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ABSTRACT: Electrophilic attack with methyl trifluoromethane sulfonate or tetrafluoroboric acid, to  new alkynyl rhodi-
um complexes containing alkenylphosphanes, lead to butenynyl coupling products or to the unprecedented 
rhodaphosphacycle complexes [Rh(η5-C5Me5){κ4-(P,C,C,C)-iPr2PCH2C(=CH2)C(CH2R)C=C(R)}][BF4] R = Ph (11a), p-tol 
(11b). These complexes 11a,b can be explained as a result of the coupling of three organic fragments in the molecule, the 
alkynyl, the vinylidene, generated in situ by reaction with HBF4 (A), and the C-C double bond from the alkenyl 
phosphane.  DFT theoretical calculations on the formation of complex 11a suggest the [2+2] intramolecular cycloaddition 
between the double bond of the allylphosphane and the Cα–Cβ of the vinylidene A, as the most plausible pathway for this 
reaction. 

INTRODUCCION  
 Inter- and intra-molecular reactions between alkynes 

and other organic fragments, promoted by transition 
metal complexes, have been the subject of active research 
in the last years, since they are among the most efficient 
and selective method for C-C bond formation1 leading to a 
variety of organic compounds such as conjugated alkenes, 
α,β unsaturated aldehydes and ketones, enynes and oth-
ers.2 

In most of these reactions, the key organometallic spe-
cies involved are alkynyl and/or vinylidene complexes. 
For example, the intramolecular coupling between al-
kynyl and vinylidene complexes leading to butenynyl 
complexes is a key step in the alkyne dimerization, and 
therefore, the chemistry of these metallic complexes has 
been widely studied.3 

On the other hand, alkenyl phosphanes bearing car-
bon–carbon double bonds display a versatile behavior as 
ligands in coordination chemistry and provide a double 
bond in the coordination sphere of the metals which can 
participate in coupling processes.  

Kirchner and co-workers have studied the reactions of 
terminal and internal alkynes with Cp or Tp ruthenium 
complexes bearing alkenyl phosphanes which give rise to 
interesting coupling products resulting from the oxidative 
coupling between the olefin from the alkenyl phosphane 
and the alkyne.4 A similar behavior occurs when Cp ru-
thenium complexes were treated with propargyl alcohols 
obtaining dienylphosphane ligands.5 Also, the reactivity of 
Cp osmium complexes bearing alkenylphosphanes to-
wards alkynes, has been widely studied by Esteruelas at 
al.6 

Alkenylphosphane metal complexes are also involved in 
[2+2] cycloaddition reactions. Thus, the treatment of 
indenyl ruthenium(II) complexes bearing a bidentate 
ADPP ligand, with an excess of the corresponding termi-
nal alkyne or propargylic  alcohols lead diasteroselectively 
to bicyclic cyclobutylidene complexes through an intra-
molecular [2 + 2] cycloaddition between the C-C double 
bond of the alkenyl phosphane and the Cα-Cβ of the vi-
nylidene or allenylidene previously formed.7 

To explore the scope of these processes, we have inves-
tigated the behaviour of pentamethylcyclopentadienyl 
rhodium complexes with alkenylphosphanes allyldiiso-



 

propylphosphane (ADIP), allyldiphenylphosphane 
(ADPP) and homoallyldiphenylphosphane (HADPP) to-
wards alkynes. For comparative purposes, complexes with 
PMe2Ph have been also prepared. 

RESULTS AND DISCUSSION 
Synthesis of dialkynyl complexes. Complexes  

[RhCl2(η5-C5Me5){ĸ1(P)-PR3}] bearing the alkenyl phos-
phanes ADPP,8 ADIP,9 and HADPP9  react with 5 equiva-
lents of freshly prepared solutions of lithium alkynyls to 
give the new dialkynyl rhodium complexes [Rh(η5-
C5Me5)(C≡CR1)2{κ1-(P)-R‘2P(CH2)nCH=CH2}]  [R‘ = iPr, n=1, 
R1 = Ph (1a), p-tol (1b), SiMe3 (1c), CH2Ph (1d); R‘ = Ph, 
n=1, R1 = Ph (2a), p-tol (2b), SiMe3 (2c), CH2Ph (2d); R‘ = 
Ph, n=2, R1 = Ph (3a)] (Scheme 1). Also, the preparation of 
complexes bearing the phosphane PMe2Ph [Rh(η5-
C5Me5)(C≡CR1)2(PPh2Me)] (R1 = Ph (4a); p-tol (4b)) have 
been accomplish for comparison purposes from [RhCl2(η5-
C5Me5)(PMe2Ph)] 10 (Scheme 1). 11 

 
Scheme 1. Synthesis of dialkynyl rhodium(III) 
complexes. 
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All complexes are stable yellow-brown solids or oils 
which have been analytically and spectroscopically char-
acterized.11,12 Characteristic features of the spectroscopic 
data for these complexes are the following: (i) The IR 
spectra show the ν(C≡C) absorption in the range 2028-
2121 cm-1; (ii) the 31P{1H} NMR spectra in dichloromethane 
show a doublet for the phosphane ligand with coupling 
constants 1JRhP in the range  124.8- 128.1 Hz as expected for 
coupling constants phosphorous-Rh(III). The chemical 
shifts observed for these complexes agree with a coordi-
nation κ1-(P) of the alkenyl phosphanes [49.2-50.9 (ADIP), 
39.5-41.2 (ADPP), 38.4 (HADPP) and 33.0-33.1 (PMe2Ph)]; 
(iii) the 1H and 13C{1H} NMR spectra show the expected 
signals for the C5Me5 and the phosphane ligands; (iv) the 
13C{1H} NMR spectra of these complexes display character-
istic resonances for the alkynyl groups: Cα as a doublet of 
doublets with coupling constants 1JCRh and 2JCP  in the 
ranges 50.3-54.3 Hz and 27.2-34.2 Hz, respectively, and Cβ 
atom as a doublet with 2JCRh in the range 6.1-13.1 Hz.  

Reaction  of dialkynyl complexes with methyl tri-
flate. When the dialkynyl complexes 1a,b, 2a,b, 3a and 

4a,b are treated with methyl trifluoromethane sulfonate, 
the complexes 5a,b, 6a,b, 7a and 8a,b, containing a η3-
butenynyl group were formed (Scheme 2). 
Scheme 2. Reaction of dialkynyl rhodium(III) com-
plexes with CF3SO3Me.  
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Analytically pure samples of these complexes were ob-

tained by anion exchange using NaBPh4 salt (see experi-
mental section for details). Also, these complexes have 
been completely characterized in solution by nuclear 
magnetic resonance spectroscopy including 1D and 2D 
NMR experiments  (COSY, HSQC, HMBC and ROESY) 
and decoupling experiments [1H{31P} and 13C{31P}{1H}]. In 
particular, it must be noted that (i) the 31P{1H} NMR spec-
tra in dichloromethane show a doublet shifted toward 
higher field with respect to the corresponding precursors. 
The coupling constants phosphorous-Rh(III) (1JRhP) are in 
the range 155.7- 162.8 Hz; (ii) the 1H NMR spectra show 
the signals for the methyl group as a singlet in the range 
2.46 -2.78; (iii) The signals for the butenynyl group in the 
13C{1H} NMR spectra (Scheme 3, Table 1) agree with those 
found for other  η3-butenynyl complexes. 13 

Scheme 3. Carbon atom labels for the butenynyl 
ligands 
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Table 1. 13C{1H} NMR data for complexes 5a,b, 6a,b, 7a and 8a,b.[a,] 

 C-1 C-2 C-3 C-4 

5ab 109.8 (dd, 1JCRh = 14.1, 2JCP = 5.0) 44.6 (d, 1JCRh = 4.1) 141.6 (dd, 1JCRh = 23.1, 2JCP = 11.1) 134.8 

5bb 109.7 (m) 43.1 s 140.6 (dd, 1JCRh = 21.1, 2JCP = 11.1) 130.9 

6ac 109.8 (d, 1JCRh = 11.1) 44.5 s 142.6 (dd. 1JCRh = 23.1, 2JCP = 9.7) 135.0 

6bb 109.1 (dd, 1JCRh = 12.6, 2JCP = 4.5) 43.0 s 141.4 (dd, 1JCRh = 23.0, 2JCP = 11.0) 132.3 

7ab 109.8 (dd, 1JCRh = 11.8, 2JCP = 3.6) 43.8 s 142.8 (dd, 1JCRh = 22.4, 2JCP = 10.9) 134.3 

8ac 109.6 (dd, 1JCRh = 11.7, 2JCP = 3.5) 44.6 s 143.3 (dd, 1JCRh = 22.4, 2JCP = 10.7) 134.2 

8bc 109.4 (dd, 1JCRh = 11.6, 2JCP = 2.7) 43.7 s 142.2 (dd, 1JCRh = 23.0, 2JCP = 11.0) 133.5 

[a] Chemical shift in ppm, coupling constants in Hz. [b] CD2Cl2, 298K. [c] CD2Cl2, 243K. 

 
The structure of complex [Rh(η5-C5Me5){η3-CPh=C-

C(=C(Ph)CH3)}{κ1-(P)-iPr2PCH2CH=CH2}][CF3SO3] (5a) 
was determined by single crystal X ray diffraction analy-
sis. Slow diffusion of heptane into a solution of 5a in di-
chloromethane, allowed us to collect suitable crystals for 
X-ray diffraction studies. An ORTEP type representation 
of the cation of complex 5a is shown in Figure 1 and se-
lected bonding data are collected in the caption.  

 
Figure 1. Molecular structure and atom-labeling scheme for 
the cation of complex [Rh(η5-C5Me5){η3-PC3=C(Ph)CH3)}{κ1-
(P)-iPr2PCH2CH=CH2}][CF3SO3] (5a). Hydrogen atoms have 
been omitted for clarity. Non-hydrogen atoms are represent-
ed by their 20% probability ellipsoids. Selected bond lengths 
(Å): Rh(1)−P(1) = 2.354(1), Rh(1)−C* = 1.865(1), Rh(1)−C(26) = 
2.252(3), Rh(1)−C(27) = 2.166(5), Rh(1)−C(28) = 2.130(4), 
C(12)−C(13) = 1.313(7), C(25)− C(26) = 1.460(7), C(26)−C(27) = 
1.259(7), C(27)−C(28) = 1.365(7), C(28)−C(29) = 1.344(7), 
C(29)−C(30) = 1.481(7). Selected bond angles (deg): 
C*−Rh(1)−P(1) = 134.24(3), C*−Rh(1)−C(26) = 123.64(12), 
C*−Rh(1)−C(27) = 133.27(13), ), C*−Rh(1)−C(28) = 127.87(12), 
C(26)−Rh(1)−C(27) = 69.8(3), C(27)−Rh(1)−C(28) = 70.0(3), 
C(28)−Rh(1)−P(1) = 88.11(12), C(26)−Rh(1)−P(1) = 92.37(13), 
C(25)−C(26)−C(27) = 147.8(5), C(26)−C(27)−C(28) = 146.8(5), 

C(27)−C(28)−C(29) = 140.3(5), C(28)−C(29)−C(30) = 121.5(4). 
C* = centroid of C(1), C(2), C(3), C(4), C(5). 

The molecule exhibits a three-legged piano-stool geom-
etry with the rhodium atom bonded to the phosphorus 
atom of the alkenylphosphane, η5- to the C5Me5 ligand, 
and η3 to the 1,4-diphenyl-4-methylbut-3-en-1-inyl ligand 
which exhibits an E stereochemistry.  

The distances between Rhodium and C(26), C(27) and 
C(28) (2.130-2.252 Å) agree with the carbonated skeleton  
bonded η3. The C(27)-C(28) bond distance (1.365(7)) is 
similar to those in η3-allyl complexes and the C(26)-C(27) 
bond distance (1.259(7) is in the range of carbon-carbon 
triple bond lengths in π-acetylene complexes. The angles 
C(25)−C(26)−C(27),  C(26)−C(27)−C(28) and  
C(27)−C(28)−C(29) are 147.8(5), 146.8(5) and 140.3(5), 
respectively suggesting  hybridization intermediate 
between sp and sp2 for C(26), C(27) and C(28) atoms. 
Moreover, the C(25)-C(26) and C(29)-C(30) bond distanc-
es are intermediate between a single and double C-C 
bond, indicating an electronic delocalization through the 
aromatic rings. Thus, the topology of the butenynyl lig-
and in complex 5a is similar to that observed in related 
complexes13,14  and its structure can be described as a 
combination of propargyl and allenyl resonance forms 
(Scheme 4). 
Scheme 4. Resonance forms  for butenynyl group in 
complex 5a 
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The crystal for the structure determination of complex 

5a belongs to the chiral space group P212121, and the Flack 
parameter (-0.019(7)) indicates that a sole enantiomer is 
present in the asymmetric unit due to a spontaneous 
resolution on crystallization. An explanation for this fact 



 

can be the separation of a conglomerate of enantiomor-
phous crystals of the two enantiomers upon crystalliza-
tion from the racemic mixture. This spontaneous separa-
tion of one chiral crystalline form from a racemate solu-
tion has been occasionally observed.15 

 
The formation of the butenynyl complexes can be ex-

plained through an intramolecular coupling of one al-
kynyl ligand with a transient vinylidene specie generated 
“in situ” by methylation of the second alkynyl unit 
(Scheme 5). 16 

Scheme 5. Pathway for the formation of η3-dienyl 
complexes 5a,b, 6a,b, 7a and 8a,b. 
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The reaction of complexes 1c,d and 2c,d with methyl 

triflate lead to untractable reaction mixtures. Probably 
electronic delocalization of the butenynyl chain with the 
aromatic ring is necessary for stabilizing the products.  

Reaction  of dialkynyl complexes with tetra-
fluoroboric acid. When the dialkynyl complexes were 
treated with tetrafluoroboric acid, two different complex-
es can be isolated depending on the precursor. Thus, η3 
coordinated butenynyl complexes [Rh(η5-C5Me5){η3-
CPh=C-C(=CHPh)}(PR3)][BF4]  9a,b and 10a,b, analogous 
to the former methylated complexes, were isolated 
(Scheme 5) for complexes 2a,b and 4a,b, containing the 
phosphanes ADPP and PMe2Ph. Surprisingly, when com-
plexes 1a,b containing the ADIP phosphane, react with 
HBF4·OEt2 in the same conditions, the unexpected and 
unprecedented rhodaphosphacycle complexes [Rh(η5-
C5Me5){κ4-(P,C,C,C)-
iPr2PCH2C(=CH2)C(CH2R)C=C(R)}][BF4] R = Ph (11a), p-tol 
(11b) were obtained, resulting from the coupling of the 
three organic fragments in the molecule, the alkynyl, the 
vinylidene, generated in situ by reaction with HBF4, and 
the C-C double bond from the alkenyl phosphane 
(Scheme 6). 
Scheme 6. Reaction of dialkynyl rhodium(III) com-
plexes with tetrafluoroboric acid. 
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All complexes were isolated as stable solids and fully 

characterized by analytical and spectroscopic methods.  
Bidimensional (COSY, HSQC and HMBC) and  decou-
pling NMR experiments have been carried out for the full 
assignment of the signals. Selected spectroscopic data for 
complexes 9a,b and 10a,b are the following: (i) The 
31P{1H} NMR spectra show a doublet in the range expected 
for the coordinated phosphanes with coupling constants 
according with the existence of Rh(III) (1JPRh =160.3-162.1 
Hz);  (ii) the 1H NMR spectra show the signals for the 
hydrogen of the butenynyl fragment as a singlet at 7.12  
(9a,b), 7.05 (10a) and 7.08 (10b) ppm; (iii) The signals for 
the butenynyl group in the 13C{1H} NMR spectra (Table 2), 
agree with those found for complexes 5a,b, 6a,b, 7a,b and 
8a,b.   

 
 

 



 

Table 2. 13C{1H} NMR data for complexes 9a,b and 10a,b.[a] 

 C-1 C-2 C-3 C-4 

9ab 117.2 (dd, 1JCRh = 14.1, 2JCP = 4.0) 42.4 (s) 142.8 (dd, 1JCRh = 21.1, 2JCP = 8.0) 124.7 

9bb 118.5 (m) 43.2 (s) 143.3 (dd, 1JCRh = 20.1, 2JCP = 9.1) 124.5 

10ac 117.0 (dd, 1JCRh = 14.1, 2JCP = 3.6)  41.5 (s) 141.6 (dd, 1JCRh = 20.1, 2JCP = 4.0) 123.8 

10bc 118.0 (dd, 1JCRh = 15.1, 2JCP = 4.1) 42.4 (s) 142.1 (dd, 1JCRh = 21.1, 2JCP = 9.1) 123.7 

[a] Chemical shift in ppm, coupling constants in Hz. [b] CD2Cl2, 243K. [c] CD2Cl2, 298K. 

 
Characteristic features of the spectroscopic data for 

complexes 11a,b are the following: (i) IR show the charac-
teristic broad band for the BF4 anion at 1032 (11a) and 1051 
(11b) cm-1; (ii) the 31P{1H} NMR spectra in dichloro-
methane show a doublet at 54.1 (1JRhP = 157.3)  (11a) and 
53.8 (1JRhP = 156.7) (11b) ppm; (iii) the 1H and 13C{1H} NMR 
spectra show the signals for the 7-membered rodaphos-
phacycle (Table 3, Scheme 7).  
Scheme 7. Carbon atom labels for the butenynyl 
ligands 
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Table 3. 13C{1H} NMR data for complexes 11a,b.[a, b] 

 11a 11b 

C-1 92.7 (dd, 1JCRh = 17.1, 2JCP = 5.0) 92.7 (dd, 1JCRh = 16.1, 
2JCP = 4.0) 

C-2 80.4 (d, 1JCRh = 2.0) 79.5 (s) 

C-3 83.6 (dd, 1JCRh = 8.0, 2JCP = 2.0) 83.7 (d, 1JCRh = 7.0) 

C-4 142.6 (d, 2JCP = 1.0) 142.9 (s) 

C-5 115.8 (d, 3JCP = 11.1) 115.5 (d, 3JCP = 12.1) 

C-6 25.3 (d, 1JCP = 24.1) 25.3 (d, 1JCP = 24.1) 

[a] Chemical shift in ppm, coupling constants in Hz. [b] 
CD2Cl2, 298K. 

 
Slow diffusion of heptane into a solution of complex 11a 

in a mixture  dichloromethane/diethylether at room 
temperature allows crystals suitables for X-ray diffraction 
studies.  For complex 11a, the asymmetric unit consists of 
two molecules. For one of them, the rhodaphosphacycle 
chain is disordered at 50% into two different positions. 
However in the second molecule, the rhodaphosphacycle 

chain is located in only one position. In the present paper, 
only this molecule is presented and discussed, since the 
more relevant structural parameters are similar in both 
molecules. ORTEP type representation of the cation is 
shown in Figure 2 and selected bonding data are collected 
in the caption. 

 
Figure 2. Molecular structure and atom-labeling scheme for 
the cation of complex [Rh(η5-C5Me5){κ4-(P,C,C,C)-
iPr2PCH2C(=CH2)C(CH2Ph)C=C(Ph)}][BF4] 11a. Hydrogen 
atoms have been omitted for clarity. Non-hydrogen atoms 
are represented by their 10% probability ellipsoids. Selected 
bond lengths (Å): Rh(1)−P(1) = 2.324(2), Rh(1)−C* = 1.848(11), 
Rh(1)−C(20) = 2.424(15), Rh(1)−C(28) = 2.222(12), Rh(1)−C(29) 
= 2.165(17), P(1)−C(17)= 1.777(17), C(17)−C(18) = 1.48(3), C(18)− 
C(19) = 1.40(3), C(18)−C(20) = 1.48(2), C(20)−C(21) = 1.54(2), 
C(21)−C(22) = 1.51(2), C(20)−C(28) = 1.40(2), C(28)−C(29) = 
1.14(2), C(29)−C(30) = 1.59(2). Selected bond angles (deg): 
C*−Rh(1)−P(1) = 136.79(9), C*−Rh(1)−C(20) = 135.1(6), 
C*−Rh(1)−C(28) = 134.2(3), C*−Rh(1)−C(29) = 122.6(5), 
P(1)−Rh(1)−C(20) = 79.1(4), C(20)−Rh(1)−C(28) = 34.7(5), 
C(28)−Rh(1)−C(29) = 30.0(6), P(1)−Rh(1)−C(29) = 93.6(3), 
P(1)−C(17)−C(18) = 104.9(12), C(17)−C(18)−C(19) = 120.3(17), 
C(17)−C(18)−C(20) = 116.2(14), C(18)−C(20)−C(28) = 118.6(13), 
C(20)−C(28)−C(29) = 151.4(14), C(28)−C(29)−C(30) = 
140.2(14). C* = centroid of C(1), C(2), C(3), C(4), C(5). 

The molecule exhibits a three-legged piano-stool geom-
etry with the rhodium atom bonded η5- to the C5Me5 
ligand, to the phosphorus atom, and the C(20), C(28) and 
C(29) carbon atoms of the newly formed tetradentate 
ligand. The distances between the rhodium atom and 
C(20), C(28) and C(29) carbon atoms are 2.424(16), 



 

2.222(12) and 2.165(17) Å, respectively and agree with a 
single Rh-C bond as found for complex 5a. The C(20)-
C(28) and C(28)-C(29) bond distances show an electronic 
delocalization through the three carbon atoms.  

Computational Study. In order to get some insights 
about the mechanisms underlying the transformation of 
dialkynyl rhodium (III) complexes into the η3-dienyl 
complexes 5-10 or the rhodaphosphacycle complexes 11, a 
theoretical study using the Density Functional theory, 
was carried out.17 Full details of the potential-energy sur-
faces studied, including a reaction-energy profile, are 
shown in the Supporting Information section.  

As summarized in Scheme 6, the reaction of alkynyl 
complexes 1a,b and 2a,b with tetrafluoroboric acid leads 
to complexes 9ab-10ab or to the complex 11a, depending 
on the nature of the phosphine ligand. According to the 
calculations, for complex 1a, the first step in these reac-
tions appears to be the protonation of one alkynyl group, 
to form the cationic alkynylvinylidene complex A 
(Scheme 8). This reaction appears to occur withouth an 
appreciable energy barrier (after an extensive search, the 
corresponding transition state has not been located), the 
intermediate A being predicted to be 15 kcal mol-1 more 
stable than the starting materials (1a + HBF4). The poste-
rior evolution of the cationic vinylidene intermediate 
depends on the structure of the phosphine. At first, it was 
found that the vinylidene A can undergo an intramolecu-
lar cyclization to give the η3-dienyl complex 12a (Scheme 
8), analogous to complexes 9a and 10a. In this reaction, a 
C-C bond is formed through the transition state TS1 (Fig-
ure 3). The reaction product 12a is predicted to be 35.2 
kcal mol-1 more stable than the reactants and the activa-
tion barrier is very low (ΔG#= +3.6 kcal mol-1). 

 
Scheme 8. Stationary points located for the mecha-
nism of the formation of complex 12a at low tempera-
ture. Energies are given in kcal mol-1. 
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Figure 3. Transition states located for the cyclization (TS1) 
and [2+2] intramolecular cycloaddition (TS2) of vynilidene A. 
The tetrafluoroborate anion has been deleted for clarity. 
Lenghts are in Å. 

However, for compound 1a, only the rhodaphosphacy-
cle complex 11a was isolated (Scheme 6), thus suggesting 
the possibility of compound 12a being an intermediate in 
the formation of product 11a. The found mechanism, 
leading to 11a from 12a, involves the formation of a phos-
pharhodacyclobutane intermediate (see the Supporting 
Information for details) and it is predicted to have a high 
activation barrier (up to 58 kcalmol-1), which is not com-
patible with the conditions of the reaction, and was ruled 
out. 

At this point, other mechanism, whithout the participa-
tion of 12a as intermediate, was studied. In this case, the 
transformation of A into 11a, starts with the [2+2] intra-
molecular cycloaddition between the double bond of the 
allylphosphane and the Cα-Cβ double bond of the vinyli-
dene A, which leads to the bicycle B (Scheme 9). The 
calculated activation barrier for this process is 24.9 kcal 
mol-1, and the reaction free energy is -16.7 kcal mol-1. 
Scheme 9. Intramolecular [2+2]-cycloaddition reac-
tion of vinylidene A, followed by the deprotonation 
of the bicyclic adduct B, and the conrotatory ring 
opening of C, to give the diene derivative D. Energies 
are in kcal mol-1. 
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Some geometrical details of the transition state TS2 are 

shown in Figure 3. The deprotonation of cyclobutylidene 
B leads to the cyclobutenyl derivative C, which could 
undergo a thermal, four-electrons conrotatory electrocy-
clic ring-opening (TS4, Figure 4), to gave rise intermedi-
ate D, which is 2.4 kcal mol-1 more stable than the cyclo-
butenyl C. [2+2] intramolecular cycloaddition reactions 
between the double bond of an allylphosphane and the 
Cα–Cβ of a vinylidene leading to cyclobutylidene com-
plexes have been recently reported for ruthenium com-
plexes.7,18 Also, the deprotonation of these cyclobutenyli-



 

dene ring lead to cyclobutenyl complexes,7a supporting 
the proposed pathway. 

In Scheme 10, the final steps of the proposed mecha-
nism are outlined. The protonation of the diene derivative 
D results in the formation of the allyl cationic intermedi-
ate E, which in turn, experiences the attack of the triple 
bond (TS6, Figure 4), thus leading to the final product 
11a. The final product 11a is predicted to be a very stable 
compound, being the large negative value of ∆Grxn the 
driving force of the full process.  

 
Scheme 10. Protonation of diene D to give the allyl 
cation E, and intramolecular cyclization leading to 
final product 11a. 
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From the results shown, it appears that the protonation 
of 1a should lead to the formation of two products, 11a 
and 12a. However, although product 12a will be formed 
initially, due to the small activation barrier from vinyli-
dene A, e. g. 12a is the kinetic control product, the barrier 
for its reversion to A (31.9 kcal mol-1) is slightly lower than 
the barrier (33.1 kcal mol-1) for the ring opening of inter-
mediate C, which is the rate-determining step in the for-
mation of 11a. Accordingly, the formation of 12a is re-
versible, and in thermodynamic conditions, the only 
product detected will be the very stable rhodaphosphacy-
cle complex 11a. 

 

 

Figure 4. Transition states located for the conrotatory ring 
opening (TS4) of intermediate C and intramolecular cycliza-
tion (TS6) of allyl cation E. Lenghts are in Å. 

 
The formation of 12a from the mixture of 1a and HBF4 

was observed experimentally. Thus, the addition of tetra-
fluoroboric acid to complex 1a, carried out at 233 K, was 
monitored by 31P{1H} and 13C{1H} NMR. The formation of a 
transient specie is assessed by the 31P{1H} NMR spectrum 
of the reaction mixture, which shows, after 4 h at low 
temperature, a doublet resonance  at δ = 41.4 ppm (1JPRh = 
155.8 Hz). Also, the 13C{1H} NMR spectrum agree with the 
formation in solution of a butenynyl complex [Rh(η5-
C5Me5){η3-CPh=C-C(=CHPh)}{κ1-(P)-
iPr2PCH2CH=CH2}][BF4] (12a), analogous to complexes 9a 
and 10a, since presents two singlets at δ= 43.9, 123.6 and 
two multiplets at δ = 118.5 and 142.8 for C-2, C-4, C-1 and 
C-3 carbon atoms, respectively. Complex 12a is unstable at 
room temperature and all isolation attempts were unsuc-
cessful. These studies shown that 12a is not an intermedi-
ate in the formation of 11a, but a parallel product, that 
being unstable at room temperature, could not be isolat-
ed (Scheme 11). 

 



 

Scheme 11. Reaction of complex 1a with HBF4
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The results shown in Scheme 6 indicate that the nature 
of the phosphine ligand strongly influences the course of 
the reaction of dialkynyl rhodium (III) complexes with 
tetrafluoroboric acid. When the reaction is carried out 
whith complex 2a, bearing the allyldiphenylphosphine 
ligand, only the η3-dienyl complex 9a is formed, and not 
trace of the rhodaphosphacycle complex is detected, in 
sharp contrast with the case of the allyldiiso-
propylphosphine-bearing dialkynyl rhodium complex 1a. 
In order to understand the reason of this unexpected 
behaviour, the intramolecular cyclization reaction of the 
cationic vinylidene intermediate F (Scheme 12), which is 
considered to form upon protonation of 2a, was studied. 

Intermediate F was found to experience the intramo-
lecular cyclization leading to complex 9a, in a reaction 
with a small barrier, in good agreement with the experi-
mental data. The values of ∆G# and ∆Grxn for this reaction 
are similar to those found for the case of the vinylidene A 
(see Scheme 8), which is reasonable, taking into account 
the close relationship between both reactions. 

 
Scheme 12. Reaction of complex 2a with HBF4. Ener-
gies are in kcal mol-1. 
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The fact that the reaction of complex 2a do not leads to a 
rhodaphosphacycle complex, as it happens in the case of 
1a, could be explained assuming that some step in the 
corresponding mechanism, presents a high activation 
energy, thus inhibiting this reaction patway. In this re-
gard, it was found (Scheme 13) that, while the [2+2]-
cycloaddition reaction of vinylidene intermediate F and 
the deprotonation reaction of cyclobutylidene G present 
values of ∆G# and ∆Grxn very close to those of the vinyli-
dene A, the free-activation energy of the ring opening 
reaction of intermediate H is about 19 kcal mol-1 higher 
than the free-activation energy of the reaction of the 
analogous intermediate C. In addition, the formation of 
the diene intermediate I is clearly exothermic, by 13.1 kcal 
mol-1. Thus, it seems reasonable that in the case of the 
complex 2a, the only viable reaction channel is the one 
leading to the η3-dienyl complex 9a. 

 
Scheme 13. Intramolecular [2+2]-cycloaddition of 
vinylidene F, deprotonation reaction of adduct G, 
and conrotatory ring opening of intermediate H, to 
give the diene derivative I. Energies are in kcal mol-1. 
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The proposed mechanism also accounts for the differ-
ent reactivity observed when complex 1a reacts with me-
thyl triflate (see Scheme 14). In this case, the isolated 
product is the η3-butenynyl group-containing complex 5a. 
The formation of this product can be explained by the 
low-barrier (ΔG# =+1.5 kcal mol-1) for the intramolecular 
coupling of the alkynyl and the vinylidene fragments in 
the vinylidene intermediate J (see Supporting Information 
section for details), which is formed in the methylation of 
1a. According to the calculations, complex 5a is predicted 
to be 32.9 Kcal mol-1 more stable than intermediate J. On 
the other hand, the intramolecular [2+2] cycloaddition of 
the vinylidene to form a cyclobutylidene intermediate K 
presents an activation barrier which is 4.4 kcal mol-1 high-
er than the analogous reaction of intermediate A (ΔG# = 
+29.3 kcal mol-1). Also, the formation of this intermediate 



 

is predicted to be endothermic by +7.2 kcal mol-1. Accord-
ing to this result, K will not be formed, and the reaction 
do not progresses towards a rhodaphosphacycle system 
analog to 11a. Both, the high activation barrier for the 
[2+2] cycloaddition and the minor thermodynamic stabil-
ity of cyclobutylidene K, reflect the greater steric demand 
of the methyl group, as compared with the hydrogen 
atom. 
Scheme 14. Formation of complex 5a by intramolecu-
lar coupling of the alkynyl and vinylidene fragments 
in intermediate J.  
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CONCLUSIONS 
The alkynyl rhodium complexes [Rh(η5-

C5Me5)(C≡CR1)2{κ1-(P)-R‘2P(CH2)nCH=CH2}]  (1a,b, 2a,b, 
3a and 4a,b) react with methyl trifluoromethane 
sulfonate leading to butenynyl coupling products.  How-
ever, complexes 1c,d and 2c,d which present non-
aromatic substituents in the alkynyl group react with 
methyl triflate to give untractable reaction mixtures, indi-
cating that delocalization with the aromatic ring is neces-
sary for stabilizing the products. Also, complexes [Rh(η5-
C5Me5)(C≡CR)2{κ1-(P)-iPr2PCH2CH=CH2}] (R = Ph, p-tol) 
react with tetrafluoroboric acid to generate the 
unprecedented complexes [Rh(η5-C5Me5){κ4-(P,C,C,C)-
iPr2PCH2C(=CH2)C(CH2R)C=C(R)}][BF4] R = Ph (11a), p-tol 
(11b), resulting from the coupling of the three organic 
fragments in the molecule. DFT theoretical calculations 
on the formation of complex 11a suggest the [2+2] intra-
molecular cycloaddition between the double bond of the 

alkenylphosphane and the Cα–Cβ of the vinylidene 
generated in situ by reaction with HBF4 (A), as the most 
plausible pathway for this reaction. This pathway also also 
accounts for the different reactivity observed in the reac-
tion with methyl triflate to yield the η3-butenyl group-
containing complex 5a and the differences of reactivity 
found for complexes 1a and 2a bearing ADIP and ADPP, 
repectively.  

EXPERIMENTAL SECTION 
 General Procedures. All manipulations were perfomed un-

der an atmosphere of dry nitrogen using vacuum-line and stand-
ard Schlenk techniques. The reagents were obtained from com-
mercial suppliers and used without further purification. Solvents 
were dried by standard methods and distilled under nitrogen 
before use. Complexes [RhCl2(η5-C5Me5){ĸ1(P)-PR3}] were pre-
pared by previously reported procedures.8-10 Infrared spectra 
were recorded on a PerkinElmer 1720-XFT spectrometer. The C, 
H, and N analyses were carried out with a PerkinElmer 240-B 
and a LECO CHNS-TruSpec microanalyzer. Mass spectra (ESI) 
were determined with a Bruker Esquire 6000 spectrometer, 
operating in positive mode and using dichloromethane and 
methanol solutions. NMR spectra were recorded on Bruker 
spectrometers AV400 operating at 400.13 (1H), 100.61 (13C), and 
161.95 (31P) MHz, AV300 operating at 300.13 (1H), 75.45 (13C), 
and 121.49 (31P) MHz, and AV600 operating at 600.15 (1H) MHz 
and 150.91 (13C) MHz. DEPT and 2D COSY HH, HSQC, and 
HMBC experiments were carried out for all the compounds. 
Chemical shifts are reported in parts per million and referenced 
to TMS or 85% H3PO4 as standards. Coupling constants J are 
given in hertz. Abbreviations used: s, singlet; d, doublet; dd, 
double doublet; t, triplet; sept, septuplet; m, multiplet. Experi-
mental section includes a complete set of data for complexes 
bearing the phosphane ADIP (1a-d, 5a,b, 8a,b, 9a,b and 11a,b). 
The experimental data for complexes bearing phosphanes, 
ADPP, HADPP and PMe2Ph are provided as Supporting Infor-
mation. The following atom labels are used for the 13C{1H} NMR 
spectroscopic data.  
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Synthesis of dialkynyl complexes [Rh(η5-

C5Me5)(C≡CR)2{κ1-(P)-iPr2PCH2CH=CH2}] (R = Ph (1a), p-tol 
(1b)). To a solution of the complex [Rh(η5-C5Me5)Cl2{κ1-(P)-
iPr2PCH2CH=CH2}}] (200 mg, 0.43 mmol) in THF (20 mL) was 
added a solution of the correspondent lithium acetylide in THF 
freshly prepared by adition of 1.90 mmol of the corresponding 
alkyne and LinBu). The resulting colored solution was stirred at 
room temperature for 15 min. Then, the solution was evaporated 
to dryness and the solid residue was treated with dichloro-
methane (25 ml) and filtered.  Evaporation of the filtrate and the 
addition of diethyl ether (20 mL) yielded a yellow-brown solid 
which are dried under vacuum. R = Ph (1a), (0.13 g, 50%): 1H 
NMR (400.1 MHz, CD2Cl2, 298K) δ = 1.30-1.47 (m, 12H, 
PCH(CH3)2), 1.93 (s, 15H, C5Me5), 2.40 (m, 2H, PCH(CH3)2), 3.30 
(m, 2H, PCH2), 5.13 (m, 2H, =CH2), 6.23 (m, 1H, CH=CH2), 7.15 
(m, 2H, Ph), 7.28 (m, 4H, Ph), 7.36 (m, 4H, Ph)  ppm; 13C {1H} 
NMR (100.6 MHz, CD2Cl2, 298K) δ = 10.1 (s, CH3, C5Me5), 18.7, 
19.0 (2s, PCH(CH3)2), 26.9 (d, 1JCP = 22.1 Hz, PCH(CH3)2), 29.7 (d, 
1JCP = 30.2 Hz, PCH2), 101.0 (s, C5Me5), 103.6 (d, 3JCP = 8.0 Hz, Cβ), 
105.1 (dd, 2JCP = 30.2 Hz, 1JCRh = 54.3 Hz, Cα), 117.2 (d, 3JCP = 9.1 Hz, 



 

=CH2), 124.3 (s, Ph), 127.8 (s, Ph), 129.5 (s, Ph), 130.7 (s, Ph), 134.1 
(d, 2JCP = 8.1 Hz, CH=CH2) ppm; 31P {1H} NMR (121.5 MHz, CD2Cl2, 
298K) δ = 50.1 (d, 1JRhP = 124.8 Hz) ppm; IR (KBr): ʋ = 2097 (m, 
C≡C) cm-1; MS (ESI): m/z 620 [M + Na]+, 462 [M + Na – ADIP]+; 
elemental analysis calc (%) for C35H44PRh ∙ 1/2 CH2Cl2 (641.06): C 
66.51, H 7.08; found: C 66.76, H 6.99. R = p-tol (1b), (0.20 g, 
75%): 1H NMR (400.1 MHz, CD2Cl2, 298K) δ = 1.20-1.45 (m, 12H, 
PCH(CH3)2), 1.95 (d, 4JHP = 2.3 Hz, 15H, C5Me5), 2.15-2.50 (m, 8H, 
PCH(CH3)2, CH3 p-tol), 3.39 (m, 2H, PCH2), 5.13-5.24 (m, 2H, 
=CH2), 6.30 (m, 1H, CH=CH2), 7.05 (d, 3JHH = 7.1 Hz, 2H, p-tol), 
7.23 (d, 3JHH = 8.1 Hz, 2H, p-tol) ppm; 13C {1H} NMR (100.6 MHz, 
CD2Cl2, 298K) δ = 10.1 (s, CH3, C5Me5), 18.7, 19.0 (2s, PCH(CH3)2), 
20.9 (s, CH3, p-tol), 26.9 (d, 1JCP = 22.2 Hz, PCH(CH3)2), 29.8 (d, 
1JCP = 30.2 Hz, PCH2), 100.8 (s, C5Me5), 103.3 (d, 3JCP = 10.1 Hz, Cβ), 
103.3 (dd, 2JCP = 30.1 Hz, 1JCRh = 53.3 Hz, Cα), 117.1 (d, 3JCP = 9.1 Hz,  
=CH2), 126.8 (s, p-tol), 128.5 (s, p-tol), 130.5 (s, p-tol), 131.3 (s, p-
tol), 134.2 (d, 2JCP = 8.1 Hz, CH=CH2) ppm; 31P {1H} NMR (121.5 
MHz, CD2Cl2, 298K) δ = 50.9 (d, 1JRhP = 125.1 Hz) ppm; IR (KBr): ʋ 
= 2084 (s, C≡C) cm-1; elemental analysis calc (%) for C37H48PRh 
(626.67): C 70.92, H 7.72; found: C 69.32, H 7.24.  

 
Synthesis of complexes [Rh(η5-C5Me5)(C≡CR)2{κ1-(P)-

Ph2PCH2CH=CH2}] (R = Ph (2a),  p-tol (2b). To a solution of 
the complex [Rh(η5-C5Me5)Cl2{κ1-(P)-Ph2PCH2CH=CH2}] (200 
mg, 0.38 mmol) in THF (20 mL) was added a freshly solution of 
the correspondent lithium acetylide in THF (1.90 mmol, molar 
ratio Rh/Li = 1/5). The resulting colored solution was stirred at 
room temperature for 15 min. Then, the solution was evaporated 
to dryness and the solid residue was treated with dichloro-
methane (25 mL) and filtered. Evaporation of the filtrate and the 
addition of diethyl ether (20 mL) yielded a yellow solid which 
are dried under vacuum. R = Ph (2a), (0.13 g, 50%): 1H NMR 
(400.1 MHz, CD2Cl2, 298K) δ = 1.62 (d, 4JHP = 2.8 Hz, 15H, C5Me5), 
3.81 (m, 2H, PCH2), 4.78 (m, 1H, =CH2), 4.88 (m, 1H, =CH2), 5.84 
(m, 1H, CH=CH2), 7.12 (m, 2H, Ph), 7.21 (m, 4H, Ph), 7.32 (m, 4H, 
Ph), 7.49 (m, 6H, Ph), 7.88 (m, 4H, Ph)  ppm; 13C {1H} NMR 
(100.6 MHz, CD2Cl2, 298K) δ = 8.9 (s, CH3, C5Me5), 36.8 (d, 1JCP = 
34.2 Hz, PCH2), 100.9 (s, C5Me5), 103.8 (d, 3JCP = 10.6 Hz, Cβ), 105.3 
(dd, 2JCP = 32.2 Hz, 1JCRh = 53.3 Hz, Cα), 118.3 (d, 3JCP = 10.6 Hz, 
=CH2), 124.5 (s, Ph), 127.7 (s, Ph), 127.8 (d, 3JCP = 4.0 Hz, Ph), 129.2 
(s, Ph), 130.2 (d, 1JCP = 33.0 Hz, Ph), 130.3 (s, Ph), 130.9 (s, Ph), 131.7 
(d, 2JCP = 10.6 Hz, CH=CH2), 134.0 (d, 2JCP = 9.0 Hz, Ph) ppm; 31P 
{1H} NMR (121.5 MHz, CD2Cl2, 298K) δ = 40.4 (d, 1JRhP = 128.1 Hz) 
ppm; IR (KBr): ʋ = 2095 (m, C≡C) cm-1; MS (ESI): m/z 689 [M + 
Na]+, 463 [M + Na – ADPP]+; elemental analysis calc (%) for 
C41H40PRh (666.65): C 73.87, H 6.05; found: C 73.24, H 5.96. R = 
p-tol (2b), (0.20 g, 76%): 1H NMR (400.1 MHz, CD2Cl2, 298K) δ = 
1.62 (d, 4JHP= 3.0 Hz, 15H, C5Me5), 2.35 (s, 6H, CH3), 3.81 (m, 2H, 
PCH2), 4.69-4.76 (m, 1H, =CH2), 4.80-4.90 (m, 1H, =CH2), 5.83 
(m, 1H, CH=CH2), 7.05 (d, 3JHH = 7.7 Hz, 2H, p-tol), 7.23 (d, 3JHH = 
7.9 Hz, 2H, p-tol), 7.49 (m, 6H, Ph), 7.90 (m, 4H, Ph) ppm; 13C 
{1H} NMR (100.6 MHz, CD2Cl2, 298K) δ = 8.9 (s, C5Me5), 20.9 (s, 
CH3), 36.9 (d, 1JCP = 35.2 Hz, PCH2), 100.8 (s, C5Me5), 103.5 (dd, 
2JCP = 32.2 Hz, 1JCRh = 54.3 Hz, Cα), 103.6 (d, 3JCP = 7.1 Hz, Cβ), 118.2 
(d, 3JCP = 11.1 Hz, =CH2), 126.3-134.2 (Ph and CH=CH2) ppm; 31P 
{1H} NMR (121.5 MHz, CD2Cl2, 298K) δ = 39.7 (d, 1JRhP = 127.6 Hz) 
ppm; IR (KBr): ʋ = 2099 (m, C≡C) cm-1; elemental analysis calc 
(%) for C43H44PRh · ½ CH2Cl2 (737.15): C 70.87, H 6.15; found: C 
70.97, H 6.12.  

Synthesis of complex [Rh(η5-C5Me5)(C≡CPh)2{κ1-(P)-
Ph2PCH2CH2CH=CH2}] (3a). To a solution of the complex 
[Rh(η5-C5Me5)Cl2{κ1-(P)-Ph2PCH2CH2CH=CH2}] (200 mg, 0.36 
mmol) in THF (20 mL) was added a freshly solution of lithium 
phenyl acetylide in THF (1.80 mmol, 2.25 mL, 0.8 M) and it was 
stirred for 15 min at rt. The solution was evaporated to dryness 
and the solid residue was treated with dichloromethane (25 mL) 
and filtered. Evaporation of the filtrate and the addition of a 

mixture of ether: hexane 1:1 (20 mL) yielded a brown solid. The 
solvents were decanted and the solid was dried under vacuum. 
(0.15 g, 60%): 1H NMR (400.1 MHz, CD2Cl2, 298K) δ = 1.63 (d, 4JHP 

= 2.8 Hz, 15H, C5Me5), 2.36 (m, 2H, CH2), 2.93 (m, 2H, PCH2), 
4.83 (m, 1H, =CH2), 4.93 (m, 1H, =CH2), 5.81 (m, 1H, CH=CH2), 
7.11 (m, 2H, Ph), 7.22 (m, 4H, Ph), 7.36 (m, 4H, Ph), 7.49 (m, 6H, 
Ph), 7.87 (m, 4H, Ph) ppm; 13C {1H} NMR (100.6 MHz, CD2Cl2, 
298K) δ = 8.9 (s, CH3, C5Me5), 28.7 (s, CH2), 31.0 (d, 1JCP = 36.2 Hz, 
PCH2), 101.4 (m, C5Me5), 104.2 (d, 3JCP = 11.1 Hz, Cβ), 104.7 (dd, 2JCP 

= 33.2 Hz, 1JCRh = 53.3 Hz, Cα), 114.0 (s, =CH2), 124.5 (s, Ph), 127.8 
(s, Ph), 128.0 (d, 2JCP = 10.1 Hz, Ph), 129.3 (s, Ph), 130.3 (s, Ph), 
130.8 (s, Ph), 131.4 (d, 1JCP = 42.0 Hz, Ph), 133.5 (d, 3JCP = 9.1 Hz, 
Ph), 138.9 (d, 2JCP = 16.1 Hz, CH=CH2) ppm; 31P {1H} NMR (121.5 
MHz, CD2Cl2, 298K) δ = 38.4 (d, 1JRhP = 126.5 Hz) ppm; IR (KBr): ʋ 
= 2093 (m, C≡C) cm-1; MS (ESI): m/z 703 [M + Na]+, 463 [M + Na 
– HADPP]+; elemental analysis calc (%) for C42H42PRh (680.68): 
C 74.11, H 6.22; found: C 74.13, H 6.22. 

Synthesis of the complexes [Rh(η5-
C5Me5)(C≡CR)2(PPh2Me)] (R = Ph (4a), p-tol (4b)). To a solu-
tion of the complex [Rh(η5-C5Me5)Cl2(PPh2Me)] (200 mg, 0.39 
mmol) in THF (20 mL) was added a freshly solution of the corre-
spondent lithium acetylide in THF (1.95 mmol, molar ratio Rh/Li 
= 1/5). The orange solution was stirred at room temperature for 
30 min. Then, the solution was evaporated to dryness and the 
solid residue was treated with dichloromethane (20 mL) and 
filtered. Evaporation of the filtrate and addition of hexane (20 
mL) yielded a yellow solid. The solvents were decanted and the 
solid was dried under vacuum. R = Ph (4a), (0.17 g, 67%): 1H 
NMR (400.1 MHz, CD2Cl2, 298K) δ = 1.67 (d, 4JHP = 3.0 Hz, 15H, 
C5Me5), 2.30 (d, 2JHP = 11.1 Hz, 3H, PPh2(CH3)), 7.06-7.70 (m, 16H, 
Ph), 7.79-7.89 (m, 4H, Ph) ppm; 13C {1H} NMR (100.6 MHz, 
CD2Cl2, 298K) δ = 9.0 (s, CH3, C5Me5), 18.1 (d, 1JCP = 42.3 Hz 
PPh2(CH3)), 100.9 (s, C5Me5), 103.6 (d, 3JCP = 11.5 Hz, Cβ), 105.2 (dd, 
2JCP = 31.2 Hz, 1JCRh = 52.3 Hz, - Cα), 124.5-133.7 (Ph) ppm; 31P {1H} 
NMR (121.5 MHz, CD2Cl2, 298K) δ = 33.0 (d, 1JRhP = 125.1 Hz) ppm; 
IR (KBr): ʋ = 2105 (m, C≡C) cm-1; elemental analysis calc (%) for 
C39H38PRh (640.61): C 73.12, H 5.98; found: C 73.69, H 6.24. R = p-
tol (4b), (0.15 g, 58%): 1H NMR (400.1 MHz, CD2Cl2, 298K) δ = 
1.67 (d, 4JHP = 3.1 Hz, 15H, C5Me5), 2.29 (d, 2JHP = 11.0 Hz, 3H, 
PPh2CH3), 2.32 (s, 3H, CH3), 7.03 (d, 3JHH = 7.8 Hz, 2H, p-tol), 7.16 
(d, 3JHH = 8.0 Hz, 2H, p-tol), 7.46 (m, 6H, Ph), 7.83-7.88 (m, 4H, 
Ph) ppm; 13C {1H} NMR (100.6 MHz, CD2Cl2, 298K) δ = 9.0 (s, 
CH3, C5Me5), 18.2 (d, 1JCP = 41.2 Hz PPh2(CH3)), 22.7 (s, 6H, CH3, 
p-tol), 100.7 (s, C5Me5), 103.2 (d, 3JCP = 8.0 Hz, Cβ), 103.3 (dd, 2JCP = 
33.2 Hz, 1JCRh = 54.3 Hz, Cα), 126.3-134.1 (Ph) ppm; 31P {1H} NMR 
(121.5 MHz, CD2Cl2, 298K) δ = 33.1 (d, 1JRhP = 124.9 Hz) ppm; IR 
(KBr): ʋ = 2095 (m, C≡C) cm-1; elemental analysis calc (%) for 
C41H42PRh·1/2CH2Cl2 (711.13): C 70.09, H 6.10; found: C 70.86, H 
5.91. 

Synthesis of the complexes [Rh(η5-C5Me5){η3-
C(R)CC(=C(R)CH3)}{κ1-(P)-iPr2PCH2CH=CH2}][CF3SO3] (R = 
Ph (5a); R = p-tol (5b)). To a solution of the correspondent 
complex [Rh(η5-C5Me5)(C≡CR)2{κ1-(P)-iPr2CH2CH=CH2}] [100 
mg, 0.17 mmol (R = Ph), 0.16 mmol (R = p-tol)]  in CH2Cl2 (10 
mL), CH3OTf [28.5 μL, 0.26 mmol (R = Ph), 43.9 μL, 0.40 mmol 
(R = p-tol)] was added and the resulting solution was stirred for 
2,5h. The solvent was then evaporated.  Addition of heptane to 
the solid residue yielded a brown solid. The solvents were de-
canted and the solid was dried under vacuum. Complexes 
5a,b are highly higroscopic and analytically pure samples were 
obtained by anion exchange with NaBPh4.  Thus, to the corre-
sponding complex 5a,b in CH2Cl2  (10 mL), an excess (1: 10) of  
NaBPh4 was added. The resulting solution was stirred for 2 h at 
room temperature and filtered through kieselguhr. The solvent 
was removed and hexane (20 mL) was added yielding stable 
BPh4 salts a brown solids. R = Ph (5a), (0.087 g, 67%): 1H NMR 
(400.1 MHz, CD2Cl2, 298K) δ = 1.07-1.31 (m, 12H, PCH(CH3)2), 1.84 



 

(d, 4JHP = 2.4 Hz, 15H, C5Me5), 2.17-2.27 (m, 4H, PCH(CH3)2, 
PCH2), 2.78 (s, CH3), 5.01-5.09 (m, 2H, =CH2), 5.61 (m, 1H, 
CH=CH2), 7.43 (m, 1H, Ph), 7.51-7.58 (m, 5H, Ph), 7.71 (d, 3JHH = 
6.4 Hz, Ph), 7.82 (d, 3JHH = 7.6 Hz, Ph) ppm; 13C {1H} NMR (100.6 
MHz, CD2Cl2, 298K) δ = 10.2 (s, CH3, C5Me5), 18.3, 18.4, 18.6, 18.9 
(4s, PCH(CH3)2), 23.1 (s, =C(Ph)CH3), 25.2 (d, 1JCP = 28.2 Hz, 
PCH(CH3)2), 25.7 (d, 1JCP = 24.1 Hz, PCH(CH3)2), 26.5 (d, 1JCP = 19.1 
Hz, PCH2), 44.6 (d, 1JCRh = 4.1 Hz, C-2), 102.8 (d, 1JCRh = 4.1 Hz, 
C5Me5), 109.8 (dd, 1JCRh = 14.1 Hz, 2JCP = 5.0 Hz, C-1), 119.5 (d, 3JCP = 
10.1 Hz,  =CH2), 120.1 (q, CF3, 1JCF = 318.8 Hz), 123.9 (s, Ph), 125.6-
129.5 (Ph), 130.0 (d, 2JCP = 10.6 Hz, CH=CH2), 130.1-132.1 (Ph), 134.8 
(s, C-4), 139.6 (s,  Ph), 141.6 (dd, 1JCRh = 23.1 Hz, 2JCP = 11.1 Hz, C-3) 
ppm; 31P {1H} NMR (121.5 MHz, CD2Cl2, 298K) δ = 39.5 (d, 1JRhP = 
155.7 Hz) ppm; IR (nujol): ʋ = 1261 (s, OTf), 1170 (ms, OTf), 1032 
(ms, OTf) cm-1; conductivity (acetone): Ʌ = 143 S∙cm2∙mol-1, ele-
mental analysis calc (%) for C60H67BPRh (932.89): C 77.25, H 
7.24; found: C 77.32, H 7.55. R = p-tol (5b), (0.075 g, 58%): 1H 
NMR (400.1 MHz, CD2Cl2, 298K) δ = 0.95-1.20 (m, 12H, 
PCH(CH3)), 1.79 (d, 4JHP = 2.3 Hz, C5Me5), 1.90-2.25 (m, 4H, 
PCH(CH3), PCH2), 2.38, 2.46 (2s, 3H, CH3, p-tol), 2.73 (s, 3H, 
CH3), 4.82-5.03 (m, 2H, =CH2), 5.46-5.68 (m, 1H, CH=CH2), 7.33 
(d, 3JHH = 8.1 Hz, 2H, p-tol), 7.37 (d, 3JHH = 8.0 Hz, 2H, p-tol), 7.59 
(d, 3JHH = 8.0 Hz, 2H, p-tol), 7.73 (d, 3JHH = 8.2 Hz, 2H, p-tol) ppm; 
13C {1H} NMR (100.6 MHz, CD2Cl2, 298K) δ = 10.4 (s, CH3, C5Me5), 
18.0-18.9 (4s, PCH(CH3)), 21.1, 21.6 (2s, CH3, p-tol), 23.3 (s, =C(p-
tol)CH3), 24.8 (d, 1JCP = 21.1 Hz, PCH(CH3)), 25.5 (d, 1JCP = 34.2 Hz, 
PCH(CH3)), 25.7 (d, 1JCP = 30.1 Hz, PCH2), 43.1 (s, C-2), 102.3 (d, 
1JCRh = 4.0 Hz, C5Me5), 109.7 (m, C-1), 120.1 (d, 3JCP = 10.6 Hz, 
=CH2), 120.6 (q, 1JCF = 314.0 Hz, CF3), 125.6-140.7 (CH=CH2 and p-
tol), 130.9 (s, C-4), 140.6 (dd, 1JCRh = 21.1 Hz, 2JCP = 11.1 Hz, C-3) 
ppm; 31P {1H} NMR (121.5 MHz, CD2Cl2, 298K) δ = 39.6 (d, 1JRhP = 
157.9 Hz) ppm; IR (nujol): ʋ = 1260 (s, OTf), 1170 (ms, OTf), 1043 
(ms, OTf) cm-1; conductivity (acetone): Ʌ = 141 S∙cm2∙mol-1, ele-
mental analysis calc (%) for C62H71BPRh (960.94): C 77.50, H 
7.45; found: C 77.27, H 7.70.  

Synthesis of the complexes [Rh(η5-C5Me5){η3-
C(R)CC(=C(R)CH3)}{κ1-(P)-Ph2PCH2CH=CH2}][CF3SO3] (R = 
Ph (6a), p-tol (6b)). CH3OTf [25.2 μL, 0.23 mmol (R = Ph), 39.5 
μL, 0.36 mmol (R = p-tol)] was added to a solution of the corre-
spondent complex [Rh(η5-C5Me5)(C≡CR)2{κ1-(P)-
Ph2CH2CH=CH2}] [100 mg, 0.15 mmol (R = Ph), 0.14 mmol (R = p-
tol)] in CH2Cl2 (10 mL), and the solution was stirred for 1h and 30 
min (6a) or 2h and 30 min (6b). The solvent was evaporated (ca 
2mL) and heptane (20 mL) was added to produce a brown solid 
precipitate. The solvents were decanted and the solid was dried 
under vacuum. Analytically pure samples were obtained by 
anion exchange with NaBPh4 using the procedure described for 
complexes 5a,b.  R = Ph (6a), (0.090 g, 76%): 1H NMR (400.1 
MHz, CD2Cl2, 298K) δ = 1.64 (d, 4JHP = 2.8 Hz, 15H, C5Me5), 2.52-
2.67 (m, 4H, CH3, PCH2), 2.79 (m, 1H, PCH2), 4.68 (m, 1H, =CH2), 
4.86 (m, 1H, =CH2), 5.29 (m, 1H, CH=CH2), 7.43-7.61 (m, 20H, Ph) 
ppm; 13C {1H} NMR (100.6 MHz, CD2Cl2, 243K) δ = 9.3 (s, CH3, 
C5Me5), 22.5 (s, =C(Ph)CH3), 31.1 (d, 1JCP = 25.1 Hz, PCH2), 44.5 (s, 
C-2), 102.8 (s, C5Me5), 109.8 (d, 1JCRh = 11.1 Hz, C-1), 120.1 (q, CF3, 
1JCF = 318.8 Hz), 122.8-127.0 (Ph), 128.1 (d, 2JCP = 10.6 Hz, CH=CH2), 
128.6-134.1 (Ph), 135.0 (s, C-4), 139.1 (Ph), 142.6 (dd, 1JCRh = 23.1 Hz, 
2JCP = 9.7 Hz, C-3) ppm; 31P {1H} NMR (121.5 MHz, CD2Cl2, 298K) δ 
= 32.9 (d, 1JRhP = 162.8 Hz) ppm; IR (nujol): ʋ = 1259 (s, OTf), 1158 
(ms, OTf), 1030 (ms, OTf) cm-1; conductivity (acetone): Ʌ = 138 
S∙cm2∙mol-1; elemental analysis calc (%) for C66H63BPRh·CH2Cl2 
(1085.85): C 74.11, H 6.03; found: C 74.85, H 6.29.  R = p-tol (6b), 
(0.095 g, 79%): 1H NMR (400.1 MHz, CD2Cl2, 298K) δ = 1.73 (d, 

4JHP = 3.1 Hz, 15H, C5Me5), 2.37, 2.44 (2s, 3H, CH3, p-tol), 2.67 (s, 
3H, CH3), 2.92-2.99 (m, 1H, PCH2), 3.04-3.10 (m, 1H, PCH2), 4.71-
4.83 (m, 2H, =CH2), 5.19-5.38 (m, 1H, CH=CH2), 7.28-7.62 (m, 
18H, Ph and p-tol) ppm; 13C {1H} NMR (100.6 MHz, CD2Cl2, 243K) 
δ = 9.3 (s, CH3, C5Me5), 21.1, 21.7 (2s, CH3, p-tol), 22.7 (s, =C(p-

tol)CH3), 30.3 (d, 1JCP = 25.1 Hz, PCH2), 43.0 (s, C-2), 102.3 (d, 1JCRh 

= 3.5 Hz,  C5Me5), 109.1 (dd, 1JCRh = 12.6 Hz, 2JCP= 4.5 Hz, C-1), 120.4 
(q, 1JCF = 317.9 Hz, CF3), 121.1 (d, 3JCP = 9.1 Hz, =CH2), 125.6 (s, p-
tol), 128.2 (d, 2JCP = 10.6 Hz, CH=CH2), 128.6-131.9 (Ph and p-tol), 
132.3 (s, C-4), 133.9-141.4 (Ph and p-tol), 141.4 (d, 1JCRh = 23.0 Hz, 
2JCP = 11.0 Hz, C-3)  ppm; 31P {1H} NMR (121.5 MHz, CD2Cl2, 298K) 
δ = 34.3 (d, 1JRhP = 162.8 Hz) ppm; IR (nujol): ʋ = 1250 (s, OTf), 1168 
(ms, OTf), 1031 (ms, OTf) cm-1; conductivity (acetone): Ʌ = 140 
S∙cm2∙mol-1; elemental analysis calc (%) for 
C68H67BPRh·1/2CH2Cl2 (1071.43): C 76.69, H 6.40; found: C 76.72, 
H 6.35.   

Synthesis of complex [Rh(η5-C5Me5){η3-
C(Ph)CC(=C(Ph)CH3)}{κ1-(P)-Ph2PCH2CH2 
CH2CH=CH2}][CF3SO3] (7a). CH3OTf (40.6 μL, 0.37 mmol) was 
added to a solution of complex [Rh(η5-C5Me5)(C≡CR)2{κ1-(P)-
Ph2CH2CH2CH=CH2}] [(100 mg, 0.15 mmol) in CH2Cl2 (10 mL), 
and the solution was stirred for 105 min. The solvent was evapo-
rated (ca 2mL) and heptane (20 mL) was added to produce a 
brown solid precipitate. The solvents were decanted and the 
solid was dried under vacuum. Analytically pure samples were 
obtained by anion exchange with NaBPh4 using the procedure 
described for complexes 5a,b.  (0.093 g, 74%): 1H NMR (400.1 
MHz, CD2Cl2, 298K) δ = 1.58 (d, 4JHP= 2.4 Hz, 15H, C5Me5), 1.63-
1.91 (m, 3H, CH2, PCH2), 2.46 (m, 3H, CH3), 3.45 (m, 1H, PCH2), 
4.71 (m, 1H, =CH2), 4.80 (m, 1H, =CH2), 5.49 (m, 1H, CH=CH2), 
7.36-7.90 (m, 20H, Ph) ppm; 13C {1H} NMR (100.6 MHz, CD2Cl2, 
298K) δ = 9.4 (s, CH3, C5Me5), 22.4 (s, =C(Ph)CH3), 23.9 (d, 1JCP = 
25.1 Hz, PCH2), 27.5 (d, 1JCP = 5.0 Hz, CH2), 43.8 (s, C-2), 102.5 (d, 
1JCRh = 4.0 Hz, C5Me5), 109.8 (dd, 1JCRh = 11.8 Hz, 2JCP = 3.6 Hz, C-1), 
115.3 (s, =CH2), 120.3 (q, CF3, 1JCF = 318.9 Hz), 122.8-133.8 (Ph and 
CH=CH2), 134.3 (s, C-4), 136.6-138.7 (Ph), 142.8 (dd, 1JCRh = 22.4 
Hz, 2JCP = 10.9 Hz, C-3)  ppm; 31P {1H} NMR (121.5 MHz, CD2Cl2, 
298K) δ = 32.1 (d, 1JRhP = 161.6 Hz) ppm; IR (nujol): ʋ = 1265 (s, 
OTf), 1153 (ms, OTf), 1031 (ms OTf)  cm-1; conductivity (acetone): 
Ʌ = 143 S∙cm2∙mol-1; E/M (ESI) m/z 695 [M]+; elemental analysis 
calc (%) for C67H65BPRh·1/2CH2Cl2 (1055.39): C 76.82, H 6.11; 
found: C 76.14, H 5.73.   

Synthesis of the complexes [Rh(η5-C5Me5){η3-
C(R)CC(=C(R)CH3)}(PPh2Me)][CF3SO3] (R = Ph (8a), p-tol 
(8b)). CH3OTf [41.7 μL, 0.38 mmol (R = Ph), 40.6 μL, 0.37 mmol 
(R = p-tol)] was added to a solution of the correspondent com-
plex [Rh(η5-C5Me5)(C≡CR)2(PPh2Me)] [100 mg, 0.16 mmol (R = 
Ph), 0.15 mmol (R = p-tol)] in CH2Cl2 (10 mL), and the solution 
was stirred for 2h. The solvent was then evaporated and the 
addition of heptane yielded a brown solid. The solvents were 
decanted and the solid was dried under vacuum. Analytically 
pure samples were obtained by anion exchange with NaBPh4 

using the procedure described for complexes 5a,b. R = Ph (8a), 
(0.100 g, 78%): 1H NMR (400.1 MHz, CD2Cl2, 298K) δ = 1.76 (d, 

4JHP = 3.1 Hz, 15H, C5Me5), 1.88 (d, 2JHP = 9.3 Hz, 3H, PPh2(CH3)), 
2.72 (s, 3H, -C=C(Ph)(CH3)), 7.28-7.51 (m, 20H, Ph) ppm; 13C {1H} 
NMR (100.6 MHz, CD2Cl2, 243K) δ = 9.8 (s, CH3, C5Me5), 13.4 (d, 
1JCP = 33.2 Hz, PPh2(CH3)), 22.6 (s, =C(Ph)CH3), 44.6 (s, C-2), 
102.4 (d, 1JCRh = 3.0 Hz, C5Me5), 109.6 (dd, 1JCRh = 11.7 Hz, 2JCP = 3.5 
Hz, C-1), 120.4 (q, 1JCF = 321.0 Hz, CF3), 123.1-132.6 (Ph), 134.2 (s, C-
4), 138.8 (Ph), 143.3 (dd, 1JCRh = 22.4 Hz, 2JCP = 10.7 Hz, C-3) ppm; 
31P {1H} NMR (121.5 MHz, CD2Cl2, 298K) δ = 25.7 (d, 1JRhP = 160.3 
Hz) ppm; IR (nujol): ʋ = 1248 (s, OTf), 1181 (ms, OTf), 1036 (ms, 
OTf) cm-1; conductivity (acetone): Ʌ = 122 S∙cm2∙mol-1; E/M (ESI) 
m/z 655 [M]+; elemental analysis calc (%) for C64H61BPRh 
(974,88): C 78.85, H 6.31; found: C 78.21, H 6.47. R = p-tol (8b), 
(0.070 g, 60%): 1H NMR (400.1 MHz, CD2Cl2, 298K) δ = 1.73 (d, 

4JHP = 4.0 Hz, 15H, C5Me5), 1.83 (d, 2JHP = 8.0 Hz, 3H, PPh2(CH3)), 
2.38, 2.45 (2s, 3H, CH3, p-tol), 2.66 (s, 3H, -C=C(p-tol)(CH3)), 
7.19-7.51 (m, 18H, Ph and p-tol) ppm; 13C {1H} NMR (100.6 MHz, 
CD2Cl2, 243K) δ = 9.7 (s, CH3, C5Me5), 13.3 (d, 1JCP = 32.9 Hz, 
PPh2(CH3)), 21.1, 21.6 (2s, CH3, p-tol), 22.9 (s, =C(p-tol)CH3), 43.7 



 

(s, C-2), 102.2 (s, C5Me5), 109.4 (dd, 1JCRh = 11.6 Hz, 2JCP = 2.7 Hz, C-
1), 120.5 (q, 1JCF = 320.4 Hz, CF3), 119.7-132.4 (Ph and p-tol), 133.5 
(s, C-4), 136.0-141.2 (Ph and p-tol), 142.2 (dd, 1JCRh = 23.0 Hz, 2JCP = 
11.0 Hz, C-3) ppm; 31P {1H} NMR (121.5 MHz, CD2Cl2, 298K) δ = 
26.0 (d, 1JRhP = 161.6 Hz) ppm; IR (nujol): ʋ = 1272 (s, OTf), 1154 
(ms, OTf), 1032 (ms, OTf) cm-1; conductivity (acetone): Ʌ = 103 
S∙cm2∙mol-1; E/M (ESI) m/z 683 [M]+; elemental analysis calc (%) 
for C64H61BPRh (1002,94): C 79.04, H 6.53; found: C 78.97, H 
6.44.  

Synthesis of the complexes [Rh(η5-C5Me5){η3-
C(R)CC(=C(R)H)}{κ1-(P)-Ph2PCH2CH=CH2}][BF4] (R = Ph 
(9a), p-tol (9b)). HBF4∙Et2O [20.7 μL, 0.15 mmol (R = Ph), 19.3 
μL, 0.14 mmol (R = p-tol p-tol)] was added to a dichloromethane 
(5 mL) solution of the correspondent complex [Rh(η5-
C5Me5)(C≡CR)2{κ1-(P)-Ph2CH2CH=CH2}] [100 mg, 0.15 mmol (R = 
Ph), 0.14 mmol (R = p-tol)], and the resulting solution was 
stirred at rt for 15min (9a) or at 248K for 5min (9b). The solvent 
was removed and the oily residue was stirred in heptane yielded 
a green (9a) or brown (9b) precipitate. The solvents were de-
canted and the resulting solid residue washed with heptane (2x 
10 mL) and dried under vacuum. R = Ph (9a), (0.084 g, 74%): 1H 
NMR (400.1 MHz, CD2Cl2, 298K) δ = 1.57 (d, 4JHP = 2.8 Hz, 15H, 
C5Me5), 2.20 (m, 1H, PCH2), 2.64 (m, 1H, PCH2), 4.65 (m, 1H, 
=CH2), 4.76 (m, 1H, =CH2), 5.11 (m, 1H, CH=CH2), 7.12 (s, 1H, 
=C(Ph)H), 7.25 -7.90 (m, 20H, Ph) ppm; 13C {1H} NMR (100.6 
MHz, CD2Cl2, 243K) δ = 9.1 (s, CH3, C5Me5), 30.6 (d, 1JCP = 25.1 Hz, 
PCH2), 42.4 (s, C-2), 102.5 (s, C5Me5), 117.2 (dd, 1JCRh = 14.1 Hz, 2JCP 

= 4.0 Hz, C-1), 120.6 (d, 3JCP = 9.1 Hz, =CH2), 122.8 (s, Ph), 124.7 (s, 
C-4), 125.4-134.7 (Ph and CH=CH2), 142.8 (dd, 1JCRh = 21.1 Hz, 2JCP = 
8.0 Hz, C-3) ppm; 31P {1H} NMR (121.5 MHz, CD2Cl2, 298K) δ = 
33.0 (d, 1JRhP = 162.1 Hz) ppm; IR (KBr): ʋ = 1056 (s, BF4) cm-1; 
conductivity (acetone): Ʌ = 143 S∙cm2∙mol-1; MS (ESI): m/z 667 
[M]+; elemental analysis calc (%) for C41H41BF4PRh (754.46): C 
65.27, H 5.48; found: C 65.44, H 5.95. R = p-tol (9b), (0.089 g, 
81%): 1H NMR (400.1 MHz, CD2Cl2, 298K) δ = 1.60 (d, 4JHP = 3.1 
Hz, 15H, C5Me5), 2.48, 2.61 (2s, 3H, CH3 p-tol), 2.65-2.94 (m, 2H, 
PCH2), 4.57-4.63 (m, 1H, =CH2), 4.73-4.98 (m, 1H, =CH2), 5.03-
5.18 (m, 1H, CH=CH2), 7.05 (s, 1H, -C=C(p-tol)(H)), 7.33 (d, 3JHH = 
7.9 Hz, 2H, p-tol), 7.44 (d, 3JHH = 8.0 Hz, 2H, p-tol), 7.57-7.67 (m, 
14H, Ph and p-tol) ppm; 13C {1H} NMR (100.6 MHz, CD2Cl2, 243K) 
δ = 9.1 (s, CH3, C5Me5), 21.4, 21.7 (2s, 3H, CH3, p-tol), 30.4 (d, 1JCP = 
24.1 Hz, PCH2), 41.5 (s, C-2), 102.3 (d, 1JCRh = 3.0 Hz, C5Me5), 117.0 
(dd, 1JCRh = 14.1 Hz, 2JCP = 3.6 Hz, C-1), 119.7 (Ph), 120.6 (d, 3JCP = 
10.6 Hz, =CH2), 123.8 (s, C-4), 125.4-126.9 (Ph and p-tol), 128.2 (d, 
2JCP = 10.6 Hz, CH=CH2), 128.6-139.4 (Ph and p-tol), 141.6 (dd, 1JCRh 

= 20.1 Hz, 2JCP = 4.0 Hz, C-3), 142.0 (p-tol) ppm; 31P {1H} NMR 
(121.5 MHz, CD2Cl2, 298K) δ = 33.7 (d, 1JRhP = 162.0 Hz) ppm; IR 
(KBr): ʋ = 1052 (s, BF4) cm-1; conductivity (acetone): Ʌ = 135 
S∙cm2∙mol-1; elemental analysis calc (%) for C43H45BF4PRh 
(782.52): C 66.00, H 5.80; found: C 59.50, H 5.54.  

Synthesis of the complexes [Rh(η5-C5Me5){η3-
C(R)CC(=C(R)H)}(PPh2Me)][BF4] (R = Ph (10a), p-tol (10b)). 
HBF4∙Et2O (23.9 μL, 0.16 mmol) was added to a dichloromethane 
(5 mL) solution of the correspondent complex [Rh(η5-
C5Me5)(C≡CR)2(PPh2Me)] [100 mg, 0.16 mmol (R = Ph), 0.15 
mmol (R = p-tol)], and the resulting solution was stirred at rt for 
15min. The solvent was removed and the oily residue was stirred 
in heptane yielded a green precipitate. The solvents were de-
canted and the resulting solid residue washed with heptane (2x 
10 mL) and dried under vacuum. R = Ph (10a), (0.092 g, 79%): 1H 
NMR (400.1 MHz, CD2Cl2, 298K) δ = 1.75 (d, 4JHP = 3.1 Hz, 15H, 
C5Me5), 1.86 (d, 2JHP = 9.3 Hz, 3H, PPh2(CH3)), 7.12 (s, 1H, 
=C(Ph)H), 7.20-7.70 (m, 20H, Ph) ppm; 13C {1H} NMR (100.6 
MHz, CD2Cl2, 243K) δ = 9.5 (s, CH3, C5Me5), 12.9 (d, 1JCP = 32.2 Hz, 
PPh2(CH3)), 43.2 (s, C-2), 102.4 (s, C5Me5), 118.5 (m, C-1), 123.1 (s, 
Ph), 124.5 (s, C-4), 126.9-134.8 (Ph), 143.3 (dd, 1JCRh = 20.1 Hz, 2JCP = 
9.1 Hz, C-3) ppm; 31P {1H} NMR (121.5 MHz, CD2Cl2, 298K) δ = 26.1 

(d, 1JRhP = 160.3 Hz) ppm; IR (KBr): ʋ = 1032 (s, BF4) cm-1; conduc-
tivity (acetone): Ʌ = 133 S∙cm2∙mol-1; elemental analysis calc (%) 
for C39H39BF4PRh (728.42): C 64.31, H 5.40; found: C 65.14, H 
5.82. R = p-tol (10b), (0.093 g, 82%): 1H NMR (400.1 MHz, 
CD2Cl2, 298K) δ = 1.71 (d, 4JHP = 3.2 Hz, 15H, C5Me5), 1.78 (d, 2JHP = 
9.6 Hz, 3H, PPh2(CH3)), 2.37, 2.48 (2s, 3H, CH3, p-tol), 7.08 (s, 1H, 
=C(p-tol)H), 7.16-7.36 (m, 18H, Ph and p-tol) ppm; 13C {1H} NMR 
(100.6 MHz, CD2Cl2, 298K) δ = 9.5 (s, CH3, C5Me5), 12.8 (d, 1JCP = 
31.2 Hz, PPh2(CH3)), 21.3, 21.7 (2s, CH3, p-tol), 42.4 (s, C-2), 102.2 
(s, C5Me5), 118.0 (dd, 1JCRh = 15.1 Hz, 2JCP = 4.1 Hz C-1), 120.1 (s, Ph), 
123.7 (s, C-4), 126.7-141.7 (Ph), 142.1 (dd, 1JCRh = 21.1 Hz, 2JCP = 9.1 
Hz, C-3) ppm; 31P {1H} NMR (121.5 MHz, CD2Cl2, 298K) δ = 26.4 
(d, 1JRhP = 162.1 Hz) ppm; IR (KBr): ʋ = 1029 (f, BF4) cm-1; conduc-
tivity (acetone): Ʌ = 152 S∙cm2∙mol-1; elemental analysis calc (%) 
for C41H43BF4PRh ∙ CH2Cl2 (841.39): C 59.95, H 5.39; found: C 
59.49, H 5.35. 

Synthesis of the complexes [Rh(η5-C5Me5){κ4-(P,C,C,C)-
iPr2PCH2C(=CH2)C(CH2R)C=CR}][BF4] (R = Ph (11a); R = p-tol 
(11b)).  HBF4∙Et2O [25.4 μL, 0.17 mmol (R = Ph), 23.9 μL, 0.16 
mmol (R = p-tol)] was added to a dichloromethane (5 mL) solu-
tion of the correspondent complex [Rh(η5-C5Me5)(C≡CR)2{κ1-(P)-
iPr2CH2CH=CH2}] [100 mg, 0.17 mmol (R = Ph), 0.16 mmol (R = p-
tol)], and the resulting solution was stirred at rt for 4h (11a); 2h 
and 30min (11b). The solvent was removed and the oily residue 
was stirred in heptane yielded a brown precipitate. The solvents 
were decanted and the resulting solid residue washed with hep-
tane (2x 10 mL) and dried under vacuum. R = Ph (11a), (0.089 g, 
76%): 1H NMR (400.1 MHz, CD2Cl2, 298K) δ = 1.13-1.37 (m, 12H, 
PCH(CH3)2), 1.85 (d, 4JHP = 2.8 Hz, 15H, C5Me5), 1.95 (m, 1H, 
PCH(CH3)2), 2.05 (m, 1H, PCH2), 2.37 (m, 1H, PCH2), 2.46 (m, 1H, 
PCH(CH3)2), 3.12 (d, 2JHH = 14.4 Hz, CH2Ph), 4.00 (d, 2JHH = 14.4 
Hz, CH2Ph), 5.24 (m, 1H, =CH2), 5.57 (m, 1H, =CH2), 7.32-7.99 (m, 
10H, Ph) ppm; 13C {1H} NMR (100.6 MHz, CD2Cl2, 298K) δ = 10.1 
(s, C5Me5), 17.7 (d, 2JCP = 4.2 Hz, PCH(CH3)2), 18.1 (d, 2JCP = 6.5 Hz, 
PCH(CH3)2), 18.3 (d, 2JCP = 2.4 Hz, PCH(CH3)2), 18.7 (s, 
PCH(CH3)2), 25.3 (d, 1JCP = 24.1 Hz, C-6), 25.5 (dd, 1JCP = 20.1 Hz, 
2JCRh = 1.0 Hz, PCH(CH3)2), 30.5 (dd, 1JCP = 22.1 Hz, 2JCRh = 1.4 Hz, 
PCH(CH3)2), 39.7 (s, CH2Ph), 80.4 (d, 1JCRh = 2.0 Hz, C-2), 83.6 
(dd, 1JCRh = 8.0 Hz, 2JCP = 2.0 Hz, C-3), 92.7 (dd, 1JCRh = 17.1 Hz, 2JCP 

= 5.0 Hz, C-1), 101.3 (dd, 1JCRh = 6.0 Hz, 2JCP = 3.0 Hz, C5Me5), 115.8 
(d, 3JCP = 11.1 Hz, C-5), 122.8 (s, Ph), 127.6-132.1 (Ph), 138.7 (s,  Ph), 
142.6 (d, 2JCP = 1.0 Hz, C-4) ppm; 31P {1H} NMR (121.5 MHz, CD2Cl2, 
298K) δ = 54.1 (d, 1JRhP = 157.3 Hz) ppm; IR (KBr): ʋ = 1032 (s, BF4) 
cm-1; conductivity (acetone): Ʌ = 138 S∙cm2∙mol-1; MS (ESI): m/z 
599 [M]+; elemental analysis calc (%) for C35H45BF4PRh (686.43): 
C 61.24, H 6.61; found: C 59.83, H 6.42. R = p-tol (11b), (0.068 g, 
60%): 1H NMR (400.1 MHz, CD2Cl2, 298K) δ = 1.10-1.38 (m, 12H, 
PCH(CH3)2), 1.85 (d, 4JHP = 2.8 Hz, 15H, C5Me5), 1.86-1.95 (m, 1H, 
P(CH(CH3)2), 2.07 (m, 1H, PCH2), 2.34 (m, 1H, PCH2), 2.40 (s, 3H, 
CH3, -C=C(p-tol)), 2.41-2.46 (m, 1H, P(CH(CH3)2), 2.48 (s, 3H, 
CH3, CH2 p-tol), 3.07 (d, 2JHH = 14.4 Hz, CH2(p-tol)), 3.98 (d, 2JHH = 
14.4 Hz, CH2(p-tol)), 5.23 (m, 1H, =CH2), 5.58 (m, 1H, =CH2), 7.26 
(d, 3JHH = 8.0 Hz, 2H, p-tol), 7.39 (d, 3JHH = 8.0 Hz, 2H, p-tol), 7.44 
(d, 3JHH = 8.0 Hz, 2H, p-tol), 7.26 (d, 3JHH = 8.0 Hz, 2H, p-tol) 
ppm; 13C {1H} NMR (100.6 MHz, CD2Cl2, 298K) δ = 10.1 (s, CH3, 
C5Me5), 17.8 (s, PCH(CH3)2), 18.1 (d, 2JCP = 7.0 Hz, PCH(CH3)2), 
18.3 (d, 2JCP = 4.0 Hz, PCH(CH3)2), 18.7 (s, PCH(CH3)2), 20.7 (s, 
CH3, -C=C(p-tol)), 21.3 (s, CH3  p-tol)), 25.3 (d, 1JCP = 24.1 Hz, C-6), 
25.5 (d, 1JCP = 19.1 Hz, P(CH(CH3)2), 30.4 (d, 1JCP = 22.1 Hz, 
P(CH(CH3)2), 39.4 (s, p-tol), 79.5 (s, C-2), 83.7 (d, 1JCRh = 7.0 Hz, 
C-3), 92.7 (dd, 1JCRh = 16.1 Hz, 2JCP = 4.0 Hz, C-1), 101.3 (d, 1JCRh = 3.0 
Hz, C5Me5), 115.5 (d, 3JCP = 12.1 Hz, C-5), 119.6 (s, p-tol), 127.5-129.4 
(p-tol), 130.2 (s, p-tol), 132.1 (s, p-tol), 135.8 (s, p-tol), 136.7 (s, p-
tol), 140.7 (s, ipso p-tol, C-CH3, -C=C(p-tol)), 142.9 (s, C-4) ppm; 
31P {1H} NMR (121.5 MHz, CD2Cl2, 298K) δ = 53.8 (d, 1JRhP = 156.7 
Hz) ppm; IR (KBr): ʋ = 1051 (s, BF4) cm-1; conductivity (acetone): 



 

Ʌ = 134 S∙cm2∙mol-1; elemental analysis calc (%) for C37H49BF4PRh 
(714.48): C 62.20, H 6.91; found: C 61.82, H 6.73.   

Spectroscopic data for complex [Rh(η5-C5Me5){η3-
C(Ph)CC(=C(Ph)H)}{κ1-(P)-iPr2PCH2CH=CH2}][BF4] (12a). To 
a solution of the complex [Rh(η5-C5Me5)(C≡CPh)2{κ1-(P)-
iPr2PCH2CH=CH2}] (50 mg, 0.08 mmol)  in CH2Cl2 (3 mL) at 
233K, HBF4∙Et2O (12.7 μL, 0.08 mmol) was added and the solu-
tion was stirred for 4h at 253K. To an aliquot of this solution, 
drops of CD2Cl2 were added to record the NMR experiments. 13C 
{1H} NMR (100.6 MHz, CD2Cl2, 243K) δ = 9.6 (s, CH3, C5Me5), 18.1, 
18.6, 18.7, 19.0 (4s, PCH(CH3)2), 24.7 (d, 1JCP = 21.5 Hz, 
PCH(CH3)2), 25.1 (d, 1JCP = 23.1 Hz, PCH(CH3)2), 26.0 (d, 1JCP = 23.2 
Hz, PCH2), 43.8 (s, C-2), 102.4 (s, C5Me5), 118.5 (m, C-1), 119.9 (m, 
=CH2), 123.6 (s, C-4), 125.8-135.0 (Ph y CH=CH2), 142.8 (m, C-3) 
ppm; 31P {1H} NMR (121.5 MHz, CD2Cl2, 243K) δ = 41.4 (d, 1JRhP = 
155.8 Hz) ppm. 

Computational Methods. The potential energy surface for 
the protonation of dialkynyl rhodium (III) complexes and their 
evolution into the η3-dienyl or the rhodaphosphacycle complex-
es was studied with the Density Functional theory, using the 
B3LYP hybrid functional. The 6-31G* basis set was employed for 
C, H, P, B, and F atoms, and the LANL2DZ for Rh.17  

The election of the Density Functional theory19 and the B3LYP 
functional has been dictated in an attempt to get a compromise 
between a reasonable view of the energies and geometries of the 
stationary points of the potential-energy surface of the reactions 
studied and the requirement of a realistic description of the 
molecules involved. In this regard, and despite that at this level 
of theory and working with transition metal complexes, the 
activation barriers could not be evaluated with a high precision, 
the semi-quantitative picture emerging from these calculations 
could be considered as basically correct.19, 20 

All stationary points located were fully optimized and charac-
terized to be a minimum or a first-order saddle point (transition 
structure) by computing the harmonic vibrational frequencies. 
The connection of either, the reactants or products with a transi-
tion state was established by computation of the intrinsic reac-
tion coordinate (IRC). The reaction Gibbs free-energies, ∆Grxn, 
are referred to the corresponding starting system, and the activa-
tion Gibbs free-energy of each step, ∆G# is relative to the mini-
mum previous to the corresponding transition state. In all cases, 
the energies are in kcal mol-1. 

All the calculations described in this work were carried out 
with the Gaussian 09 package.21 Geometrical details and the 
values of the computed Gibbs free-energies of the stationary 
points located are collected in the Supporting Information sec-
tion. 

X-Ray Crystal Structure Determination of Complexes 5a 
and 11a. All single crystals appropriate for X-ray analysis were 
obtained using liquid diffusion techniques from dichloro-
methane/heptane solvent systems. The details of all X-ray single-
crystal diffraction experiments are given in Table S1 in the Sup-
porting Information, and molecular structures are shown in 
Figures 1 and 2. In both cases, diffraction data were recorded on 
a Oxford Diffraction Xcalibur Nova (Agilent) single crystal dif-
fractometer, at 123 K (for 5a) and 150 K (for 11a) using Cu-Kα 
radiation (λ= 1.5418 Å). Images were collected at a 65 mm fixed 
crystal-detector distance, using the oscillation method, with 1° 
oscillation and variable exposure time per image. Data collection 
strategy was calculated with the program CrysAlis Pro CCD. 22 
Data reduction and cell refinement was performed with the 
program CrysAlis Pro RED.22  An empirical absorption correction 
was applied using the SCALE3 ABSPACK algorithm as imple-
mented in the program CrysAlis Pro RED.22 The software pack-
age WINGX23 was used for space group determination, structure 
solution and refinement. The structures of the complexes were 
solved by Patterson interpretation and phase expansion using 

DIRDIF24 In 11a, the asymmetric unit contains two formula units. 
In one unit, the chain in the rhodaphosphacycle is disordered in 
two positions with an occupancy factor of 0.5. Isotropic least-
squares refinement on F2 using SHELXL201325 was performed. 
During the final stages of the refinements, all the positional 
parameters and the anisotropic temperature factors of all the 
non-H atoms were refined and the H atoms were geometrically 
located and their coordinates were refined riding on their parent 
atoms. The maximun residual electron density is located near to 
heavy atoms. The function minimized was [Σw(Fo2 - 
Fc2)/Σw(Fo2)]1/2 where w = 1/[σ2(Fo2) + (aP)2 + bP ] (a and b values 
are collected in Table S1) from counting statistics and P = (Max 
(Fo2, 0) + 2Fc2)/3. Atomic scattering factors were taken from the 
International Tables for X-Ray Crystallography International.26 
The crystallographic plots were made with PLATON.27 CCDC 
1453133-1453134 contains the supplementary crystallographic data 
for this paper. The data can be obtained free of charge from The 
Cambridge Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/structures. 
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