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ABSTRACT: We herein discuss the use of 1,1-diphosphineamide ligands for the synthesis of mono- and heterobimetallic complexes 

of Rh(I) and Ti(IV) metal centers. A small library of monometallic species was synthesized and isolated with Ti used to complex to 

the amide moiety whereas Rh was used to bind to the diphosphine. The sequential synthesis of the heterobimetallic species started 

from isolation of the Ti(amidate) complex followed by addition of Rh precursors in solution. Meticulous analysis of the complexes 

by NMR spectroscopy allowed stereometric and spatial recognition of these challenging to synthesize and isolate heterobimetallic 

complexes. 

INTRODUCTION 

The synthesis of heterobimetallic model complexes is of pivotal 

importance to the understanding of function and role of biolog-

ical systems which contain multiple metal sites,1 e.g. binuclear 

copper oxidases,2 iron oxidoreductase,3, 4 zinc phosphatase,5 to 

name but a few. Understanding their cooperativity gives access 

to the knowledge to construct new drugs;6, 7 mimicking these 

systems also helps to formulate enhanced catalytic sites for 

chemical transformations.8-11 The construction of an appropri-

ate ligand that allows multiple metals to selectively bind 

through more than one ligating group is not trivial but careful 

design allows one to reach the desired goal of reactivity, stabil-

ity and selectivity of the final bimetallic complexes. We have 

chosen to work with 1,1-diphosphineamides because of the 

scarce literature on the utilization of these moieties for hetero-

bimetallic complexes and because of the potential for tunability 

of the ligand frame. This class of ligands presents two main 

functionalities; i) the amidate group, ii) the 1,1-diphosphine 

group. The former has been studied due to its several coordina-

tion modes in metal complexes; examples of μ2 coordination 

through N,O are known12, 13 and, relevant to this work, Schafer 

and Arnold have extensively investigated their κ2 coordination 

to group 4 metals,14-17 and their further use as efficient hydroam-

ination catalysts. The second moiety is a derivative of 1,1-

bis(diphenylphosphine)methane (dppm); these type of chelat-

ing ligands have a small bite angle and are extremely valuable 

for ligation to late transition metals, such as Ru, Rh and Pt.18 

Complexes of these ligands have shown activity in homogenous 

catalysis, with applications in reactions such as hydrogena-

tion,19 hydroacylation20 and hydrogen borrowing reactions.21 

Moreover we targeted an early/late transition metal combina-

tion for the potential of synergistic and cooperative reactivity of 

the two centers;9, 22-24 examples of homogeneous Ti-Rh bi- or 

multi-metallic complexes have been reported,25-31 and used in 

catalysis, e.g. hydrosilylation,32 hydroacylation33 and hydro-

genation reactions,34 with an observed enhanced reactivity of 

the bimetallic complex compared to their monometallic precur-

sors. 

Therefore, the synthesis and use of a small library of 1,1-di-

phosphineamides is presented. Model monometallic complexes 

of titanium and rhodium were synthesized and characterized; 

these procedures were then combined in a sequential synthetic 

approach to develop heterobimetallic complexes containing 

both Ti and Rh metal centers. 

RESULTS AND DISCUSSION 

In 2018 we published a rapid and mild route to highly function-

alized 1,1-diphosphines using catalytic amount of inexpensive 

bases.35 We therefore applied the optimized procedure to syn-

thesize 1,1-diphosphineamides with 10 mol% of KHMDS, with 

a 2:1 ratio of diphenylphosphine to amide (Scheme 1); while 2a 

is obtained in 62% isolated yield after 6 h, products 2b and 2c, 

with bulkier substituents on the nitrogen, were obtained with 

low conversion and significant amounts of unreacted secondary 

phosphine was recovered. A re-optimized reaction procedure 

involved increasing the catalyst loading to 50 mol% and leaving 

the reaction to stir for 16 h. Quenching the solution with meth-

anol (a few drops) and, as the 1,1-diphosphines are known to 

slowly oxidize in solution in air, filtration of the crude product 

through a short alumina plug under an inert atmosphere yields 

2b and 2c in 66% and 68% respectively. Particularly, due to 

hindered rotation of the bulky aryl substituents on the amide, 2c 

is observed as a mixture of rotamers (5:1 2c:2c’) at RT by 1H 

NMR spectroscopy, while rotation is less hindered for 2b show-

ing only one rotamer. 

Scheme 1. Synthesis of 1,1-diphosphineamides 2a-2c. Yield in 

parenthesis. 

Next, the synthesis of titanium amidate complexes was devel-

oped; small scale reactions (4.6·10-2 M) were performed in a J-

Young NMR tube by reacting two equivalents of ligands 2a and 

2b with the yellow solution of Ti(NMe2)4 in toluene or benzene 



 

(Scheme 2). The addition of ligand to the Ti(IV) solution shows 

an immediate color change to orange. When 2a is used and the 

reaction analyzed by 31P{1H} NMR spectroscopy, a small but 

distinctive shift of the 1,1-diphosphine signal from −6.6 to −4.5 

ppm is found; using 1H NMR spectroscopy the characteristic 

methine signal in 2a shifts downfield to a major product at 4.41 

ppm and a minor one at 4.53 ppm in a 7:1 ratio (cf. 4.16 ppm in 

2a). We attribute the major signals to a bis-ligated amido spe-

cies, 3a, with a κ2-coordination of two ligands to the Ti-center 

(76% spectroscopic yield). The minor species is assigned as 

mono-ligated species 3a’ with κ2-binding of one ligand to the 

Ti center.36, 37 When reacting an equimolar amount of 2a and 

Ti(NMe2)4 a clearer orange solution forms that shows, by 1H 

NMR analysis, a 3a:3a’ ratio of 1:3. 3a’ Exhibits a downfield 

shift with a peak at −3.9 ppm in the 31P{1H} NMR spectrum (cf. 

−4.5 ppm for 3a). Similar solubilities made isolation and sepa-

ration of 3a’ from 3a extremely difficult. However, Diffusion 

Ordered Spectroscopy (DOSY) NMR analysis allowed us to 

distinguish the two complexes: D = 4.66×10−10 m2s−1 for 3a (rsolu 

= 8.97Å) versus D = 6.46×10−10 m2s−1 for 3a’. When attempting 

scaling up the reaction and increasing the ratio of ligand to Ti 

of 3:1, or vice versa, several by-products form and are visible 

in the 31P{1H} NMR spectrum. There is concomitant darkening 

of the reaction from orange to dark brown; this is possibly due 

to the steric bulk of pro-ligand 2a, which is relatively low when 

compared to the known alkyl or aryl amidate ligands used in the 

literature,17 where groups such as 2,6-dimethylphenyl, 2,6-

diisopropylphenyl or tert-butyl groups are used. Thus, we set 

out to use pro-ligand 2b which contains a N-2,6-dimethylphenyl 

substituent. When performing a small-scale reaction (4.6×10−2 

M), we observe a 1:1 mixture of 3b:3b’ and two peaks at −3.5 

and −2.9 ppm in the 31P{1H} NMR spectrum corresponding to 

3b and 3b’ respectively. When analyzing the 1H NMR spectrum 

of the mixture, we attribute a signal at 3.28 ppm to the NMe2 

groups (12H) and a triplet at 4.15 (J = 7.0 Hz, 2H) to the me-

thine of 3b; while for 3b’ a signal at 3.22 ppm (18H) correlates 

with a triplet at 4.36 ppm (J = 6 Hz, 1H). Pleasingly, the syn-

thesis can be scaled up to 6.5 times of Ti starting material, and 

by increasing 2b:Ti ratio to 3:1, 3b is isolated as an orange pow-

der in 81% yield. Isolation of 3b’ is complicated due to potential 

ligand redistribution to 3b after workup; nonetheless full char-

acterization in situ allowed us to calculate spectroscopic yield 

(77%) and analyze the diffusion coefficient in C6D6 (D = 

5.11×10−10 m2s−1 for 3b’ versus D = 4.70×10−10 m2s−1 for 3b 

with rsolu 3b = 9.07Å). When using bulkier pro-ligand 2c, a mix-

ture of 3c:3c’ was found in 8:1 ratio and confirmed by DOSY 

NMR (rsolu 3c = 8.63 Å versus rsolu 3c’ = 7.41 Å). However, the 

mixture shows similar solubility in common organic solvents 

which did not allow separation.38 The observed trend indicates 

that mono-ligation is favored when bulkier substituents at nitro-

gen are used. 

Scheme 2. Synthesis of Ti complexes 3; aspectroscopic yield; 
bwith 2b:Ti of 3:1. 

Bis-ligated complexes 3a and 3b can exist in multiple confor-

mations in solution,39 however, only one signal for the methine 

and methylene groups is observed in solution for both com-

plexes, thus only one isomer is expected. The symmetric signals 

observed by 1H NMR rule out any asymmetric isomer i.e. C1 

point group. To further investigate the preferred isomer, we an-

alyzed 3a and 3b using NOESY (Nuclear Overhauser Effect 

Spectroscopy) and we observed intramolecular interactions 

through space between the N-phenyl substituents and the NMe2 

groups on Ti, and weak interactions with the phosphine phenyl 

substituents. Thus, two potential isomers can be depicted for 3 

with the NMe2 groups trans to each other, while the N amidate 

atoms can be trans (C2h point group) or cis (C2v point group) to 

each other; the structure drawn in Scheme 2 (C2h) will be the 

least sterically encumbered39 and potentially the least energeti-

cally demanding hence the preferred isomer in solution. Solu-

tion NMR studies of 3a and 3b at variable temperature suggest 

that the C2h group is the most likely isomer in solution; fluxional 

processes at the ligand are observed to be faster than any at the 

metal center. At low temperature new peaks appear, which cor-

respond to the methylene and phosphine groups; this is ascribed 

to a hindered rotation around the C–C bond in the ligand back-

bone. Two broad peaks are observed at low temperature by 
31P{1H} NMR spectroscopy which coalesce into a single peak 

at RT. This dynamic behavior could be due to a syn- and anti-

isomer of 3a, as previously described in the literature.40 Slight 

line broadening is observed when raising the temperature, 

which further suggests slow isomer interconversion. It is worth 

noting that mono and bis-ligated species 3b and 3b’ do not in-

terconvert at high temperature up to 348 K. Compared to 

Ti(IV)-amidate complexes reported in the literature our system 

is likely dominated by the flexible yet bulky diphosphine sub-

stituents. Density functional theory (DFT) was used to give in-

sight into the preferred geometry of 3a (Figure 1): as anticipated 

the C2h conformation is lowest energy, with the C2 geometries 

lying at higher energies (+5.6 kcal/mol Oamidate trans, NMe2 cis; 

+9.6 kcal/mol Namidate trans, NMe2 cis). Interestingly the C2v ge-

ometry could not be optimized: convergence to C2 (Namidate 

trans) is observed.[18]  

 

Figure 1. Graphical representation of the modeled geometric iso-

mers of 3a. 

To further confirm our hypothesis, we tested the mono- and bis-

ligated complexes as pre-catalysts for intramolecular 

  
 

    

 

    

  

    

    

    

    

    

   

  

 

    

 

    

 

 

    

    

    

    

    

          

  

     

    

 

    

    

     

     

    

          

     

      

      

      

        



 

hydroamination reactions (Table 1). When subjecting 2,2-di-

phenylhex-5-en-1-amine to 20 mol% of freshly isolated pre-cat-

alyst 3b, no conversion to the piperidine derivative is observed. 

However, after mixing an equimolar amount (or 2:1 ratio) of 2b 

with Ti(NMe2)4 and confirming the formation of complexes 3b 

and 3b’, full conversion into the product is observed. This indi-

cates that the active species in the reaction is the mono-ligated 

penta-coordinate complex 3b’, which is in line with active 

penta-coordinate titanium complexes found in the literature.36, 

41 The failed activity of complex 3b in the reaction further sup-

ports our hypothesis of a C2h geometry where a trans arrange-

ment of the NMe2 ligands prevent the formation of the imido 

species necessary for productive cycloaddition.42  

Table 1. Intramolecular hydroamination of aminoalkene. 

 

 

 

 

 

 

a Conversions determined by 1H NMR spectroscopy. 

Moving on to investigate the 1,1-diphosphine moiety, initial 

studies on Rh(I) complexes were performed using 

[{Rh(COD)Cl}2] (4, COD = 1,5-cyclooctadiene) as the metal 

precursor. However, when adding ligand 2a to 4 in C6D6 at RT 

several species were observed by NMR spectroscopy. The ad-

dition of 1 equiv. of sodium tetrakis-[3,5- bis(trifluorome-

thyl)phenyl]borate (NaBAr
F) to the mixture of 2a and 4 allowed 

the reaction to proceed and two major products were visible in 

the 31P{1H} NMR spectrum after 1 h (Scheme 3). Two doublets 

are visible at −7.9 (d, 1JRh-P = 116 Hz) and at −15.2 ppm (1J = 

131 Hz). Ligated and free COD ligand is observed in the 1H 

NMR spectrum, thus suggesting partial ligand displacement. 

The signal at −7.9 ppm is assigned to the homoleptic mononu-

clear complex 5a with two diphosphine ligands bound to the 

Rh(I) center, while the signal at −15.2 ppm is tentatively as-

signed to the mononuclear heteroleptic complex 6a containing 

2a and a COD ligand. The structure of 5a was confirmed by 

reacting [{Rh(COE)Cl}2] (7, COE = cyclooctene) with 2 equiv. 

of 2a and NaBAr
F generating 5a as an orange powder in 60% 

yield. In this case the COE-analogue of 6a is not observed, 

probably due to the ease of COE versus COD displacement. 

Scheme 3. Synthesis of Rh complexes 5a and 6a. a Isolated 

yield using [{Rh(COE)Cl}2] (7). 

Orange single crystals of complex 5a crystallized in monoclinic 

P21/c space group as a square planar Rh(I) cation from a 

concentrated C6D6 solution (Figure 2).43 This complex can be 

directly compared to [Rh(dppm)2]
+ reported by Leitner;44 Rh–P 

bond lengths of 5a (2.2969(9)-2.3029(9) Å) are slightly longer 

than literature reports (2.2832(8)-2.2908(6) Å) which is to be 

expected due to the increase in steric bulk in the backbone of 

the ligand. This additional bulk also leads to a slight increase in 

the C–P distances with bond lengths ranging from 1.866(3)-

1.875(3) Å for 5a (dppm: 1.843(3)-1.847(3) Å). Steric bulk is 

also reflected by the increase in the P–C–P and P–Rh–P bond 

angles in 5a (93.98(14) ° and 72.82(3) ° respectively, compare 

to dppm: 91.80(10) ° and 70.80(3) °). 

 

Figure 2. ORTEP representation of 5a. Thermal ellipsoid at 30% 

probability, with hydrogens, solvate and anions omitted for clarity. 

Further attempts at heteroleptic Rh complexes were trialed; 

[Rh(dppe)Cl]2 (dppe = diphenylphosphinoethane) (8) was re-

acted in CH2Cl2 in the presence of NaBAr
F and 2a or 2b yielding 

complexes 9a and 9b (Scheme 4). 9a displays two distinct dis-

tinctive signal patterns in the 31P{1H} NMR spectrum that con-

firm the heteroleptic nature at the metal center; one at 57.8 ppm 

assigned to [Rh]-dppe and one at −7.4 ppm assigned to [Rh]-

2a. Magnetic inequivalence of the two phosphine environments 

around Rh(I)40 can be observed by the highly ordered second 

order spin coupling. Simulation of the AA’BB’X pattern al-

lowed calculation of the coupling constants: 2JP-P trans = 284 Hz, 
1JRh-dppe = 133 Hz, 1JRh-P = 116 Hz. also the 2JP-P cis dppe = ±27,45 
2JP-P cis 2a = ±69 and 2JP-P cis dppe-2a = −28 Hz.46 Similar coupling 

pattern is observed for complex 9b. Several unsuccessful at-

tempts at obtaining single crystals were made, but it is worth 

noting that just a handful of cationic Rh complexes with small 

bite-angles have been reported to-date.47 

Scheme 4. Synthesis 9a and 9b. Isolated yield in parentheses.  

With the model studies on the monometallic complexes giving 

promising results, we moved on to synthesize heterobimetallic 

complexes (Figure 3a). Using 8 as the Rh(I) source, the Ti(IV) 

complex was synthesized prior addition of 8.48 Thus, complex 

3b was reacted with 1 equiv. of 8 in C6H6 in the presence of 

NaBAr
F (Figure 2a),49 which results in the formation of a dark 

oil. After removal of the solvent, the 31P{1H} NMR spectrum 

shows a AA’BB’X splitting pattern with two sets at 58.2 ppm 

which is attributed to Rh–P(dppe). The coordinated 1,1-diphos-

phine shows a broad signal at −3.2 ppm, potentially due to steric 

Ti (20 mol%) L (mol%) Conv (%)a 

3b - 0 

Ti(NMe2)4 2b (20) >99% 

Ti(NMe2)4 2b (40) >99% 



 

congestion around the diphosphine (Figure 3b). Once again, 

simulation of the second order spin coupling allowed calcula-

tion of the coupling constants; 2JP-P trans = 282, 1JRh-dppe = 133 Hz, 
1JRh-P = 113 Hz, 2JP-P cis dppe = ±29, 2JP-P cis 2a = ±68 and 2JP-P cis dppe-

2a = −28 Hz. We attribute these signals to complex 10b.28 How-

ever, after one week in solution a second species was observed. 

The 31P{1H} NMR spectrum in the region of the coordinated 

dppe shows a set of signals slightly shifted to 57.9 ppm, which 

is attributed to heteroleptic complex 9b (Scheme 4)50 or mono-

substituted Rh/Ti complex formed by loss of a [Rh(dppe)]+ 

fragment, whose signal was detected by HRMS at 1725.5083 

m/z. Decomposition of the Ti amidate bond might be related to 

the extreme sensitivity of these complexes, which can react with 

adventitious traces of water in solution, releasing TiO2.
51, 52 Re-

acting 3b with 8 in fluorobenzene at RT for 1 h gives conversion 

of 3b to [Rh(dppe)(C6H5F)][BAr
F] (doublet at 73.5 ppm, J = 204 

Hz)53 while no traces of 10b were found. Heating the reaction 

mixture to 80 °C for 10 minutes results in a subtle color change 

to burnt orange, and full conversion to heterobimetallic 10b. To 

test stability, a solution of 10b was periodically monitored over 

one week by NMR spectroscopy. However, the 1H NMR spec-

trum shows multiple signals; in particular, the NMe2 and methyl 

signals, which indicate that multiple isomers of 10b exist in so-

lution, or that steric bulk of the ligand and the complex results 

in highly inequivalent environment at the NMR timescale and 

at 298 K. 

Starting from the 3a:3a’ mixture, and reacting it with 8 in 

fluorobenzene for 10 min at 80 °C (Figure 3a), two sharp signals 

at 58.0 ppm and −4.6 ppm are observed and the second order 

spin couplings are comparable to the signals observed for 10b; 

we assigned the set of signals as 10a (Figure 3b). Performing a 
1H{31P} NMR simplifies overlapping signals and we can clearly 

observe the methylene of the 1,1-diphosphineamidate ligand at 

2.22 ppm, while dppe signals appear at 2.15 and 1.95 ppm. The 

NMe2 signal for 10a is observed at 3.09 ppm, the CH(PPh2)2 

signal at 5.61 ppm and the ortho proton of the amide phenyl at 

6.28 ppm. As suggested for 10b, less steric bulk around the lig-

and decreases the complexity and allows full spectroscopic 

characterization of 10a.54 The complexes were isolated as oils, 

thus prevented crystallization and isolation as pure samples. 

Analysis of 10b by 1H DOSY allowed us to confirm that higher 

aggregates formed in solution with a diffusion coefficient of 

3.41×10−10 m2s-1 (rsolu = 11.5Å), moreover mass spectrometry 

analysis confirmed the double charge and isotopic distribution 

of the early/late trimetallic complex. 

a) 

 

 

 

 

 

b) 

 

Figure 3. a) Synthesis of Ti-Rh complexes 10a and 10b; b) 1H and 
31P{1H} NMR spectra details of 10a and 10b. 

CONCLUSIONS  

In summary, 1,1-diphosphineamides have been developed. The 

ligands have been complexed with both Ti and Rh precursors to 

synthesize and fully characterize a small library of complexes. 

Interestingly, mono- and bis-ligated Ti species were identified 

and used in the catalytic intramolecular hydroamination of ami-

noalkenes. These model complexes were then used in a sequen-

tial synthetic route to heterobimetallic complexes, with strong 

evidence obtained indicating the existence of these complexes 

in solution. Further studies into the structural parameters and 

crystallization of the heterobimetallic Ti-Rh complexes of 1,1-

diphosphineamides, other than application in catalysis are on-

going. 

EXPERIMENTAL SECTION 

General considerations. Where appropriate, reagents were handled 

under an inert atmosphere either using a Schlenk line (nitrogen or ar-

gon) or a glove box (argon). Glassware was oven dried (100 ˚C) and 

flamed under vacuum where applicable. 1H, 13C, and 31P NMR spectra 

were recorded on a 400/500 Bruker or 500 Agilent spectrometers at 298 

K unless stated otherwise. 1H and 13C NMR spectra in deuterated sol-

vents were referenced to residual solvent peaks. 31P was referenced to 

an external standard of PPh3 in C6D6 (−5 ppm). When fluorobenzene 

was used as a solvent the samples were locked to a capillary of C6D6 

and referenced to the BAr
F- counterion (8.31 ppm). In CDCl3, 1H and 

13C{1H} NMR chemical shifts are reported relative to CHCl3 at 7.26 

ppm and 77.16 ppm, respectively; in CD2Cl2, 1H and 13C{1H} NMR 

chemical shifts are reported relative to CH2Cl2 at 5.32 ppm and 54.0 

ppm, respectively For the assignment of the 1H and 13C{1H} NMR 

spectra 2D NMR (COSY, HSQC, HMBC) experiments were also per-

formed. Coupling constants (J) are reported in Hertz (Hz). Multiplici-

ties are indicated by: br s (broad singlet), s (singlet), d (doublet), t (tri-

plet), q (quartet) and m (multiplet). Simulation NMR spectra were per-

formed using gNMR 5.0. Air sensitive mass spectrometry was carried 

out using a Bruker microTOF-Q (ESI) spectrometer. Crystal structures 

were obtained from either a Rigaku Oxford Diffraction Xcalibur 

(MoKα (λ = 0.71073)) or Supernova (CuKα (λ = 1.54184)) diffractom-

eter. FTIR-ATR analyses were performed on a PerkinElmer Spec-

trum100. Solution analyses of air sensitive samples were performed us-

ing a Mettler Toledo ReactIR and iC IR 7.0 with a Diamond DiComp 

probe. Elemental analyses were performed by Elemental Microanalysis 

Ltd. 

General procedure for the synthesis of 1,1-diphosphineamide 

ligands (2); A Schlenk flask was charged with KHMDS (300 mg, 1.5 

mmol) before adding MeCN (3 mL). To this suspension HPPh2 (1.04 

mL, 6 mmol) was added with stirring. A solution of the propynamide 

31P{1H} detail of 10b

31P{1H} detail of 10a

Rh—dppe Rh—P3b

Rh—dppe Rh—P3a



 

(3 mmol) in MeCN (4 mL) was added dropwise over 10 min and the 

solution was stirred for 16 h. The reaction was quenched by addition of 

MeOH. Solvent was removed in vacuo, yielding the crude product. The 

crude product was mounted on alumina and purified by filtration 

through an alumina plug under an inert atmosphere (5% CH2Cl2/hexane 

(removes most HPPh2) - 50% CH2Cl2/hexane). 

Synthesis of 2a; ligand 2a was synthesized using the general proce-

dure with N-phenyl-2-propynamide (72.6 mg, 0.5 mmol). The product 

was isolated as a white solid in 62% yield (161 mg, 0.31 mmol). Data 

corresponds to previous literature. 1H NMR (500 MHz, CDCl3): δ 7.64-

7.63 (m, 4H, P(PhH)2), 7.52-7.50 (m, 4H, P(PhH)2), 7.32-7.27 (m, 7H, 

P(PhH)2), 7.25-7.18 (m, 7H, P(PhH)2/ NPhH), 7.10 (d, J = 8.0, 2H, N-

o- PhH), 7.01 (t, J = 7.4, 1H, N-p-PhH), 6.15 (br. s, 1H, NH), 4.16 (t, J 

= 5.7, 1H, CH(PPh2)2), 2.37 (td, J = 9.2, J = 5.7, 2H, CH2CH(PPh2)2); 
13C{1H} NMR (126 MHz, CDCl3): δ 169.4 (CO), 137.6 (N-Ph), 136.2 

(app. t, J = 4.3, PPh), 136.0 (app. t, J = 3.2, PPh), 134.8 (app. t, J = 

11.0, PPhH), 133.7 (app. t, J = 10.3, PPhH), 129.4 (PPhH) 128.9 

(NPhH), 128.7 (PPhH), 128.5 (app. t, J = 3.6, PPhH), 128.3 (app. t, J = 

3.9, PPhH), 124.1 (NPhH), 119.7 (NPhH), 37.8 (t, J = 8.6, 

CH2CH(PPh2)2), 27.2 (t, J = 22.9, CH(PPh2)2); 31P{1H} NMR (202 

MHz, CDCl3): δ −6.6; FTIR-ATR: ν (cm-1): 3319 (N-H), 1678 (C=O); 

HRMS (API): calcd for C33H30NOP2
+ [M+H]+: 518.1802, found: 

518.1805. 

Synthesis of 2b; ligand 2b was synthesized using the general proce-

dure with N-dimethylphenylpropynamide (520 mg, 3 mmol). The prod-

uct was isolated as a white powder in 66% yield (1.08 g, 1.98 mmol). 
1H NMR (500 MHz, C6D6): δ 7.84-7.78 (m, 4H, PPh2), 7.73-7.67 (m, 

4H, PPh2), 7.08-6.95 (m, 12H, PPh2), 6.94 (app. dd, J = 8.5, J = 6.3, 

1H, p-ArH), 6.89 (d, J = 7.4, 2H, m-ArH), 5.08 (s, 1H, NH), 4.63 (t, J 

= 5.0, 1H, CH(PPh2)2), 2.49 (td, J = 9.9, J = 5.0, 2H, CH2CH(PPh2)2), 

1.83 (s, 6H, ArCH3); 13C{1H) NMR (126 MHz, C6D6): δ 168.9 (t, J = 

2.9, CO), 137.6 (app. q, J = 5.6, PPh2), 135.8 (s, o-ArMe), 135.0 (app. 

t, J = 11.2, PPh2H), 134.9 (i-Ar), 134.3 (app. t, J = 10.7, PPh2H), 129.1 

(PPh2H), 129.0 (PPh2H), 128.7 (app. t, J = 3.6, PPh2H), 128.5 (app. t, 

J = 3.7, PPh2H), 128.1 (s, m-ArH), 127.1 (s, p-ArH), 36.0 (t, J = 10.1, 

CH2CH(PPh2)2), 26.1 (t, J = 24.5, CH2CH(PPh2)2), 18.7 (s, ArMe); 
31P{1H} NMR (202 MHz, C6D6): δ −3.6; m.p. (°C) 143-146. HRMS 

(ESI−): calcd for C35H32NOP2- [M-H]− 544,2037; found 544.1972. 
Synthesis of 2c; ligand 2c was synthesized using the general proce-

dure with N-diisopropylphenylpropynamide (520 mg, 3 mmol). The 

product was isolated as a white powder in 68% yield (1.23 g, 2.05 

mmol). 1H and 31P{1H} NMR shows there are rotamers in solution (5:1, 

2c:2c’). 1H NMR (500 MHz, CDCl3): 2c, δ 7.54-7.50 (m, 4H, PPh2), 

7.43-7.40 (m, 4H, PPh2), 7.26-7.08 (m, 13H, p-ArH/PPh2), 7.01 (d, J = 

7.8, 2H, m-ArH), 6.04 (s, 1H, NH), 4.09 (t, J = 5.1, 1H, CH(PPh2)2), 

2.55 (td, J = 9.9, J = 5.1, 2H, CH2CH(PPh2)2), 2.49 (sept., J = 6.9, 2H, 

CH), 0.96 (d, J = 6.9, 12H, CH3); 2c’, δ 7.34-7.31 (m, 4H, PPh2), 7.26-

7.08 (m, 17H, p-ArH/PPh2), 6.95 (d, J = 7.8, 2H, m-ArH), 6.26 (s, 1H, 

NH), 4.13 (t, J = 5.4, 1H, CH(PPh2)2), 2.47 (sept., J = 6.9, 2H, CH, 

obscured by H of 2c), 2.03 (td, J = 10.8, J = 5.4, 2H, CH2CH(PPh2)2), 

0.83 (d, J = 6.9, 12H, CH3), 0.72 (d, J = 6.9, 12H, CH3); 13C{1H) NMR 

(126 MHz, CDCl3): 2c, δ 170.5 (t, J = 3.3, CO), 146.3 (s, o-Ar) 136.5 

(m, PPh2), 134.5 (app. t, J = 11.0, PPh2H), 134.0 (app. t, J = 10.5, 

PPh2H), 131.0 (i-Ar), 129.1 (PPh2H), 128.9 (PPh2H), 128.4 (m, p-

ArH/PPh2H), 123.5 (s, m-ArH), 35.9 (t, J = 9.8, CH2CH(PPh2)2), 28.5 

(s, CH(CH3)2), 25.8 (t, J = 24.3, CH2CH(PPh2)2), 23.7 (s, CH3); 2c’, 

146.9 (s, o-Ar), 134.5 (app. t, J = 11.1, PPh2H), 134.4 (app. t, J = 10.7, 

PPh2H), 131.0 (i-Ar), 129.0 (PPh2H), 128.7 (PPh2H), 128.2 (m, p-

ArH/PPh2H), 123.8 (s, m-ArH), 28.3 (s, CH(CH3)2), 25.0 (s, CH3), 14.3 

(s, CH3); 31P{1H} NMR (202 MHz, CDCl3): δ −3.2 (2c’), −3.4 (2c); 

m.p. (°C) 134-137; FTIR-ATR: ν (cm-1): 3285 (NH), 1683 (C=O). 

HRMS(ESI−): calcd for C40H42NO3P2
− [M-HCOO−] 646,2640; found 

646.2659. 
[Ti(NMe2)2(O,N-2a)2] 3a A J-Young NMR tube was charged with 

2a (25 mg, 0.046 mmol) and then C6D6 (0.5 mL) was added without 

stirring. Ti(NMe2)4 (5.3 μL, 0.023 mmol) was added to the solution, 

which turned orange, and they were mixed at RT and left for 1 h. Com-

pound 3a was formed together with 3a’ in a 7:1 ratio. The mixture was 

dried in vacuo and n-hexane was added (2 mL) at 0 °C followed by 

cannula filtration to obtain 3a as an oil (76% spectroscopic yield) which 

was analyzed in situ. 1H NMR (500 MHz, C6D6): δ 7.74-7.67 (m, 8H, 

PPh2), 7.49-7.43 (m, 8H, PPh2), 7.11-6.93 (m, 28H, PPh2/m-ArH), 6.87 

(t, J = 7.5, 2H, p-ArH) 6.57 (d, J = 7.4, 4H, o-ArH), 4.41 (t, J = 6.3, 

2H, CH2CH(PPh2)2), 3.41 (s, 12H, NMe2), 2.72 (td, J = 11.1, J = 6.3, 

4H, CH2CH(PPh2)2); 13C{1H} NMR (126 MHz, C6D6): δ 180.5 (m, 

CO), 145.6 (s, i-Ar), 137.4 (app. t, J = 5.7, PPh2), 136.9 (app. t, J = 6.2, 

PPh2), 134.2 (app. t, J = 10.9, PPh2), 134.1 (app. t, J = 10.7, PPh2), 

128.5 (PPh2), 128.3 (app. t, J = 3.6, PPh2), 128.2 (app. t, J = 4.6, PPh2), 

128.2 (s, m-ArH). 128.1 (app. t, J = 3.5, PPh2), 124.5 (o-ArH), 123.9 

(p-ArH), 46.5 (NMe2), 33.0 (t, J = 11.6, CH2CH(PPh2)2), 26.2 (t, J = 

29.0, CH2CH(PPh2)2); 31P{1H} NMR (202 MHz, C6D6): δ −4.5; D = 

4.66×10−10 m2s−1 (3.26×10−11 m2s−1). 

[Ti(NMe2)3(O,N-2a)] 3a’ A Schlenk flask was charged with 2a 

(11.9 mg, 0.023 mmol) and then C6D6 (0.5 mL) was added without stir-

ring. Ti(NMe2)4 (5.3 μL, 0.023 mmol) was added to the solution, which 

turned light orange, and they were stirred slowly at RT and left for 1 h 

then analyzed in situ by NMR spectroscopy. The ratio between 3a:3a’ 

was of 1:6.5 and attempts at separation were unsuccessful. 1H NMR 

(300 MHz, C6D6) δ 7.72 (m, 6H, PPh2), 7.48 (m, 4H), 7.01 (m, 22H), 

6.91-6.82 (m, 1H), 6.61-6.51 (m, 3a), 4.53 (t, J = 6.0, 1H, 

CH2CH(PPh2)2), 4.41 (t, J = 6.3, 3a), 3.40 (s, 2H, 3a), 3.26 (s, 18H, 

NMe2), 3.11 (s, 10H), 2.71 (td, J = 10.5, 6.1, 2H, CH2CH(PPh2)2), 2.20 

(d, J = 6.4, 12H, HNMe2). 13C{1H} NMR (75 MHz, C6D6) δ 182.1, 

145.7, 137.6, 137.2, 137.1, 134.9, 134.7, 134.6, 134.5, 134.4, 134.3, 

134.2, 128.9, 128.8, 128.5, 124.6, 124.1, 46.8, 45.7, 45.0, 44.2, 44.1, 

39.0, 32.7 (t, J = 10.9, CH2CH(PPh2)2), 26.61 (t, J = 27.5, 

CH2CH(PPh2)2). 31P{1H} NMR (122 MHz, C6D6) δ −3.89, −39.79 

(traces HPPh2 from the pro-ligand synthesis). D = 6.46×10−10 m2s−1 

(1.677×10−10 m2s−1). 

[Ti(NMe2)2(O,N-2b)2] 3b A Schlenk flask was charged with 2b 

(245.5 mg, 0.45 mmol) and then C6D6 (0.5 mL) was added without stir-

ring. Ti(NMe2)4 (34.6 μL, 0.15 mmol) was added to the solution, which 

turned orange, and they were stirred slowly at RT for 1 h. After this 

time residual benzene and HPPh2 were removed from the crude product 

by dissolving the solid in hot hexane (5 mL) and cooling the solution 

to -78 °C then filtering through a cannula. The resulting solid was 

washed with a further 2 mL of cold hexane. The compound was dried 

in vacuo and used without further purification. The compound was iso-

lated as an orange powder in 81% yield (142 mg, 0.12 mmol), with 1H 

NMR showing 0.5 equiv. hexane. Crystallization attempts to obtain 

single crystals were unsuccessful. 1H{31P} NMR (500 MHz, C6D6): δ 

7.66 (br. s, 8H, PPh2), 7.21 (br. s, 8H, PPh2), 7.11-6.93 (m, 30H, 

PPh2/Ar/H), 4.15 (t, J = 7.0, 2H, CH2CH(PPh2)2), 3.48 (s, 12H, NMe2), 

2.49 (d, J = 7.0, 4H, CH2CH(PPh2)2), 2.20 (s, 12H, ArMe). 13C{1H} 

NMR (126 MHz, C6D6): δ 181.7 (CO), 143.7 (o-ArMe), 137.6-137.5 

(m, PPh2), 137.4-137.3 (m, PPh2), 134.8-134.6 (m, PPh2), 134.2-134.0 

(m, PPh2), 133.3 (m-ArH), 129.0 (PPh2), 128.8 (app. t, J = 3.6, PPh2), 

128.5 (PPh2), 128.4 (app. t, J = 3.2, 237 PPh2), 124.9 (p-ArH), 47.3 

(NMe2), 34.7 (t, J = 11.9, CH2CH(PPh2)2), 25.7 (t, J = 32.4, 

CH2CH(PPh2)2), 18.8 (s, ArMe). i-Ar carbon not found; 31P{1H} NMR 

(202 MHz, C6D6): δ −4.3. IR: ν (cm-1): 2060, 1818, 1478 (C=O), 1035 

(C-N). D = 4.70×10−10 m2s−1 (7.35×10−11 m2s−1). Satisfactory Elemental 

Analysis could not be obtained; Anal. Calcd. For C74H76N4O2P4Ti: C, 

72.54; H, 6.25; N, 4.57; Found; C, 69.65; H, 6.10; N, 4.23.  

[Ti(NMe2)3(O,N-2b)] 3b’ was performed at 0.15 mmol, unwanted 

side products formed when the reaction was scaled up further than this. 

A Schlenk flask was charged with 2b (81.8 mg, 0.15 mmol) and then 

C6D6 (0.6 mL) was added without stirring. Ti(NMe2)4 (38.1 μL, 0.165 

mmol) was added to the solution, which turned light orange, and they 

were stirred slowly at RT for 1 h then analyzed in situ by NMR spec-

troscopy that showed a 3b:3b’ ratio of 1:6 (77% spectroscopic yield of 

3b’). Attempts at separation and isolation of 3b’ were unsuccessful, 

because after recrystallisation in n-hexane or pentane only compound 

3b was found in 37% (40 mg 0.06 mmol), which shows potential ligand 

redistribution during work-up. Nonetheless, VT temperature experi-

ments do not show interconversion between 3b and 3b’ in C6D6 be-

tween 298-348 K (see below), as also supported by DOSY NMR which 

shows different diffusion coefficient for 3b and 3b’. Complex 3b’ was 

analyzed in situ. 1H NMR (300 MHz, C6D6) δ 7.68 (dtd, J = 7.2, 3.7, 

2.2, 4H), 7.42-7.32 (m, 5H), 7.13-7.00 (m, 7H), 6.99-6.86 (m, 9H), 4.34 

(t, J = 6.0, 1H, CH2CH(PPh2)2), 4.13 (t, J = 6.9, 3b), 3.21 (s, 18H, 

NMe2), 3.11 (s, 5H), 2.47 (td, J = 11.3, 6.0, 3H, CH2CH(PPh2)2), 2.20 



 

(d, J = 6.4, 8H, HNMe2), 1.89 (s, 6H, Me). 13C{1H} NMR (75 MHz, 

C6D6) δ 182.3 (CO), 143.6 (3b), 143.2 (Ar), 137.5 (t, J = 5.7, PPh2), 

137.4 – 137.1 (m, PPh2), 134.4 (td, J = 10.8, 5.5, PPh2), 133.2 (3b), 

132.6 (Ar), 129.0 – 128.5 (m, Ar), 124.9, 45.6 (NMe2), 44.1, 39.0, 33.9 

(t, J = 11.8, CH2CH(PPh2)2), 25.4 (t, J = 29.1, CH2CH(PPh2)2), 18.8 

(3b), 18.4 (Me). 31P{1H} NMR (122 MHz, C6D6) δ −2.9 (3b’), −3.5 

(3b), −39.8 (traces of HPPh2 from ligand synthesis); D = 5.11×10−10 

m2s−1 (9.82×10−11 m2s−1). 

[Ti(NMe2)3(O,N-2c)] 3c’ A Schlenk flask was charged with 2c (99.3 

mg, 0.15 mmol) and then C6D6 (0.6 mL) was added without stirring. 

Ti(NMe2)4 (38.1 μL, 0.165 mmol) was added to the solution and they 

were stirred slowly at RT for 1 h then analyzed in situ by NMR spec-

troscopy that showed a 3c:3c’ ratio of 1:8. Attempts at synthesizing 3c 

with an excess of ligand, 2c:Ti ratio of 2:1 or 3:1, were unsuccessful, 

with the major species being 3c’. Separation and isolation of 3c’ and 

3c were unsuccessful, because of similar solubilities in organic solvents 

of the 2 complexes; after washing in n-hexane and cannula filtration, 

the mixture of complex (72 mg) was recovered as orange powder. 

DOSY NMR of the mixture supports that 2 different complex form in 

C6D6 solution with 3c’ having D = 6.24×10−10 m2s−1 (1.41×10−11 m2s−1) 

while 3c with D = 4.91×10−10 m2s−1 (1.08×10−11 m2s−1). The mixture 

was analyzed in situ. 1H NMR (500 MHz, C6D6) δ 7.59-7.53 (m, 5H), 

7.52-7.46 (m, 4H), 7.19-7.11 (m, 3H), 7.11-7.02 (m, 7H), 7.01-6.90 (m, 

16H), 4.41 (td, J = 5.6, 5.1, 2.8, 1H), 4.18 (t, J = 7.2, 0.25H), 3.30 (s, 

2H), 3.21 (s, 19H), 3.11 (s, 1H), 2.75 (td, J = 13.2, 6.0, 2H), 1.33-1.25 

(m, 3H), 1.15 (d, J = 6.8, 8H), 0.95 (d, J = 6.8, 6H). 13C{1H} NMR (75 

MHz, C6D6) δ 183.4 (CO, 3c), 182.7 (CO, 3c’), 143.9 (Ar, 3c), 142.8 

(Ar, 3c’), 140.6 (Ar, 3c), 140.3 (Ar, 3c’), 137.9-137.5 (m, PPh2), 134.6 

(t, J = 11, PPh2, 3c’), 134.1 (t, J = 11, PPh2, 3c’), 128.8 (Ar), 128.6 

(Ar), 128.5 (Ar), 128.4 (Ar), 126.1 (Ar, 3c), 126.0 (Ar, 3c’), 124.0 (Ar, 

3c), 123.8 (Ar, 3c’), 47.9 (NMe2, 3c’), 45.8 (NMe2, 3c), 44.1 (iPr), 43.9 

(iPr), 39.0 (HNMe2), 35.4 (t, J = 16.1, CH2CH(PPh2)2, 3c’), 28.3 (3c’), 

27.8 (3c), 25.8 (t, J = 30.7, CH2CH(PPh2)2, 3c’), 24.8 (CH2CH(PPh2)2, 

3c), 24.2 (iPr, 3c), 23.8 (iPr, 3c’). 31P{1H} NMR (202 MHz, C6D6) δ 

−1.6 (3c’), −2.1 (3c). 

[Rh(P,P-2a)2][BAr
F] 5a. A Schlenk flask was charged with 

[Rh(COE)2Cl]2 (28.7 mg, 0.04 mmol), 2a (84 mg, 0.16 mmol) and 

NaBAr
F (70.8 mg, 0.08 mmol). To this CH2Cl2 (3 mL) was added and 

the mixture was stirred at RT for 4 h. The solvent was removed and the 

solid was washed with pentane (3×3 mL) and dried again. The com-

pound 5a was isolated as an orange powder in 84% yield (134 mg, 

0.067 mmol). Crystals suitable for XRD were grown from a saturated 

benzene solution. 1H{31P} NMR (500 MHz, CD2Cl2): δ 7.73 (br. s, 8H, 

BAr
F), 7.61 (d, J = 7.2, 8H, PPh2), 7.56 (br. s, 4H, BArF), 7.50 (d, J = 

7.0, 8H, PPh2), 7.44-7.01 (m, 34H, PPh2/ArH), 6.33 (s, 2H, NH), 5.93 

(t, J = 7.2, 2H, CH(PPh2)2), 2.09 (d, J = 7.2, 4H, CH2CH(PPh2)2); 
11B{1H} NMR (160 MHz, CD2Cl2): δ −6.6 (m); 13C{1H} NMR (126 

MHz, CD2Cl2): δ 167.1 (m, CO), 162.3 (q, J = 50, ArF), 137.6 (iPh), 

136.3 (m, PPh2), 135.4 (br. s, ArF), 132.5 (m, PPh2), 132.3 (PPh2), 

131.3 (PPh2), 131.1 (PPh2), 129.7 (PPh2H), 129.5 (s, m-NPh), 129.4 

(qq, J = 32, 3, ArF), 129.2 (PPh2), 128.4 (m, PPh2), 125.2 (q, J = 272, 

ArF), 125.2 (s, p-NPh) 120 .2 (s, o-NPh), 118.0 (sept. J = 4, ArF), 52.3 

(m, CH2CH(PPh2)2), 38.6 (s, CH2CH(PPh2)2); 19F NMR (470 MHz, 

CD2Cl2): δ −62.9; 31P{1H) NMR (202 MHz, CD2Cl2): δ −7.9 (d, 1JRh-P 

= 115.9); HRMS (ESI): calcd for C66H58N2O2P4Rh+ [M]+: 1137.2498, 

found: 1137.2427. Satisfactory Elemental Analysis could not be ob-

tained; Anal. Calcd. For C98H70BF24N2O2P4Rh: C, 58.82; H, 3.53; N, 

1.40; Found; C, 57.69; H, 3.36; N, 1.42.  

[Rh(P,P-2a)(dppe)][BAr
F] 9a. A Schlenk flask was charged with 

[Rh(dppe)Cl]2 (42.4 mg, 0.04 mmol), 2a (42 mg, 0.08 mmol) and NaB-

Ar
F (70.8 mg, 0.08 mmol). To this CH2Cl2 (3 mL) was added and the 

mixture was stirred at RT for 4 h. The solvent was removed, resulting 

in 9a as a yellow powder in 71% yield (107 mg, 0.057 mmol). Crystal-

lization attempts were unsuccessful. 1H{31P} NMR (500 MHz, 

CD2Cl2): δ 7.73 (br. s, 8 H, BArF), 7.61 (m, 2H, PPh2H), 7.56 (br. s, 4 

H, BAr
F), 7.46-7.04 (m, 40H, PPh2H/NPhH), 7.05 (d, J = 7.8, 2H, o-

NPhH), 7.03 (m, 1H, p-NPhH, assigned from HSQC), 6.38 (s, 1H, NH), 

5.63 (t, J = 7.1, 1H, CH(PPh2)2), 2.36-2.29 (m, 2H, CH2CH2), 2.25 (d, 

J = 7.1, 2H, CH2CH(PPh2)2), 2.19-2.13 (m, 2H, CH2CH2); 13C{1H) 

NMR (126 MHz, CD2Cl2): δ 166.9 (s, CO), 162.3 (q, J = 50, ArF), 

137.6 (s, i-NPh), 136.0 (m, PPh2H), 135.4 (br. s, ArF), 133.9 (m, 

PPh2H), 133.0 (m, PPh2H), 132.2 (s, PPh2H), 131.4 (m, PPh2H), 

129.81-29.0 (m, ArF/m-NPh/PPh2H), 127.7 (PPh2), 125. 2 (q, J = 272, 

ArF) 125.2 (s, p-NPh), 120.2 (s, o-NPh), 118.0 (sept. J = 4, ArF), 52.3 

(m, CH2CH(PPh2)2, assigned form HSQC), 38.6 (s, CH2CH(PPh2)2, as-

signed form HSQC), 28.3 (m, CH2PPh2, assigned form HSQC); 
31P{1H) NMR (202 MHz, CD2Cl2): δ 57.8 (2JP-P trans = 284, 1JRh-dppe = 

133, 2JP-P cis dppe = ±27, 2JP-P cis dppe-2a = −28), -7.4 (2JP-P trans = 284, 1JRh-P 

= 116, 2JP-P cis 2a = ±69, 2JP-P cis dppe-2a = −28); HRMS (ESI): calcd 

C59H53NOP4Rh+ [M]+: 1018.2127, found: 1018.2059. Satisfactory Ele-

mental Analysis could not be obtained; Anal. Calcd. For 

C93H70BCl3F24NOP4Rh: C, 55.37; H, 3.50; N, 0.69; Found; C, 55.28; 

H, 3.15; N, 0.81. 

[Rh(P,P-2b)(dppe)][BAr
F] 9b. A J-Young NMR tube was charged 

with [Rh(dppe)Cl]2 (10.6 mg, 0.01 mmol), 2b (10.9 mg, 0.02 mmol) 

and NaBAr
F (17.9 mg, 0.02 mmol). To this fluorobenzene (0.5 mL) was 

added and the mixture was stirred at RT for 4 h. The solvent was re-

moved, resulting in a yellow powder. The compound 9b has been char-

acterized in situ. Crystallization attempts were unsuccessful. 1H{31P} 

NMR (500 MHz, CD2Cl2): δ 7.75 (br. s, 8 H, BArF), 7.57 (br. s, 4 H, 

BArF), 7.46-7.95 (m, 43H, PPh2H/NPhH), 6.33 (s, 1H, NH), 5.72 (t, J 

= 6.1, 1H, CH(PPh2)2), 2.45 (d, J = 6.1, 2H, CH2CH(PPh2)2), 2.40-2.34 

(m, 2H, CH2CH2), 2.19-2.11 (m, 2H, CH2CH2), 1.81 (s, 6H, ArMe); 
13C{1H) NMR (126 MHz, CD2Cl2): δ 167.6 (t, J = 5.1 , CO), 162.3 (q, 

J = 50, ArF), 136.4 (m, PPh2H), 136.0 (i-NPh), 135.4 (br. s, ArF), 133.9 

(m, PPh2H), 132.8 (m, PPh2H), 132.7 (m, PPh2H), 132.3 (s, PPh2H), 

129.6-129.1 (m, ArF/m-NPh/PPh2H), 127.7 (PPh2), 125.2 (q, J = 272, 

ArF) 118.1 (sept. J = 4, ArF), 54.3 (CH2CH(PPh2)2, assigned form 

HSQC, under CD2Cl2), 36.7 (s, CH2CH(PPh2)2), 29.0 (m, CH2PPh2), 

18.5 (ArMe). Not all peaks assigned due to impurities; 31P{1H) NMR 

(202 MHz, CD2Cl2): δ 58.5 (2JP-P trans = 284, 1JRh-dppe = 133, 2JP-P cis dppe 

= ±27, 2JP-P cis dppe-2b = −28), −3.1 (2JP-P trans = 284, 1JRh-P = 116, 2JP-P cis 2b 

= ±69, 2JP-P cis dppe-2b = −28). HRMS (ESI): calcd C61H59NOP4Rh+ 

[M+nH]+: 1048.2602, found: 1048.2735. 

{(NMe2)Ti(μ:κ2N,O,κ2P,P-2b)Rh(dppe)][2BAr
F] 10a In a J-Young 

NMR tube, complex 3a was synthesized in situ using the previously 

described procedure from Ti(NMe2)4 (0.023 mmol) and 1a (0.046 

mmol) in C6H5F (0.5 mL). To this [Rh(dppe)Cl]2 (24.7 mg, 0.023 

mmol) and NaBAr
F (40.8 mg, 0.046 mmol) were added and mixed vig-

orously. Full conversion into cationic [Rh(dppe)](η6-C6H5F)][BAr
F] 

was observed by 31P{1H} NMR (d 73.5 ppm, J = 204).53 The reaction 

was heated to 80 °C for 10 min. A subtle change in color was observed 

from red to dark brown. Complex 10a was analyzed in situ and NMR 

were collected in C6H5F with a C6D6 capillary to lock/shim the sample. 

The NMR spectra shows decomposition to 9a. 31P{1H} NMR (202 

MHz, C6D6) δ 57.9, (2JP-P trans = 282, 1JRh-dppe = 133, 2JP-P cis dppe = ±29, 
2JP-P cis dppe-2a = −28), −4.6 (2JP-P trans = 282, 1JRh-P = 113, 2JP-P cis 2a = ±68, 
2JP-P cis dppe-2a = −28). 1H{31P} NMR (500 MHz, C6D6) δ 8.31 (s, 15H, 

BArF), 7.60 (s, 8H, BAr
F), 6.16 (s, 4H, o-NPhH), 5.49 (br., 2H), 2.97 (s, 

12H, NMe2), 2.13-1.68 (m, 16H, (PPh2)2CH2CH2(PPh2)2/CH2CH). 

HRMS (ESI): calcd for fragment C59H54NOP4Rh+ [M+H]+: 1019.2211, 

found: 1019.2303. 

{(NMe2)Ti(μ:κ2N,O,κ2P,P-2a)Rh(dppe)][2BAr
F] 10b A J-Young 

NMR tube was charged with [Rh(dppe)Cl]2 (20 mg, 0.018 mmol), and 

NaBAr
F (32 mg, 0.036 mmol) in C6H5F (0.5 mL) and was vigorously 

mixed before leaving the reaction for 15 min. Full conversion into cat-

ionic [Rh(dppe)](η6-C6H5F)][BAr
F] was observed by 31P{1H} NMR (d 

73.5 ppm, J = 204).53 3b (22.8 mg, 0.018 mmol) was added to this so-

lution and the reaction was heated at 80 °C for 10 min, during this time 

a subtle change in color was observed. Complex 10b was filtered 

through a small glass filter plug to remove NaCl and the complex was 

analyzed without further purification. NMR spectra were collected in 

C6H5F with a C6D6 capillary to lock/shim the sample. The NMR spectra 

showsdecomposition to 9b, potentially due to filtration. 31P{1H} NMR 

(162 MHz, C6D6) δ 58.2 (2JP-P trans = 282, 1JRh-dppe = 133, 2JP-P cis dppe = 

±29, 2JP-P cis dppe-2b = −28), −3.2 (2JP-P trans = 282, 1JRh-P = 113, 2JP-P cis 2b = 

±68, 2JP-P cis dppe-2b = −28). 1H{31P} NMR (500 MHz, C6D6) δ 8.31 

(BArF), 7.59 (BArF), 5.22 (br., CH(PPh2)2), 2.94 (NMe2), 2.86 (NMe2), 

2.27-2.11 ((PPh2)2CH2CH2(PPh2)2/CH2CH/Ar(CH3)2). HSQC analysis 

on the complex confirm several chemical environments for the NMe2 

coupling with the same carbon 13C{1H} NMR (126 MHz, C6D6) δ 46.1 

- 1H NMR (500 MHz, C6D6) δ 2.92, 2.84. This highlights existence of 



 

multiple isomers in solution at RT in the NMR time scale. D = 3.41×10-

10 m2 s-1 (3.597×10-11). HRMS (ESI): calcd C126H124N4O2P8Rh2Ti+ 

[M]+2: 1113.7624, found: 1113.7693. 
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