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ABSTRACT: Selective hydroamination of terminal alkynes with 

primary aryl amines is catalyzed by an unprecedented well-defined 

silica-supported tantalum complex [(≡Si-O-)Ta(η1σ-

NEtMe)2(=NtBu)]. A molecular-level characterization of the sur-

face organometallic Ta species was done with the help of charac-

terization techniques including as in situ infrared, in situ elemental 

microanalysis, 1H and 13C solid-state NMR (including double and 

triple quanta sequence), and X-ray absorption spectroscopies. 

These were complemented by the state-of-the-art DNP-SENS 15N 

characterization. Several catalytic intermediates have been isolated 

in particular the 4-membered metallacycle ring intermediate result-

ing from the Markovnikov addition of the alkyne to the surface tan-

talum imido. The mechanism proposed was based on the isolation 

of all intermediates. A DFT calculation has confirmed all the ele-

mentary steps and intermediates that were fully characterized.  

Keywords: heterogeneous catalysis, hydroamination, SOMF, aza-

metallacyclobutene, and imido fragment  

 

Surface organometallic chemistry (SOMC) offers unique 

routes to prepare well-defined surface-supported metal fragments 

(M=C, M–C, M–H, M–NC; M = metal) and direct their reactivities 

toward targeted catalysis (e.g., alkane metathesis, alkene metathe-

sis, methane non-oxidative coupling, ammonia synthesis, and Zieg-

ler Natta depolymerization).1-5 Some  ligands are key intermediates 

in several industrially important chemical processes such as alkane 

oxidation (M=O)3, alkene metathesis (M=CR2)4, and imine metath-

esis (M=NR).6-7 Silica- supported metal imido complexes, in par-

ticular, have recently been shown to be efficient catalysts for imine 

metathesis. In this regard, molecular catalysts incorporating transi-

tion metals (Zr, Hf, and Mo)6-8 have been investigated. Catalytic 

imine metathesis is assumed to be analogous to the alkene metath-

esis whereby two different imines afford a statistical mixture of all 

possible =NR exchange products in a 2 + 2 cycloaddition fashion; 

most of the reported investigations, the metal center bearing an im-

ido ligand M=NR was found to be a prerequisite to achieve imine 

metathesis catalysis. 

On the other hand, hydroamination is a reaction9-11 for which 

the N–H bond is added across an unsaturated C=C or C≡C bond to 

lead to the formation of a range of organic molecules incorporating 

imines, enamine functionalities, and N-containing heterocycles.12-

14 This atom economical process has been extensively over the pre-

ceding have been done with homogeneous catalysts incorporating 

metals with amido or imido ligand.15-16 This sort of nucleophilic 

addition reaction of unsaturated substrates is essential for the as-

sembly of a wide variety of natural products, agrochemicals, phar-

maceuticals and key intermediates in a number of industrial pro-

cesses.  

Notwithstanding the importance of this reaction, only a few 

supported catalysts have been explored.17-19 Our goals in the work 

described here were to investigate the scope of this reaction with a 

well-defined supported catalyst—a single-site tantalum complex 

grafted on silica. The supported tantalum complex, [(≡Si-O-

)Ta(η1σ-NEtMe)2(=NtBu)], was chosen because it has been inves-

tigated for hydroamination of alkynes, and mechanistically its ac-

tion is hypothesized to be related to the imine metathesis, as has 

been observed for silica-supported Zr,20 Mo,6 and Hf8 imido com-

plexes, whereby the metal-imido fragment serves as the key reac-

tion site.  

To prepare the desired tantalum complex on silica, a partially 

dehyroxylated silica (SiO2-700) was treated with slight excess of the 

tantalum precursor complex [Ta(η1σ-NEtMe)3(=NtBu)] in pentane 

at room temperature for 1 h (see the Supporting Information, SI, for 

experimental details). After repeated washing with pentane, fol-

lowed by evacuation of the volatiles under dynamic vacuum (10-5 

mbar), the supported complex 1 was obtained as a white powder. 

Comparison of the infrared (IR) spectra of 1 with that of pristine 

silica SiO2-700 revealed a nearly complete consumption of isolated 

silanols as evidenced by a sharp disappearance of the ν(SiO-H) 

band at 3747 cm−1 (Figure 1). Simultaneously, two series of bands 

appeared at 2800–3000 cm−1and at 1300–1500 cm−1 accounting, 

respectively, for ν(C–H) and δ(C–H) bands of alkyl moieties. 

The grafting of [Ta(η1σ-NEtMe)3(=NtBu)] species was further 

supported by the elemental analysis data giving a tantalum loading 

of 5.24 wt %, which corresponds to 0.290 mmol g−1 and is in good 

agreement with the expected (theoretical) loading of 0.30 mmol     

g-1).21 The contents of nitrogen content (1.23 wt %, 0.88 mmol g−1 

of SiO2-700) and of carbon (3.78 wt %, 3.16 mmol g−1 of SiO2-700) 

with a N/Ta ratio of 3.04  and a C/Ta ratio of 10.90 in 1 are also in 

agreement with the expected values of  3.0 and 10.0, respectively, 

for a monopodal surface complex.  
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Figure 1. IR spectrum of SiO2-700 (bottom) and the grafted material 

[(≡Si-O-)Ta(η1σ-NEtMe)2(=NtBu)] (1). 

Thus, we infer that the formulation of 1 as [(≡Si-O-)Ta(η1σ-

NEtMe)2(=NtBu)] represents the data.  

Further characterization of the supported species by 1H and 13C 

SS NMR spectroscopy supports the inference. Thus, in the 1H MAS 

NMR spectrum, broad peaks at 1.1 ppm are attributed to the methyl 

groups, with those at 2.3 and 3.1 ppm are attributed to the various 

methylene protons. As expected, the two-dimensional proton dou-

ble-quantum (DQ) experiments gave evidence of strongly corre-

lated peaks for these signals, appearing at about 2.2, 4.6, and 6.3 

ppm in the ω1 dimensions, respectively. The triple-quantum (TQ) 

spectra show a correlation peak, for the signal at 1.1 ppm, appear-

ing at about 3.3 ppm in the ω1 dimensions, thus indicative of the 

methyl protons. An additional correlation peak for the signal at 2.3 

ppm in DQ is attributed to the proton of the –CH2 groups of the -

NMeEt ligands. In the 13C MAS NMR spectra, eight peaks can be 

identified (at 12, 14, 32, 40, 43, 47, 52, and 65 ppm) (Figure 2). 

The 13C signal at 65 ppm likely originates from the quaternary car-

bon of the t-Bu group, and the strong peak at 32 ppm is assigned to 

the corresponding methyl group of the t-Bu functionality. Among 

the remaining resonances, four 13C signals between 40 and 52 ppm 

are attributed to the carbons of the methylene groups of the -N(Me)( 

CH2Me) ligands. Further, the signals at 12 and 14 ppm can be as-

signed to the methyl of the -N(Me)(CH2Me)  ligands.  

A HETCOR spectrum further allowed us to observe the corre-

lation between the proton and the carbon signals. The peaks at 12, 

14, and 32 ppm are correlated with that at 1.1 ppm in the 1H spec-

trum, strongly supporting the assignment of methyl of either -

N(Me)(CH2Me) or -NC(CH3)3. The other signals, at 40, 43, 47, and 

52 ppm, appear to correlate with the resonance at 3.1 and 2.3 ppm, 

indicating that each can be attributed to the methylene of -

N(Me)(CH2Me). 

 

Figure 2. A) 1H–1H DQ 2D and TQ spectra; B), 1H–13C HETCOR 

NMR spectra of [(≡Si-O-)Ta(η1σ-NEtMe)2(=NtBu)], 1; and C), 

proposed structure of 1.  

The 15N DNP_SENS spectra of 1 (Figure 3) include signals at 

14, 43, and 163 ppm; the signal that is downfield-shifted the most, 

at 163 ppm, likely originates from the imido fragment, with the 

other two signals presumably indicative of the different orienta-

tions of nitrogen of the -NMeEt groups. Prediction of the N mag-

netic shielding via DFT calculations on a Ta complex representa-

tive of 1 was performed to support this conclusion. Consistently 

with the experimental findings, we found that the signal of the im-

ido nitrogen is shifted more than 100 ppm downfield relative to the 

signals of the two amine fragments (see Table S2).  

The 1H-15N HETCOR DNP NMR spectrum shows only one ni-

trogen peak correlated with one proton type, which is -CH3 (Figure 

S4 in the SI).  

 

Figure 3. 15N DNP-SENS of [(≡Si-O-)Ta(η1σ-NEtMe)2(=NtBu)] 1.  

 

To provide supplementary structural characterization of the sup-

ported Ta complex, we recorded X-ray absorption spectra, includ-

ing extended X-ray absorption fine structure (EXAFS) spectra at 

the Ta LIII edge, with the sample in an argon atmosphere at room 

temperature. We stress that this technique is not sufficient to dis-

tinguish the light backscatterers O and N from each other or to iden-

tify and determine the coordination numbers of all the atoms in the 
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near neighborhood of the Ta atom (because the structure is too 

complex). To be able to do the data fitting, we had to introduce 

constraints to simplify the analysis: because we could not distin-

guish Ta–light backscatterer contributions, we constrained the dis-

order terms for these contributions to be the same, and, further, we 

constrained the coordination numbers according to the structure 

stated above for 1 (Figure 4). The value of the X-ray absorption 

spectra is that they confirm the presence of Ta in the sample (by the 

observed absorption at the Ta LIII edge) and are consistent with the 

structural model of 1 determined from the other data, providing es-

timates of interatomic distances.  

   Thus, a good fit of the data was found (Figure 4, Table 1), with 

one Ta–C (Ta=N–C) contribution, at a distance of 3.30 Å, with two 

multiple-scattering paths, Ta–C–N and Ta–N–C–N, considered, 

because these are characteristic of a linear Ta=N–C moiety (the pa-

rameters of the multiple scattering paths were constrained with the 

Ta–C (Ta=N–C) single scattering parameters. In the fitting, three 

Ta–C contributions were found, with a total coordination number 

CN of 4, at distances of 2.94, 3.00, and 3.14 Å, representing C at-

oms in the organic ligands. Given the aforementioned limitations 

of the analysis, we infer that the fitting results are in satisfactory 

agreement with the structure shown in Figure 4 (inset). Two Ta–N 

contributions, with coordination numbers of 1.0 and 2.1, were 

found at distances of 1.78 and 1.97 Å, respectively, consistent with 

the inference that one N atom is double bonded and two are single 

bonded to Ta. One Ta–O contribution with a coordination number 

of 1.4 was found at a distance of 1.92 Å, consistent with the infer-

ence that Ta was chemically bonded to support oxygen (Table 1), 

but this value was not determined with sufficient accuracy to deter-

mine the podality of the complex. Details are stated in the SI.  

 

 

Table 1. EXAFS structure parameters a representing the supported 

tantalum complex 

Shell N R 

(Å) 
𝟏𝟎𝟑 ×

∆𝝈𝟐 (Å) 

∆𝑬𝟎 
(eV) 

R-

Factor 

Ta=N1 1.0 1.78 1.9 5.77 0.0077 

Ta-Os 1.4 1.92 2.4 

Ta-N2 2.1 1.97 1.6 

Ta-C1 1.1 2.94 12.2 

Ta-C2 1.1 3.00 12.2 

Ta-C3 2.2 3.14 12.2 

Ta=N-Cb 1 3.30 4.7 

a Notation: N, coordination number; R, distance between absorber 

and backscatterer atoms; ∆σ2, disorder term; ∆E0, inner potential 

correction; k range: 3.7–12 Å-1; R range: 1.1–3.6 Å. b multiple scat-

tering paths were considered and the parameters are constrained; 

details are stated in the SI. 

 

Figure 4. A) (Inset) Structure of Ta complex as a reference for 

EXAFS modeling and EXAFS data characterizing the tantalum 

complex: k1-weighted EXAFS function (k is the wave function), 

k1(χ) (solid line), and sum of the calculated contributions (dashed 

line). B) k3-Weighted imaginary part and magnitude of the Fourier 

transform of the EXAFS data (solid line) and sum of the calculated 

contributions (dashed line) of the samples represented in (Table 1). 

Before evaluating the reactivity of 1 in the hydroamination re-

action, we strived to isolate and characterize various intermediate 

species which were expected to form during the catalytic reaction. 

To begin, 1 was treated in a batch reactor with 1-octyne at 80oC for 

16 h, resulting in species 2 after washing with pentane and evacua-

tion under dynamic vacuum. In the next experiment, 1 was allowed 

to react with the primary aryl amine aniline, and after washing and 

vacuum treatment, species 3 formed. Both 2 and 3 were then thor-

oughly examined by IR spectroscopy, elemental analysis, and SS 

NMR spectroscopy (see SI Figure S2 for IR data and Figures 5-8 

for NMR spectra).  

As depicted in Figure 5, the 1D 1H spectra showed slightly al-

tered spectral features relative to the parent species 1, showing two 

sets of broad signals centered at about 1.6 and 2.7 ppm and attribut-

able to the various methyl and methylene protons, respectively. 

These assignments evidently agree with the results obtained from 
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the two-dimensional proton DQ and TQ correlation experiments, 

which gave evidence of strong correlation peaks (for the 1.6 ppm 

signal at about 3.1 ppm and 6.3 ppm in the ω1 dimensions, respec-

tively), indicative of methyl protons. Notably for the 1D 1H peak at 

2.7 ppm we observed a correlation signal only in the DQ spectra (at 

5.4 ppm in the ω1 dimensions) but not in the TQ spectra, thus af-

firming its methylenic nature. The 13C MAS NMR spectrum of 2 

(Figure 5) displays broad signals at 11, 32, 43, and 65 ppm, which 

were present in the parent species 1. However, significantly, we 

found a set of 13C signals at approximately 22 and 29 ppm ascriba-

ble to the methyl and methylene carbon of the incoming alkyne 

molecule. Those assignments were further corroborated by the 1H–
13C HETCOR NMR spectroscopic analysis, which shows clearly 

identifiable correlation signals with the 1H signal at 1.6 ppm.    

 

Figure 5. A) 1H-NMR,1H–1H DQ spectra 2D and TQ B),proposed 

structure of 2, [(≡Si-O-)Ta(η1σ-NEtMe)2(η2NtBuCH=C7H13)] and 

C), CP/MAS and HETCOR NMR spectra of 2. 

 

 

Figure 6.15N DNP-SENS of [(≡Si-O-)Ta(η1σ-

NEtMe)2(η2NtBuCH=C7H13)] 2. 

 

More importantly, the 15N DNP-SENS (Figure 6) spectrum of 

2 displays no signal (expected in the range of 150–165 ppm) corre-

sponding to the imido fragment that was observed in the spectrum 

of 1. In contrast, a significantly altered 15N NMR spectral feature 

was observed. Thus, the chemical shift of the 15N signals were ob-

served at 22, 38, and 60 ppm (Figure 6). The upfield-shifted signals 

are likely to originate (as in 1) from the nitrogen of the -

N(Me)(CH2Me) groups present in different orientations. The 15N 

signal at 60 ppm correlates with the 1H signal at 1.6 ppm in the 1H–
15N HETCOR DNP NMR spectra (Figure S5 in the SI)). It very 

likely originates from the imido fragment after undergoing a 2 + 2 

cycloaddition reaction with the incoming alkyne molecule. Predic-

tion of the N magnetic shielding via DFT calculations on Ta com-

plexes representative of the mentioned metallacycle species from 

Markovnikov and anti-Markovnikov cycloaddition was performed 

to further rationalize the experimental results. The three N mag-

netic shieldings for complex 2 resulting from anti-Markovnikov cy-

cloaddition correlate with the experimental signals better than those 

resulting from Markovnikov cycloaddition (R2=0.99 vs. R2=0.72), 

supporting the anti-Markovnikov regioselectivity of cycloaddition 

during the initiation step (see Table S3). This conclusion is con-

sistent with the DFT modeled reactivity, see Figure S12 and related 

discussion. 

The solid-state NMR data characterizing 3  indicate incorpora-

tion of incoming amine substrate in 1 by the appearance of addi-

tional 1H and 13C NMR signals (apart from those observed in 1) 

corresponding to the aromatic functional groups (Figure 7). This 

result was further confirmed by the 2D 1H–1H DQ, TQ and 1H–13C 

HETCOR NMR signals at 2.2 and 2.6 ppm assigned to the meth-

ylene group and in TQ at 1.0 and 0.8 ppm assigned to the methyl 

groups of the N(Me)(CH2Me) and NH-t-Bu groups. The signals at 

2.6 and 2.2 ppm represent the –CH2 protons in -N(Me)(CH2Me) 

groups. The correlation between the protons and the carbons in 

HETCOR shows that the signal at 65 ppm is consistent with that of 

a quaternary carbon and the methyl of the t-Bu ligand, and the sig-

nals at 32 and 29 ppm are evidence of the methyl groups of the t-

Bu and –NmeEt groups. The resonances at about 46 ppm are con-

sistent with a carbon of the methylene from the -N(Me)(CH2Me) 

ligands. The signal of 11 ppm can be assigned to the methyl from 

the -N(Me)(CH2Me) ligands. Further, the signals at 118 and 130 

ppm are correlated with that at 6.9 ppm in the 1H spectrum, indi-

cating the aromatic rings of –NH(C6H5), and that at 147 ppm rep-

resents the quaternary carbon in aniline (Figure 7). More signifi-

cantly, the 15N DNP_SENS data further allow us to infer that the 

reaction of aniline occurred at the imido center via proton transfer, 

resulting in the disappearance of the 15N signal at 163 ppm (ob-

served in 1); the appearance of new signals at 50 and 78 ppm is 

ascribed to the newly generated 15N sites (Figure 8 and Figure S6 

in the SI).  
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Figure 7. A) 1H-NMR, 1H–1H DQ 2D and TQ spectra B), proposed 

structure of 3 [(≡Si-O-)Ta(η1σ-NEtMe)2(-NHtBu)(-NHC6H5] and 

C), CP/MAS and HETCOR NMR spectra of 3. 

 

Figure 8.15N DNP-SENS of [(≡Si-O-)Ta(η1σ-NEtMe)2(-NHtBu)(-

NHC6H5] 3. 

The data clearly show that the imido ligand undergoes an ex-

change with the aniline via a 2 + 2 mechanism (forming a metal-

lacyclobutene). Further, they confirm the reactivity of the surface 

fragment ([M]=NR) in hydroamination, The catalyst facilitates the 

nucleophilic addition of N-heterocycles onto terminal and internal 

alkynes through the activation of the triple bond, transforming the 

electron-rich alkyne into an electrophile.14 

 

Scheme 1. Hydroamination reaction.16 

 

Table 2. Hydroamination of various alkyne-amine combinations 

catalyzed by 1 in a batch reactor.* 

Entry Alkyne Amine Conversion % 

1 1-Decyne Aniline 6 

2 1-Octyne Aniline 63 

3 1-Hexyne Aniline 24 

4 Diphenylacetylene Aniline 0 

5 3-Hexyne Aniline 0 

6 2-Pentyn-1ol Aniline 0 

7 1-Octyne 4-Iodoaniline 16 

8 1-Octyne 4-chloroaniline 11 
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9 1-Octyne 3,4,5-triflouroaniline 8 

10 1-Octyne 2-iodo-4-nitroaniline 6 

11 1-Octyne 2,4,6-trimethylaniline 9 

12 1-Octyne 2,6-diisopropylaniline 4 

*Catalyst 1 (10 mol%, 0.03 mmol) in degassed toluene (1 mL), at 80 oC, for 16 h. Cat./alkyne/primary amine = 1/1/1, alkyne (0.03 

mmol), aniline (0.03 mmol). Conversion determined by GC-MS.

The direct addition of amines to C−C multiple bonds is difficult 

thermodynamically.9, 13A further significant challenge in hydroam-

ination is the repulsion between a nitrogen lone pair and the alkyne 

π-electron system, and another is to facilitate regioselectively of the  

hydroamination of the CC bond toward the Markovnikov or anti-

Markovnikov products (Scheme 1).18, 22 

To demonstrate the performance of the hydroamination cata-

lyst and assess how well it meets these challenges, we investigated 

its performance with various reactant combinations in a batch re-

actor at 80 °C for 16 h (Scheme 2, Table 2). The reactants included 

with a variety of terminal and internal alkynes. The data (Table 2) 

show that (a) terminal alkynes react much faster than internal al-

kynes; (b) a higher conversion was reached with 1-octyne than 1-

decyne; and (c) aniline reacted much faster than arylamines with 

various functional groups. 

Catalyst 1 is active for the hydroamination of functionalized 

alkynes with several primary amines. Only one product produced, 

either Markonikov or anti-Markonikov we couldn’t define the 

product observed by GC-MS. Usually aliphatic alkynes leads to 

anti-markonicov product.14 Catalyst 1 selectivity directed the reac-

tion towards anti- Markonikov. 

To gain insight into the mechanism and the catalyst’s selectiv-

ity of hydroamination of terminal alkynes catalyzed by the silica-

supported tantalum complex, we turned to density functional the-

ory (DFT).  To minimize computational costs, all the calculations 

were done with propyne as a reactant representing terminal al-

kynes, but no structural simplifications of the aniline substrates 

were imposed. The catalyst [(≡Si-O-)Ta(=NtBu)(NMeEt)2] was 

represented with the support represented as a silica cluster of 14 

atoms (see SI). This cluster approach has been reported frequently 

in related mechanistic studies. 23
 

After investigating multiple scenarios involving the two sub-

strates, we infer that the catalytic cycle reported in Scheme 3 is the 

most likely under our reaction conditions. 

 

 

Scheme 3. Catalytic cycle for propyne hydroamination with aniline 

in presence of the supported tantalum complex catalyst. 

After the initiation cycle (see Figure S12 in the SI for the en-

ergy profile), the catalytically active species B is formed. In B the 

=NtBu ligand initially present on the Ta is substituted by a Ph am-

ido ligand derived from the reaction of aniline during the initiation 

step (see the SI for details). 

Starting from B, the catalytic cycle starts with a [2 + 2] cy-

cloaddition of the alkyne to the tantalum imido bond, leading to the 

azametallacyclobutene intermediate C (isolated intermediate 2), 

with no formation of a Ta-alkyne coordination intermediate. 

The pathways corresponding to opposite regiochemistry are re-

ported (Figure 9), with the one leading to the Markovnikov product 

(in red) being favored by 2.3 kcal/mol in the cycloaddition step 

(24.1 vs. 26.4 kcal/mol). 

The subsequent coordination of aniline to Ta is slightly endo-

thermic with respect to the azametallacyclobutene but still thermo-

dynamically favored relative to the starting species.  The ring-open-

ing step proceeds by a proton transfer from aniline to the carbon 

bound to the metal (D-E) and requires an energy barrier of 15 

kcal/mol for the favored pathway shown in red. The resulting en-

amide amido complex E is lower in energy by almost 14 kcal/mol 
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relative to the azametallacyclobutene. The final proton transfer 

from the Ph amino ligand of E to the carbon of the enamide group, 

with a barrier of 23.8 kcal/mol for the favored pathway, liberates 

the enamine and regenerates the catalytically active tantalum imido 

species.  

On the basis of these mechanistic results, we infer that the cat-

alytic cycle emerges as regioselective towards the formation of the 

Markovnikov product with the selection occurring in the cycload-

dition step. 

 

Figure 9. Energy profile for propyne hydroamination with aniline in the presence of tantalum imido catalyst. Free energies (in kcal/mol) are 

given for the species in toluene. 

 

The two competing cycloaddition transition states (TSs) are re-

ported (Figure 10). 

 

Figure 10. Optimized geometries for the cycloaddition transi-

tion state (B-C). The Si atoms are shown in teal, H in white, C in 

gray, N in blue, Ta in sky-blue, and O in red. 

 

The steric hindrance of the metal environment seems to play a 

key role in the regioselection of the product associated with repul-

sive interactions with the substituent group on the alkyne (methyl 

in our model). In the catalytic cycle, the alkyne substituent is easily 

hosted behind the flat phenyl group on the imido ligand away from 

the support in the favored cycloaddition TS. In contrast, in the TS 

that would lead to the anti-Markovnikov product, the complex is 

slightly distorted to avoid the clash between the support and the 

alkyne substituent with the alkyne carbon atoms ending up at 

shorter distances from the NMeEt ligand (3.5–3.6 Å). In contrast, 

in the initiation cycle, the catalyst bears a more hindered tBu group 

on the imido ligand that ends up clashing with the alkyne, favoring 

the opposite regioselectivity (see Figure S12 in the SI). 

This evidence, we posit, can be used as a basis for fine-tuning 

the substituenats so that steric hindrance will facilitate selective ca-

talysis to make one regioisomer product. 

ASSOCIATED CONTENT 

Anti-Markovnikov pathway Markovnikov pathway

{2+2} cycloaddition TS 

Open space
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