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ABSTRACT: The complexes [M(3N,H,H-mapyBH3)(cod)] (M = Rh, Ir; HmapyBH3 = 2-

(methylamino)pyridine–borane; cod = 1,5-cyclooctadiene), which contain a novel anionic tripod ligand 

coordinated to the metal atom through the amido N atom and through two H atoms of the BH3 group, 

have been prepared by treating the corresponding [M2(-Cl)2(cod)2] (M = Rh, Ir) precursor with 

K[mapyBH3]. X-ray diffraction studies and a theoretical QTAIM analysis of their electron density have 

confirmed that the metal atoms of both complexes are in a very distorted trigonal bipyramidal 

coordination environment, in which two equatorial sites are asymmetrically spanned by the H–B–H 

fragment. While both 3c–2e BH–M interactions are more 1H (terminal sigma coordination of the B–H 

bond) than 2H,B (agostic-type coordination of the B–H bond), one BH–M interaction is more agostic 

than the other and this difference is more marked in the iridium complex than in the rhodium one. This 

asymmetry is not evident in solution, where the cod ligand and the BH3 group of these molecules 

participate in two concurrent dynamic processes of low activation energies (VT-NMR and DFT 

studies), namely, a rotation of the cod ligand that interchanges its two alkene fragments (through a 

square pyramidal transition state) and a rotation of the BH3 group about the B–N bond that equilibrates 

the three B–H bonds (through a square planar transition state). While the cod rotation has similar 

activation energy in 2 and 3, the barrier to the BH3 group rotation is higher in the iridium complex than 

in the rhodium one. 

 

 

(Abstract Figure) 

  



 

3 

INTRODUCTION 

The increasing interest in the use of amine–boranes (H2RN–BH2R’; R, R’ = H, alkyl, aryl) as molecular 

systems for hydrogen storage and transportation1 and the discovery that transition-metal complexes can 

promote their dehydrogenation2,3 to give H2 (or the transfer of H2 to other molecules) have recently 

boosted the study of their coordination chemistry2–5 and also that of aminoboranes (HRN–BHR’; R, R’ 

= H, alkyl, aryl),5,6 which are intermediates in the dehydrogenation of amine–boranes. In all these 

complexes, the ligand is attached to the metal atom, almost exclusively, through one or two of the BH 

groups (sigma complexes7), involving either 2H,B (both atoms of the BH group interact with the 

metal) or 1H (only the H atom of the BH group is attached to the metal) interactions. In any case, 

these borane–metal interactions are weak. 

Some Lewis base–BH3 adducts other than amine–boranes and aminoboranes in which their 

Lewis base part is also coordinable have also been recently used as ligands in transition-metal 

complexes (Figure 1). They are borane adducts of thiolates,8 selenolates,8 telurolates,8 dithiolates,9 

pyrazolates,10 bezothiazolate,8 bezothiazol-2-thiolate,8 and diphosphanes.11 Some complexes of this 

type derived from substituted boranes (BH2R and BHR2) and appropriate Lewis bases are also 

known.8,12 In some cases, the possible hemilabile character of these ligands has been verified.11c,d,12l 

 

 
Figure 1. Examples of transition-metal complexes containing Lewis base–borane adducts as ligands that are coordinated 
through one or two of their BH groups and through an additional donor atom (references are given in the text). 

 
With the objective of preparing new rhodium(I) and iridium(I) complexes containing new 

hemilabile ligands for subsequent catalytic investigations, we decided to use 2-(methylamino)pyridine–

borane, hereafter abbreviated as HmapyBH3 (1), as (precursor of) the hemilabile ligand because (a) it 
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had been previously reported that the BH3 group of 2-aminopyridine–borane is attached to the pyridine 

N atom13 and, thus, the dehydrogenation that occurs in amine–boranes is disfavored in this case, (b) an 

easy deprotonation of its N–H group could convert it into an unprecedented anionic ligand, namely, 

[mapyBH3]–, and (c) its N-methyl group would allow an easy monitoring of the reactions by 1H NMR. 

We now report the successful syntheses of the neutral rhodium(I) and iridium(I) complexes 

[M(3N,H,H-mapyBH3)(cod)] (M = Rh (2), Ir (3); cod = 1,5-cyclooctadiene).  X-ray diffraction (XRD) 

and theoretical electron density studies, using the Quantum Theory of Atoms in Molecules (QTAIM), 

have confirmed that the metal atoms of both complexes are in a very distorted trigonal bipyramidal 

coordination environment, in which two equatorial sites are asymmetrically spanned by the BH3 group. 

Interestingly, while both BH–M interactions are more terminal sigma (1H) than agostic-type (2H,B), 

one BH–M interaction is more agostic than the other and this difference is more marked in the iridium 

complex than in the rhodium one. Both compounds are fluxional in solution and two concurrent 

dynamic processes of low activation energies, involving the cod ligand and the BH3 group of these 

molecules, have been identified by VT-NMR and DFT studies.  

Three complexes with a structure related to that of 2 and 3 have been previously reported 

(Figure 2). They all are trigonal bipyramidal cationic rhodium(I) complexes that have a bis(amine–

borane) (A4c) or a diphosphane–borane (B11a and C11b) as borane-containing ligands. However, in the 

three cases, due to lack of theoretical studies, an asymmetric coordination of the BH3 group to the Rh 

atom was not recognized (and therefore it was not mentioned in the corresponding publication) despite 

two slightly different Rh–HB distances involving the chelating BH3 group were observed by XRD. 

 

 
Figure 2. Previous examples of transition-metal complexes in which the coordination geometry around their metal atom is 
similar to that of compounds 2 and 3 (cyp = cyclopentyl; references are given in the text). 

 

Therefore, the present work is the first one to recognize, describe, and study an asymmetric 

chelating coordination of the BH2 fragment of a BH3 group. 
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The new aminopyridine-borane adduct HmapyBH3 (1) was straightforwardly prepared in high yield by 

treating 2-(methylamino)pyridine (Hmapy) with BH3·THF. Its 1H and 11B NMR spectra clearly show 

that the NH and NMe protons are not coupled to the B atom, confirming the attachment of the BH3 

group to the pyridine N atom, as has been previously proposed for other aminopyridine-borane 

adducts.13 

 Deprotonation of HmapyBH3 (1) with K[N(SiMe3)2] and subsequent treatment of the resulting 

anion with [M2(-Cl)2(cod)2] (1:0.5 mol ratio) led to the mononuclear derivatives [M(3N,H,H-

mapyBH3)(cod)] (M = Rh (2), Ir (3); Scheme 1). 

 
Scheme 1. Synthesis of Complexes 2 and 3 

 

 
 The solid-state molecular structures of 2 and 3 (Figure 3, Table 1) were determined by X-ray 

diffraction (XRD). Both structure determinations allowed the location and refinement of all the H 

atoms associated with the BH3 groups. Both compounds are almost isostructural. In both cases, the 

metal atom (M1) is bonded to the methylamido N atom (N2), to the olefinic C atoms of the cod ligand 

(C1, C2, C5 and C6) and to two H atoms (H200 and H300) of the BH3 group, which is also attached to 

the pyridine N atom (N1) through the B atom (B1). Overall, the coordination geometry around the 

metal atoms can be described as very distorted trigonal bipyramidal, with M1, H200, H300, C5, and C6 

in the equatorial plane, the distortion being mainly caused by the narrow H200–M1–H300 angle, 62(2)o 

in 2 and 70(3)o in 3. 
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Figure 3. XRD molecular structure of 2 (50 % displacement ellipsoids). The XRD molecular structure of 3 (M = Ir) is very 
similar to that of 2. Selected interatomic distances and angles in 2 and 3 are given in Table 1. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 In both complexes, the M1–C1 and M1–C2 distances are ca. 0.05 Å longer than the M1–C5 and 

M1–C6 distances (Table 1). This fact may be a consequence of a different trans influence of the amido 

and BH2 fragments, as has been claimed for the structure of complex B (Figure 2),11a but it may also be 

related to the axial versus equatorial coordination of the cod olefinic atoms, because, in homoleptic 

trigonal bipyramidal AB5 species, the A–Bax lengths are longer than the corresponding A–Beq lengths.14 

 A careful analysis of the interatomic distances and angles involving the atoms of the BH3 group 

and the corresponding metal atom revealed that the metrics of M1–H200–B1 and M1–H300–B1 

interactions, although they are similar in the Rh complex 2, they seem to be slightly different in the Ir 

complex 3 because the differences are near the limit of the experimental error. Thus, while the Rh1–

H200 and Rh1–H300 distances are 1.95(4) and 1.94(3) Å, respectively, the Ir1–H200 and Ir1–H300 

distances are 1.93(6) and 1.89(5) Å, respectively, and while the Rh1–H200–B1 and Rh1–H300–B1 

angles are 89(3)o and 90(2)o, respectively, the Ir1–H200–B1 and Ir1–H300–B1 angles are 84(3)o and 

87(3)o, respectively. In addition, the M1···B1 interatomic distance is longer in 2, 2.257(4) Å, than in 3, 

2.218(4) Å, and the H200–M1–H300 bond angle is narrower in 2, 62(2)o, than in 3, 70(3)o. The 

Table 1. Selected Interatomic Distances (Å) and 

Angles (o) in 2 and 3 

Atoms M = Rh (2) M = Ir (3) 

M1···B1 2.257(4) 2.218(4) 

M1−C1 2.161(3) 2.138(4) 

M1−C2 2.152(3) 2.141(4) 

M1−C5 2.113(3) 2.116(4) 

M1−C6 2.104(3) 2.105(4) 

M1−N2 2.069(3) 2.054(4) 

M1−H200 1.95(4) 1.93(6) 

M1−H300 1.94(3) 1.89(5) 

B1−N1 1.525(5) 1.519(6) 

B1−H100 1.09(4) 1.08(5) 

B1−H200 1.18(4) 1.33(6) 

B1−H300 1.17(4) 1.26(6) 

C1−C2 1.392(5) 1.406(7) 

C5−C6 1.428(6) 1.435(7) 

H200–M1–H300 62(2) 70(3) 

M–H200–B1 89(3) 84(3) 

M–H300–B1 90(2) 87(3) 

H200–B1–H300 116(3) 116(4) 



 

7 

experimental bond lengths and angles associated with the Rh1–H200–B1 and Rh1–H300–B1 

interactions of compound 2 compare rather well with those reported for equivalent interactions in 

compounds A–C (Figure 2).4c,11a,11b 

 As the small differences in the values of the XRD-determined interatomic distances and angles 

that reflect the asymmetry of the M1–H200–B1 and M1–H300–B1 interactions in 2 and 3 are close to 

the experimental error and may also be due to packing effects in the solid state, we decided to optimize 

by DFT methods, without symmetry restrictions, the molecular structures of these compounds in order 

to see whether the different M1–H200–B1 and M1–H300–B1 interactions observed in the solid state 

are maintained in the gas phase. Interestingly, the DFT-optimized structures reflected the asymmetry 

suggested by the XRD structures. Therefore, the differences suggested by XRD between the M1–

H200–B1 and M1–H300–B1 interactions within molecules of 2 and 3 have an intrinsic thermodynamic 

origin at the molecular level (they lead to the most stable molecular structure) and, therefore, are not 

due to experimental errors or packing effects. 

 Aiming at getting an insight into the M1–H200–B1 and M1–H300–B1 interactions in 2 and 3, 

the electron density associated to the bonding within these molecules was theoretically studied under 

the perspective of the QTAIM.15 A selection of the obtained results is graphically presented in Figure 4, 

while Table 2 contains the values of important topological parameters associated to the bond critical 

points (bcp’s) of selected bonds. In Figure 4, it can be clearly observed that the ring critical point (rcp) 

associated to the MH2B ring is closer to H300 than to H200 and that this fact is more prominent in the 

iridium complex 3 than in the rhodium complex 2. 
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Figure 4. Gradient trajectories mapped on total electron density plots (contour levels at 0.1 e Å–3) in the equatorial planes of 
compounds 2 (top) and 3 (bottom), showing the atomic basins, stationary points (blue circles), bond paths (red lines), bond 
critical points (red circles) and ring critical points (green circles). 
 

Table 2. QTAIM Topological Parameters of Selected Bonds of Complexes 

2 and 3 

Complex Bond b (e Å–3)a 2b (e Å–5)b b
c

2 Rh1–Cd 0.677   4.933 0.689 

 Rh1–N2 0.662   9.652 0.174 

 Rh1–H200 0.521   5.525 2.325 

 Rh1–H300 0.516   5.067 3.229 

 B1–H100 1.185 –7.500 0.082 

 B1–H200 0.981 –4.511 0.246 

 B1–H300 0.981 –4.385 0.247 

3 Ir1–Cd 0.748   4.809 0.490 

 Ir1–N2 0.743  10.611 0.189 

 Ir1–H200 0.601   6.210 1.745 

 Ir1–H300 0.587   5.675 2.994 

 B1–H100 1.197 –7.926 0.067 

 B1–H200 0.948 –4.553 0.319 

 B1–H300 0.953 –4.410 0.316 
aElectron density at the bcp. 

bLaplacian of the electron density at the bcp. 

cEllipticity at the bcp. 

dAverage values. 
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 There are two limiting forms for the interaction of a metal atom M with a B–H bond, namely, 

the terminal sigma coordination (1H), in which the BH fragment is attached to the metal through only 

the H atom, and the agostic-type coordination (2H,B), in which the metal is bonded to both B and H 

atoms. Interestingly, it has been recently reported that terminal sigma and agostic-type Rh–HB 

interactions have similar electron density at the Rh–H bcp (b) and similar Laplacian of the electron 

density at the Rh–H bcp (2b), but different ellipticity at the Rh–H bcp (b), that of the terminal sigma 

coordination being considerably smaller than that of the agostic-type coordination.16 The only previous 

work that reports QTAIM data for Ir–HB interactions refers only to agostic-type B–H complexes.17 In 

the case of compounds 2 and 3, Table 2 shows that the ellipticities at the bcp’s of the M1–H200 bonds 

are clearly smaller than those of the M1–H300 bonds and that the difference is greater for the iridium 

complex 3 than for the rhodium complex 2. 

In addition, although the absence of an M–B bcp confirms a lack of an M–B bond, non 

negligible (MB) delocalization indexes were computed for both complexes, (Rh1B1) = 0.168, 

(Ir1B1) = 0.204. The delocalization index is an integral parameter (not associated to a bcp) that 

estimates the number of electron pairs delocalized between two atoms.18 Therefore, there exists a weak 

interaction between M and B in compounds 2 and 3, weaker in 2 than in 3, which is not strong enough 

to be recognized as a bond by the QTAIM. 

Accordingly, although the interaction of the two B–H groups of the H200–B1–H300 fragment 

of compounds 2 and 3 with their M atom has to be less agostic-type than terminal sigma B–H bond 

coordination (the QTAIM studies have found no bond between the M and the B atoms), (a) the 

asymmetry of the bond distances and angles associated to the M1–H200–B1 and M1–H300–B1 

interactions, (b) the off-axis location of their associated rcp, which is closer to H300 than to H200, and 

(c) the greater values of the ellipticity at the bcp of the M–H300 bond than those of the M–H200 bonds, 

clearly confirm that the interaction of the B1–H300 bond with the M atom has a greater component of 

agostic-type B–H bond coordination than that of the B1–H200 bond. The numerical data also confirm 

that this difference is more pronounced for the iridium complex 3 than for the rhodium complex 2. 

In an attempt to get more insights into the nature of the asymmetry of the M1–H200–B1 and 

M1–H300–B1 interactions in 2 and 3, we performed Natural Bond Orbital (NBO) calculations 

(Supporting Information).19 While small metal contributions to the bonding orbitals responsible for the 

two M–H–B 3-centre-2-electron interactions (< 12 %) and small M–H Wiberg bond indices (0.17 for 2 
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and 0.22 for 3) confirmed that the M–H interactions are weak, these data proved to be unable to 

differentiate the M1–H200–B1 and M1–H300–B1 interactions. 

Most probably, the coordination asymmetry of BH2 fragment in complexes 2 and 3 is a 

consequence of the very narrow bite angle of the BH2 fragment (62o in 2 and 70o in 3), since a 

symmetric coordination of this fragment as a chelate to two equatorial sites of a trigonal bipyramidal 

metal complex (the ideal coordination angle is 120o) would imply either unacceptably short M–HB 

distances or smaller overlaps between the metal orbitals and the orbitals of the H2B fragment (in 

comparison with those of the asymmetric coordination). In fact, and asymmetric chelating coordination 

of a BH2 fragment has never been observed in square planar or octahedral complexes, in which the 

ideal coordination angle is 90o. 

 In solution, while the 1H{11B} NMR spectrum of compound 2 shows four very broad peaks for 

the cod vinylic and BH3 protons at  4.54 (cod), 3.94 (cod), 3.19 (HBH2Rh), and –1.65 (HBH2Rh), that 

of compound 3 shows its cod vinylic protons as broad signals ( 4.31 and 3.47), but its BH3 protons as 

a sharp triplet at  5.02 (1 H, HBH2Ir) and a sharp doublet at  –3.34 (2 H, HBH2Ir) with JH-H = 11.3 

Hz. These data indicate that 2 and 3 are not rigid in solution at room temperature, but, while the cod 

ligands of 2 and 3 and the BH3 group of 2 participate in fluxional processes at room temperature, the 

BH3 group of 3 is rather rigid at this temperature. At 233 K, the 1H{11B} NMR spectrum of compound 

2 shows the BH3 protons as a double triplet at 3.26 and a double doublet at  –1.63 with JH-Rh = 23.6 

Hz and JH-H = 12.5 Hz. Therefore, the asymmetry of the M1–H200–B1 and M1–H300–B1 interactions 

indicated by the XRD and theoretical studies is not evident in solution. 

 Variable temperature (VT) 1H{11B} NMR studies on [2H8]-toluene solutions of compounds 2 

(Figure 5) and 3 (Figure 6) indicate that all four cod vinyl protons are equivalent at high temperatures 

and the same occurs for the three protons of the BH3 group (for the iridium complex 3, it has not been 

possible to reach the temperature that makes equivalent its three BH3 protons). Line-shape analyses of 

these spectra and their associated Eyring plots (Supporting Information) yielded the activation 

parameters of these fluxional processes (Table 3). The small and negative values of the activation 

entropies are consistent with intramolecular processes. Similar dynamic processes have been observed 

in solution by 1H NMR for the BH3 groups of the related rhodium(I) complexes B11a and C11c (Figure 

2); however, these reports do not mention any fluxional process involving the cod ligand. 
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Figure 5. Representative regions of the 1H{11B} NMR spectra of complex 2 in [2H8]-toluene at various temperatures. 
 

 

Figure 6. Representative regions of the 1H{11B} NMR spectra of complex 3 in [2H8]-toluene at various temperatures. 
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Table 3. Experimental Activation Parameters for the Fluxional 
Processes Occurring in Complexes 2 and 3a 

Complex Process ‡ S‡ G‡
298

2 cod rotation 14.1 –1.6 14.6 

3 cod rotation 13.7 –3.5 14.7 

2 BH3 rotation 12.6 –4.1 13.8 

3 BH3 rotation 15.6 –4.5 16.9 
aMeasured in [2H8]-toluene solutions; ‡ and G‡ in kcal mol–1; S‡ 

in cal K–1 mol–1. 

 

 The VT 1H{11B} NMR data suggest that, in solution, two fluxional processes are occurring 

concomitantly in 2 and 3, namely, a rotation of the cod ligand that makes equivalent its two alkene 

fragments and a rotation of the BH3 group about the B–N bond that exchanges the three B–H bonds. 

This suggestion was probed with DFT calculations (Figure 7). 

 

 
Figure 7. Calculated (DFT) mechanisms for the rotation of the cod ligand and the BH3 fragment in complexes 2 and 3. 
Gibbs energies (kcal mol–1), relative to that of 2 or 3, have been computed in toluene solution (CPCM solvation model). 
 

 In the case of the cod rotation, the exchange mechanism is an elemental process whose 

transition state (TSCOD) has a distorted square pyramidal coordination geometry with the cod olefinic 

fragments and the H atoms of the chelating H2B fragment in the basal corners of the pyramid. The 

computed free energies of activation, 15.6 kcal mol–1 for 2 and 14.6 kcal mol–1 for 3, compare well 

with the experimental values (Table 3) and are consistent with facile room temperature exchange. The 

activation barriers of these intramolecular rearrangements are low probably because they occur in 

pentacoordinate complexes, in which a change from square pyramidal to trigonal bipyramidal 

coordination is generally very easy.20 
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An elemental process is also responsible for the rotation of the BH3 group. Its transition state 

(TSBH3) is a symmetric square planar species having the BH3 group attached to the metal atom through 

only one H atom. In this case, the computed free energies of activation, 12.2 kcal mol–1 for 2 and 16.9 

kcal mol–1 for 3, also compare well with the experimental ones (Table 3) and clearly account for the 

experimental observation that the BH3 group of the iridium complex starts to rotate at a higher 

temperature than that of the rhodium complex. The fact that the square planar transition state (TSBH3) 

of the iridium process is less stable than that of the rhodium process follows the general trend that 

iridium(I) complexes are more predisposed to be pentacoordinate than rhodium(I) complexes.21  

The room temperature 11B{1H} NMR spectra of 2 and 3 are broad singlets centered at  –10.0 

and 0.6, respectively. Interestingly, the spectra of 2 shows no 11B–103Rh coupling. These signals split to 

a quartet (JH-11B = 87.4 Hz) and to a double triplet (JH-11B = 127 and 67 Hz), respectively, in the 

corresponding 1H-coupled 11B NMR spectra, confirming the fluxionality of the BH3 group of complex 

2 and a greater rigidity of the BH3 group of complex 3 at room temperature.  

 

CONCLUDING REMARKS 

The reactions of [M2(-Cl)2(cod)2] (M = Rh, Ir) with K[mapyBH3] lead to the trigonal bipyramidal 

complexes [M(3N,H,H-mapyBH3)(cod)] (M = Rh (2), Ir (3)), which contain a novel anionic tripod 

ligand coordinated to the metal atom through the amido N atom and through two H atoms of the BH3 

group. 

XRD and QTAIM studies have revealed that the structural and electronic characteristics of the 

two M–H–B interactions of each complex are appreciably different within each complex, the difference 

being greater in 3 than in 2. In fact, while both 3c–2e BH–M interactions are more 1H (terminal sigma 

coordination of the B–H bond) than 2H,B (agostic-type coordination of the B–H bond), one BH–M 

interaction is more agostic than the other and this difference is more marked in the iridium complex 

than in the rhodium one. The asymmetry of the MH2B fragment of 2 and 3 has an intrinsic 

thermodynamic origin at the molecular level (it is not due to packing effects in the solid state), since 

DFT calculations have demonstrated that the most stable structures of these complexes are asymmetric 

in the gas phase. Most probably, this asymmetry is a consequence of the very narrow bite angle of the 

BH2 fragment (62o in 2 and 70o in 3), since a symmetric coordination of this fragment as a chelate to 

two equatorial sites of a trigonal bipyramidal metal complex (the ideal coordination angle is 120o) 

would imply either unacceptably short M–HB distances or smaller overlaps between the metal orbitals 
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and the orbitals of the H2B fragment in comparison with the orbital overlaps of the asymmetric 

structure.   

In solution, both complexes are fluxional at room temperature and above. VT-NMR and DFT 

studies have determined that the cod ligand rotates interchanging its two alkene fragments and that the 

BH3 group equilibrates its three B–H bonds rotating about the B–N bond. While the cod rotation 

proceeds through a square pyramidal transition state and has a similar activation energy in 2 and 3, the 

barrier to the BH3 group rotation is higher in the iridium complex than in the rhodium one because it 

takes place through a square planar transition state and iridium(I) complexes are more predisposed to 

be pentacoordinate than rhodium(I) complexes. 

 
EXPERIMENTAL SECTION 

 
General Procedures. Solvents were dried over appropriate desiccating reagents and were 

distilled under argon before use. All reactions, manipulations, and chromatographic separations were 

carried out under argon, using dry box and/or Schlenk-vacuum line techniques. The reaction products 

were vacuum-dried for several hours prior to being weighted and analyzed. The dimers [M2(-

Cl)2(cod)2] (M = Rh,22 Ir23) were prepared following published procedures.  All remaining reagents 

were purchased from commercial sources. NMR spectra were run on a Bruker NAV-400 instrument, 

using as standards a residual protic solvent resonance for 1H [h(C6HD5) = 7.16 ppm; h(C6D5CD2H) = 

2.08 ppm], a solvent resonance for 13C [h(C6D6) = 128.10 ppm; h(C6D5CD3) = 20.43 ppm], and 

external F3B·OEt2 for 11B [h = 0.00 ppm]. Line-shape analyses of the VT-NMR spectra were performed 

with DNMR324 within the SPINWORKS package.25 Elemental analyses were obtained with a Perkin-

Elmer 2400 microanalyzer. HRMS were obtained with a Bruker Impact II mass spectrometer operating 

in the ESI-Q-ToF positive mode. 

HmapyBH3 (1): A THF solution of BH3 (1.2 mL, 1 M, 1.2 mmol) was added to a solution of 2-

methylaminopyridine (102 µL, 1.0 mmol) in toluene (1.5 mL) at –78 ºC. The initial colorless solution 

changed to light yellow. After stirring at –78 ºC for 1 h, the solvent was removed under reduced 

pressure at room temperature to give compound 1 as a white solid that was washed with hexane (2 x 5 

mL) and dried in vacuo (110 mg, 91 %). Anal. (%) Calcd for C6H11BN2 (MW = 121.9762 amu): C, 

59.08; H, 9.09; N, 22.97; found: C, 59.15; H, 9.16; N, 22.85. (+)-ESI HRMS: m/z 145.0910 [M + Na]+. 
1H NMR (C6D6, 400.54 MHz, 298 K): h 8.12 (d, JH-H = 7.2 Hz, 1 H, CH), 6.71 (t, JH-H = 7.2 Hz, 1 H, 

CH), 6.24 (s, br, 1 H, NH), 5.82 (t, JH-H = 7.2 Hz, 1 H, CH), 5.61 (d, JH-H = 7.2 Hz, 1 H, CH), 3.11 (br 
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q, JH-11B = 96 Hz, 3 H, BH3), 1.90 (d, JH-H = 5.2 Hz, 3 H, Me) ppm; the broad quartet at 3.11 ppm 

collapses to a singlet in a 1H{11B} NMR spectrum. 13C{1H} NMR (C6D6, 100.72 MHz, 298 K): h 155.5 

(C), 146.3 (CH), 139.0 (CH), 110.7 (CH), 106.1 (CH), 28.0 (Me) ppm. 11B NMR (C6D6, 128.51 MHz, 

298 K): h –16.1 (q, JH-11B = 96 Hz) ppm; this signal collapses to a singlet in a 11B{1H} NMR spectrum. 

[Rh(3N,H,H-mapyBH3)(cod)] (2): A toluene solution of K[N(SiMe3)2] (0.4 mL, 0.5 M, 0.20 

mmol) was added to a solution of HmapyBH3 (19 mg, 0.16 mmol) in toluene (7 mL). The resulting 

yellow suspension was stirred at room temperature for 30 min. Solid [Rh2(-Cl)2(cod)2] (39 mg, 0.08 

mmol) was added and the mixture was stirred for 1 h. The initial yellow suspension changed to orange. 

The solid was filtered off and the filtrate was evaporated to dryness under reduced pressure. The 

resulting solid was washed with hexane (2 x 5 ml) and dried in vacuo to give 2 as a light orange solid 

(41 mg, 77 %). Anal. (%) Calcd for C14H22BN2Rh (MW = 332.0549 amu): C, 50.64; H, 6.68; N, 8.44; 

found: C, 50.71; H, 6.73; N, 8.41. (+)-ESI HRMS: m/z 333.0993 [M + H]+. 1H NMR (C6D6, 400.54 

MHz, 298 K): h 7.73 (d, JH-H = 7.2 Hz, CH of mapy), 6.74 (t, JH-H = 7.2 Hz, CH of mapy), 6.25 (d, JH-H 

= 7.2 Hz, CH of mapy), 5.75 (t, JH-H = 7.2 Hz, CH of mapy), 4.54 (s, br, 2 H, 2 CH of cod), 3.94 (s, br, 

2 H, 2 CH of cod), 3.19 (br, HBH2), 2.47 (s, 3 H, Me), 2.74–1.59 (m, 8 H, 4 CH2 of cod), –1.65 (s, vbr, 

2 H, HBH2) ppm; the very broad signal at –1.65 ppm slightly sharpens in a 1H{11B} NMR spectrum. 
13C{1H} NMR (C6D6, 100.72 MHz. 298 K): h 162.6 (C of mapy), 143.3 (CH of mapy), 134.8 (CH of 

mapy), 109.1 (CH of mapy), 105.9 (CH of mapy), 75.1 (2 CH of cod), 72.1 (2 CH of cod), 34.9 (Me), 

31.9 (2 CH2 of cod), 30.2 (2 CH2 of cod) ppm. 11B NMR (C6D6, 128.51 MHz, 298 K): h –10.0 (q, JH-

11B = 87.4 Hz, BH3) ppm; this signal collapses to a singlet in a 11B{1H} NMR spectrum. 

[Ir(3N,H,H-mapyBH3)(cod)] (3): A toluene solution of K[N(SiMe3)2] (0.2 mL, 0.5 M, 0.10 

mmol) was added to a solution of HmapyBH3 (12 mg, 0.10 mmol) in toluene (5 mL). The resulting 

yellow suspension was stirred at room temperature for 30 min. [Ir2(-Cl)2(cod)2]  (33 mg. 0.05 mmol) 

was added and the mixture was stirred for 1 h. The initial yellow suspension changed to light brown. 

The solid was filtered off and the filtrate was evaporated to dryness under reduced pressure. The 

resulting solid was washed with hexane (2 x 5 ml) and dried in vacuo to give 2 as a light brown solid 

(37 mg, 88 %). Anal. (%) Calcd for C14H22BIrN2 (MW = 421.3655 amu): C, 39.91; H, 5.26; N, 6.64; 

found: C, 39.96; H, 5.31; N, 6.58. (+)-ESI HRMS: m/z 421.1416 [M]+. 1H NMR (C6D5CD3, 400.54 

MHz, 298 K): h 7.64 (d, JH-H = 7.1 Hz, 1 H, CH), 6.69 (t, JH-H = 7.1 Hz, 1 H, CH), 6.28 (d, JH-H = 7.1 

Hz, 1 H, CH), 5.77 (t, JH-H = 7.1 Hz, 1 H, CH), 5.02 (q, br, JH-11B = 127 Hz, 1 H, HBH2), 4.31 (s, br, 2 
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H, 2 CH of cod), 3.47 (s, br, 2 H, 2 CH of cod), 2.61 (s, 3 H, Me), 2.53–1.78 (m, 8 H, 4 CH2 of cod), –

3.34 (q, br, JH-11B = 67 Hz, 2 H, HBH2) ppm; the broad quartets at 5.02 and –3.34 ppm are transformed 

into a triplet (JH-H = 11.3 Hz) and a doublet (JH-H = 11.3 Hz), respectively, in a 1H{11B} NMR 

spectrum. 13C{1H} NMR (C6D5CD3, 100.72 MHz, 298 K): h 164.1 (C of mapy), 143.1 (CH of mapy), 

135.1 (CH of mapy), 109.4 (CH of mapy), 106.7 (CH of mapy), 59.1 (2 CH of cod), 53.2 (2 CH of 

cod), 34.34 (Me), 32.9 (2 CH2 of cod), 31.0 (2 CH2 of cod) ppm. 11B NMR (C6D5CD3, 128.51 MHz, 

298 K): h 0.6 (dt, JH-11B = 127 and 67 Hz, BH3); this signal collapses to a singlet in a 11B{1H} NMR 

spectrum. 

X-Ray Diffraction Analyses: Crystals of 2 and 3 were analyzed by X-ray diffraction. A 

selection of crystal, measurement, and refinement data is given in the Supporting Information (Table 

S1). Diffraction data were collected on an Oxford Diffraction Xcalibur Onyx Nova single crystal 

diffractometer. Empirical absorption corrections were applied using the SCALE3 ABSPACK algorithm 

as implemented in CrysAlisPro RED.26 The structures were solved using SIR-97.27 Isotropic and full 

matrix anisotropic least square refinements were carried out using SHELXL.28 All non-H atoms were 

refined anisotropically. The H atoms of 2 and those of the BH3 moiety of 3 were located in their 

corresponding Fourier maps and were freely refined. The remaining H atoms of 3 were set in calculated 

positions and were refined riding on their parent atoms. The WINGX program system29 was used 

throughout the structure determinations. The molecular plots were made with X-SEED.30 CCDC 

deposition numbers: 1482288 (2), 1482289 (3). 

QTAIM Studies: The structures of 2 and 3 were initially optimized with relativistic 

wavefunctions using the scalar ZORA hamiltonian, the PW91 density functional, and the all-electron 

relativistic QZ4P basis set for all atoms,31 as implemented in the ADF2012 program package.32 

Subsequently, a fully relativistic four-component hamiltonian including spin-orbit terms in double-

group symmetry and the hybrid B1PW91 density functional with QZ4P basis sets were used for single-

point electronic structure calculations at the optimized geometries. The obtained ground-state electronic 

wavefunctions, which were found to be stable, were then utilized for the QTAIM calculations, which 

included both local and integral properties and were carried out with the AIMAll,33 AIM2000,34 and 

DGrid35 programs. The accuracy of the local properties was 1.0×10–10 (from the gradient of the electron 

density at the bcp’s), whereas that of the integral properties was finally set at least at 1.0×10–4 (from the 

Laplacian of the integrated electron density). 
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NBO and Mechanistic Studies: For these studies, the DFT calculations were carried out using 

the wB97XD functional,36 which includes the second generation of Grimme’s dispersion interaction 

correction37 as well as long-range interactions effects. This functional reproduces the local coordination 

geometry of transition metal compounds very well and it also corrects the systematic overestimation of 

non-bonded distances seen for all the density functionals not including estimates of dispersion. The 

Stuttgart-Dresden relativistic effective core potentials and the associated basis sets (SDD) were used 

for the Rh38 and Ir39 atoms. The basis set used for the remaining atoms was the cc-pVTZ.40 All 

stationary points were fully optimized in gas phase and confirmed as energy minima or transition states 

by analytical calculation of frequencies. The electronic energies of the optimized structures were used 

to calculate the zero-point corrected energies and the enthalpic and entropic contributions via 

vibrational frequency calculations. Solvation free energies were obtained with the self-consistent 

reaction field (SCRF) for the standard continuum solvation model (CPCM),41 by using the single-point 

solvation energy of the optimized structures and the thermodynamic correction from the gas phase 

calculations. All Gibbs energies were computed at 298.15 K and 1.0 atm. All calculations were carried 

out with the Gaussian09 package.42 
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ToC Synopsis and Graph 

In trigonal bipyramidal rhodium(I) and iridium(I) complexes that contain 2-(methylamido)pyridine–

borane as a tripod 3N,H,H-ligand, while both BH–M interactions are more terminal sigma (1H) than 

agostic-type (2H,B), one BH–M interaction is more agostic than the other and this difference is more 

marked in the iridium complex than in the rhodium one. 

 


