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Abstract: Spectroscopic and computational examination of a 
homologous series of rhodium(I) pybox carbonyl complexes has 
revealed a correlation between the conformation of the flanking aryl-
substituted oxazoline donors and the carbonyl stretching frequency. 
This relationship is also observed experimentally for octahedral 
rhodium(III) and ruthenium(II) variants and cannot be explained 
through the classical, Dewar–Chatt–Duncanson, interpretation of 
metal-carbonyl bonding. Instead, these findings are reconciled by 
local changes in the magnitude of the electric field that is projected 
along the metal-carbonyl vector: the internal Stark effect.  

Introduction 

Transition metal carbonyl complexes are seminal organometallic 
compounds with diverse fundamental and practical applications.[1] 
Coordination of carbon monoxide is classically characterised by a 
red-shifted stretching frequency ν(CO) and reconciled using the 
Dewar–Chatt–Duncanson bonding model, whereby population of 
the π*-orbitals through M→CO π-back donation weakens the CO 
bond (Fig. 1A).[2] This interpretation is the conceptual basis for the 
use of carbon monoxide as a spectroscopic reporter group and a 
ubiquitous feature of undergraduate chemistry textbooks.[3–6] The 
discovery of so called “non-classical” carbonyl complexes in the 
early 90s,[7] which exhibit shorter CO bond lengths and blue-
shifted ν(CO) relative to free carbon monoxide, challenges this 
simplistic view and has renewed interest in the electronic structure 
of metal carbonyl complexes.[8,9]  

 The emerging theoretical consensus is that metal-carbonyl 
bonding involves superposition of metal-to-ligand charge transfer 
with electrostatic and orbital polarisation effects. The latter 
features can be viewed as the physical manifestation of the 
vibrational Stark effect,[9] the well-established phenomenon which 
describes how vibrational transition energies are perturbed by an 
electric field. For instance, an electric field applied along the C→O 
direction of free carbon monoxide is known to impose Δν(CO) > 0 
due to the Stark effect (Fig. 1B).[10] Significantly, such electrostatic 
contributions are implicit in the coordination of carbon monoxide 
to metal cations and proposed, in extreme cases, to confer non-
classical carbonyl complexes.  

As part of our work exploring the organometallic chemistry 
of macrocyclic pincer complexes,[11] we observed that ν(CO) 
increases across the homologous series of rhodium(I) carbonyl 
complexes 1 – 3 (Fig. 1C). Supported by a detailed computational 
analysis, we herein demonstrate how these blue shifts can be 

attributed to persistent changes in the conformation of the flanking 
aryl-substituted oxazoline donors, which in turn give rise to an 
enhanced dipole moment along the metal-carbonyl vector. Whilst 
the effect of external electric fields on the spectroscopic properties 
of carbonyl complexes has previously been investigated, notably 
in the context of probing the structure of metalloenzyme active 
sites,[12] our experimental findings demonstrate the intrinsic role 
of internal electric fields in metal-carbonyl bonding.  

 

 
Figure 1. (A, B) Metal-based interactions with carbon monoxide and their effect 
on the carbonyl stretching frequency; (C) structures of the pybox carbonyl 
complexes studied, with [BArF4]– counterions omitted for clarity (ArF = 3,5-
(CF3)2C6H3). 

Results and discussion 

Complexes 1 – 3 are routine rhodium(I) carbonyl derivatives, but 
the synthetic complexity of the component pybox ligands varies 
considerably. Macrocyclic LM is a known analogue of LPh and the 
new hydrocarbon threaded derivative LR was prepared using a 
nickel-mediated C(sp3)–C(sp3) homocoupling protocol developed 
by Leigh and co-workers for this macrocycle.[13] After adjusting the 
rotaxanation conditions to account for use of Br(CH2)6CAr′3 (Ar′ = 
4-tBuC6H4) as the half-axle, LR was isolated in 18% yield following 
purification using reverse phase (C18) column chromatography to 
remove a doubly threaded [3]rotaxane that is formed in parallel in 
this instance (details provided in the supporting information). 
Capture of LR was corroborated through perturbations to the 1H 
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NMR resonances of the components and application of tandem 
mass spectrometry, with collision induced fragmentation of LR into 
LM observed within the ion trap of the spectrometer (Fig. S8/12). 
Acyclic 1 was readily prepared from LPh using a published two-
step procedure that involves halide abstraction from the 
rhodium(I) chloride derivative and treatment with excess carbon 
monoxide.[3] This procedure was adapted for the more elaborate 
pybox-based ligands and the new rhodium(I) carbonyl derivatives 
2 and 3 were ultimately isolated in good yield (76% and 59%, 
respectively, over two steps).[14]  

The three carbonyl complexes adopt time averaged C2 
symmetry in CD2Cl2 solution at room temperature by 1H and 13C 
NMR spectroscopy. High frequency carbon resonances at 
δ 188 ppm also corroborate coordination of the carbonyl ligand 
and the associated 103Rh–13C coupling constants subtly decrease 
in the order 1 (76.5 Hz) > 2 (76.0 Hz) > 3 (75.4 Hz). More 
remarkably, when analysed in CH2Cl2 solution by IR spectroscopy, 
the value of ν(CO) measured for 3 (2030 cm-1) was found to be 
appreciably blue-shifted relative to 2 (2022 cm-1) and in turn 1 
(2019 cm-1). This trend is at odds with the classical, Dewar–
Chatt–Duncanson, interpretation of metal-carbonyl bonding as it 
suggests significant changes in the donor characteristics of the 
pincer ligand. For instance, the Tolman electronic parameter of 
PPh3 is 11 cm-1 higher than for PCy3.[5] 

DFT-based molecular dynamics simulations of 1 – 3 were 
selected to interrogate the origin of the spectroscopic differences 
in silico. Whilst considerably more computationally intense than 
traditional ‘static’ ab initio calculations, this approach enables the 
flexible nature of the macrocyclic ligands to be factored into the 
analysis through ensemble averaging of molecular properties 
over conformational isomers. Informed by previous work and 
benchmarking using 1,[15] simulations were performed using the 
PBE functional and the DZVP-MOLOPT-GTH Gaussian plane-
wave basis set with the cut-off and relative cut-off set at 250 Ry 
and 80 Ry, respectively.[16] Dispersion effects were captured 
through inclusion of Grimme’s D3 dispersion correction.[17] 
Simulations ran within the NVT ensemble with the temperature 

set at 298 K and, to align with the timescale of an IR experiment, 
a time step of 0.5 fs was chosen. An equilibration phase of 5,000 
steps preceded a production run of 20,000 steps. Wannier-based 
analysis on the final 10,000 steps enabled ensemble calculation 
of ν(CO) and the experimental trend is reproduced (1, 2016 cm-1; 
2, 2018 cm-1; 3, 2026 cm-1).[18] 

The trajectories of 1 – 3 are characterised by considerable 
wobbling of the carbonyl ligand about the metal centre and across 
the coordination plane relative to conformational changes in the 
pybox core (Fig. 2). Static analysis of 1 at the B3PW91/6-
31G(d,p) (SDD for Rh) level of theory confirmed that deviation of 
the py–Rh–CO unit from an ideal linear geometry is associated 
with a very flat potential energy surface and correlates this 
distortion with red-shifted ν(CO) (∠Npy–Rh–C = 180→150°, ΔE < 
4 kcal∙mol-1, Δν(CO) > –18 cm-1).[19–21] Whilst differences in the 
rate of carbonyl precession about the metal can be discerned, 1 
(13×10-3 fs-1) ~ 2 (13×10-3 fs-1) > 3 (9×10-3 fs-1), invariant average 
values of ∠Npy–Rh–C suggest that the latter spectroscopic effect 
is not a significant factor for 1 – 3 (1, 172(4)°; 2, 172(5)°; 3, 
172(4)°, 3; Fig. 2). There are also no differences in the average 
Rh–C (1, 1.86(4), Å; 2, 1.86(3) Å; 3, 1.86(4) Å) and C≡O (1, 
1.16(2) Å; 2, 1.16(1) Å; 3, 1.16(2) Å) bond lengths.  

Significant disparities in the conformation of the oxazoline 
rings adopted in 1 – 3 were, however, identified from a wider 
geometric analysis of the simulations (Fig. 2). Most notably, more 
negative ∠O–C–C–CPh torsion angles were identified in 3                
(–146(11)/–146(11)°) compared to 2 (–134(12)/–136(12)°) and in 
turn acyclic 1 (–124(16)/–123(16)°). Whilst it is was not initially 
clear to us how ν(CO) would be affected, these differences are 
supported experimentally in solution with 3 (9.6, 14.3 Hz) 
exhibiting more divergent oxazoline 3JHH coupling constants than 
2 (10.1, 12.6 Hz) and moreover 1 (both ca. 9.8 Hz).[22] These net 
structural changes presumably reflect increasing conformational 
demands placed on the pybox ligand core, by incorporation of the 
dodecyldioxy strap in LM and interpenetration of the hydrocarbon 
axle in LR, and this interpretation is supported by qualitative 
inspection of the simulated structures.   

 

 
Figure 2. Summary of findings from the ab initio molecular dynamics simulations carried out at the PBE-D3/DZVP-MOLOPT-GTH level of theory. Overlayed 
simulated structures of 1 – 3 with H-atoms omitted and hydrocarbon thread in wireframe. Distributions of the ∠Npy–Rh–C and ∠O–C–C–CPh angles observed over 
the trajectories (average values in bold).
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To determine how changes in oxazoline ring conformation 
could affect ν(CO) we returned to static DFT analysis of 1 at the 
B3PW91/6-31G(d,p) (SDD for Rh) level of theory. A relaxed 
potential energy scan was computed where the two ∠O–C–C–CPh 

torsion angles were synchronously varied between –121° and        
–161° in 2.5° steps (optimised value = –131°) and ν(CO) was 
determined at each point by Hessian analysis (Fig. 3A).[23] From 
this scan it can be concluded that these torsion angles correlate 
with a pincer-like movement of the phenyl substituents and 
scanning to more negative values of ∠O–C–C–CPh results in a 
substantial increase in ν(CO) (+8 cm-1). The energetic penalties 
involved are small (4.5 kcal∙mol-1) but, through examination of the 
profile using the activation strain model (ASM) at the ZORA-PBE-
D3/TZ2P level of theory,[24,25] independent of the how the carbonyl 
ligand interacts with the rhodium-pybox fragment (ΔEint in Fig. 3B). 
Indeed, only a subtle decrease in the extent of π-back donation 
can be discerned along the scan by deconvolution of the orbital 
interactions for the rhodium-pybox/CO fragmentation using the 
extended transition state method for energy decomposition 
analysis, combined with the natural orbitals for chemical valence 
theory (ETS-NOCV, details provided in the supporting 
information).[26] The changes in energy along the scan are instead 

commensurate with the cost of distorting [Rh(LPh)]+ away from its 
equilibrium geometry (ΔEstrain in Fig. 3B). Drawing inspiration from 
theoretical studies examining the electronic structure of non-
classical carbonyl complexes, the dipole moment (μ) of the 
rhodium-pybox fragment was assessed as a function of the ∠O–
C–C–CPh torsion angles. The calculated dipole vector is 
coincident with the C2 rotation axis, directed antiparallel to the 
carbon monoxide binding site (i.e. the associated electric field in 
1 points in the C→O direction),[27] and increases 24% over the 
scan (Fig. 3C). Significantly, this increase in dipole moment 
directly parallels the calculated blue-shifts to the extent that the 
magnitude of μ and ν(CO) are linearly correlated with R2 = 0.9996 
(Fig. S66). On this basis, the increases in ν(CO) observed for 1 – 
3 are attributed to local increases in the electric field projected 
along the metal-carbonyl vector that result from persistent 
changes in the conformation of the flanking aryl-substituted 
oxazoline donors (cf. 3JHH coupling constants). With respect to 
bonding models, our computational analysis confirms that these 
spectroscopic changes cannot be explained using the Dewar–
Chatt–Duncanson model and that inclusion of the internal Stark 
effect is essential to fully describe the properties of the carbonyl 
complexes.    

 

 

Figure 3. Relaxed potential energy scan for synchronous variation of the ∠O–C–C–CPh torsion angles in 1: (A) change in carbonyl stretching frequency calculated 
at the B3PW91/6-31G(d,p) (SDD for Rh) level of theory, with insert illustrating the geometric changes; (B) ASM analysis of the [Rh(LPh)]+/CO fragmentation performed 
at the ZORA-PBE-D3/TZ2P level of theory; (C) calculated dipole moments of the [Rh(LPh)]+ fragment, with insert illustrating the geometric changes and inverse 
dipole direction (direction of associated electric field).

To substantiate our discovery experimentally, additional 
pybox carbonyl complexes where prepared, encompassing non-
classical rhodium(III) [Rh(pybox)Cl2(CO)][BArF4] (pybox = LPh, 4;[3] 
LM, 5; LR, 6) and neutral ruthenium(II) [Ru(pybox)Cl2(CO)] (pybox 
= LPh, 7; LM, 8; LR, 9) derivatives (5 new, details provided in the 
supporting information). As for the rhodium(I) homologues, these 
d6-complexes adopt time averaged C2 symmetry in CD2Cl2 
solution on the 1H NMR time scale and, when spectroscopically 
resolved, exhibit increasingly divergent oxazoline 3JHH coupling 
constants in the order LPh < LM < LR. Moreover, within 
experimental error, the values of ν(CO) measured for 4 – 9 in 
CH2Cl2 solution by IR spectroscopy reinforce the spectroscopic 
trend observed for 1 – 3 (Table 1). A small blue shift results from 
installation of the dodecyldioxy strap into the pybox ligand (LM vs 
LPh), whilst an additional and larger blue shift occurs upon 
interpenetration of the hydrocarbon axle through the macrocycle 
(LR vs LM). The extent to which ν(CO) is affected is metal-fragment 
dependant, decreasing in the order [Ru(pybox)Cl2(CO)] > 
[Rh(pybox)(CO)]+ > [Rh(pybox)Cl2(CO)]+, presumably reflecting 
the extent to which the C≡O bond is already polarised. Indeed, 
this suggestion is supported by the dipole moments calculated for 
the LPh complexes, which increase in the order [Ru(LPh)Cl2] 
(3.37 D) < [Rh(LPh)]+ (3.97 D) < [Rh(LPh)Cl2]+ (6.62 D).  

Table 1. Carbonyl stretching frequencies of pybox complexes 1 –  9 (cm-1)a  

 Acyclic LPh Macrocyclic LM Rotaxane LR 

[RhI(pybox)(CO)]+ 2019b 2022 2030 

[RhIII(pybox)(CO)]+ 2151b 2150 2154 

[RuII(pybox)(CO)] 1977 1980 1993 

[a] Values confirmed by duplicate measurements, from which we estimate an 
error of ± 1 cm-1 under the conditions employed; [b] Data from reference 3. 

Conclusion 

Theoretical and experimental examination of a homologous 
series of rhodium(I) pybox carbonyl complexes has revealed a 
correlation between the conformation of the flanking aryl-
substituted oxazoline donors and the carbonyl stretching 
frequency ν(CO). This relationship is also observed for octahedral 
rhodium(III) and ruthenium(II) variants and cannot be explained 
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through the classical, Dewar–Chatt–Duncanson, interpretation of 
metal-carbonyl bonding. Instead, these findings are reconciled by 
local changes in the magnitude of the electric field that is 
projected along the metal-carbonyl vector: the internal Stark effect. 
This interpretation is supported by a detailed computational 
analysis and emphasises why electrostatic and orbital 
polarisation effects should not be ignored in metal-carbonyl 
bonding models.  

Experimental section 

Full experimental and computational details are provided in the 
supporting information along with NMR, IR and ESI-MS spectra, 
and a conceptual overview of the ASM and ETS-NOCV methods 
(PDF format). Optimised geometries of 1, 5 and 7 (XYZ format) 
and animations of the molecular dynamics simulations of 1, 2 and 
3 (MOV format) are also provided.  

Deposition Numbers 2153016 (for 7) and 2153017 (for 8) 
contain the supplementary crystallographic data for this paper. 
These data are provided free of charge by the joint Cambridge 
Crystallographic Data Centre and Fachinformationszentrum 
Karlsruhe Access Structures service.  
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