Ms. for Dalton Trans. (paper ref.: DT-ART-01-2017-000378, revised)

Octahedral manganese(l) and ruthenium(ll) complexes
containing 2-(methylamido)pyridine—borane as a tripod
k°N,H,H-ligand

Javier Brugos,? Javier A. Cabeza*® Pablo Garcia-Alvarez,? Enrique Pérez-Carrefio® and

Juan F. Van der Maelen®

@Centro de Innovacién en Quimica Avanzada (ORFEO-CINQA), Departamento de
Quimica Organica e Inorganica-lUQOEM, Universidad de Oviedo-CSIC, 33071
Oviedo, Spain

®Departamento de Quimica Fisica y Analitica, Universidad de Oviedo, 33071 Oviedo,
Spain

+ Electronic supplementary information (ESI) available: NMR spectra and XRD and

QTAIM data. CCDC 1524082 (1) and 1524083 (2). For ESI and crystallographic data in
CIF or other electronic format see DOI: 10.1039/00000000.

Abstract: The borane adduct of the 2-(methylamido)pyridine anion, [mapyBHs]", has
been incorporated to octahedral metal complexes. In fac-[Mn(’N,H,H-mapyBHs)(CO)s]
(1) and fac-[RuH(x*N,H,H-mapyBH;)(CO)(PiPr3)] (2), which have been prepared by
treating K[mapyBHj3] with fac-[MnBr(MeCN),(CO);] and [RuHCI(CO)(PiPr;).],
respectively, it behaves as a tripod ligand, attached to the metal atom through the
amido N atom and through two H atoms of the BH3; moiety. X-ray diffraction analyses
and theoretical studies (DFT, QTAIM) have shown that the MH,B atom grouping of 1
and 2 comprises two 3c-2e M—H-B interactions that are between those of Shimoi type
(x'H coordination of the B—H bond) and those of agostic type (?B,H coordination of the
B—H bond). However, while both M—H-B interactions are almost identical in complex 1,
this is not the case in complex 2, in which one M—H-B interaction is more agostic than

the other due to the different trans influence of the hydride and phosphane ligands.



Introduction

The coordination chemistry of amine—boranes™ (H,RNBH;R’; R, R’ = H, alkyl, aryl)
and aminoboranes*® (HRNBHR’; products that arise from the dehydrogenation of
amine—boranes) is currently a very active research field because some transition-metal
complexes have been found to promote the catalytic dehydrogenation of amine—
boranes'™ (release of H,) and/or the transfer of some of their H atoms to other
molecules (transfer hydrogenation reactions).® In their transition-metal complexes,
amine—boranes and aminoboranes use one or two of their BH groups to bind the metal
atom (o-complexes), implicating only the H atom (Shimoi-type coordination) or both B

and H atoms (agostic-type coordination) of the B—H bond.’

The coordination chemistry of some borane adducts of potentially bidentate
Lewis bases has recently started to be studied. In the complexes known so far, these

813 or two®>""13131 horane H atoms and an additional donor atom (E)

ligands use one
to bind the metal atom («’E,H and «°E,H,H, respectively). Currently, the only transition
metal complexes that are known to contain borane adducts as k°E,H,H-ligands are
those represented in Fig. 1, which are derived from diphosphanes,11 benzothiazolate,*
phosphoramidate,™ and 2-(methylamido)pyridine.’* A hemilabile behavior of these

tridentate ligands (the BH-M interactions are weak) has been observed in a few

occasions. '™
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Fig. 1 Transition metal complexes containing a borane—Lewis base ligand coordinated through
two borane H atoms and through an additional donor group (references are given in the text).

In this context, we have described the synthesis of the pentacoordinated
complexes [M(x’N,H,H-mapyBH;)(cod)] (M = Rh, Ir; Hmapy = 2-(methylamino)pyridine;
cod = cycloocta-1,5-diene; Fig. 1), which are the first metal complexes derived from
2-(methylamino)pyridine—borane (HmapyBHs;). In solution at room temperature, the
BH; group of these complexes rotates about the B—N bond averaging the three B—-H



bonds. X-ray diffraction (XRD) and Density Functional Theory (DFT) and Quantum
Theory of Atoms in Molecules (QTAIM) calculations demonstrated that in solid state
and in gas phase they are trigonal bipyramidal complexes having two equatorial
coordination sites occupied by M—HB interactions that, interestingly, are between those
of Shimoi-type (x'H coordination of the B—H bond) and those of agostic-type (k°B,H
coordination of the B—H bond) but one is more agostic than the other, resulting in an
asymmetric MH,B atom grouping. Such an asymmetric coordination of the H,B group
was associated with its narrow H-M-H bite angle (62° in the Rh complex and 70° in the
Ir one), since a symmetric coordination of the H,B fragment to two equatorial sites of a
trigonal bipyramidal metal complex (the ideal coordination angle is 120°) would imply
either too short M—HB distances or too small overlaps between the metal orbitals and
the orbitals of the H,B group. The off-center location of the ring critical point (QTAIM
study) associated with the MH,B atom grouping provided a straightforward visual
indication of the asymmetric coordination of the BH, group in these complexes.” An
asymmetric coordination of an H,B group was never identified before, although it may
have been overlooked (at least in trigonal bipyramidal complexes) because the
accuracy in determining the position of H atoms attached to transition metal atoms by
XRD is generally low and also because the synthesis and characterization of the
currently known complexes of this type have not been accompanied with appropriate
theoretical studies.

The above precedents prompted us to check whether or not the coordination of
the H,B group of a k°N,H,H-mapyBH; ligand is also asymmetric in octahedral
complexes, in which the ideal coordination angle, 90°, is 30° narrower than the trigonal
bipyramidal equatorial angle. We now report the synthesis and structural
characterization of the octahedral complexes fac-[Mn(k*N,H,H-mapyBH3)(CO)s] (1) and
fac-[RuH(k>N,H,H-mapyBHs)(CO)(PiPrs)] (2) and DFT and QTAIM theoretical studies
focused on the interactions between the atoms of the MH,B part of these complexes.
We chose these two complexes because the symmetry of their MH,B atom grouping
was not expected to be influenced by the a priori symmetric arrangement of the ligands
in complex 1, but, on the contrary, it might be affected by the inevitable asymmetric
arrangement of the ligands in complex 2.

Results and discussion

Compounds 1 and 2 were synthesized by treating [MnBr(MeCN),(CO)s] or
[RuHCI(CO)(PiPrs).], respectively, with a toluene solution of K[mapyBHj3] (prepared in
situ by deprotonating HmapyBH3; with K[N(SiMe3);]) at room temperature (Scheme 1).
They were isolated as orange (1) and yellow (2) solids in good yields (> 60%).
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Scheme 1 Synthesis of compounds 1 and 2.

The facial arrangement of the carbonyl ligands of complex 1 was suggested by
its IR spectrum in toluene, which showed two vco absorptions at 2040 (s) and 1951 (vs,
br) cm™. Its NMR spectra confirmed a Cs molecular symmetry, since its carbonyl
ligands led to two resonances in the "*C{'H} spectrum, &:3c 222.4 and 219.1 in C¢Ds,
with a 2:1 intensity ratio, and the BH3 group also led to two resonances in the 'H
spectrum, o1 4.31 (1 H) and -10.17 (2 H), which were observed as very broad
quartets due to coupling to "'B (/ = 3/2), Ji.118= 129 and 71 Hz, respectively, but as
singlets in a 'H{"'B} spectrum (slightly broadened by the **Mn nucleus, /| = 5/2).
Consequently, the "B NMR spectrum of 1 contained a doublet of triplets with Ji1.118
coupling constants comparable with those observed in the '"H NMR spectrum (images
of all these spectra are contained in the Electronic Supplementary Information (ESI),
Fig. S1 and S2). All these NMR data, which were obtained in CgDs solution at 298 K,
indicate that compound 1 is rigid under these conditions. However, at room
temperature and above, the BH; group of the previously reported complexes
[M(x*N,H,H-mapyBHs)(cod)] (M = Rh, Ir) was found to be involved in a fluxional
process that interchanges the three H atoms (rotation of the BH; group about the B—N
bond)."

The analytical and spectroscopic data of the ruthenium complex 2 confirmed its
composition and the presence of one hydride, one phosphane, one CO, and one
mapyBH3; ligand, but they did not help to unambiguously assign the ligand positions,
which were subsequently determined by XRD (see below). In addition to the signals of
the phosphane and mapy groups, the '"H NMR spectrum of 2 (ESI, Fig. S3) contained
three very broad quartets, 8y 4.45 (J1p-118 = 113 Hz), —4.35 (J1h.118 = 65 Hz) and —6.52
(J1n-118 = 65 Hz), and a sharp doublet, 614 —11.68 (Jup = 24.0 Hz). While the last signal

clearly belongs to the hydride ligand, the three broad quartets belong to the protons of



the BH3 group, since they were transformed into a triplet (Jiy.1y = 8.0 Hz), a broad
singlet and a doublet (Jin31p = 8.0 Hz), respectively, in a "H{"'B} NMR spectrum. The
J1n-118 coupling constants observed in the 'H NMR spectrum were also measured in the
doublet of triplets observed in a "B NMR spectrum (ESI, Fig. S4). These NMR data,
which were obtained in CgD;s solution at 298 K, indicate that, as complex 1, complex 2

is stereochemically rigid in solution at room temperature.

The molecular structures of complexes 1 and 2, obtained from XRD analyses
performed at 145(2) K (1) and 151(2) K (2), are shown in Fig. 2 and 3, respectively. In
addition to confirming the tripod «°N,H,H coordination of the mapyBH3; ligand in both
cases, they also indicate the coordination positions of the remaining ligands, including
those of the carbonyl, hydride and phosphane ligands of complex 2, whose locations
could not be unambiguously inferred from spectroscopic data.

Fig. 2 XRD molecular structure of compound 1 (thermal ellipsoids set at 30 % probability).
Selected interatomic distances and angles are given in Table 1.

% C4

Fig. 3 XRD molecular structure of compound 2 (thermal ellipsoids set at 30 % probability).
Selected interatomic distances and angles are given in Table 2.

A careful inspection of the metrics concerning the Mn atom and the atoms of
the BH3 group of complex 1 revealed that those involving H200 (Mn1-H200 1.66(2) A,



B1-H200 1.21(2) A, Mn1-H200-B1 95.2(13)°) are slightly different from those
involving H300 (Mn1-H300 1.71(2) A, B1-H300 1.24(2) A, Mn1-H300-B1 91.9(12)°)
and that the B1-H100 distance (1.09(2) A) is ca. 0.2 A shorter than the other B—-H
distances. The Mn1---B1 distance is 2.144(2) A. Regarding complex 2, the metrics
involving H200 (Ru1-H200 1.83(3) A, B1-H200 1.28(3) A, Ru1-H200-B1 89.2(15)°)
are almost identical to those involving H300 (Ru1-H300 1.80(3) A, B1-H300 1.28(3) A,
Ru1-H300-B1 90.4(15)°), despite the trans influence of hydride ligands is known to be
stronger than that of phosphane ligands."” The Ru1---B1 distance is 2.213(2) A.

As the XRD metrics involving the H200 and H300 atoms of 1 and 2 might be
affected by experimental errors (some differences are within the estimated standard
deviations) and also by packing effects in the solid state, we decided to optimize by
DFT methods the gas phase molecular structures of 1 and 2 without symmetry
restraints. The results obtained from relativistic (ZORA-PW91) and non-relativistic
(B3P86) approaches are compared with the experimental ones (XRD) in Tables 1 and
2. Interestingly, both theoretical methods rendered very similar symmetric Cs structures
for complex 1 (Table 1), while they maintained a small asymmetry in the metrics
associated with the RuH;B part of complex 2 (Table 2).

Table 1. Experimental (XRD) and calculated (DFT) interatomic distances (A)
and angles (°) in fac—[Mn(KsN,H,H—mapyBHg)(CO)3] (1)

Atoms XRD ZORA-PW91/QZ4P  B3P86/6-31G(d,p)
Mn1---B1 2.144(2) 2.141 2122
Mn1-C101 1.801(2) 1.799 1.788
Mn1-C102 1.808(2) 1.789 1.780
Mn1-C103 1.805(2) 1.789 1.780
Mn1-N2 2.008(2) 2.021 2.007
Mn1-H200 1.66(2) 1.722 1.713
Mn1-H300 1.71(2) 1.722 1.713
B1-N1 1.501(3) 1.508 1.509
B1-H100 1.09(2) 1.198 1.195
B1-H200 1.21(2) 1.304 1.292
B1-H300 1.24(2) 1.304 1.292
H200-Mn1-H300  68.3(10) 73.9 73.9
Mn1-H200-B1 95.2(13) 89.0 88.7
Mn1-H300-B1 91.9(12) 89.0 88.7
H200-B1-H300 101.3(14) 115.1 105.7




Table 2. Experimental (XRD) and calculated (DFT) interatomic distances (A) and angles
) in fac—[RuH(K3N,H,H—mapyBH3)(CO)(PiPr3)] (2).

Atoms XRD ZORA-PW91/QZ4P  B3P86/6-31G(d,p)/lLanL2DZ
Rul--B1 2.213(2) 2.225 2.219
Ru1-C101 1.834(2) 1.853 1.856
Ru1-N2 2.125(2) 2.154 2.144
Ru1-P1 2.3132(6) 2.321 2.327
Ru1-H200 1.83(3) 1.857 1.881
Ru1-H300 1.80(3) 1.842 1.820
Ru1-H400 1.60(3) 1.610 1.589
B1-N1 1.513(3) 1.527 1.525
B1-H100 1.12(2) 1.202 1.198
B1-H200 1.28(3) 1.305 1.293
B1-H300 1.28(3) 1.318 1.316
H200-Ru1-H300  69.6(12) 70.9 70.7
Ru1-H200-B1 89.2(15) 87.6 86.6
Ru1-H300-B1 90.4(15) 87.9 88.6
H200-B1-H300 108.3(18) 109.9 110.4

Natural bond orbital (NBO) analyses on complexes 1 and 2 revealed that the
bonding in their MH,B parts can be appropriately described as a combination of two 3-
centre-2-electron M—H-B interactions (as a representative example, Fig. 4 shows the
bonding orbitals responsible for these interactions in compound 1). As found in other
borane complexes,?*'*'® the Wiberg bond indices (Wbi’s), which are indicative of bond
order,"” of the M—H200 and M—H300 atom pairs are very small (0.28 in 1 and 0.22 and
0.26, respectively, in 2; Fig. 5), indicating weak interactions. As both 3-centre-2-
electron M—H-B interactions contribute to the M—B Whbi of 1 and 2 and as their values
(0.47 and 0.41, respectively) are smaller (but not negligible) than the summation of the
corresponding M—H200 and M—-H300 Whbi’s, it can be inferred that the attachment of
each B-H bond to the corresponding metal atom is between k'H (Shimoi-type) and
«?B,H (agostic-type). In compound 1, both B-H200 and B—H300 bonds interact equally
with the Mn atom. However, in the case of compound 2, the fact that the Ru—H200 Whbi
(0.22) is smaller than the Ru—H300 Whbi (0.26) suggests that the interaction of the Ru
atom with the B—-H200 bond is more agostic than that with the B-H300 bond.



Fig. 4 Opaque (left) and transparent (right) views of the natural bond orbitals associated with
the Mn1-H300-B1 (top; HOMO-12) and Mn1-H200-B1 (bottom; HOMO-13) 3-centre-2-
electron interactions in complex 1 (isovalue: 0.05). Both orbitals have the same composition:
15.98% Mn, 37.99% B, 46.03 % H

Fig. 5 Wiberg bond indices of selected interatomic interactions in compounds 1 (left) and 2
(right). Please, see Fig.s 2 and 3 for atom labeling.

The electron density associated with the bonding in compounds 1 and 2 was
also theoretically investigated under the perspective of the QTAIM,® which has been
recognized as a useful tool to study the bonding in transition metal complexes
containing borane ligands.?*°%8-1419 A selection of the obtained results is graphically
represented in Fig. 6, which shows the bond paths (bp’s), bond critical points (bcp’s)
and ring critical points (rcp’s) associated with the bonds between the atoms contained
in the MH,B plane of the molecules. Table 3 contains the values of selected topological
parameters of important interatomic interactions. Complementary QTAIM data are
given in the ESI (Tables S2-S4 and Fig. S5 and S6).



Fig. 6 Gradient trajectories mapped on total electron density plots (contour levels at 0.1 e A‘3) in
the MH,B planes of compounds 1 (M = Mn; top) and 2 (M = Ru; bottom), showing the atomic
basins, stationary points (blue circles), bp’s (red lines), bcp’s (red circles), and rcp’s (green
circles).



Table 3. Selected QTAIM topological parameters of selected interactions of
complexes 1 and 2

Comp. Interaction d®(A) p (e A VpL(eA®) g° 0(A-B)°

1 Mn1---B1 0.160
Mn1-H200 1.890 0.550 5.176 1.267 0.408
Mn1-H300 1.880 0.551 5.275 1.245 0.411
B1-H100 1.198 1.236 —-9.271 0.008 0.557
B1-H200 1.315 0.920 -3.743 0.252 0.389
B1-H300 1.316  0.919 -3.728 0.253 0.388

2 Ru1---B1 0.191
Ru1-H200 2.183 0.543 4.613 8.889 0.437
Ru1-H300 2.040 0.557 4,962 2.518 0.466
Ru1-H400 2.033 0.657 3.796 0.088 0.946
B1-H100 1.202 1.217 -8.753 0.023 0.553
B1-H200 1.315 0.929 —4.444 0.250 0.407
B1-H300 1.329 0.898 —4.012 0.293 0.395

“Bond path length. ®Electron density at the bcp. ‘Laplacian of the electron density
at the bcp. dEIIipticity at the bep. ¢ Delocalization index.

Although Fig. 6 and Table 3 indicate that no bond path (and consequently no
bcp) was found between the M and B atoms of 1 and 2, a non-negligible 5(M-B)
delocalization index was computed for each complex, 0.160 for 1 and 0.191 for 2. As
this integral parameter (not associated with a bcp) estimates the number of electron
pairs that are delocalized between two atoms,?® there should be a weak interaction
between M and B that is not strong enough to be recognized as a bond by the QTAIM.
This statement is also supported by the non-negligible M—B Wbi’s shown in Fig. 4 and
also by the experimental M-B distances, 2.1442(2) A in 1 and 2.213(2) A in 2, which
are slightly shorter than the summation of the average experimental (XRD) covalent
radii of the corresponding atoms (0.84, 1.39 and 1.46 A for B, Mn and Ru,
respectively).?’ As a pure Shimoi-type coordination of a B-H bond should imply no M—
B interaction, these data confirm the existence of some extent of agostic interaction in
the attachment of the BH, group to the metal atom of 1 and 2.

A quick view of Fig. 6 immediately allows the observation that the rcp
associated with MH,;B ring of complex 1 is in a symmetric position while that of
complex 2 is clearly displaced towards H200. Accordingly, the topological parameters
given in Table 3 for the M—H200 and M-H300 interactions are equivalent in complex 1,
but some of them are notably different in complex 2, in particular, the bond path length
(d) and the ellipticity at the bcp (&,). In fact, the bond path of the Ru—H200 interaction is
more curved and therefore longer (d = 2.183 A) than that of the Ru—H300 interaction (d
= 2.040 A) and the ellipticity (&,) of the Ru-H200 interaction (8.889) is more than three
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times greater than that of the Ru—H300 interaction (2.518). Therefore, while the M—
H200 and M-H300 interactions are equivalent in complex 1, they are different in
complex 2. As it has been previously shown that the Shimoi and the agostic
attachments of a B—H bond to a metal atom have similar electron density at the M—H
bcp (o) and similar Laplacian of the electron density at the M—=H bcp (VZp), but
different ellipticity at the bcp (&), that of agostic-type being significantly greater than
that of Shimoi-type,'**the data given in Table 3 indicate that the type of interaction
existing between the M atom of 1 and 2 and the borane B—H bonds is intermediate
between those of Shimoi and agostic types and that, in complex 2, the interaction of
the B—H200 bond with the Ru atom is more agostic than that of the B-H300 bond.

Conclusions

The reactions of [MnBr(MeCN),(CO);] or [RuHCI(CO)(PiPr3),] with K[mapyBH3] afford
the octahedral complexes fac-[Mn(k>N,H,H-mapyBH3)(CO)s] (1) and fac-[RuH(x*N,H, H-
mapyBH3)(CO)(PiPr3)] (2), in which the borane-containing ligand acts as a tripod
K3N,H,H-Iigand through the amido N atom and through two H atoms of the BH; group.

Theoretical (DFT and QTAIM) gas-phase studies have shown that the
attachment of the BH; group to the metal atom in 1 is symmetric and that it involves
two B—H-M interactions that are intermediate between x'H-BH (Shimoi-type) and
«’B,H-BH (agostic-type). Therefore, the slight asymmetry found in complex 1 in solid
state by XRD has to be due to experimental errors, packing effects, or a combination of
both, and that the 90° ideal coordination angle of octahedral complexes is adequate to
symmetrically accommodate a BH, group in two adjacent coordination sites.

The symmetric structure found for the octahedral complex 1 in the gas phase
also supports the proposal that the asymmetric coordination found for the BH, fragment
in complex 2 (XRD, DFT, QTAIM) is not due to the octahedral coordination geometry of
the complex but simply to the different trans influence of the hydride and phosphane
ligands (that are trans to the H atoms of the BH; group). In complex 2, the attachment
of both borane B—H bonds to the metal atom is also intermediate between those of
Shimoi and agostic types, but the B—H bond frans to the hydride interacts more
agostically with the metal atom than the B—H bond that is trans to the phosphane.

These results complement a previous work in which we reported that the
coordination of the BH, fragment of the mapyBH3; ligand in the trigonal bipyramidal

complexes [M(k*N,H,H-mapyBHs)(cod)] (M = Rh, Ir) is asymmetric, not because it its

influenced by the other ligands in the complex but because it occupies two equatorial
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coordination sites whose ideal coordination angle (120°) is too wide to efficiently

accommodate the BH, fragment in a symmetric manner.™

Experimental Section

General data. Solvents were dried over appropriate desiccating reagents and were
distilled under argon before use. All reactions and manipulations were performed under
argon using Schlenk-vacuum line techniques. The reaction products were vacuum-
dried for several hours prior to being weighted and analyzed. The compounds
HmapyBHs," [MnBr(CO)s]*® and [RuHCI(CO)(PiPrs),]** were prepared following
published procedures. All remaining reagents were purchased from commercial
suppliers. The analytical instrumentation was as previously reported.’™

fac-[Mn(k °N,H,H-mapyBHs)(CO)s] (1). A toluene solution of K[N(SiMes)] (1.2 mL, 0.5
M, 0.58 mmol) was added to a solution of HmapyBH; (58 mg, 0.48 mmol) in THF (15
mL). The resulting yellow solution was stirred at room temperature for 30 min and was
added to a red acetonitrile solution of [MnBr(MeCN),(CO)s] (prepared in situ by stirring
a solution of [MnBr(CO)s] (132 mg, 0.48 mmol) in 20 mL of acetonitrile at 50 °C for 80
min and subsequent concentration to ca. 5 mL). The resulting mixture was stirred at
room temperature for 12 h. The solvent was removed under reduced pressure and the
residue was extracted into hexane (3 x 5 mL). The filtered solution was evaporated to
dryness to give 1 as an orange solid that was dried in vacuo (80 mg, 64 %). Anal. (%)
Calcd for CgH1oBNoMnO3 (My = 259.94 amu): C, 41.59; H, 3.88; N, 10.78; found: C,
41.62; H, 3.92; N, 10.75. (+)-ESI LRMS: m/z 261 [M + H]". IR (toluene): vco 2040 (s),
1951 (vs, br) cm™."H NMR (CgDs, 400.54 MHz, 298 K): & 7.21 (d, Jyn = 6.8 Hz, 1 H,
CH), 6.52 (t, Ju.s = 6.8 Hz, 1 H, CH), 6.14 (d, Ju.y = 6.8 Hz, 1 H, CH), 5.56 (t, Ju.n = 6.8
Hz, 1 H, CH), 4.31 (q, br, Ju.118 = 129 Hz, 1 H, HBH,), 3.27 (s, 3 H, Me), —10.17 (q, br,
Ju-118 = 71 Hz, 2 H, MnH,B) ppm; the broad quartets at 4.31 and —10.17 ppm are
transformed into two broad singlets in a 'H{''B} NMR spectrum. "*C{'"H} NMR (C¢Ds,
100.62 MHz, 298 K): 6 222.4.1 (s, br, 2 CO), 219.1 (s, br, CO), 162.3 (C), 141.1 (CH),
134.4 (CH), 110.3 (CH), 105.0 (CH), 45.0 (Me) ppm. "'B NMR (C¢Ds, 128.51 MHz, 298
K): 6 17.4 (dt, Ju116= 129 and 71 Hz, BH3) ppm; this signal collapses to a singlet in a
"B{"H} NMR spectrum.

fac-[RuH(i *N,H,H-mapyBH;)(CO)(PiPr3)] (2). A toluene solution of K[N(SiMes),] (0.2
mL, 0.5 M, 0.10 mmol) was added to a solution of HmapyBH; (9.8 mg, 0.08 mmol) in
toluene (7 mL). The resulting yellow suspension was stirred at room temperature for 30
min. Solid [RuHCI(CO)(PiPr3),] (39 mg, 0.08 mmol) was added and the mixture was
stirred for 20 min. The resulting suspension was filtered and the filtrate was
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concentrated to ca. 1 mL and was stored at —20 °C for 24 h to afford yellow crystals of
compound 2, which were isolated by decantation, washed with cold hexane (1 mL),
and dried in vacuo (22 mg, 66 %). Anal. (%) Calcd for C1sH32,BN,OPRu (Myw = 411.29
amu): C, 46.72; H, 7.84; N, 6.81; found: C, 46.74; H, 7.87; N, 6.78. (+)-ESI LRMS: m/z
411 [M — HJ". IR (toluene): vco 1933 (s) cm™". "H NMR (CgD¢, 400.54 MHz, 298 K): &
7.57 (d, Jun = 7.4 Hz, 1 H, CH of mapy), 6.61 (t, Ju.s = 7.4 Hz, 1 H, CH of mapy), 6.36
(d, Ju-n = 7.4 Hz, 1 H, CH of mapy), 5.63 (t, Ju-n = 7.4 Hz, 1 H, CH of mapy), 4.45 (q, br,
Ju11s = 113 Hz, 1 H, HBH,), 3.70 (s, 3 H, Me of mapy), 2.00 (m, 3 H, 3 CH of PiPr3),
1.18 (m, 18 H, 6 Me of PiPr3), —4.35 (q, br, Ju.11g = 65 Hz, 1 H, RuHB), —6.52 (q, br, Ju.
118 = 65 Hz, 1 H, RuHB), -11.68 (d, Jur = 24.0 Hz, RuH) ppm; the broad quartets at
445, -4.35, and —6.52 ppm are transformed into a triplet (Jy.yw = 8.0 Hz), a broad
singlet and a doublet (Ji.y = 8.0 Hz), respectively, in a "H{"'B} NMR spectrum. "*C{'H}
NMR (Ce¢Ds, 100.62 MHz, 298 K): § 162.3 (C), 142.9 (CH), 134.2 (CH), 109.6 (CH),
103.8 (CH), 47.3 (Me), 27.11 (d, Jcp = 22.9 Hz, CH of PiPr3), 20.1 (s, Me of PiPr;),
19.0 (s, Me of PiPr3) ppm. "'B NMR (CgDs, 128.51 MHz, 298 K): & 9.2 (dt, Ju.115= 113
and 65 Hz, BH3) ppm; this signal collapses to a singlet in a "'B{'"H} NMR spectrum.
¥P{"H} NMR (C¢Ds, 128.51 MHz, 298 K): 6 80.3 (s) ppm.

X-ray crystallography. Crystals of 1 and 2 were analyzed by X-ray diffraction. A
selection of crystal, measurement, and refinement data is given in the ESI (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.? The structures were
solved using SIR-97.%° Isotropic and full matrix anisotropic least square refinements
were carried out using SHELXL.?” All non-H atoms were refined anisotropically. The
hydrogen atoms of the BH; moieties of 1 and 2 and the hydride ligand of 2 were
located in Fourier maps and were refined without constraints. The remaining hydrogen
atoms were set in calculated positions and refined riding on their parent atoms. The
WINGX program system28 was used throughout the structure determinations. The
molecular plots were made with MERCURY.?* CCDC deposition numbers: 1524082 (1)
and 1524083 (2).

Theoretical studies. DFT computations with non-relativistic wavefunctions were
performed with the GAUSSIANO9 program package,® using the hybrid B3P86 hybrid
functional®® and the all-electron 6-31G(d,p) or 6-311++G(3df,3pd) basis sets for all
atoms except Ru, the former for the geometry optimization processes and the latter for
the single-point electronic structure calculations at the optimized geometries. The
LanL2DZ effective core potential®® and the large all-electron WTBS*® basis sets were
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used for the Ru atom, the former for the geometry optimization and the latter for the
electronic structure calculation. The NBO*' calculations were performed at the
B3P86/6-31G(d,p) (1) and B3P86/6-31G(d,p)/LanL2DZ (2) levels of theory.
Computations with relativistic wavefunctions were performed using the scalar
ZORA hamiltonian, the PW91 density functional and the all-electron relativistic QZ4P
basis set for all atoms,*® as implemented in the ADF2012 program package,* for the
geometry optimizations, and the hybrid B1PW91 functional with relativistic QZ4P basis
sets were for single-point electronic structure calculations at the optimized geometries.
The obtained non-relativistic and relativistic ground-state electronic
wavefunctions, which were found to be stable, were then used for the QTAIM
calculations, which included both local and integral properties and were carried out with
the AIMAIL*" AIM2000,* and DGrid*® programs. The accuracy of the local properties
was 1.0 x 107'° (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 x 107 (from the Laplacian of the
integrated electron density). As expected for molecules containing a 3d transition metal
(Mn), both the relativistic and non-relativistic calculations gave similar QTAIM results in
the case of compound 1; however, the use of relativistic calculations was essential in

order to find all the expected bond and ring critical points of the Ru complex 2.
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Figure and text for the Table of Contents

The borane adduct of the 2-(methylamido)pyridine anion has been incorporated to
octahedral metal (Mn, Ru) complexes and their bonding has been studied by
theoretical methods (DFT, QTAIM).
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