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Abstract

'®Rh NMR chemical shifts have been computed at the GIAO-B3LYP level of density
functional theory (DFT) for a number of [Rh(COD)(P~P)]" complexes [COD = 1,5-
cyclooctadiene, PP = chelating bis(phosphine) including bis(dimethylphosphino)ethane
(dmpe), bis(diphenylphosphino)ethane (dppe), MeDUPHQOS, DIOP, BINAP and others].
Structures have been optimized using PBEO and MO06 functionals in the gas phase, in a
continuum modeling the solvent, and with [PFg]” counteranion included explicitly. Observed
trends in 8(*°Rh) are well reproduced for pristine PBEO-optimized cations in the gas phase, or
for ion pairs optimized in a continuum with MO06. While there is no overall trend between
computed 5(**Rh) values and complex stabilities (evaluated through isodesmic ligand exchange
reactions), there is a linear relationship between the '®*Rh chemical shifts and the mean Rh—P
bond distances. This relationship appears to be remarkably general, encompassing various
chelating ring sizes and substituents at P, including remote electron-donating and -withdrawing
substituents that are characterized through their Hammett constants. The combination of **Rh
NMR and DFT computations emerges as useful tool for structure elucidation of Rh—phosphine
complexes.



Introduction

Rhodium chemistry is a cornerstone in homogeneous catalysis since the corresponding
complexes are key species in relevant processes such as hydrogenation reactions and
hydroformylation of alkenes. The design of new and improved catalysts requires thorough
analysis of such species. In order to obtain further insight, ‘**Rh nuclear magnetic resonance
(NMR) spectroscopy emerges as a captivating analytical tool to study the very center of these
metal compounds,*?including those of active catalysts.?

As rhodium complexes bearing phosphine ligands are particularly well suited to be studied with
%Rh NMR spectroscopy, a wealth of experimental data is available.”> **¢ A priori there is no
straightforward general relationship between chemical shifts and reactivity. However, a number
of such relationships have been established empirically within closely related families of
compounds.261 For instance, 1®Rh chemical shifts have been correlated with rate constants of
ligand exchange’ and migration reactions,® enantioselectivities,” and stability constants.’® More
recently, rates of water substitution processes in rhodium clusters have been shown to correlate
with chemical shifts."* Similar NMR-reactivity relations have also been observed or predicted
in other organometallic systems, e.g. using *Co* or *V NMR.™ As a whole, transition metal
NMR is a useful tool to study structural features as well as reactivities.

The chemical environment about the metal can be adjusted by tuning and tailoring the ligands.
Quantum-chemical computations can be a valuable complement because they can be used to
study ligands or ligand configurations that are not accessible experimentally, and to investigate
properties of transition metal complexes in a systematic way. Theory can predict structures,
energies, and NMR properties, and the resulting trends may be rationalized. In this regard,
computational techniques based on density functional theory (DFT) have been successfully
applied to reproduce '®Rh chemical shifts, among other transition metals.*** First
computational studies on *®Rh nuclei were devoted to organometallic compounds which span a
sizeable chemical shift range of ca. 3600 ppm.'®*" The scope of this methodology has been
extended to species containing phosphines,*®*® N-donor,®® and alkene ligands,®* as well as
imidazole-based radiosensitizers.”? Other complexes including indacenyl® and porphyrin®
derivatives have also been analyzed.

The Rh-bis(phosphine) fragment has provided excellent results in catalytic processes such as
hydrogenation reactions.” In this context, a series of cationic [(COD)Rh(P~P)]" complexes 1-7
(Figure 1, COD = 1,5-cyclooctadiene, PP = chelating bis(phosphine)), useful in hydrogenation
of enamides,?® has been studied recently, and their observed '®Rh chemical shifts have been
correlated with computed relative stabilities.”” We now report geometries and ‘*Rh chemical
shifts of 1-7, calculated with different and improved methodologies, allowing to select the most
suitable one by direct comparison with experimental data. This methodology is then applied to a
new extended set of compounds in which the steric and electronic properties of the ligands have



been varied systematically. The resulting chemical shift trends are analyzed with respect to
several factors, i.e. ligand binding energies, bond distances, and Hammett constants, affording
new insights into the interdependencies of these properties.
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Figure 1. Rh-bis(phosphine) complexes 1-7 under study.

Computational Details

Geometries have been fully optimized at the DFT level using M06? (with an ultrafine grid)®
and PBEO* functionals as implemented in Gaussian 09.3* The M06 method accounts for
dispersion interactions® whereas the PBEO approach performs well to describe geometries of
second row transition metal complexes.®® Rh was described by means of a relativistically
adjusted effective core potential SDD for the inner electrons and its associated double-{ basis
set for the outer ones,* complemented with a set of f-polarization functions.®*® The 6-31G**
basis set was used on H,*® C, N, O, F, P, and Cl atoms,*’ including diffuse functions on O, F,
and Cl atoms,®® denoted 6-31(+)G**. In selected cases, the chloroform solvent has been
described as a continuum (¢ = 4.71) using the SMD method.* Geometries were optimized
without any symmetry restrictions and the nature of the minima has been verified with
analytical frequency calculations. Enthalpies have been computed at 298.15 K within the
harmonic approximation.

Magnetic shielding tensors have been computed with the GIAO (gauge-including atomic
orbitals) method®® by means of the B3LYP functional®* in gas phase as implemented in
Gaussian 09. The basis set consisted in a well-tempered [16s10p9d] all-electron basis on Rh,*
IGLO-basis DZ on H, and IGLO-basis 1l on the rest of atoms (denoted basis 1I'.** Because
functional and basis-set requirements are different for computing structural and spectroscopic
parameters, such a mixed, "single-point™ approach is common. This particular combination of
levels has performed well in previous computations of '®*Rh chemical shifts.’®*®?* In order to
obtain the corresponding chemical shifts from the magnetic shieldings, a reference is needed.
Due to the lack of a suitable compound, o(standard) has been evaluated as the intercepts at 6 =0
of the o(calc) vs. d(expt) linear regressions involving complexes 1-7 (Figure 1) together with



several species which cover a wide range of the '®*Rh chemical shift window (see Figure S1 in
Supporting Information).’® The resulting o(standard) values are —900 and —685 ppm for M06
and PBEO geometries in gas phase, respectively. Then, the theoretical relative shifts have been

calculated as follows, &(calc) = o(standard) — o(calc).

Table 1. Selected geometrical parameters of 1-7 from theory (M06 or PBEO optimized) and experiment (X-ray
crystallography).

Compound Method Rh-P/A Rh—C(sp®) / A P-Rh-P/°
MO06 2.317 2318 2236 2276 2238 2276 82.7
1 PBEO 2.313 2312 2203 2241 2205 2.243 83.3
X-ray® 2291 2267 2239 2250 2235 2.238 83.2
MO06 2.319 2318 2223 2272 2223 2272 83.0
2 PBEO 2313 2312 2191 2243 2191 2242 83.5
X-ray® 2276 2259 2211 2273 2209 2.267 83.3
MO06 2311 2311 2225 2285 2224 2284 84.4
3 PBEO 2.308 2305 2191 2253 2189 2.251 84.7
X-ray® 2278 2268 2215 2258 2207 2.238 84.7
MO06 2.374 2367 2216 2273 2232 2264 92.0
4 PBEO 2.360 2.363 2188 2244 2194 2232 92.1
X-ray¥ 2318 2343 2220 2221 2266 2.254 90.7
MO06 2.367 2391 2209 2268 2236 2.265 92.6
5 PBEO 2.356 2.377 2182 2240 2200 2.234 93.4
X-ray? 2325 2329 2204 2259 2241 2248 92.4
MO06 2.385 2385 2238 2264 2240 2.265 89.7
6 PBEO 2.369 2368 2212 2226 2212 2.228 90.0
X-ray*® 2304 2329 2282 2195 2236 2232 88.7
MO06 2.386 2.386 2237 2262 2238 2.263 89.9
PBEO 2.370 2.368 2209 2225 2210 2.226 90.3

Results and Discussion

Computation of Geometries and '®*Rh Chemical Shifts

The cationic complexes reported by Fabrello et al.** (Figure 1) were optimized at two DFT
levels in the gas phase. The geometry is a key issue in the computation of NMR properties, thus
two widely employed functionals have been tested, namely M06 and PBEO (see Computational
Details).* Selected geometrical parameters of the computed structures are collected in Table 1



together with data extracted from X-ray studies. In general terms, the computed structures are in
line with the experimental ones.”® As commonly found using these or related DFT levels,* the
theoretical Rh-ligand bond lengths tend to be overestimated. The optimized Rh-P bond
distances in particular are enlarged in all complexes, by up to ca. 0.081 A and 0.065 A with
MO06 and PBEQ, respectively (compound 6 in Table 1).

Table 2. B3LYP-computed ®Rh chemical shifts using M06 and PBEO gas-phase geometries of 1-7.

Compound  §(calc)? 8(expt)?’
MO06  PBEO

1 ~526 —431 -513

2 -518 —410 -503

3 —458 —347 —460

4 ~147 ~117 —278

5 -108 —88 —257

6 —42 —53 —98

7 -33 —45 -90
Slope® 1.22 0.92
MAD® 60 101

& Relative to the intercepts at & = 0 of the o(calc) vs. 8(expt) linear regressions (see Computational Details). b Slope of
the 8(calc) vs. 8(expt) linear regression involving complexes 1-7. © Mean absolute deviation from experiments.

Magnetic shieldings have been evaluated on the above-mentioned structures and the
corresponding chemical shifts are collected in Table 2. The slopes of the (calc) vs. d(expt)
linear regressions are an indication how well the computed data follow the experimental trend
(unity means ideal correlation). In this regard, with a slope of 1.22, M06 geometries afford a
significant overestimation of the substituent effects on 8(**Rh) (see the plot in Figure 2a),
whereas PBEO structures reproduce the trend much better, with a slope of 0.92 (Figure 2b). The
good performance of PBEO is in line with the better description of bond distances mentioned
before. Nevertheless, the mean absolute deviation (MAD) between the calculated and the
experimental chemical shifts is higher for the PBEO than for the M06 geometries (last row in
Table 2). From Figure 2 it is apparent that the seemingly small MAD for M06 arises from the
fact that the computed and observed & values happen to be very close to each other for
complexes 1-3, whereas the chemical shifts for the PBEO structures are rather systematically
overestimated. In the latter case, the shielding constant derived for the standard is dominated by
the test set of carbonyl and cyclopentadienyl complexes far outside the shift range considered
here (see Computational Details and Figure S1). The MAD for the PBE data of 1-7 could be
reduced by fitting o(standard) just for this subset, or by using one of these complexes as primary
(internal) reference for the others. Neither option was attempted, however, in order to keep our
protocol generally applicable. Finally, the NMR protocol was tested directly on non-optimized



single cations taken from the X-ray structures (after removing all co-crystallized species). Even
though the global trend for complexes 1-4 and 6 is close to unity, the points are quite scattered
(R? only 0.75, see Figure S2 in Supporting Information), and the results seem less trustworthy.
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Figure 2. Plots of 8(*®*Rh,calc) vs. 8(expt) according to geometries of 1-7 computed at (a) M06 and (b) PBEO level in
gas phase (GP). Regression lines in dashed red and ideal lines in solid black.

As discussed above, M06- and PBEO-optimized structures show noticeable differences in their
metal-ligand bond distances (see Table 1). The key role of distance parameters on chemical
shifts has been already noted.”® In a computational experiment, complexes 1-7 were re-
optimized using M06, but keeping all Rh—P and Rh—C(sp?) bond distances constrained to the
PBEO data. In all cases, the energy difference between the fully relaxed and the fixed structures
was lower than 0.5 kcal mol™". Subsequently, magnetic shieldings were computed as usual. The
resulting values mostly mimic the PBEO ones and afford a quite similar slope for the d(calc) vs.
d(expt) linear regression, i.e. 0.93 (see Figure S3 in Supporting Information). Therefore, it can
be concluded that the functional employed in the optimizations affects the chemical shifts
mainly through the proper description of the metal-ligand bond distances.

To stress this point, *®Rh NMR chemical shifts were computed on distorted structures of 1.
Starting from the fully optimized PBEO geometry, the Rh—P bond distances were set at different
values around the equilibrium distance (2.313 A, Table 1), keeping the P-Rh—P bite angle B
fixed and optimizing all other parameters (Figure 3a). In the same vein, several bite angles were
tested, keeping the Rh—P bond distances fixed to the equilibrium value (Figure 3b). This
protocol allows us to distinguish contributions from each of these geometrical parameters. In the
first instance, the plot of &(calc) vs. d(Rh—P) fits a line with a slope of 3184 ppm A™" (Figure
3a). This large value is in a range typical for many organometallic complexes of the middle and
late transition rows.>* Because of this high sensitivity of the metal chemical shift toward bond
lengths, small errors in the latter can dramatically influence the former. On the other hand, much
less influence can be perceived for the bite angle variation (Figure 3b). Though this set of data
fits a polynomial function rather than a linear one, the effect of B can be estimated using a mean



AS/AP ratio of ca. 12 ppm degree™' (maximum ca. 20 ppm degree™" at 89 degrees). Overall, Rh—
P bond distances emerge as the decisive parameters governing the '*Rh chemical shifts of
cationic bis(phosphine) complexes, in complete accord with previous findings for neutral
acetylacetonato complexes,”® or the Rh—N bonds in complexes with N-donor ligands.?® The
importance of the Rh—P bonds can be ascribed to inductive and resonance aspects together with
polarization effects.>
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Figure 3. Variation of computed “®*Rh chemical shifts according to (a) Rh—P bond lengths and (b) P-Rh—P angles for
PBEO-distorted geometries of 1.

So far all computations have been performed in the gas phase. To probe how the environment in
solution could affect the chemical shift, we decided to include the chloroform solvent used
experimentally?” as a continuum during optimization. The Rh—bis(phosphine) complexes were
re-optimized under solvent conditions (1s—7s, where the "s" denotes optimized in solvent) and
magnetic shieldings were computed in gas phase. Only minor changes in the Rh—P distances are
found upon reoptimization (up to 0.007 A). The slopes from the resulting 8(calc)®® vs. 8(expt)
plots are 1.20 and 0.93 for M06 and PBEO geometries, respectively (mean absolute deviation of
67 and 119 ppm, respectively). In addition, the absolute slopes of the o(calc) vs. 6(expt) plots
using the SMD model solvent during the magnetic shielding computation are 1.22 and 0.95 for
MO06 and PBEO geometries, respectively. Overall, they resemble the previous ones obtained in
gas-phase conditions, i.e. 1.22 and 0.92 (see Table 2), and thus the inclusion of chloroform is
not crucial in this scenario.

At first sight, counteranion effects are expected to be negligible as well, since experiments show
similar chemical shifts when either [PF¢]", [BF4]™ or tosylate are present.”” Nevertheless, pulsed
gradient spin-echo (PGSE) diffusion studies for a cation related to 6 together with a variety of
anions suggest appreciable extent of ion pairing in solution and different positional preferences
for the anions, even though the '®Rh chemical shifts are hardly affected (within less than 1
ppm).>* Considering that the mere occurrence of ion pairing might affect the computational
prediction, we have included an explicit [PF¢] as prototypical counterion. lon pairs 1s-[PFs]—
7s-[PFe] were optimized under solvent conditions and magnetic shieldings were computed in
gas phase. The counteranion was initially located at the apical position of the square-planar



complex. Upon optimization, PBEO geometries show no remarkable contacts since the
counteranions are located far away from the metal centers (with the shortest Rh---F distances
well above 4 A).* In contrast, M06 optimizations afford much tighter interactions, with Rh---F
distances of ca. 3.5 A. To illustrate this result, Figure 4 displays the disposition of the anion in
5s:[PF¢]. Rh---F distances of 1s-[PF¢]-7s-[PFs] can be consulted at Table S1 in Supporting
Information. It thus appears that in these complexes, ion paring is driven not only by Coulomb
attraction, but also by dispersion.

Figure 4. (a) M06- and (b) PBEO-optimized geometries of 5s-[PFs] (SMD solvent model). Distances in A.

When the ®Rh chemical shifts are evaluated for these ion pairs it appears that the complexes at
the shielded end (1s-[PF¢]-3s:[PF¢]) are affected more strongly by the presence of the anion
than those at the deshielded end. As a consequence, the slopes of the §(calc)® vs. 8(expt) linear
regressions decrease upon ion pairing from 1.22 and 0.92 (Figure 2) to 1.00 and 0.86 for M06
and PBEO geometries, respectively (dashed red lines in Figure 5). In the latter case, the mean
absolute deviations are now rather similar for M06 and PBEO structures, 100 and 115 ppm,
respectively. Both the physical presence of the anion and the distortion upon optimization may
be responsible of these results. To distinguish them, the chemical shifts have been computed on
1s-[PFg]-7s-[PFs] by removing the [PF¢]” moieties without further optimization (namely 1s'—
7s', the prime denoting the "distorted™ structures). The slopes coming from these anion-distorted
geometries are 1.08 and 0.89 for M06 and PBEDO, respectively (dashed grey lines in Figure 5). It
can be deduced that the distortion of geometries rules the PBEO approach whereas the M06
results are also governed by the physical presence of [PF¢]”. The influence of the counteranion
is thus more noticeable in the M06 calculations, probably due to the proper description of
dispersion interactions.
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Figure 5. Plots of 8(*®Rh,calc) vs. 8(expt) for distorted (empty circles) and fully optimized (blue circles) geometries
of 1s-[PF¢]-7s-[PF¢] computed at (a) M06 and (b) PBEO level in chloroform solvent (SMD model). Regression lines
in dashed red and grey and ideal lines in solid black.

To sum up this section, Rh—P bond distances are revealed as key parameters in the computation
of '®Rh chemical shifts of Rh-bis(phosphine) complexes. The PBEO functional provides
suitable gas-phase geometries for routine calculations and is, thus, the simplest approach which
provides reasonably accurate results for chemical shift trends. However, when the counteranion
is explicitly considered, dispersion interactions should be taken into account during
optimization (e.g. via the M06 functional).

Systematic Analysis of ‘Rh Chemical Shifts

We will now use our "simple" theoretical protocol, i.e. B3LYP magnetic shieldings on gas-
phase PBEO geometries without counterions, to study in more detail how the '®Rh chemical
shifts depend on the chemical environment. To achieve this goal, a new set of cationic
complexes was generated by systematically changing the bis(phosphine) ligand in 1 through
modifying the chelating ring size (n = 2, 3, 4) and the groups attached to the phosphorous atoms
(R = H, CHs, CF; Ph, and Cy, affording complexes 8-20, Figure 6). No exhaustive
confomational searches were undertaken for these flexible ring systems; for the five- and seven-
membered rings, conformations were taken from the previous gas-phase optimizations of 1 and
4, respectively, for the six-membered rings (n = 3), a chair-like conformation was adopted as
found in a reported solid-state structure.”®
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Cy n= 19), 4 (20)

Figure 6. Substitution pattern of complexes derived from 1.



A key property to which the *®Rh shifts may be correlated (in the spirit of reference 21) is the
relative stability of the complexes. To probe the donor properties of the various bis(phosphine)
ligands, ligand exchange is assessed through the isodesmic reactions in Scheme 1. The free
ligands were optimized in all-s-trans conformations® free of clashes between PR, groups. We
will discuss relative enthalpies in gas phase, AH;s, (PBEO SDD/6-31G**), which are referred to
11 (more negative AH;s, values denoting higher affinity of the ligand to coordinate to rhodium).
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Scheme 1. Isodesmic ligand exchange reactions (11 taken as reference).

d(calc) vs. AHis, values of species 1-7 are plotted in Figure 7a. In agreement with previous
Gibbs energy results,”” complexes 1-3 are characterized by strongly binding bis(phosphine)
ligands (i.e. good donors) and rather shielded “®*Rh nuclei, whereas complexes 4-7 show higher
AHis, values and more deshielded 8(*®*Rh). It thus appears as if AHi, values could be related
with chemical shifts, at least qualitatively. However, this trend cannot be generalized to all kind
of ligands, as apparent for the corresponding results for species 1, 4, and 8-20 as shown in
Figure 7b. For sets of complexes bearing the same group R, the increment of the chelating size n
increases both the chemical shift and AH;, (excluding R = H for the latter). As expected for
electron-poor ligands, species containing CF; groups show high positive AHjs, values (35-42
kcal mol™), followed by those with R = H (15-18 kcal mol™). Then, methyl (CHs), phenyl (Ph)
and cyclohexyl (Cy) derivatives exhibit similar enthalpies within the same chelating size. This
general trend in AHjg, as a function of the electron-withdrawing or -donating capabilities of the
ligand is not reflected in concomitant changes in 5(**Rh), so that for the evaluated cases no
overall correlation between chemical shifts and stabilities can be deduced. This result
corroborates similar findings for Rh-bis(olefin) complexes, where an empirical chemical shift—
stability correlation could be reproduced only for very closely related (alkyl-substituted) olefins,
but was not predicted to extend to olefins with different electronic properties (e.g. fluorinated
ones).”
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Figure 7. Plots of 5(***Rh,calc) vs. AHy, according to species (a) 1-7 and (b) 1, 4 and 8-20.

On the other hand, the average Rh—P bond distance appears as an excellent probe into the
chemical shifts. Figure 8a shows the d(calc) vs. d(Rh—P) plot regarding species 1-7. A linear
regression can be estimated with a slope of 5682 ppm A™' (R? = 0.952).® More importantly,
essentially the same linear correlation holds also for complexes 1, 4 and 8-20 (see Figure 8b).
The individual slopes of complexes with n = 2, 3, and 4 are 3583 ppm A™' (R* = 0.867), 5862
ppm A (R? = 0.933), and 5513 ppm A" (R? = 0.988), respectively. A good global correlation
can be detected displaying a similar slope of 5285 ppm A™' (R? = 0.940),% although some
deviations are found for the five-membered ring species (n = 2). Overall, '®Rh chemical shifts
emerge as sensitive indicators for Rh—P bond distances and may be useful tools to describe
chemical shift—structure relationships including bis(phosphine) ligands with different chelating
sizes and electron-donor groups. Because stronger bonds to transition metals are not always
associated with shorter bond distances,® this correlation does not necessarily translate into
chemical shift-stability relationships.
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Figure 8. Plots of 8(*>*Rh,calc) vs. average d(Rh—P) according to species (a) 1-7 and (b) 1, 4 and 8-20.

To probe the generality of this trend linking shifts and Rh—P distances, we analyzed even more
subtle variations of the ligands. Inspired by the substituting pattern in complexes 6 and 7, the
substituents in para position of the aryl groups of 6 were varied by OH (21), F (22), CI (23), and
CF; (24). These groups (including H and CH3) can be described using Hammett o, constants,”
which are usually related to inductive effects. Figure 9a displays the d(calc) vs. o, fitting
function concerning 6, 7 and 21-24. Linear relationships between ®Rh chemical shifts and
Hammett constants have been reported previously.>*® In all cases, including our systems, the
remote electron-withdrawing groups cause a shielding of the metal, in line with observations
that an increase in phosphine basicity shifts the metal resonances to higher frequencies.
Interestingly, even though the '®Rh chemical shift span is narrow, ca. 40 ppm, the computed
values still correlate with average Rh—P bond distances at the picometer scale (Figure 9b).%
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Figure 9. Plots of 8(**®Rh,calc) vs. (a) Hammett o, constants and (b) average d(Rh-P) according to species 6, 7 and
21-24. Open circles: results for partially optimized structures of 6 (p-H), see text.

The slope of the correlation in Figure 9b, ca. 7800 ppm A™', is somewhat larger than that for the
"regular" complexes (1-20) in Figure 8, where it amounts to ca. 5300-5700 ppm A
Nevertheless, the similarity of these slopes suggests that such remote "Hammett" substituents
might affect 5(**Rh) to a large extent indirectly, namely through tuning the Rh—P distances,
rather than directly through a modified response of the electronic wavefunction to the magnetic
field. The latter, electronic effect can be separated computationally by changing the para-
substituent in 7 and 21-24 to H and keeping the same Rh-P distance (i.e. affording "distorted"
versions of the parent 6). If the NMR calculations are repeated without reoptimization, no clear
trend is apparent. When the structures are relaxed with the Rh—P distance fixed, the open circles
in Figure 9b are obtained. The slope of a linear fit is 2877 ppm A™' (R?=0.994), similar to that
obtained for 1 (ca. 3200 ppm A™', Figure 3a). Even though steric and electronic effects are not
fully disentangled this way, it appears that the indirect effect via the bond distance can be
substantial, in particular for the electron-withdrawing substituents such as Cl or CF3.%* In
summary, the inductive effects of remote substituents described by their Hammett constants
affect the '™Rh chemical shifts not only directly through the electronic structure, but also
indirectly through their influence on the Rh—P bond distances.

Analogous modifications including OH, CHs, F, Cl, and CF; groups in para position were
implemented in 1 (25-29), 17 (30-34), and 4 (35-39). The corresponding linear regressions of
chemical shift against both Hammett constant and Rh—P bond distance can be found in Figures
S4-S6 in Supporting Information. The quality of these trends ranges from moderate (R* = 0.78
for the derivates of 1) to good (R* = 0.91 for the derivates of 4), with slopes between ca. 7500~
10500 ppm A™'. Some scatter is detected when dealing with the five-membered rings (n = 2),
whereas the set with n = 4 follows well the expected correlation (Figure 9). Therefore, to obtain
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an overall picture some additional factors, such as the chelating size, should also be taken into
account.

Conclusions

'“Rh NMR chemical shifts have been computed for a series of cationic Rh—bis(phosphing)
complexes at the B3LYP level of DFT and have been critically compared to experiments. PBEQ
geometries of isolated species in the gas phase provide good chemical shift trends suitable for
routine calculations. When the counteranion is explicitly considered, dispersion-included
methods such as M06 are recommended for geometry optimizations.

For a small subset of the studied compounds one can note common trends between 3(***Rh)
values and complex stabilities (evaluated through isodesmic ligand exchange reaction energies).
However, no clear correlation between these properties is apparent for the full set studied.
Instead, a decrease of Rh—P bond lengths entails a shielding of the ‘®*Rh nuclei through a linear
relationship, which holds remarkably well for a large variety of substituents at P and chelating
ring sizes. This behavior has also been detected in more subtle variations of the electronic
properties of the ligands, where it could be related to Hammett o, constants. The simultaneous
combination of steric and electronic effects is inherently responsible for metal-ligand bond
distances, which in turn are decisive for transition metal chemical shifts. The scope of these
results is to shed light on future structure—reactivity correlations assisted by NMR techniques
and to apply first-principles electronic-structure computations for enhancing the usefulness of
transition metal NMR spectroscopy as a structural tool. The latter aspect could be expanded by
further studies into the role of the spectator ligand(s), COD in our case, and how they influence
the salient NMR-structure relationships.
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