electron redox cycles. Examples of 

phosphine-aryl coupling at gold have become more numerous but are still rare.7 The formation of 

aryl phosphoniums has been authenticated as the favourite decomposition pathway of 

tricoordinate [(R3P)Au(Ar)X]+ complexes arising from oxidative addition of aryl halides to gold. 8-11 It 

has also been observed upon C‒H activation of arenes at phosphine-ligated Au(III) complexes9 and 

by reacting (N,C)-cyclometallated Au(III) complexes with phosphines.12 

The coupling of aryl groups and L ligands at copper is even scarcer.13,14 With phosphines, the only 

example we are aware of involves a bipyridine-functionalized bromo-arene (Figure 2a). Allen et al. 

tested other templated substrates, but this was the only one to undergo P‒C coupling.15 A related 

coupling involving NHC instead of phosphine complexes was recently reported by Fairlamb, 

Ariarfard and co-workers.16 Quantitative formation of a 2-arylated benzimidazolium salt was 

observed upon reaction with PhI (Figure 2b). Based on DFT calculations, the reaction was proposed 

to involve a Cu(I)/Cu(III) cycle (C‒I oxidative addition, NHC‒C reductive elimination). As pointed out 

by Huang et al. in their recent review,4 all the aryl-phosphine couplings described so far with the 

coinage metals require a stoichiometric amount of metal complex.17 
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Figure 2. Copper-mediated couplings between L-type ligands and aryl groups. 

 

In the course of our investigations of coinage metal complexes deriving from the peri-halo naphthyl 

phosphine such as 1-I,18,19 we recently discovered an unexpected intramolecular P‒C coupling 

leading to the peri-bridged naphthyl phosphonium salt 2a (Scheme 1).20 In this transformation, 

copper behaves very differently from gold which forms a (P,C)-cyclometallated complex.18 

 

 

Scheme 1. Reaction of 1-I with CuI: intramolecular phosphine‒aryl coupling promoted by copper 

leading to a peri-bridged naphthyl-phosphonium 2a. 

 

Given the interest but very few P-peri-bridged naphthalenes21-23 and the paucity of phosphine-aryl 

coupling at copper, we embarked in a comprehensive study of this process. This work is reported 

hereafter. Our aim was in particular to address the following questions: (i) is this 

transformation general? (ii) is it possible to make it catalytic? and (iii) what is the reactivity of 

the strained four-membered ring in such phosphoniums? The experimental study has been 

complemented by a thorough theoretical investigation to gain better understanding of the reaction 

mechanism and identify the underlying factors. 

Results and Discussion 

Variation of the substituents at phosphorus 

 

The generality of the reaction was first examined by replacing the two iPr groups at phosphorus by 

the diamino moiety (iPr)NCH2CH2N(iPr) that we have previously used in the context of o-carboranyl 

diphosphine ligands.24 Upon reaction with CuI, the peri-iodo naphthylphosphine 3 readily formed 

the corresponding spiro-phosphonium 4, which was characterized by multi-nuclear NMR 

spectroscopy (Scheme 2). Most characteristic is the symmetrisation of the naphthyl moiety, as 

apparent in the 1H and 13C NMR spectra (Figures S1 and S2).25 
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Scheme 2. Reaction of the diamino-substituted peri-iodo naphthyl phosphine 3 with CuI. 

 

Then, we turned our attention to the phenyl-substituted phosphine 518 and observed a quite 

different behaviour (Scheme 3). Under similar conditions (CuI, dichloromethane, 25°C), a white 

precipitate formed rapidly. The corresponding 31P NMR signature (broad signal at  ‒12.0 ppm) 

suggested in this case coordination of the phosphorus atom to copper, without formation of the 

phosphonium.26 To shed light into the structure of the obtained product, an X-ray diffraction (XRD) 

analysis was carried out. It revealed, that 6a is Cu(I) complex with two peri-iodo naphthyl phosphines 

coordinated to CuI. The copper atom sits in trigonal bipyramidal geometry [P‒Cu‒P = 130.58(6)°; 

sum of P‒Cu‒P and P‒Cu‒I bond angles = 359.66(5)° and is engaged in weak Cu∙∙∙I contacts with the 

peri-iodine atoms located along the apical axis [3.037(9) and 3.319(10) Å, vs 2.575(8) Å for the 

equatorial CuI bond; I∙∙∙Cu∙∙∙I = 167.49(4)° (Table S3)].27 Of note, the peri-I∙∙∙Cu contacts induce 

significantly distortions of the naphthyl backbones, as apparent from the I‒C∙∙∙C‒P torsion angles (‒

20.0(5) and 35.8(5)°). 

 

 

 

 

 

 

 

Scheme 3. Reaction of the diphenyl-substituted peri-iodo naphthyl phosphine 5 with CuI and 

crystallographic structure of the ensuing bis-phosphine CuI complex 6a. 
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To further analyze the weak Cu∙∙∙I contacts observed crystallographically, DFT calculations were 

carried out on the actual complex 6a using the B3PW91/SDD+f(Cu), SDD(I), 6-31G** level of theory 

(gas phase).25 The optimized geometry nicely matches that determined experimentally by XRD 

(Table S6). In particular, the distances between Cu and the peri-I atoms are well reproduced (3.178 

and 3.267 Å). In addition, NBO analysis confirms the presence of secondary I∙∙∙Cu interactions, found 

as weak I(lone pair)→Cu(vacant 4s orbital) donor-acceptor interactions (Table S7) at the second-

order perturbation theory analysis (the corresponding delocalization energies E(2) amount to 12.7 

and 10.0 kcal/mol, significantly less than that of the equatorial CuI bond, 77.3 kcal/mol). 

Heating complex 6a showed no evolution over time, even under forcing conditions (110°C for 2 days 

in toluene). Addition of AgSbF6 was then tested to abstract iodide from copper and eventually favour 

oxidative addition of the C‒I bond, as previously observed for the intramolecular activation of a Sn‒

Sn bond in diphosphine copper complexes.28 Gratifyingly, the cyclic phosphonium 7a rapidly and 

cleanly formed under these conditions. The thereby obtained SbF6 salt was characterized by 1H, 13C, 
31P NMR spectroscopy, high-resolution mass spectrometry (in both positive and negative modes) as 

well as elemental analysis.25 Notably, switching from CuI to Cu(MeCN)4OTf as copper precursor 

circumvents the use of silver salt and offers a valuable alternative method to prepare phosphonium 

7 (Scheme 4). Under these conditions, the diphosphine complex 6b ( 31P NMR: ‒7.5 ppm) forms 

instantaneously and then gradually evolves to the cyclic phosphonium 7b within 4 hours at room 

temperature. 

 

 

Scheme 4. Reaction of the diphenyl-substituted peri-iodo naphthyl phosphine 5 with 

Cu(MeCN)4OTf. 

 

From stoichiometric to catalytic transformations 

 

The reaction conditions to access the peri-bridged naphthyl-phosphonium were then optimized 

using the isopropyl-substituted substrate 1-I. Whatever the copper source employed, CuBr(SMe2), 

Cu(MeCN)4PF6, Cu(MeCN)4OTf or (Py)CuI, the formation of the phosphonium was instantaneous and 

quantitative at room temperature according to 31P NMR spectroscopy. Thus, neither the charge of 

the Cu precursor nor the ancillary ligands have a significant impact on the reaction. We then sought 

to decrease the loading in Cu source with the hope to develop a catalytic process. As mentioned 

above, all known examples of phosphine-aryl coupling at copper are stoichiometric. Pleasingly, 

complete and clean conversion of 1-I into 2b was observed using 20 mol% for (Py)CuI. The loading 

can even be decreased to 1 mol% with CuI and Cu(MeCN)4OTf. To further optimize the 

transformation, different solvents were tested (Table 1). In general, polar solvents were preferred, 

due to solubility issues. Among those tested (DCM, MeCN, THF, DMF), the best results in terms of 

reaction rate, cleanness and isolation were obtained with THF and MeCN. In the end, two sets of 

conditions were established (entries 3 and 4). When using 1 mol% of Cu(MeCN)4OTf in THF, the 
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reaction reached full conversion after 30 minutes at room temperature. The phosphonium 2b 

precipitated in the course of its formation and was readily isolated (89% yield) by simple filtration. 

On the other hand, the phosphonium 2b was obtained in only 5 minutes at rt by treating 1-I with 1 

mol% CuI in MeCN! Removal of MeCN and washing with THF resulted in a 91% isolated yield. Note 

that in both cases the phosphonium is obtained as its iodide salt 2b containing ca 1 mol% of CuI2
‒ 

counter-anion (the copper content, as determined by ICP-MS, corresponds to ca 1 mol%, in line with 

the introduced amount of catalyst).25 

 

Table 1. Screening of the reaction conditions. Catalyst loading is 1 mol% for all entries. [a]Isolated 

yields in parentheses. 

 

entry Cu source Solvent Time 
Conversion 

(%)[a] 

1 Cu(MeCN)4OTf MeCN 60 min 100 (84) 

2 Cu(MeCN)4OTf DMF 5 min 100 

3 Cu(MeCN)4OTf THF 30 min 100 (89) 

4 CuI MeCN 5 min 100 (91) 

5 CuI THF 90 min 100 

 

Generalization to peri-bromo and chloro-naphthyl phosphines 

 

The possibility to extend this transformation of peri-iodo naphthyl-phosphines to the other halogens 

was then investigated. Different copper precursors and solvents were tested, the best results are 

disclosed in Scheme 5. Under stoichiometric conditions, the peri-bromo phosphine 1-Br reacted a 

little slower than 1-I (reaction is complete in 30 min instead of < 5 min in DCM at rt).25 The 

transformation could nevertheless be efficiently achieved with catalytic amounts of copper. A 

protocol using 5 mol% of CuBr(SMe2) and heating for 30 minutes at 50°C in MeCN was developed. 

The corresponding phosphonium salt 2c was thereby isolated in 82% yield after work-up. The peri-

chloro phosphine 1-Cl was much more resilient to react. Heating for 15 days in refluxing DCM with 

1 equiv. of Cu(MeCN)4OTf was required. In this case, CuCl gradually precipitated and the 

phosphonium was obtained as the trifluoromethanesulfonate salt 2d (as deduced from ESI in the 

negative mode) in 96% spectroscopic yield. Screening different reaction conditions by varying the 

copper precursor (CuCl), the solvent (MeCN, THF, o-DCB) and the temperature (80°C) did not lead 

to significant improvement. 
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Scheme 5. Optimized conditions for the Cu-mediated transformation of peri-halogenated naphthyl 

phosphines 1-X into the corresponding peri-bridged naphthyl-phosphoniums 2b-d. [a]Yield based on 
31P NMR spectroscopy. 

 

These results show that copper can activate not only the C–I bond but also C‒Br and even the less 

reactive C‒Cl bond of naphthyl-phosphines 1-X. Catalytic transformations using low copper loadings 

were developed with 1-I and 1-Br, but with 1-Cl, the reaction could not be driven to completion 

under catalytic conditions. 

So far, only two peri-bridged naphthyl-phosphoniums have been reported.21,22 They were prepared 

by a completely different route. Peri-bridged naphthyl-phosphines were first synthetized by 

intramolecular nucleophilic substitution at phosphorus. Then the phosphorus atom was 

quaternarized with methylating reagents. The copper-catalyzed route, as developed in this work, 

provides efficient and general access to such compounds. It gives the possibility to explore their 

reactivity, and our first investigations in this direction are described hereafter.  

 

Ring-expansion of peri-bridged naphthyl-phosphoniums 

 

Peri-bridging imparts significant ring strain (as apparent from the acute bond angles CPC = 77° and 

PCC = 88°) and phosphoniums such as 2 were thus supposed to be prone to ring-opening reactions. 

Our interest for gold complexes and unusual reactivity at gold29 prompted us to explore the 

behaviour of phosphoniums 2 towards Au(I) precursors. We were particularly intrigued by the 

possibility to insert gold into the P‒C bond (via oxidative addition or any other pathway). Such a 

ring-expansion would lead to (P,C)-cyclometallated gold(III) species, complexes we have shown 

recently to display versatile reactivity19,30 and to be competent catalysts for the hydroarylation of 

alkynes.31 

Pleasingly, the phosphonium salt 2b was found to react with gold(I) iodide to give the known 

(P,C)AuI2 complex 8 (Scheme 6).19a The reaction is significantly slower (80% spectroscopic yield after 

9 d at 50°C) than when starting from the peri-iodo naphthyl phosphine 1-I (100% in 2 h at 50°C). 

However, with phosphonium 2b, it does not benefit from P-coordination (and chelation assistance), 

and actually represents a rare example of intermolecular oxidative addition to gold. Performing the 

reaction in ortho-dichlorobenzene (o-DCB) at 100°C enabled to speed up the reaction (4 d, 82% 

isolated yield). 
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Scheme 6. Reactions of the peri-bridged naphthyl phosphonium 2b with AuI (isolated yield in 

parentheses) and alternative synthesis of the ensuing (P,C)AuI2 complex 8 from 1-I. Below: graph 

showing the rates of conversion of 2b/1-I as determined by 31P NMR spectroscopy. 

 

Then, the phosphonium salt 2e deriving from the peri-bromo naphthyl phosphine 1-Br was reacted 

with AuBr(SMe2). NMR monitoring indicated complete consumption of the phosphonium 2e after 1 

h at 80°C with formation of a distinct intermediate displaying a 31P NMR resonance signal at  53.5 

ppm (Scheme 7). The latter species was unambiguously assigned as the peri-bromo naphthyl 

phosphine gold(I) complex 9 that was also independently synthesized and fully characterized.18,25 

From 9, the (P,C)-cyclometallated gold(III) complex 10 formed gradually (complete conversion after 

6 days at 80°C) by intramolecular oxidative addition of the C‒Br bond to gold. 

 

 

 

+ AuBr(SMe2)

(1 equiv.)

1 h, 80 C

6 d, 80 C

1
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Scheme 7. Reaction of the peri-bridged phosphonium 2e with AuBr(SMe2) leading to the (P,C)-

cyclometallated dibromo gold(III) complex 10. Below: 31P NMR spectroscopic monitoring. 

 

From a mechanistic standpoint, the formation of (P,C) cyclometallated gold(III) complexes upon 

reaction of the peri-bridged phosphonium with gold(I) iodide/bromide may be explained by the 

following pathways (Scheme 8): (i) direct oxidative addition of the strained P‒C bond to gold, (ii) 

backward-formation of the peri-halo naphthyl phosphine (by C‒P oxidative addition to copper 

followed by C‒X reductive elimination), copper to gold exchange and oxidative addition of the C‒X 

bond to gold. Of course, these two pathways may operate competitively or concomitantly. 

 

 

Scheme 8. Schematic representation of the two possible pathways proposed to account for the 

formation of the cyclometallated gold(III) complexes (P,C)AuX2 (X = I, Br). 

 

We surmise that the direct oxidative route (i) prevails for the iodide salt 2b which contains only trace 

amounts of copper (as CuI2
− counter-anion). No intermediate is detected during the course of the 

reaction in this case. As mentioned above, intermolecular oxidative addition to gold is rare, but not 

unprecedented. In particular, a few examples have been reported with strained C‒C bonds as those 

of biphenylene and benzocyclobutanone.32,33 The reaction of Pt(PPh3)4 with a W(CO)5-coordinated 

peri-bridged naphthyl phosphine, as described by Mizuta and Miyoshi, also deserves to be 

mentioned here.21a,b Oxidative addition of the P‒C bond to Pt induced ring-expansion and afforded 

original heterodinuclear complexes.  

In the case of the CuBr2
− salt 2e, the reaction seems to operate by the multi-step route (ii) instead. 

This is apparent from the characterization of the phosphine Au(I) complex 9. Of note, the back-

formation of the peri-bromo phosphine from 2e demonstrates the reversibility of the C–Br oxidative 

addition / P–C reductive elimination sequence at copper. 

The experimental work was paralleled with a thorough computational study, with the aim (i) to shed 

light into the mechanism of formation of the peri-bridged phosphonium mediated by copper and 

identify the factors influencing it (solvent, halogen), (ii) to rationalize the difference observed 

between copper and gold, and (iii) to gain more insight into the P‒C bond cleavage and ring-

expansion upon reaction with gold(I) halides. 
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Mechanism of formation of the peri-bridged naphthyl phosphonium mediated by copper 

 

Previous DFT calculations performed in the gas phase supported the 2e redox sequence made of P 

coordination, C‒I oxidative addition and P‒C reductive elimination as a viable process for the 

reaction of the peri-iodo naphthyl phosphine 1-I with CuI. To describe and analyze more reliably the 

experimental observations, solvent effects were taken into account, considering both DCM (  = 

8.93) and MeCN (  = 35.69) using the universal Solvation Model based on solute electron Density 

(SMD). The corresponding energy profiles are given in Figure 3 (see also Figures S18 and S19).25 

Once the phosphine is coordinated to copper, oxidative addition of the C‒I bond proceeds via a 3-

centered transition state TS1 (Figure 4a). This step is very mildly affected by the reaction conditions. 

In all cases, it is about thermoneutral (2.7, 1.9 and –1.4 kcal/mol in the gas phase, DCM and MeCN) 

and its activation barrier is low (9.3, 9.5 and 7.8 kcal/mol, respectively). More pronounced 

differences were found on the P‒C coupling step following the (P,C)Cu(III)I2 intermediate II, in line 

with the high polarity of the corresponding transition state TS2 (Figure 4b) and resulting product. 

From II, the formation of the phosphonium salt 2 is only slightly downhill in energy in the gas phase 

(–1.9 kcal/mol), but well favoured thermodynamically in DCM ( G –14.2 kcal/mol) and MeCN ( G –

13.7 kcal/mol). The overall transformation is thermoneutral in the gas phase (0.8 kcal/mol) but 

noticeably exergonic in DCM (–12.3 kcal/mol) and MeCN (–15.1 kcal/mol). Of note, the energy 

barrier for the reductive elimination at copper is significantly reduced with polar solvents: from 18.5 

kcal/mol in the gas phase, it decreases to 7.6 kcal/mol in DCM, and to 6.3 kcal/mol in MeCN. Overall, 

the energy span for this Cu(I)/Cu(III) sequence is remarkably small. The activation barriers for the 

C‒I oxidative addition and P‒C reductive elimination are both under 10 kcal/mol, in line with the 

very fast reaction observed experimentally between 1-I and CuI at room temperature even under 

catalytic conditions. It is noteworthy that the cleavage of the C‒I bond is slightly more demanding 

than the formation of the P‒C bond (by 1.5 to 1.9 kcal/mol), making the copper(III) complex II a 

fleeting intermediate.34 This is consistent with the fact that no other complex than the starting 

phosphine Cu(I) species was observed experimentally. 

 

 

Figure 3. Energy profiles computed in the gas phase and in DCM/MeCN solutions for the C–I 

oxidative addition / P–C reductive elimination sequence. Free energies in kcal/mol computed at 
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GAS-B3PW91/SDD+f(Cu),SDD(I),6-31G**(other atoms) and SMD(DCM or MeCN)-

B3PW91/SDD+f(Cu),SDD(I),6-31G**(other atoms) levels of theory. 

 

   

Figure 4. Transition states TS1 and TS2 computed respectively for the C–I oxidative addition (a) and 

P–C reductive elimination (b) at the SMD(DCM)-B3PW91/SDD+f(Cu),SDD(I),6-31G**(other atoms) 

level of theory. Key distances in Å. 

 

Comparison of the peri‒iodo, bromo and chloro naphthyl phosphines 1-X 

 

The influence of the halogen atom in the peri-position of the naphthyl-phosphine was then 

investigated. The energy profiles for the sequence of P-coordination, C‒X oxidative addition to Cu 

and P‒C reductive elimination were computed at the SMD(MeCN)-B3PW91/SDD+f(Cu), 

SDD(I,Br,Cl),6-31G**(other atoms) level of theory for the reactions 1-I + CuI, 1-Br + CuBr and 1-Cl + 

CuCl in MeCN. The barrier for the oxidative addition to Cu increases progressively in the series C‒I 

< C‒Br < C‒Cl (7.8, 13.7 and 18.5 kcal/mol) (Figure 5, see also Figures S20-S22)25 and this step is less 

favoured thermodynamically for chlorine and bromine than for iodine (‒1.4 for I versus 3.1 for Br 

and 1.8 kcal/mol for Cl). The halogen is not directly involved in the following P‒C bond formation 

and has logically less impact on this step. In all cases, the reductive elimination is downhill in energy, 

by 13.7 kcal/mol for I, 16.2 kcal/mol for Br and 10.3 kcal/mol for Cl, over the (P,C)-cyclometallated 

Cu(III) complex II. The corresponding energy barrier increases from iodine (6.3 kcal/mol) to bromine 

(9.5 kcal/mol), and chlorine (12.8 kcal/mol). Overall, the formation of the phosphonium salts from 

1-X + CuX is thermodynamically favoured and the energy balance does not change much with the 

halogen ( G = –15.1 kcal/mol for I, –13.1 kcal/mol for Br and –8.5 kcal/mol for Cl).35 While the 

activation barriers for the C‒X oxidative addition and P‒C reductive elimination are close for iodine, 

the first step is significantly more demanding for bromine and chlorine (by 4.2 and 5.7 kcal/mol, 

respectively), making it the likely rate-determining step. 
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Figure 5. Energy profiles computed for the C–X oxidative addition (X : I, Br, Cl) / P–C reductive 

elimination sequence at the SMD(CH3CN)-B3PW91/SDD+f(M),SDD(I,Br,Cl), 6-31G**(other atoms) 

level of theory. Free energies in kcal/mol. 

 

 

Figure 6. Transition states (TS1) computed for the C–I, C–Br and C–Cl oxidative additions to copper 

at the SMD(MeCN)-B3PW91/SDD+f(Cu),SDD(I,Br,Cl),6-31G**(other atoms) level of theory. Key 

distances in Å. 

 

 

Comparison of copper and gold: formation and ring-expansion of the peri-bridged naphthyl 

phosphonium 

 

Finally, we sought to better understand the very different behaviour exhibited by copper and gold, 

ie the formation of peri-bridged naphthyl phosphoniums with Cu versus (P,C)-cyclometallated 

gold(III) complexes with Au. Computations were carried out in DCM to enable comparison between 

the two metals under similar conditions used experimentally. The reaction profiles computed for 

the reactions of 1-I with AuI and CuI are overlayed in Figure 7, revealing striking differences. 
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Consistent with experimental observations,18,36 the reaction stops at the M(III)I2 stage with gold: the 

P‒C reductive elimination leading to the phosphonium is uphill in energy (+ 7.8 kcal/mol) and its 

activation barrier is large (38.1 kcal/mol). Conversely, starting from the AuI2
− phosphonium 2, 

oxidative addition of the strained P‒C bond to give the (P,C)AuI2 complex II is downhill in energy. 

The corresponding barrier (30.3 kcal/mol) is significantly larger than that of the P-assisted C‒I 

oxidative addition from I (16.6 kcal/mol), but can be crossed over at high temperature, in line with 

that observed experimentally. 

 

 

Figure 7. Overlay of the energy profiles computed for the reactions of the peri-iodo naphthyl 

phosphine 1-I with CuI and AuI at the SMD(DCM) B3PW91/SDD+f(M),SDD(I),6-31G**(other atoms) 

level of theory. Free energies in kcal/mol. 

 

The formation of the M(III)I2 species II is less favoured thermodynamically with copper than gold, 

consistent with their intrinsic properties and relativistic effects.37 Due to the smaller size of Cu 

compared to Au, the (P,C)-cyclometallated structure imposes some geometric constraint, but not 

too much (Figure 8). Of note, the barrier for C‒I oxidative addition is lower for copper than for gold 

(9.5 versus 16.6 kcal/mol). This has probably to do with the structure of the phosphine M(I) 

precursor I, which is the standard situation for Au, but a low coordinate state for copper.38 

 

    

Figure 8. Structures computed for the (P,C)-cyclometallated M(III) complexes II (M = Cu, Au) at the 

SMD(DCM)-B3PW91/SDD+f(M),SDD(I),6-31G**(other atoms) level of theory. Key distances in Å. 
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The same trend is observed from 1-Br (Figure 9). As mentioned above, the activation barriers for C‒

Br oxidative addition to copper and P‒C reductive elimination are both readily accessible (13.9 and 

11.0 kcal/mol, respectively), and the formation of the peri-bridged phosphonium 2 is 

thermodynamically favoured over the (P,C)-cyclometallated Cu(III) complex II ( G : –12.5 kcal/mol). 

Comparatively, the reaction with AuBr stops at the oxidative addition stage, the (P,C)Au(III)Br2 

complex is in a thermodynamic sink. 

 

 

Figure 9. Overlay of the energy profiles computed for the reaction of the peri-bromo naphthyl 

phosphine 1-Br with CuBr and AuBr at the SMD(DCM)-B3PW91/SDD+f(M),SDD(Br),6-31G**(other 

atoms) level of theory. Free energies in kcal/mol. 

 

 It is 11.5 kcal/mol lower in energy than the phosphine Au(I)Br complex I and 9.4 kcal/mol lower in 

energy than the peri-bridged phosphonium 2. The activation barrier for P‒C reductive elimination is 

very large (44.9 kcal/mol). Even that for the backward reaction, the oxidative addition of the 

strained P‒Csp2 bond to gold (35.5 kcal/mol) is very high.  

This is probably why the reaction of 2 with AuBr goes through the phosphine complex (1-Br)Au(I)Br 

and is mediated by copper. Insertion of CuBr2
− in the strained cyclic phosphonium is much less 

energy demanding than that of AuBr2
− ( G≠ 23.5 kcal/mol for the P‒C oxidative addition to Cu). From 

II, C‒Br reductive elimination is also facile at Cu ( G≠ 10.5 kcal/mol) and reforms the peri-bromo 

naphthyl phosphine. 

The energy landscapes computed for Cu and Au are very different. The formation of the (P,C)-

cyclometallated gold(III) complex is a strong driving force while the small energy span of the 2e 

redox sequence at copper explains its ease and reversibility.  
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Conclusion 
In summary, the reaction of peri-halo naphthyl phosphines with Cu(I) was found not to stop after P-

coordination and oxidative addition of the C‒X bond as for gold. P‒C reductive elimination readily 

proceeds to give strained peri-bridged naphthyl phosphonium salts. The reaction is general, as 

shown by the formation of the diamino-substituted, spiro-bicyclic phosphonium 4 and diphenyl-

substituted phosphonium 7 (for which a bis-phosphine copper(I) complex featuring weak contacts 

between copper and the peri-iodine atoms was authenticated crystallographically). Not only 

naphthyl phosphines featuring C‒I bonds in peri position react with copper(I) salts to give 

phosphoniums, but also the bromo and chloro derivatives 1-Br and 1-Cl although more forcing 

conditions are required. Remarkably, the reaction is amenable to catalysis and actually stands as 

the first Cu-catalyzed phosphine-aryl coupling. With the peri-iodo naphthyl phosphine 1-I, it 

proceeds very fast under mild conditions (5 minutes at room temperature) with only 1 mol% of 

copper source. 

The reaction most likely involves a Cu(I)/Cu(III) cycle made of P-coordination, C‒X oxidative addition 

and P‒C reductive elimination, as supported by DFT calculations. In line with experimental 

observations, polar solvents such as DCM and MeCN are preferred. They make the formation of the 

phosphonium salt more thermodynamically favourable and lower the activation barrier for the P‒C 

reductive elimination step. The energy span for the Cu(I)/Cu(III) sequence is remarkably small, with 

activation barriers for C‒I oxidative addition and P‒C reductive elimination both under 10 kcal/mol. 

The influence of the halogen atom (I, Br, Cl) was also examined computationally. Accordingly, C‒X 

oxidative addition is more demanding with bromine and chlorine, and represents the rate-

determining step. The reaction profiles computed for gold are very different, explaining the striking 

difference observed between the two metals experimentally. The (P,C)-cyclometallated Au(III)X2 

complexes are in thermodynamic sinks. With gold, P‒C reduction elimination is uphill in energy and 

its activation barrier is very high. 

Because of the strain induced by the four-membered ring structure and the rigid naphthyl backbone, 

peri-bridged naphthyl phosphonium salts can be expected to be quite reactive. First studies in this 

direction have shown the possibility of ring-expansion by reaction of gold(I) precursors, leading to 

(P,C)-cyclometallated gold(III) complexes. Mechanistic studies have evidenced two contributing 

scenarios in which the insertion of the gold atom into the strained P‒C bond proceeds either directly 

by oxidative addition to gold or involves the reversibility of the Cu(I)/Cu(III) sequence and ultimately 

oxidative addition of the C‒X bond to gold assisted by P-chelation.  

Peri-bridged naphthyl phosphonium salts represent a new type of -conjugated phosphoniums, 

besides phospholium, benzophospholium and phosphaphenalium salts.39 Future work will aim at 

exploring further their chemistry and studying related peri-P-bridged naphthyl compounds. Besides 

their reactivity, their photophysical properties certainly deserve to be investigated. Indeed, the 

incorporation of main-group elements in -extended systems has been established as a very 

powerful strategy to alter their electronic and optical properties.40 
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