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Abstract 

Relativistic density functional theory calculations, both with and without the effects of spin-orbit 

coupling, have been employed to model hydride NMR chemical shifts for a series of 

[Ru(NHC)4(L)H]0/+ species (NHC = N-heterocyclic carbene; L = vacant, H2, N2, CO, MeCN, O2, P4, 

SO2, H
-, F- and Cl-), as well as selected phosphine analogues [Ru(R2PCH2CH2PR2)(L)H]+ (R = iPr, Cy; 

L = vacant, O2). Inclusion of spin-orbit coupling provides good agreement with the experimental data. 

For the NHC systems large variations in hydride chemical shift are shown to arise from the 

paramagnetic term, with high net shielding (L = vacant, Cl-, F-) being reinforced by the contribution 

from spin-orbit coupling. Natural chemical shift analysis highlights the major orbital contributions to 

the paramagnetic term and rationalizes trends via changes in the energies of the occupied Ru dπ 

orbitals and the unoccupied σ*Ru-H  orbital. In [Ru(NHC)4(η
2-O2)H]+ a δ-interaction with the O2 ligand 

results in a low-lying LUMO of dπ character. As a result this orbital can no longer contribute to the 

paramagnetic shielding, but instead provides additional deshielding via overlap with the remaining 

(occupied) dπ orbital under the Lz angular momentum operator. These two effects account for the 

unusual hydride chemical shift of +4.8 ppm observed experimentally for this species.  Calculations 

reproduce hydride chemical shift data observed for [Ru(iPr2PCH2CH2P
iPr2)2(η

2-O2)H]+ (δ = -6.2 ppm) 

and [Ru(R2PCH2CH2PR2)2H]+ (ca. -32 ppm, R = iPr, Cy). For the latter, the presence of a weak agostic 

interaction trans to the hydride ligand is significant, as in its absence  (R = Me) calculations predict a 

chemical shift of -41 ppm, similar to the [Ru(NHC)4H]+ analogues.  Depending on the strength of the 

agostic interaction a variation of up to 18 ppm in hydride chemical shift is possible and this factor (that 

is not necessarily readily detected experimentally) can aid in the interpretation of hydride chemical 

shift data for nominally unsaturated hydride-containing species.  The synthesis and crystallographic 

characterization of the BArF
4

- salts of [Ru(IMe4)4(L)H]+ (IMe4 = 1,3,4,5-tetramethylimidazol-2-

ylidene; L = P4, SO2; ArF = 3,5-(CF3)2C6H3) and [Ru(IMe4)4(Cl)H] are also reported.  
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Introduction 

 

Coordinatively unsaturated transition metal hydride complexes, LnM–H, play a central role in many 

stoichiometric and catalytic transformations1 and, as a result, their characterization and isolation 

remains of enduring interest. The often transient nature of such species can make this a challenge and 

in the absence of definitive crystallographic data much emphasis is placed on the use of spectroscopic 

techniques to provide structural information.  1H NMR spectroscopy proves a valuable tool in this 

respect, although the assignment of observed resonances to specific hydride environments is not 

always straightforward.2 Thus the direct comparison of pairs of well-defined saturated and unsaturated 

LnM–H complexes would be of use in understanding changes that occur upon ligand dissociation 

and/or coordination. 

 

We have previously reported on the chemistry of the unsaturated square-pyramidal 16e N-heterocyclic 

carbene (NHC) complexes of the type [Ru(NHC)4H]+ (NHC = IiPr2Me2, IEt2Me2, IMe4),
3 in which the 

axial hydride ligands display a highly shielded hydride chemical shift at around -41 ppm (Scheme 1).4 

The ability of these [Ru(NHC)4H]+ fragments to bind small molecules, L, at the vacant coordination 

site trans to H varies considerably according to the NHC substituents.5 Thus only [Ru(IiPr2Me2)4H]+ 

forms a stable adduct with O2, [Ru(IMe4)4H]+ and [Ru(IEt2Me2)4H]+ both reversibly bind N2 and H2, 

and all three complexes irreversibly bind CO. For the saturated 18e [Ru(NHC)4(L)H]+ species with L = 

H2, N2 and CO the hydride signals appear in the range δ = -4 ppm to δ = -10 ppm. However, the 

hydride in [Ru(IiPr2Me2)4(η
2-O2)H]+ resonates at δ = + 4.8 ppm.  Such highly deshielded hydride 

chemical shifts have been reported and rationalized for d10 and d0 systems6 but are unusual for 

intermediate electron counts. 
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Scheme 1 

 

Related to these [Ru(NHC)4H]+ systems are the 16e square-pyramidal complexes of the form 

[Ru(R2PCH2CH2PR2)2H]+ (R = Cy, iPr) for which the hydride chemical shifts appear around δ = -32 

ppm.7 These species can also bind a range of ligands including O2, and for the 

[Ru(R2PCH2CH2PR2)2(η
2-O2)H]+ adducts the hydride chemical shift is observed at δ = -5 ppm. Thus 

for the NHC systems, the hydride chemical shift changes by over 45 ppm upon O2 binding, whereas 

for the apparently closely related phosphine systems this span is reduced to only 27 ppm.  

 

The last two decades have seen significant progress in the use of theoretical methods to model the 

hydride chemical shifts of LnM–H species.8 In 1996 Ziegler and co-workers applied density functional 

theory (DFT) calculations to model the hydride chemical shifts of 18e transition metal carbonyl 

hydrides.9  Building on early work by Buckingham and Stephens,10 this paper outlined the mechanism 

by which the paramagnetic term contributes to the negative chemical shifts typical of most LnM-H 

species. Subsequent studies have appeared on a range of LnM–H complexes11 and clusters12 and have 

in general provided good qualitative agreement between experimental and computed hydride chemical 

shifts.   
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Relativistic effects also play an important role in determining hydride chemical shifts.13 Ziegler and 

co-workers included scalar relativistic corrections in their study of [Re(CO)5H],9 while more recently 

the inclusion of spin-orbit coupling effects has been shown to improve the agreement of computed and 

experimental hydride chemical shifts.6a, 14  Using relativistic 4-component DFT calculations, Hrobárik, 

Kaupp and co-workers6a showed that spin-orbit coupling can be particularly important for unsaturated 

16e species, and that this effect could be significant not only for complexes of the 3rd row transition 

metals but also for their 1st and 2nd row congeners. Thus for the series of Group 9 [M(PMe3)2Cl2H] 

complexes calculated hydride chemical shifts were -35.3(-17.2) ppm, -25.6(-13.0) ppm and -43.2(-

28.7) ppm for M = Co, Rh and Ir respectively, where the contributions from spin-orbit coupling are 

given in parenthesis.  

 

In the following DFT calculations are used to model the observed hydride chemical shift data of 16e 

[Ru(IMe4)4H]+ and [Ru(dippe)2H]+ species (dippe = iPr2PCH2CH2P
iPr2) and the η

2-O2 adducts 

[Ru(IiPr2Me2)4(η
2-O2)H]+ and [Ru(dippe)2(η

2-O2)H]+. The modelling study is extended to include a 

range of 18e neutral and cationic [Ru(IMe4)4(L)H]0/+ species and as part of this we report the synthesis 

and full characterization of [Ru(IMe4)4(P4)H]BArF
4, 1, [Ru(IMe4)4(SO2)H]BArF

4, 2, and 

[Ru(IMe4)4(Cl)H], 3, for the first time. The calculations provide good agreement with the experimental 

data and again highlight the importance of the paramagnetic and spin-orbit coupling contributions in 

determining the hydride chemical shifts. A Natural Chemical Shift (NCS) analysis then provides 

chemical insight into how the paramagnetic and spin-orbit terms vary with the occupation of the site 

trans to hydride and how this can be understood with reference to the underlying electronic structure. 

The NCS approach has recently proved useful in understanding the 13C NMR chemical shift associated 

with alkylidene ligands in a range of d0 olefin metathesis catalysts.15  
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Results and Discussion. 

Synthesis and Characterization of [Ru(IMe4)4(L)H][BAr
F
4] (L = P4, 1, SO2, 2) and 

[Ru(IMe4)4(Cl)H], 3.  

Treatment of THF solutions of the BArF
4 salt of [Ru(IMe4)H]+ with an equivalent of white phosphorus 

led to a rapid colour change from purple to orange resulting from the formation of 

[Ru(IMe4)4(P4)H]BArF
4 (1). An X-ray crystal structure (Figure 1a) showed η1-coordination of the P4 

cage trans to the hydride ligand. The Ru-P distance (2.3029(8) Å) is slightly shorter than in either of 

the chelating phosphine analogues, [Ru(Me2PCH2CH2PMe2)2(P4)H]BF4 (2.3215(17)/2.3270(16) Å) 

and [Ru(Ph2PCH2CH2PPh2)2(P4)H]BF4 (2.3449(12) Å), which also feature a trans H-Ru-P geometry.16 

The P4 ligand in 1 exhibited fluxionality: at room temperature, the Ru-H resonance (δ -5.13) appeared 

as a doublet (1
JH-P = 264.5 Hz), although upon cooling to 278 K, this resolved into the anticipated 

doublet of quartets, with 2
JH-P and 3

JH-P splittings of 266.1 and 11.0 Hz respectively. The 278 K 

31P{1H} NMR spectrum showed low frequency quartet (δ -394.6) and doublet (δ -468.6) signals, 

characteristic for bound and unbound phosphorus atoms in metal-P4 complexes.17, 18   

 

Exposure of [Ru(IMe4)H]BArF
4 to SO2 gave [Ru(IMe4)4(SO2)H]BArF

4 (2) in time of mixing. A 

combination of X-ray crystallography (Figure 1b) and IR spectroscopy confirmed that the SO2 ligand 

was bound in a coplanar mode19 with the long Ru-S distance of 2.1753(16) Å presumably a result of 

being trans to the hydride ligand.20 The Ru-H chemical shift of 2 was observed at δ -4.51.  
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Figure 1. Molecular structures of (a) 1, (b) 2 and (c) 3. Minor disordered component and hydrogen 

atoms, with the exception of the hydride ligand, are omitted for clarity in 2 and atoms with primed 

labels are related to those in the asymmetric unit by the 1 – x, y, 2 – z symmetry operation. Atoms with 

primed, double-primed and triple-primed labels in 3 are related to those in the asymmetric unit by the 1 

– x, 1 – y, z,   1 – y, x, z and y, 1 – x, z symmetry operations, respectively, and hydrogen atoms, with 

the exception of the hydride ligand, are omitted for clarity. Selected bond lengths (Å) and angles (°). 1: 

Ru(1)-C(1) 2.113(3), Ru(1)-C(8) 2.095(3), Ru(1)-C(15) 2.097(3), Ru(1)-C(22) 2.110(3), Ru(1)-P(1) 

2.3029(8), C(1)-Ru(1)-C(15) 170.07(11). 2: Ru(1)-C(1) 2.116(4), Ru(1)-C(8) 2.128(4), Ru(1)-S(1) 

2.1753(16), C(1)-Ru(1)-C(1′) 173.2(2). 3: Ru(1)-C(1) 2.089(3), Ru(1)-Cl(1) 2.751(3), C(1)-Ru(1)-

C(1′) 172.5(2). Thermal ellipsoids are represented at 30% probability. 

(a) (b) 

(c) 
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Formation of the neutral hydride chloride complex [Ru(IMe4)4(Cl)H] (3) was accomplished either by 

reaction of [Ru(IMe4)4H2] with an equimolar quantity of benzyl chloride in THF at room temperature 

or, on a more synthetically viable scale, by heating [Ru(PPh3)3(Cl)H] in THF for 1 h at 343 K with 4.5 

equivalents of free IMe4. The choice of solvent in these reactions was critical, as the complex was only 

sparingly soluble in THF, but completely insoluble in solvents such as benzene or toluene.21 The 1H 

NMR spectrum of 3 showed a highly shielded Ru-H hydride resonance at δ -22.56. In addition, an 

unusually long Ru-Cl bond length was determined in the X-ray crystal structure (Figure 1c): at 

2.751(3) Å this is ca. 0.15 Å longer than the longest distance reported for structurally characterized 

[Ru(P-P)2(Cl)H] complexes in the literature,22 and is consistent with a loosely bound chloride ligand. 

 

Computational Studies 

DFT calculations were performed to model and rationalize the observed hydride chemical shifts in a 

series of [Ru(IMe4)4(L)H]+ cations (L = vacant, H2, N2, CO, MeCN,5 O2,
4 P4 and SO2) and the related 

neutral [Ru(IMe4)4(L)H] species (L = H-,23 F- and Cl-). These provide a series of complexes in which 

the trans ligand L exhibits a range of donor and acceptor properties and so provides the opportunity to 

rationalize trends in hydride chemical shifts. The related phosphine cations [Ru(dippe)2H]+ and 

[Ru(dippe)2(η
2-O2)H]+ will also be considered.  

  

[Ru(IMe4)4(L)H]
+: Computed Structures. Previously BP86 calculations on [Ru(IMe4)4(L)H]+ 

species (L = vacant, H2, N2, CO5 and O2
4) provided good agreement with experimental metrics and the 

same approach was used here to compute structures for the remaining [Ru(IMe4)4(L)H]0/+ species.  

Selected computed data are presented in Table 1 and compared with the available structural data and 

their experimentally determined hydride chemical shifts. The Ru-P distance computed in 1 and the Ru-
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S distance in 2 are both slightly overestimated by ca. 0.08 Å although the very long Ru-Cl distance 

observed experimentally is 3 well reproduced.  The high trans influence hydride ligand will certainly 

play a role in labilizing the Cl- ligand in 3 and this may be further facilitated by  close ClLH-C 

contacts to four H atoms on the IMe4 N-Me substituents. Indeed computed NBO charges (qCl = -0.66; 

qH = +0.29) do suggest a degree of Clδ−
LHδ+ electrostatic stabilization and this was supported by a 

non-covalent interaction (NCI) analysis24 that highlights areas of non-covalent stabilization between 

the chloride and each of these hydrogens (see Figure S9, ESI). The computed structure of 

[Ru(IMe4)4(F)H] similarly captures the long Ru-F distance and again highlights four short FLH-C 

contacts of 1.87 Å.25  

 

L Ru-Hcalc Ru-Lcalc Ru-Lexp        δδδδ
exp

 

Vacant 1.55 - -  -40.7a 

F
-
 1.62 2.28 2.3070(18)  -23.2b 

Cl
-
 1.61 2.72 2.751(3)  -22.6 

MeCN 1.63 2.06   -14.5a 

N2 1.64 1.97   -10.2a 

H2 1.62 1.70c   -9.3a 

H
-
 1.71 1.71 1.69(3)d  -7.5d 

P4 1.61 2.38 2.3031(8)  -5.1 

SO2 1.62 2.25 2.1804(15)
e
  -4.5 

CO 1.69 1.89 1.983(6)a, f  -4.0a 

O2 1.61 1.98c 1.985(3)g  +4.8g 
 

Table 1. Selected calculated and experimental data for neutral and cationic [Ru(IMe4)4(L)H]0/+ species 

with bond distances in Å and hydride chemical shifts in ppm.  aRef 5; bRef 25; cdistance to the 
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midpoint of the H2/O2 ligand; dRef 23; eaverage of two molecules in the unit cell; fdata are for 

[Ru(IiPr2Me2)4(CO)H]+; gRef 4; data are for [Ru(IiPr2Me2)4(η
2-O2)H]+. 

 

Over the series of neutral and cationic [Ru(IMe4)4(L)H]0/+ complexes computed Ru-H distances range 

from 1.55 Å in 5-coordinate [Ru(IMe4)4H]+ to 1.71 Å in [Ru(IMe4)4H2]
26 and there appears to be little 

relationship between the computed Ru-H distances and the observed hydride chemical shifts. For 

example, both [Ru(IMe4)4(η
2-O2)H]+ and [Ru(IMe4)4(Cl)H] have computed Ru-H distances of 1.61 Å, 

but the hydride chemical shift for the O2 adduct is shifted by 28 ppm relative to that of 3.   

   

[Ru(IMe4)4(L)H]
0/+: Computed hydride chemical shifts. Hydride chemical shifts for the 

[Ru(IMe4)4(L)H]0/+ species using the BP86-optimized geometries were calculated using three different 

relativistic Hamiltonians: (i) through the ZORA approximation using the ADF program with the 

B1PW91 hybrid density functional ( ); (ii) with ADF but without a correction for spin-orbit 

coupling effects ( ) and; (iii) with a X2C Hamiltonian using the Dirac program with the B3PW91 

hybrid density functional ( ). The results are plotted in Figure 2 and show all three approaches 

provide an excellent correlation with experiment (R2 values > 0.98). However, significantly improved 

absolute agreement is found upon including spin-orbit coupling, these plots having gradients of 0.94 (

 and ) compared to 0.65 in the absence of this factor ( ).  The contribution from spin-

orbit coupling therefore becomes more significant as the chemical shift becomes more negative, with 

particularly large contributions for L = Cl- and  F- (> 5 ppm) and for 5-coordinate [Ru(IMe4)4H]+ (> 11 

ppm). Full listings of computed hydride chemical shift data are provided in the Supporting Information 

(Table S2).   
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Figure 2.  Plots of experimental ( ) vs. computed chemical shifts ( calcδ ) for [Ru(IMe4)4(L)H]0/+ 

species, at the ,  and levels of approximation.  

 

In order to analyze the trends in the computed chemical shifts, a subset of the [Ru(IMe4)4(L)H]0/+ 

species was selected to cover the full range of hydride chemical shifts (i.e. from L = vacant to L = O2) 

and to monitor the effects of introducing a simple σ-donor (L = H-), a π-donor (L = Cl-) and a π-

acceptor  ligand (L = CO).  The isotropic chemical shift for a given system, , is related to the 

isotropic shielding of the hydrogen nucleus relative to that of a hydrogen in SiMe4 (TMS): 

=   

where is itself an average of the three principal components of the rank-2 shielding tensor. For 

these [Ru(IMe4)4(L)H]0/+ systems the three components are either parallel (σ||) or perpendicular (σ⊥) to 

the Ru-H bond and for L = vacant, H-, Cl- and CO the C4 symmetry means these two σ⊥ terms are 

equivalent, i.e.: 
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( ) ⊥+=++= σσσσσσ
3

2

3

1

3

1
332211iso ||  

Within the GIAO scheme, can also be expressed as:  

 

where  is the diamagnetic contribution,  the paramagnetic contribution and  the 

contribution from spin-orbit coupling. Each of these terms will also have parallel and perpendicular 

components.   

 

Computed values for , , and  for the selected [Ru(IMe4)4(L)H]0/+ species are provided 

in Table 2, along with the σ|| and σ⊥ contributions for the latter three terms. As noted by others,9  

(and its components) show little variation and the trend in  is dominated by changes in which 

are then augmented by . 

 
  

L   d
||σ    p

||σ    SO
||σ   

Vacant 73.3 27.8 39.9 21.8 28.5 -12.8 49.2 16.9 -1.5 26.1 
Cl- 54.1 27.8 38.9 22.3 20.0 -10.4 35.2 6.3 -0.5 9.7 
H- 39.6 26.1 35.9 21.2 10.5 -7.8 19.7 3.0 -0.2 4.7 
CO 35.8 25.4 34.5 20.8 8.4  -7.4 16.3 2.1 -0.2 3.3 
O2 30.9 25.2 35.4 17.0/23.2 3.8 -34.6 15.7/30.3 2.0 -0.7 -3.7/10.5 
 

Table 2. Calculated values (ZORA, B1PW91) for , , and  for selected 

[Ru(IMe4)4(L)H]0/+ species, along with σ|| and σ⊥ contributions for , and . For L = O2 two 

components are provided for the perpendicular terms due to the lower symmetry of the system. 
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and the key implications of this are outlined below, following Ziegler and co-workers:9 

 (i)  arises from the ability of the applied magnetic field to induce a circulation of charge 

 initially residing in the occupied orbitals, ϕocc, by making use of the vacant orbitals, ϕvac.  

(ii) This process is governed by the angular momentum operator, , where i = x, y and z: these 

correspond to the axes of the principal components of the shielding tensor and are therefore 

either perpendicular (x, y) or parallel (z) to the Ru-H bond. 

(iii) is inversely proportional to the difference in energy between ϕocc and ϕvac and so is 

dominated by molecular orbitals around the HOMO-LUMO gap.  

(iv) For transition metal hydrides the proximity of the hydride to the metal centre means that its 

shielding tensor is strongly influenced by ring currents induced within the set of metal-based 

orbitals.  A ring current at the metal which is perpendicular to the Ru-H direction induces a 

magnetic field that reinforces the external field and so deshields the hydrogen nucleus ( is 

negative and ∆σ is positive). In contrast, a metal ring current in a plane containing the M-H 

bond induces a magnetic field that opposes the external field and so increases the shielding of 

the hydrogen nucleus (  is positive and ∆σ is negative).    

 

Figure 3 provides a qualitative picture of the relevant metal-based orbitals of square-pyramidal 

[Ru(IMe4)4H]+. This features three low-lying occupied d-orbitals, dxz and dyz (dπ with respect to the Ru-

H axis) and the dxy orbital.  To higher energy lie σ*Ru-H , an unoccupied antibonding Ru-H orbital 

featuring a mixture of dz2, pz and s Ru character and, above this, the dx2-y2 orbital which is antibonding 

p
isoσ

iL̂

p
isoσ

isoσ

isoσ
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with respect to the four IMe4 ligands. Coupling between the occupied and vacant orbitals under  is 

governed by Cornwall’s model of orbital rotations:27 the rotated orbital |dxy> has significant overlap 

with the dx2-y2 orbital, while |dxz> and |dyz> both overlap with σ*Ru-H.   These couplings will be 

labelled {dxy|dx2-y2} and {dπ|σ*Ru-H} respectively in the following. 

 

 

Figure 3. (a) Relevant metal-based molecular orbitals of [Ru(IMe4)4H]+; (b) coupling of metal-based 

orbitals via the angular momentum operator and their contribution to the paramagnetic term.   

 
 

The relationship between the electronic structure and the calculated shielding tensors was probed using 

the Natural Chemical Shift (NCS) analysis based on the scalar relativistic natural localized molecular 

orbitals.27a, 28 The NCS analysis, which is implemented in the ADF program and is hence applied to the 

 data, allows contributions from localized occupied orbitals to be identified and the most 

important of these are detailed in Table 3 for and .  
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L �∥
� ��

� �∥
�
 ��

�
 

 �� ��� �� ��� �����
∗  �����

∗  

Vacant -1.7 -15.5 49.5 0.9 -1.0 9.6 
Cl- -2.2 -13.7 33.0 1.0 -0.3 4.3 
H- -2.0 -10.4 16.1 1.0 -0.1 2.0 
CO -0.5 -13.6 10.9 0.7 0.0 0.1 
O2 -25.3a -17.1 26.5a, b 2.3c -0.2 2.5c 

 

Table 3. NCS analysis of the contributions (ppm) to and  for selected [Ru(IMe4)4(L)H]0+ 

species. aonly dxz contributes, see text; b
dxz contributes 0.8 ppm to shielding via rotation about the x-

axis; c the average of two contributions due to rotation about the x- and y-axes is given; see Figure 4 for 

orientation. 

 

For [Ru(IMe4)4H]+ the major contributions are a deshielding from {dxy|dx2-y2} (�||
�, -15.5 ppm) and a 

shielding from {dπ|σ*Ru-H} (��
�, 49.5 ppm). The small energy gap between the dπ and σ*Ru-H orbitals 

means that the latter shielding is the more significant term. The resultant net shielding arising from  

is then reinforced by , contributing to the σ⊥ term (��
�
, 9.6 ppm). As with the paramagnetic term, 

the spin-orbit contribution also appears in the sum-over-unoccupied orbitals part of the Ramsey-type 

equations and the mechanism by which the spin-orbit term operates has been discussed by Kaupp and 

co-workers.29  In the presence of an external magnetic field, spin-orbit coupling induces a degree of 

spin polarization via mixing of some triplet character into the singlet ground state. σ-π mixing between 

the Ru dπ and the Ru-H σ* orbitals allows this spin polarization to be transferred to the hydrogen 

where it is transmitted by the relativistic analogue of the Fermi-contact and spin-dipole mechanisms on 

the hydrogen centre. This coupling mechanism necessarily involves s-orbital character at hydrogen and 

this explains the dominance of the antibonding σ*Ru-H in the spin-orbit contribution to the hydride 

shielding for the σ⊥ term. 
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The computed changes in ��
� and �||

�
 upon introducing a sixth ligand can be qualitatively rationalized 

by considering the effects on the orbitals in Figure 3. For L = H-, Cl- and CO σ-donation occurs into 

σ*Ru-H, destabilizing that orbital and hence reducing the shielding contribution of the {dπ|σ*Ru-H} term 

to ��
�. For L = H- this is the major effect and, reinforced by the high trans influence of hydride, results 

in a significant decrease in ��
� from 49.5 ppm to 16.1 ppm. The dxy and dx2-y2 orbitals are both 

orthogonal to the H- 1s orbital and so to a first approximation are unaffected: accordingly the {dxy|dx2-

y2} deshielding contribution changes by only 5 ppm, presumably reflecting changes in orbital overlap.   

 

Cl- has a much lower trans influence than H-, in particular at the long Ru-Cl distance of 2.72 Å 

calculated for [Ru(IMe)4(Cl)H]. The destabilization of σ*Ru-H will therefore be reduced; moreover any 

π-donation from Cl- will also destabilize the dπ orbitals. These factors suggest a relatively small dπ to 

σ*Ru-H energy gap is retained and so explain the significant {dπ|σ*Ru-H} shielding contribution of 33.0 

ppm to ��
�. In contrast, the high trans influence CO ligand will both destabilize σ*Ru-H and stabilize the 

dπ orbitals through π-back donation. The dπ-σ*Ru-H energy gap is therefore large and as a result the 

{dπ|σ*Ru-H} shielding contribution of 10.9 ppm to ��
� is even smaller than for H-. 

 

For [Ru(IMe)4(η
2-O2)H]+ the availability of two sets of π-MOs on the O2 ligand (π1/π

∗
1 and π2/π

*
2) 

causes significant changes in electronic structure (see Figures 4(a) and (b)). The π-bonding orbitals of 

O2 provide both a σ-donor (π1: destabilization of σ*
Ru-H) and a π-donor orbital (π2: destabilization of 

dxz).  Of the antibonding orbitals, π∗
1 overlaps with dyz and the resultant antibonding combination, dyz - 

π∗
1, forms the LUMO of the system.  π∗

2 forms δ-type orbitals, dxy ± π*
2, and the relatively weak δ-

overlap means that these orbitals remain close in energy and that the bonding and antibonding 
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combinations are heavily located on the metal and the O2 ligand respectively. The dxy - π
*

2 combination 

becomes the HOMO of the system and implies a degree of electron transfer from Ru to O2.   

 

Figure 4. (a) Selected metal-based orbitals for [Ru(IMe4)4(η
2-O2)H]+; (b) π-MOs of O2; (c) coupling 

of metal-based orbitals via the angular momentum operator and their contribution to the paramagnetic 

term; for the rotated orbitals only the metal-based component is indicated for clarity. 

 

The destabilization of the dyz orbital to form the LUMO has two consequences for (Figure 4(c)). 

Firstly, the equivalent orbital was occupied in the other [Ru(IMe)4(L)H]0/+ species and so contributed 

to ��
� through coupling with σ*Ru-H. This is therefore lost in [Ru(IMe)4(η

2-O2)H]+ in which only the dxz 

– π2 contributes to shielding (26.5 ppm, Table 3). Secondly, dxz – π2 can also couple though Lz with dyz 

– π∗
1 and the small energy gap means this contributes a significant deshielding to �||

� (-25.3 ppm).  The 

p
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cumulative effect of these two factors (reduced shielding and increased deshielding) accounts for the 

unusually low-field chemical shift observed experimentally for [Ru(IiPr2Me2)4(η
2-O2)H]+. This 

outcome is also captured in the computed hydride paramagnetic shielding tensors for [Ru(IMe4)4H]+ 

and [Ru(IMe4)4(η
2-O2)H]+ (see Figure 5). These show a cylindrical tensor for 16e [Ru(IMe4)4H]+ 

which arises from the dominant shielding contributions (in orange) of the two dπ orbitals. In 

[Ru(IMe4)4(η
2-O2)H]+ the tensor is significantly reduced along one of its principal components and in 

addition strong deshielding (in blue) is now seen in the parallel direction.    

   

 

Figure 5.  Calculated (ZORA, B1PW91) hydride paramagnetic shielding tensors for [Ru(IMe4)4H]+ 

(left) and [Ru(IMe4)4(η
2-O2)H]+ (right) represented as polar plots30 of functions ! ∑ �	σ	$

� �$	,$  where s is 

a scaling factor (left: s=4, right: s=7) color coded by the sign of σ: orange indicates shielding and blue 

deshielding. The arrows represent the principal components and the total contributions along each 

component are indicated.    Me groups of the IMe4 ligands are omitted for clarity. 

  

 [Ru(dippe)2H]
+
 and [Ru(dippe)2(ηηηη

2
-O2)H]

+
.   Initial calculations were conducted on [Ru(dmpe)2H]+ 

and [Ru(dmpe)2(η
2-O2)H]+ (where dmpe = Me2PCH2CH2PMe2) and B3PW91 calculations with the 
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X2C Hamiltonian provided  values of -41.4 ppm and -6.9 ppm respectively.  The latter agrees 

well with experiment for [Ru(dippe)2(η
2-O2)H]+  (-6.2 ppm), but for [Ru(dmpe)2H]+ the calculated 

hydride chemical shift is 9 ppm more shielded than observed for [Ru(dippe)2H]+.7a, 31, 32 One 

explanation is that some additional interaction is present at the sixth coordination site in 

[Ru(dippe)2H]+ that is not captured by the dmpe model. To probe this assertion a 

[Ru(dmpe)(dmpe')H]+ model was employed (where dmpe' = Me2PCH2CH2PMeEt) and a series of 

constrained geometry optimizations varying the RuLCβ distance to the Et substituent was performed, 

and the hydride chemical shift computed for each structure. The results are presented in Figure 6, with 

the computed values of and its components   ( d
isoσ , p

isoσ and so
isoσ ) provided in Table S3 in the 

Supporting Information. Figure 6 shows that the initial shortening of the RuLCβ distance from 4.08 Å 

(the optimized value in the absence of any constraint) to 3.25 Å only has a minor effect on the hydride 

chemical shift. However, further shortening reduces the shielding dramatically such that = -23.0 

ppm at RuLCβ = 2.5 Å.  At this geometry the computed RuLHβ and Cβ-Hβ distances (1.88 Å and 

1.14 Å, respectively) are consistent with a significant RuLHβ-Cβ agostic interaction, the net effect of 

which on the hydride chemical shift is similar to the Cl ligand in 3. Moreover, depending on the 

strength of this agostic interaction, an 18 ppm span in the hydride chemical shift can be accessed.  Full 

optimization of the structure of [Ru(dippe)2H]+ does indeed show evidence for a weak agostic 

interaction (RuLCβ = 2.97 Å, RuLHβ  = 2.19 Å, Cβ -Hβ  = 1.13 Å) and this provides a computed 

hydride chemical shift of -31.8 ppm, in striking agreement with experiment. Thus the hydride chemical 

shift in this formally unsaturated species is highly sensitive to the presence of even a weak agostic 

interaction. 

CX

iso

2δ

isoσ

CX

iso

2δ

Page 20 of 33Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 3
0 

Ja
nu

ar
y 

20
17

. D
ow

nl
oa

de
d 

by
 H

er
io

t W
at

t U
ni

ve
rs

ity
 o

n 
30

/0
1/

20
17

 0
9:

27
:1

2.
 

View Article Online
DOI: 10.1039/C7DT00117G

http://dx.doi.org/10.1039/C7DT00117G


21 
 

 

Figure 6. Plot of computed  hydride chemical shift (B3PW91, X2C)  vs. RuLCβ distance in the 

[Ru(dmpe)(dmpe')H]+ model system. 

 

The individual components making up  for [Ru(dmpe)2H]+, [Ru(dmpe)(dmpe')H]+ (RuLCβ = 2.5 

Å) and [Ru(dippe)2H]+ are compared in Figure 7.  As seen for the NHC complexes, the major effect 

upon occupying the 6th coordination site is to reduce the shielding arising from the  component of 

the  term. Thus even the weak coordination of the Cβ-Hβ bond destabilizes the σ*Ru-H orbital 

enough to significantly reduce the contribution of the {dπ|σ*Ru-H} coupling. This is supported by an 

NCS analysis which shows the average contribution to the  shielding from the dπ orbitals falls from 

43.1 ppm in the fully optimised structure to 26.3 ppm when the RuLCβ distance is fixed at 2.50 Å (see 

Table S4, Supporting Information). As before, the contribution from the so
isoσ  term also drops as the 6th 

coordination site is occupied. 
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Figure 7. Calculated (B1PW91, ZORA) values for , , and  for selected 

[Ru(R2PCH2CH2PR2)2(L)H]+ species (L = vacant, O2) along with their [Ru(IMe4)4(L)H]+ analogues for 

comparison. The contributions from p

||σ  and are indicated in parenthesis. a similar values were 

obtained for the two components of  and an average value is indicated. 

 

Comparison of [Ru(dmpe)2H]+ and [Ru(IMe4)4H]+  indicates that the similar values of  actually 

arise from small variations in its individual components that ultimately cancel each other out.  One of 

the more noticeable differences is in the p

||σ term which is rather small for [Ru(dmpe)2H]+ (1.7 ppm) 

but contributes significant deshielding in [Ru(IMe4)4H]+ (-12.8 ppm).  The p

||σ  term shows 

intermediate deshielding in [Ru(dippe)2H]+ (-3.7 ppm) and so this effect may be associated with 

variation in the ligand donor strength (dmpe < dippe < NHC). The {dxy|dx2-y2} coupling will contribute 

to this deshielding and an NCS analysis indicates that while this component is reduced in 

isoσ d
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p
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[Ru(dmpe)2H]+ (-9.8 ppm) it does remain significant; for comparison values of around -15 ppm are 

computed for  [Ru(dippe)2H]+ and [Ru(IMe4)4H]+ (see Table S4, Supporting Information). Other 

orbital couplings must therefore contribute to diminish the p

||σ  term in [Ru(dmpe)2H]+ but the NCS 

analysis suggests this is an accumulative effect of several contributions rather than any easily 

identifiable orbital coupling. 

 
A similar effect accounts for the more shielded hydride chemical shift of [Ru(dmpe)2(η

2-O2)H]+ 

compared to [Ru(IMe4)4(η
2-O2)H]+. These species have similar contributions to shielding via the  

term: for [Ru(IMe4)4(η
2-O2)H]+ this is then effectively cancelled out by p

||σ  (-34.6 ppm) while for 

[Ru(dmpe)2(η
2-O2)H]+ the p

||σ  term is only -13.3 ppm and so  still contributes to a significant 

shielding. Closer analysis of these differences proved difficult, however overall it is the contribution of 

the p

||σ  term that appears to distinguish the phosphine and NHC complexes studied here and so lies 

behind the different chemical shifts of the O2 adducts. 

 

Conclusions 

Hydride NMR chemical shifts for a series of [Ru(IMe4)4(L)H]0/+ species (L = vacant, H2, N2, CO, 

MeCN, O2, P4, SO2, H
-, F- and Cl-) have been modelled using relativistic density functional theory. A 

good correlation between experimental and computed data is obtained with a scalar relativistic 

correction, however, the inclusion of spin-orbit effects provides much improved quantitative 

agreement. Analysis of the isotropic shielding indicates that variations in the paramagnetic term, 

reinforced by changes in the spin-orbit contribution, account for the wide variation in hydride chemical 

shifts observed in these systems. A natural chemical shift analysis performed for L = vacant, CO, H-, 

Cl- and O2 identifies the major orbital contributions to the paramagnetic term and links variations in 

p
⊥σ

p
isoσ
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the shielding of the 1H nucleus to changes in the energies of the occupied Ru dπ orbitals and the 

unoccupied σ*Ru-H  orbital. In [Ru(IMe4)4(η
2-O2)H]+ the δ-interaction of the O2 π*2 orbital results in 

one component of the dπ-orbitals (dyz) becoming the relatively low-lying LUMO of the system. This 

not only precludes any contribution from this orbital to the paramagnetic shielding (as it is no longer 

occupied), but also switches on additional paramagnetic deshielding via overlap with the occupied dxz 

orbital under the Lz operator. This combination accounts for the unusually deshielded hydride chemical 

shift of +4.8 ppm observed for this species.   

 

Calculations also reproduced the change in hydride chemical shift in the related phosphine analogue 

[Ru(iPr2PCH2CH2P
iPr2)2(η

2-O2)H]+ (δ = -6.2 ppm). This is linked to changes in the σ|| contribution to 

the paramagnetic term, although no simple orbital basis for this could be identified in this case.  In 

contrast, for [Ru(R2PCH2CH2PR2)2H]+ species the hydride chemical shift observed experimentally (ca. 

-32 ppm, R = iPr, Cy) is clearly dependent on the presence of a weak agostic interaction trans to the 

hydride ligand and involving one of the phosphine alkyl substituents. In the absence of such an 

interaction (e.g. R = Me) the calculations predict a similar chemical shift to the [Ru(IMe4)4H]+ 

analogue (ca -41 ppm).  Depending on the strength of the agostic interaction a variation of up to 18 

ppm in hydride chemical shift is possible. Such weak interactions are therefore significant when it 

comes to interpreting spectroscopic data and this factor can hopefully aid the interpretation of hydride 

chemical shift data of nominally unsaturated hydride-containing species. 

 

Experimental Section 

All manipulations were carried out using standard Schlenk, high vacuum and glovebox techniques 

using dry and degassed solvents. Solvents were dried and degassed by standard means, while THF-d8 

was vacuum transferred from potassium. [Ru(PPh3)3(Cl)H],33 [Ru(IMe4)4H]BAr4
F 5 and IMe4

 34 were 
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prepared according to the literature. NMR spectra were recorded on a Bruker Avance 500 NMR 

spectrometer and referenced to δ 3.58 (1H) and 25.4 (13C). Phosphorus NMR spectra for 1 were 

referenced to H3PO4 at δ = 0.0. IR spectra were recorded on a Nicolet Nexus FTIR spectrometer. 

Elemental analyses were performed by Elemental Microanalysis Ltd, Okehampton, Devon, UK. 

 [Ru(IMe4)4(P4)H]BAr4
F
 (1): [Ru(IMe4)4H]BAr4

F (69 mg, 0.047 mmol) and P4 (9 mg, 0.073 

mmol) were dissolved in 1.5 mL THF in an ampoule fitted with a J. Young’s resealable valve. An 

immediate colour change from purple to orange was observed. The solution was stirred for 5 min and 

the volatiles then removed. The residue was washed with hexane (3 x 3 mL) to afford 1 as a pale 

yellow powder. Yield: 47 mg (63%). X-ray quality crystals were grown from THF/hexane. 1H NMR 

(500 MHz, THF-d8, 288 K): δ 7.80 (s, 8H, BAr4
F), 7.59 (s, 4H, BAr4

F), 3.10 (s, 12H, NCH3), 2.99 (s, 

12H, NCH3), 2.08 (s, 12H, NCCH3), 2.04 (s, 12H, NCCH3), -5.09 (dq, 2JH-P = 265.6 Hz, 3
JH-P = 11.1 

Hz, 1H, Ru-H); 31P{1H} (202 MHz, THF-d8, 258 K): δ -394.6 (q, 1JP-P = 210 Hz), -468.6 (d, 1JP-P = 210 

HZ); 13C{1H} NMR (125 MHz, THF-d8, 258 K): δ 192.6 (d, , 2
JC-P = 9 Hz, NCN), 163.0 (1:1:1:1 q, 

1
JC-B = 49 Hz, BAr4

F), 135.7 (s, BAr4
F), 130.2 (q, JC-F = 32 Hz, BAr4

F), 128.9 (s, NCCH3), 125.7 (q, JC-

F = 272 Hz, BAr4
F), 122.4 (s, NCCH3), 118.4 (s, BAr4

F), 37.1 (s, NCH3), 37.0 (s, NCH3), 35.7 (s, 

NCH3), 35.6 (s, NCH3), 9.8 (s, NCCH3), 9.7 (s, NCCH3); IR (KBr) ν  (cm-1): 1927 cm-1 (m, RuH); 

anal. calcd for C60H61N8P4RuBF24 (1585.91): C 45.55%, H 3,88%, N 7.07%; found: C 45.94%, H 

3.88%, N 7.00%. 

 [Ru(IMe4)4(SO2)H]BAr
F
4 (2). [Ru(IMe4)4H]BAr4

F (30 mg, 0.021 mmol) was dissolved in 0.5 

mL THF-d8 in a J. Young’s resealable NMR tube. After freeze-pump-thaw degassing (3 cycles), SO2 

(1 atm) was added, which generated a pink-red solution in time of mixing. Slow diffusion of hexane 

into the solution afforded 16 mg (51% yield) of 2 as red crystals. 1H NMR (500 MHz, THF-d8, 298 K): 

δ 7.79 (s, 8H, BAr4
F), 7.58 (s, 4H, BAr4

F), 3.22 (s, 12H, NCH3), 2.97 (s, 12H, NCH3), 2.12 (s, 12H, 

NCCH3), 2.07 (s, 12H, NCCH3), -4.53 (s, 1H, Ru-H); 13C{1H} NMR (125 MHz, THF-d8, 298 K): δ 
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185.0 (s, NCN), 163.1 (1:1:1:1 q, 1
JC-B = 49 Hz, BAr4

F), 135.8 (s, BAr4
F), 130.3 (q, JC-F = 31 Hz, 

BAr4
F), 126.6 (s, NCCH3), 126.5 (s, NCCH3), 125.7 (q, JC-F = 273 Hz, BAr4

F), 118.4 (s, BAr4
F), 36.4 

(s, NCH3), 35.6 (s, NCH3), 9.8 (s, NCCH3), 9.7 (s, NCCH3); IR (KBr) ν (cm-1): 1919 (m, RuH), 1237 

(m, SO2), 1072 (m, SO2); anal. calcd for C60H61N8RuBF24SO2 (1526.34): C 47.22%, H 4.03%, N 

7.34%; found: C 47.12%, H 4.24%, N 7.36%. 

 [Ru(IMe4)4(Cl)H] (3). [Ru(PPh3)3(Cl)H] (200 mg, 0.21 mmol) and IMe4 (118 mg, 0.95 mmol) 

were suspended in 3 mL THF in an ampoule fitted with a J. Young’s resealable tap and the mixture 

heated at 343 K for 1 h. The yellow suspension was filtered by cannula, the residue washed with Et2O 

(2 x 5 mL) and dried in vacuo to afford 3 as a yellow solid. Yield: 64 mg (58 %). Single crystals 

suitable for X-ray diffraction were obtained using an alternative route, whereby a dilute THF (3 mL) 

solution of [Ru(IMe4)4H2] (20 mg, 0.033 mmol)25 and C6H5CH2Cl (4 µL, 0.035 mmol) was left to stand 

for 4 days at room temperature. 1H NMR (500 MHz, THF-d8, 298 K): δ 3.50 (s, 12H, NCH3), 3.00 (s, -

12H, NCH3), 2.00 (s, 24H, NCCH3), -22.62 (s, 1H, RuH); anal. calcd for C28H49N8ClRu (634.27): C 

53.03%, H 7.79%, N 17.66%; found: C 53.07%, H 7.66%, N 17.60%. 

Crystallography. Single crystals of compounds 1 and 2 were analysed on a Nonius Kappa 

CCD diffractometer using Mo(Kα) radiation, while data for 3 were collected using an Agilent 

SuperNova diffractometer and Cu(Kα) radiation. All analyses were conducted at 150 K. Details of the 

data collections, solutions and refinements are given in Table S1.  The structures were uniformly 

solved using SHELXS-9735 and refined using full-matrix least squares in SHELXL-9736 via the Olex-2 

software suite. Refinements were uneventful and only noteworthy details follow. The asymmetric unit 

in compound 1 was seen to contain one molecule of THF and one molecule of hexane in addition to 

one molecule of the salt. Of the anion CF3 groups, fluorine atoms F1-3 and F7-9 were modelled to 

account for 64:40 and 80:20 disorder, respectively. C-F and F…F distances therein were restrained in 

the final-least squares cycles and atomic displacement parameter (ADP) restraints were included for 
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the partial-occupancy atoms F7-9 and F7A-F9A. The hexane ADPs were also refined subject to 

restraints. Unfortunately, the hydride ligand in the cation could not be reliably located in this structure 

and, hence, it was omitted from the refinement. In compound 2, the asymmetric unit was seen to 

consist of two independent cation halves and two independent anion halves. Ru1, Ru2, B1, B2, H, H1a, 

S1 and S2 are all coincident with a crystallographic 2-fold rotation axes which serves to generate the 

remainder of each species present. The refinement of this structure takes account of 90:10 disorder 

pertaining to Ru1, S1 and O2 with, respectively, Ru1a, S1A and O1A. Ru1 and Ru1a restrained to 

having similar ADPs in the final least-squares cycles. The hydrides (H1 and H1a) were located and 

refined at a distance of 1.6 Å from Ru1 and Ru2 respectively. No attempt was made to partition H1a 

over 2 sites in parallel with the disorder. The asymmetric unit in 3 was seen to comprise one quarter of 

a molecule, with atoms Ru1, Cl1 and hydride (H1) are located on a crystallographic 4-fold rotation 

axis. H1 was readily located and refined at a distance of 1.6 Å from the metal Ru1. 

Crystallographic data for all compounds have been deposited with the Cambridge 

Crystallographic Data Centre as supplementary publications CCDC 1462890-2 for 1, 2 and 3, 

respectively.  Copies of the data can be obtained free of charge on application to CCDC, 12 Union 

Road, Cambridge CB2 1EZ, UK [fax(+44) 1223 336033, e-mail: deposit@ccdc.cam.ac.uk. 

  

Computational Details 

 

All geometry optimizations were performed with the Gaussian09 package37 at the BP86 level.38 Ru  

was  represented  by  the  relativistic  effective  core  potential  (RECP)  from  the  Stuttgart  group  and  

the  associated  basis  sets.39 P and Cl were represented by RECP from the Stuttgart  group  and  the  

associated  basis  set,40 augmented  by  a  d  polarization  function.41 The  remaining  atoms  (C,  H,  N,  

O, F)  were  represented  by  a  6-31G(d,p)  basis  set.42 For the NMR calculations, relativistic 

calculations were carried out with the B3PW91 functional43 and the 2013 version of the DIRAC  
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program  package,44 using  an  exact  2-component  Hamiltonian,45 including  spin–orbit  coupling,  

where,  in  the  latter  case,  two-electron  same-spin-orbit  corrections  were  obtained  by  an  atomic  

mean-field  integral  (AMFI) approximation.46 The London  orbital  formalism (also known as the 

GIAO framework) has  been  used  for  the  shielding  calculations.  The  H atoms  directly  involved  

in  the  NMR  parameter  of  interest  have  been  treated with the pcS-2 basis set of Jensen for the 

chemical shift calculations.47  The Ru atom was treated with the V2Z basis set of Dyall,48 whereas  the  

remaining  atoms were described  with  a  6-31G(d,p)  basis  set.  The  basis  sets  for  the  Dirac  

calculations  were  fully decontracted. NMR calculations were also performed within the GIAO 

framework using ADF 201649 with the one-parameter B1PW91 functional43b, 50 and Slater-type basis 

sets of triple-ζ (TZP) quality. Relativistic effects were treated by the 2-component zeroth-order regular 

approximation (ZORA),51 and the response of the first-order exchange-correlation potential was 

included for the calculated NMR shielding tensors.52 Analysis of scalar-relativistic natural localized 

molecular orbitals were done with the NBO 6.0 program.53 NMR shielding tensors calculated with 

ADF were analysed using these scalar-relativistic NLMO. 
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NMR spectra and X-ray details for compounds 1, 2 and 3; computed 1H chemical shifts for 

[Ru(IMe4)4(L)H]0/+ and [Ru(R2PCH2CH2PR2)2(L)H]+ species;  NCS Analysis for 

[Ru(R2PCH2CH2PR2)2(L)H]+ species;  optimised structures and energies of all species.  
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