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DFT «31P NMR ¢ phosphine * basis set * first row organometallic compounds * theoretical prediction

ABSTRACT: While 3!P NMR is a major technique to characterize phosphine-ligated transition metal complexes - which are ubig-
uitous in catalysis - 3'P NMR chemical shifts are difficult to predict using empirical rules or tabulated data. Aiming at filling this
gap, we propose here guidelines enabling their prediction at a modest computational cost. Rooted in DFT (Density Functional The-
ory), our protocol features structural optimization and magnetic shielding tensor calculations performed at a global hybrid level
using a tailored locally dense basis set. Validation on an experimental data series revealed that while a careful conformational
analysis is required in the case of flexible phosphines, the use of the free ligand or another complex as a reference for chemical
shifts often allows to solve this drawback. Applicability to various diamagnetic complexes of first-row transition metals is demon-
strated, including large systems relevant to contemporary catalysis.

In organometallic and coordination chemistry, 3P NMR is a
key spectroscopy to disclose the structural features of metal
complexes having phosphorus ligands. This tool is routinely
used for the characterization of stable compounds as well as to
evidence short-lived reaction intermediates.! Therefore, this
technique is particularly useful to elucidate the mechanisms of
catalytic reactions and to aid in the development of new trans-
formations? promoted by phosphine-ligated metal catalysts.!2
Indeed, 3!P nuclei usually yield easily observable and sharp
NMR signals over a wide chemical shift range, providing
valuable chemical information due to their high sensitivity
even to minor structural changes.!2 Unfortunately, while the
chemical shifts of 'H or 13C in organic molecules has been
traditionally estimated by the use of empirical correlation ta-
bles,3 3IP NMR chemical shifts are notoriously difficult to
predict based only on qualitative considerations and tabulated
data.l. 4 Indeed, whereas 'H and 13C NMR spectroscopies are
mainly concerned with contributions due to c-bonding or to
well-defined and recurring nbonded structural elements, the
influence of m-bonding in 3'P NMR is larger in magnitude,
more frequent and less transferable from one compound to
another, thus preventing the development of predictive empiri-
cal rules.!b

In the last decades, however, the estimation of 'H and 13C
NMR shielding constants by using density functional theory
(DFT) emerged and imposed as a very reliable and computa-
tionally affordable tool to support the structural elucidation of
complex organic molecules.> By contrast, the use of DFT to
predict 3P NMR chemical shifts has not yet been validated
extensively.6 Van Wiillen first used DFT methods to calculate
31P chemical shift using both IGLO and GIAO approaches on
a series of small molecules.®® Maryasin and co-workers de-
scribed a protocol based on the use of a GIAO in conjunction
with a rather large basis set (6-311++G(2d,2p)).6¢ It seems
however that a lower level of theory may be efficient as well:
6d. on [atypov and co-workers suggested “smaller” basis sets
such as 6-31G(d) may be efficient in most of the cases.t» Non-
specific and specific solvent effects,®f such as hydrogen bond-
ing, were also investigated.®> Indeed, the use of DFT ap-
proaches allows to handle large systems such as polyoxometa-
lates.6m More recently, the case of solid state 3!P NMR has also
been examined.? As we were writing these lines, Latypov and

co-workers reported a study on the applicability of DFT to
predict the 3P NMR chemical shifts of model nickel complex-
es based on small/medium-sized organophosphorus ligands.”

The development of an easily handled and reliable routine
method would be of great help to assist structural assignments,
particularly in the case of complexes featuring multiple phos-
phine, in the case of complex mixtures of products, or to com-
plete the characterization of non-isolable reaction products and
intermediates. - 61

The aim of the present work is to establish and validate a DFT
protocol based on the GIAO approach for the prediction of
solution (isotropic) 3P NMR chemical shifts of diamagnetic
first-row transition metal complexes. Due to the comparative
abundance of data available in the literature for nickel-phos-
phine complexes, Ni containing complexes were predominant-
ly selected to build a benchmark set suitable to validate our
computational approach. Moreover, nickel-based catalytic
systems are currently under active development.8

The full training set of complexes analyzed in this work is
reported in Figure 1 (for the complete tables of chemical shifts
of complexes and associated references, see the Supporting
Information, Tables S1-S2). This series contains a variety of
Ni(0) complexes (1-18) and Ni(II) complexes
(complexes 19-21). It is complemented by a few complexes of
other transition metals (Cr(0), Cu(I), Mo(0) and W(0), com-
plexes 22-25).

First, the computational method was established by using a
subset of six simple Ni(0) PMes-ligated complexes (Figure 1,
complexes 1-6). Since the chemical shift is critically depen-
dent on the geometry of the complexes, we determined the
level of theory needed both for structural optimizations and for
magnetic shielding tensor calculations. The resulting method-
ology was then validated on a larger number of compounds
using the full training set depicted in Figure 1. Finally, some
concrete examples of application of our protocol to identify
intermediates and off-cycles species in the case of “real-life”
catalytic cycles are presented in the last part of this paper, in-
cluding diamagnetic complexes of transition metals other than
nickel (Fe(IT) and Mn(I)).
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Figure 1. Structures and experimental 3!P isotropic chemical shifts of the training set of complexes used in this study. In red are reported
the Ni(0) complexes used to setup the computational protocol (1-6), in black the Ni complexes used to validate it (7-15), and in green some
Ni(0) complexes that are discussed more in detail due to tri-aryl phosphine peculiar conformational issues (16-18), in violet Ni(II) com-
plexes which deserve special care due to various degree of paramagnetic character (19-21), in blue complexes of metals other than Ni (22-
25). Experimental 3P NMR chemical shifts in solution are indicated in parentheses. See the Supporting Information, Table S2 for literature
references and details of the conditions in which the spectra were recorded. When more than one inequivalent phosphorus nucleus is
present, only the one highlighted in boldface was included in the analysis. 0-Tol = 0-Me-CsHa,

Results and Discussion

We recall that the chemical shift (0x) of a nucleus X is defined
as: by = Oy — 6x + 0,5 Where 6,5 and 6y are the NMR
isotropic magnetic shielding constants of a reference nucleus
and of the nucleus X respectively and 8,7 is the chemical shift

of a reference nucleus with respect to a primary reference (for
the complete table of calculated isotropic magnetic constants
of complexes and free phosphines see the Supporting Informa-
tion, Tables S3-S4). In the case of 3P NMR, the zero of the
scale (5ref = 0) is a solution of orthophosphoric acid (H3POs,
85% in water). Considering the difficulties to model this sys-
tem, PH36b 6m or PPhs6e were proposed as “secondary stan-
dards” to reference computed chemical shifts.6¢ It may also be
advantageous to choose different reference compounds for
nuclei of the same kind residing in qualitatively different
chemical environments. An analogous concept has already
been applied to the prediction of 13C NMR chemical shifts:
the use of two different reference molecules, one for sp3-hy-
bridized and one for sp and sp?hybridized carbons allows in-
deed to reduce the error.”

In our case, we are particularly interested in the prediction of
the change in chemical shift associated to the formation of the
metal-phosphorus bond. This variation can be defined as
6LP - 6FP = OfFp — OLp where (st and 6FP are the chemi-
cal shifts of the phosphorus nucleus in the metal-bound and
free ligand respectively and o7 p and 6pp are the correspond-
ing isotropic shielding constants. Indeed, the chemical shift of
the free phosphine (6gp) is normally known and excess free

ligand may be present in the analyzed solution and used as a
secondary reference standard. Thus, the 3!P chemical shift of
the phosphine in the metal complex can be rewritten as

6pp = opp—orp+ Opp.

Setup and Validation of the computational approach

Experimental studies on series of structurally related complex-
es, highlighted that the metal-phosphorus bond length!® and
the cone angle of the phosphine!! have a critical effect on the
chemical shift.12 As a consequence, obtaining reliable geome-
tries is a pre-requisite to predict 3'P NMR chemical shift. The
Ni-P bond length and the Ni-P-C angle were chosen as indica-
tors to judge the convergence of the computational protocol
for structural predictions focusing first on complex 1 (Figure
1).In order to setup a cost-effective method, we decided to fix
the exchange correlation functional to the popular global hy-
brid B3LYP!3 and to screen different basis set combinations so
as to obtain adequately accurate convergence of the geometric
parameters at a modest computational cost. Solvent effects
were accounted for with the PCM model, using the parameters
of the solvent used for experimental measurements (for both
optimization and NMR calculations; see the Supporting In-
formation, Table S2 for literature references and details of the
conditions (solvent) in which the spectra were recorded).

First, we analyzed the effect of the basis set on the metal atom.
We considered the Los-Alamos family of basis and pseudo
potential for the Ni atom and tested the LANL2DZ and LAN-
L2TZ basis sets.[26] Starting with the triple-zeta Los-Alamos
basis set (LANL2TZ) used with the associated pseudo-poten-



tial (LANL?2), addition of diffuse (LANL2TZ+) or f-polariza-
tion functions (LANL2TZ(f)) lead to less than 1 mA change in
the Ni-P bond length (see the Supporting Information, Table
S5). By contrast, using the smaller LANL2DZ basis set lead to
a variation of more than 20 mA. To estimate the impact of
bond length on the isotropic shielding constant, a scan of o
along the Ni-P distance in complex 1 was performed. A modi-
fication of 1 mA induced a change of less than 0.1 ppm (see
the Supporting Information, Figure S1), which validates the
choice of LANL2TZ/LANL?2 to describe Ni for geometry op-
timization.

_ co _

7 - a) Me 2.0

6 | . 0 L 1.8

_ \'\_\ Mel 1.6

f& > ™ \ oc cortl4
= 4 \ n ‘Tf\
g . \ Me F1.2 755
% 3 \\I 1.0 E
4 \ Los o
T 2 AN 4

g l\\ -0.6

3 1 \ N -0.4

0 .\'\-\. L0.2

A4 . . . . T 00

0 10 20 30 40 50 60
6, diedral angle, CNi-PC (°)
25 - (1) H ~10
\ ]

\: b) f EMe / L9

20 \. Me\g\\\\ Me J L g

e R o/r
~ I, ] -6 ‘;“
/'E 104 \.\\ OC/ \l//C 5
< CO . > £
v \ . / (4 2
—~ 54 =
s ™ . 3 4

N e / :

Sl \ \'\_ /. I

54 \ .>=\I\ 1

\.\./. Lo E— Lo

-10 T T T T T T T T T '1

¢, PMe; cone half angle (°)

Figure 2. a) Energy scan (AE) for rotation of PMes (@ = CNi-PC
dihedral angle) around the Ni-P bond axes in complex 2 (right
scale, black curve) and the associated evolution of 3!P NMR iso~
tropic shielding tensor (left scale, blue curve, A = 6(6) — 6(6min),
with Omin the minimal energy angle). b) Energy scan (AE) for
change in the PMes cone angle (&) in complex 2 (right scale,
black curve) and the associated evolution of 3P NMR isotropic
shielding tensor (left scale, blue curve, Ac = 6(d) — 6(bmin), with
®min the minimal energy angle). 3'P NMR shielding constants
were evaluated at the B3LYP(GIAO)/BS2 level of theory.

Similarly, the effect the basis set on P and O on the optimized
Ni-P bond length and P-Ni-P angle was studied (see the Sup-
porting Information, Table S6). In this case split-valence Pople
basis sets (double or triple zeta) were evaluated. Starting with
6-31G, addition of diffuse functions (6-31+G) resulted in a
noticeable change of the bond length (61 mA). By contrast,
the addition of d-polarization functions (6-31+G(d)) had only
a negligible impact. Changing from double to triple zeta basis
(6311+G(d)) does not significantly affect the results. Conse-

quently, the B3LYP functional in conjunction with LAN2TZ/
LANL2 on Ni, 6-31+G(d) on P, O and other atoms, and
6-31G(d) on C and H have been retained as computational
protocol for structural optimization. Hereafter this composite
basis set will be referred to as BS1. All optimized structures
are reported in the Supporting Information, §4 Cartesian coor-
dinates and absolute energies).

Another caveat with the structural optimization of phosphine
and phosphine-metal complexes is the possibility of populat-
ing several conformations at room temperature. Indeed, a con-
formational analysis and a subsequent Boltzmann average was
necessary for the prediction of the chemical shift of flexible
phosphites.6¢ For instance, if we consider the very simple
structure of complex 2 (Figure 1), there could be free rotation
around the Ni-P bond and the cone angle of the phosphine may
also vary. To estimate the influence of these effects on the
isotropic shielding tensor, a scan of ¢ along the C-P-Ni-P di-
hedral was performed (Figure 2a). A 60° rotation of
trimethylphosphine corresponds to a variation of o of more
than 6 ppm.!4 This process is predicted to be nearly barrierless
and thus may have a significant impact on the chemical shift.
Using a Boltzmann distribution and sampling conformations
with a 5° rotation step, the chemical shift is indeed shifted
downfield of 1.5 ppm compared to the chemical shift comput-
ed for minimal energy configuration.

The effect of the cone angle in complex 2 on the chemical
shift was also investigated. As described in the literature!! the
effect of the cone angle on the isotropic shielding tensor is
relevant (more than 60 ppm for a 15° distortion, see the Sup-
porting Information Figure S2). If we consider only the struc-
tures accessible at room temperature (Figure 2b, correspond-
ing to less than 10 kJ mol-! for a variation of 5°) the variation
of the isotropic shielding tensor in this area is more than 25
ppm. Using a Boltzmann-averaged sampling, the predicted
chemical shift changed by nearly 1 ppm compared to the most
stable staggered conformation. An analogous calculation on
free PMe; (see the Supporting Information, Figure S3) re-
vealed a very similar behavior and the contribution to the
chemical shift due to a variation of the cone angle is of the
same order of magnitude (0.9 ppm). This may be explained by
considering that in complex 2 the steric hindrance due to the
interaction with the CO ligands is very weak and thus the pos-
sible deformations of the ligated phosphine are similar to those
of the free ligand.

Based on these observations, we can conclude that it is advan-
tageous to use the corresponding free phosphine as a reference
for the calculation of the 3'P NMR chemical shifts of com-
plexes and focus on the difference of chemical shift between
the free and ligated phosphine. When the accessible conforma-
tional spaces are similar for the free and ligated phosphine, no
conformational analysis would likely be needed due to trans-
ferability of dynamic conformational effects between the free
and the metal-bound ligand. On the contrary, the rotation of
the phosphine around the metal-P axis (a degree of freedom
not relevant for the free phosphine) should be checked if ther-
mally accessible.

The choice of the basis set for the calculation of the NMR
shielding tensor was then examined. The use of unbalanced,
“locally dense” basis sets for the cost-effective calculation of
13C NMR chemical shifts in large organic molecules at the
Hartree-Fock level was first proposed by Chesnut and Moore.
15 In this approach, high quality large basis set are employed
only on the atom for which the NMR chemical shift is to be
calculated, while computationally cheaper basis sets are used
to describe all the other atoms.!6 Its applicability in conjunc-
tion with post-HF methods has been investigated later,!” and
this subject has been reexamined in a systematic fashion for
the case of peptides recently.!8 In our case, the “locally dense”
basis set concept would allow significant saving of computa-



tional time, especially for large metal complexes featuring
multiple phosphorus ligands.

We investigated the suitability of this approach for metal com-
plexes at DFT level. Thus, we kept the basis set employed for
geometry optimization for all atoms but the P atom of interest
and we investigated the effect of the basis on the latter. In this
respect, we considered the family of the polarization consis-
tent basis sets with segmented contraction pcsSeg-x (x = 0-3),
which was designed by Jensen to describe the core properties
of nuclei.!® This basis set family proved to be particularly effi-
cient for NMR calculations.!?
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Figure 3. Error on the chemical shift calculated for complex 3
(with respect to experimental values), using polarization consis-
tent basis sets with segmented contraction on the P atom of inter”
est (pcSseg-x, x = 0, 1, 2 and 3) with the GIAO method, and the
B3LYP functional. The following basis set was used for the other
nuclei: LANL2TZ-LANL2 (Ni), 6-31G(d) (C and H), 6-31+G(d)
(other P atoms).

Using the B3LYP functional in combination with the GIAO
approach, the absolute error on the chemical shift of complex
3 (Figure 3) converged to less than 1 ppm using the pcsSeg-3
basis set on the P nucleus of interest (Figure 3, the 6-31+G(d)
basis set was employed for the other three P centers). The B3-
LYP functional was selected on the grounds of previous stud-
ies revealing its efficiency in calculation of NMR shielding
tensors.®d Differently from what demonstrated for related sys-
tems,20 the PBEO functional did not significantly outperform
B3LYP (see the Supporting Information, Figure S4).

The effect of the basis set on the other atoms was also investi-
gated. Addition of diffuse functions to describe C and H sig-
nificantly improves the results while addition of d-polarization
functions is detrimental (see the Supporting Information, Ta-
ble S8). Going from a double zeta basis set to a triple zeta did
not lead to any significant improvement (see the Supporting
Information, Tables S8) while sizably increasing the computa-
tional cost. Concerning P atoms other than that of interest,
both d-polarization and diffuse functions are needed (see the
Supporting Information, Table S9). The following composite
basis set was selected and it will be referred as BS2 in the
following: pcsSeg-3 on the P nucleus of interest, 6-31G(d) on
C and H atoms, 6-31+G(d) on any other atoms (including P
centers other than that of interest).

Finally, we assessed the magnitude of solvent effects modelled
using polarization continuum model (PCM, refer to Computa-
tional Details). The 3'P chemical shift of complex 3 varied of
about 2 ppm passing from benzene to acetonitrile, which is in
agreement with previous reportsée ¢ (see the Supporting In-
formation, Figure S5) and of comparable magnitude with the

accuracy of our method (vide infra). We decided to keep PCM
solvation for the rest of this study, as it does not significantly
increase the computational cost.

Table 1. Experimental and calculated 3'P chemical shift
(ppm) of complexes 1-6, PMe; was used as a secondary
reference (O = Opmes - O + Opwmies).

Complex 1 2 3 4 5 6
Exp.  -182 -199 222 265 -179 222
Cale.  -183 -1740 235 252 -151  -207
AdS o1 25 13 13 28 15

a Before Boltzmann correction related to free rotation (vide
supra, Figure 2a): -16.3 ppm. With correction corresponding to
free rotation (no Boltzmann-weighed averaging): -18.0 ppm.
With Boltzmann-averaged correction -17.4 ppm.

The optimized protocol was then tested on complexes 1 to 6
(Table 1) and proved to be efficient in the prediction of chemi-
cal shifts. Indeed, based on geometric optimization at the B3-
LYP/BS1 level and subsequent NMR calculation at the GIAO-
B3LYP/BS2 level (vide supra the definition of BS1 and BS2
composite basis sets), it was possible to predict the chemical
shift of these species with an average unsigned error of
1.6 ppm.

Scope and limitations

The efficiency of the method optimized on a small subset of
Ni(0), PMes-ligated complexes was then further tested on a
larger set (Table 2, Figure 1) including various phosphine-type
ligands (complexes 7-18, PF3, PCls, PEt3, PF.CF3, PF(CF3),
PCys, PPhs, P(o-Tol), P(0-iPr-C¢Ha)3, bidentate phosphines),
Ni(II) complexes (complexes 19-21) and finally complexes of
other metals (complexes 22-25, Cu(I), Cr(0), Mo(0), W(0)).

Varying the nature of the phosphine did not drastically influ-
ence the accuracy of the prediction. However, in the case of
highly flexible phosphines such of PEt; (complex 9) or
PF>CH3 (complex 10) the absolute error increased, thus sug-
gesting the importance of conformational analysis and dynam-
ics in these instances.¢¢

nQ - e >0 K c
o » I~ | > 1 ? " C
OD 5 237 A w. Hees T
P. : '&}i:'b (::l ) A‘__ilj"): -'. C
e & ~% ‘ \
[ 7 { X ® 2 s
b %o 0%

Figure 5. Conformation of complex 15 [Ni(n2-CO2)(PCys3):],
calculated 3'P chemical shifts are indicated (Ni atom in yellow, P
atoms in green, O atoms in red, C atoms in white, H atoms omit-
ted for clarity). PCys was used as a secondary reference (8 = opcy3
- 0+ dpcy3).

Two different conformations can be optimized for [Ni(n2-COz)
(PCy3)2] (complex 15, Figure 5), a complex relevant for acti-
vation of CO,. The first displays orthogonal PNiP and OCO
planes while the latter shows coplanar PNiP and OCO. In the
latter case, the two phosphorus centers are not equivalent.
While this structure is predicted to possess two resonances at
11.1 and 62.5 ppm, the latter would have a single signal at 23



ppm (Figure 5). Experimentally, the spectra of this complex
features two signals at 20.7 and 50.7 ppm in 3'P NMR, match-
ing with the second structure. This conclusion is in agreement
with the computed thermodynamics, since the second geome-
try is predicted to be favored by 24.6 kJ mol-!.

The case of aryl phosphine was studied in detail (vide infra)
due to their relevance as ligands in catalysis. The prediction of
the 3!P chemical shift of complexes of aromatic phosphines is
especially difficult due to their conformational freedom.oe. 21
The case of P(o-Tol); has been analyzed in depth (complex
17).

Table 2. Experimental and calculated 3P chemical shift of
complexes 7-15. The associated free phosphine (L) was used
as a secondary reference (O = OL - O + Or).

Complex Phosphine Cglcu]ated Experimental ;t:r'
L) (ppm) (ppm)

(ppm)
7 PF3 136.5 136.0 0.5
8 PCl; 176.3 182.5 6.2
9 PEt; -8.6 3.0 5.6
10 PFCF; 170.5 184.8 14.3
1 PF(CF3), 155.1 156.7 1.6
12 PEt; 19.7 19.4 0.3
13 ?ﬁiggé 86.6 92.7 6.6
14 tgﬁﬁfﬁ' 89.2 95.6 6.4
15 PCy; 11.1 20.7 9.6
62.5 50.7 11.8

Table 3. Experimental and calculated 3!P chemical shift of
complexes 16-18 for different conformations and average
values. The associated free phosphine (L) in its most
stable conformation (“in””) was used as a secondary
reference (0 = O1 - O + Ov).

Calc. 8 - Calc. O -

Atf(ijin/ “out’ “in > Average Exp. Abs.
;;1011) conform conform calc. 0  shift error
er (ppm) er (ppm)
. . ] - 477 49 48

17 5.5 30.65 18.36 24.5 29.4 4.9
18 5.1 46.15 21.83 339 31.9 1.9

Rotation of the o-Tol groups around the P-C bond can be con-
sidered as free at ambient temperature with an energy barrier

estimated at only 7 kJ mol-! (Figure S7). Two minimal energy
structures are obtained, corresponding to the conformation
with the methyl group outside (“out”) or inside (“in”) the cone
formed by the aryl groups (Figure 4). The “in” conformer is
thermodynamically favored by 16 kJ mol-!, consequently only
this conformer was considered.

~ T T - i
o5 Sy \1) A

Figure 4. Conformations of P(o-Tol); (P atoms in green, C
atoms in white, H atoms omitted for clarity).

However, the metal-bound P(o-Tol)s complex 17 has two near-
ly isoergonic conformations of the ligand, with the ‘in’ one
slightly favored by 5 kJ mol-!. In this case, both conformations
have to be considered to obtain a reasonable estimation of the
chemical shift at room temperature (Table 3). Both conformer
are separated by more than 20 ppm due to the variation of the
cone angle. The same reasoning was successfully applied to
the case of (0-iPr-C¢H4)3P in complex 18 (Table 3).

Changing the oxidation state of the metal from Ni(0) to Ni(II)
(complex 19-21) can affect the accuracy of the approach as
evidenced by the values of Table 4. While the chemical shift of
complex 19 is described correctly the error become significant
for complexes 20 and 21. This failure can be directly related
with the energy gap between singlet and triplet state
(AG(S—>T), Table 4): the lower the triplet energy, the more the
error. As already noticed by Latipov and co-workers, residual
paramagnetic behavior hampers accurate chemical shift pre-
diction by DFT calculations.”

Table 4. Experimental and calculated 3!P chemical shift of
complexes 19-21. The associated free phosphine (L) was
used as a secondary reference (8 = oL - ¢ + dr).

Complex Calculated 0 Experimental ~Abs. AG(S ST
(ppm) O (ppm) error )
(ppm) (kcal mol-
D)
19 393 35.6 3.7 +17.7
20 70.6 70.3 0.3 +6.7
97.7 78.3 19.4
21 42.8 85.5 42.7 +1.9

Finally, our protocol could also be applied to complexes based
on first-row transition metal other than Ni (such as Cu(I) and
Cr(0), complexes 22-25), but it substantially failed at predict-
ing the 3'P NMR chemical shifts of complexes of second and
third row metals (here exemplified by Mo(0), W(0), complex-
es 24-25), likely due to the lack of appropriate treatment of
relativistic effects in the chosen model.6f. ém



Table 4. Experimental and calculated 31P chemical shift of
complexes 22-25. PMes was used as a secondary reference
(8 = OPMe3 - O + OpMe3).

Comple Metal center Calculate Experiment Abs.

X d al O (ppm) error
(ppm) (ppm)

22 Cu(l) -43.4 -47.5 4.1

23 Cr(0) 13.8 6.5 7.3

24 Mo(0) -2.4 -17.3 14.9

25 W(0) -4.5 -36.3 31.8

The data from Tables 1-4 were used to plot calculated vs ex-
periment chemical shift (Figure 6). Overall our method per-
forms well with a regression coefficient of R2 = 0.99, the slope
is very close to one (slope = 0.96). Consequently, no addition-
al affine correction is needed, differently from previous re-
ports.on The average unsigned error was 4.2 ppm, it compares
favorably with previously reported methods.”
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Figure 6. Calculated versus experimental chemical shift of
complexes 1-25 (in blue, training set, complexes 21, 24 and 25
were omitted for above discussed reasons, namely residual
paramagneticity and relativistic effects) and complexes 26-37
(in red, test set). Geometries optimized at the B3LYP/BSI
level of theory. 3P NMR shielding constants were evaluated
with the GIAO method at the B3LYP/BS2 level of theory.

Application to the structural elucidation of complex cat-
alytic system

To demonstrate the interest of our approach for practical ap-
plications, we report here some examples showing how it
could assist in the interpretation of experimental 3'P NMR
spectra.

First, we attempted to discriminate between a mixture of struc-
turally related Ni(IT) complexes differentiated by their anionic
ligands (Cl vs Br vs OH), organization (mono vs dinuclear
form) and, finally, configuration (trans vs cis). The complexes
selected for this test (Figure 7, Ar = 2-Me-4-F-C¢H3) were
described in a previous work on the mechanism of the nickel-
catalyzed Suzuki-Miyaura cross-coupling, in which the role of
these species in the catalytic cycle was elucidated.22 More in
details, the interaction of trans-[NiArCI(PPhs):] (complex 27)
with Br- and OH- has been described. The variation of the 31P
NMR chemical shift upon substitution of the chlorido ligand
by a bromido to give trans-[NiArBr(PPhs):] (complex 26,
experimental Ad = +0.8 ppm) is well reproduced by calcula-
tions (computed Ad = +0.6 ppm). Upon addition of OH- to 26,
four new signals at higher field appeared.

Substitution of Br- by OH- may potentially yield either the
monomeric complex trans-[NiAr(OH)(PPh3)2] (28) or dimeric

u-OH bridged complexes [NiAr(u-OH)(PPhs)]2 (29a-d). Cal-
culations allow to clearly decide between these two hypo-
theses: a negative variation of —8 ppm is expected for the mo-
nomer versus a positive shift of +15 ppm for dimers. Finally,
four isomers of [NiAr(u-OH)(PPh3)]> can be formed (see Fi-
gure 6): phosphine ligands may be placed trans (29a-b) or cis
(29¢-d) around the dinuclear core and the ortho methyl groups
of Ar can be either anti (29b,d) or syn (29a,¢) with respect to
the Ni(u—OH)2Ni plane. Complexes featuring the phosphine
arranged in a frans fashion are predicted to resonate at lower
field (37.4 and 38.0 ppm) than complexes with phosphine
arranged in a cis conformation (34.2 and 36.2 ppm). This trend
is in agreement with the experimental observations.[22] Lastly,
the calculations allow to put forward an assignment of the
signals of all isomers, which could not be deduced from expe-
rimental data (Figure 7).

Figure 7. ArNi(Il) complexes potentially involved in the catalytic
cycle of a Ni-catalyzed Suzuki couplingl23] Experimental(23] (blue)
and calculated (red, B3LYP(GIAO)/BS2//B3LYP/BS1 level of
theory) chemical shifts are reported. Complex 27 was used as a
secondary reference (8 = 028 - 0 + d28).

To highlight the applicability of our computational protocol to
assist the interpretation of 3!P NMR of complexes of first-row
transition metal relevant to catalysis, additional systems based
on metals other than nickel were examined. The Mn(I) com-
plexes 30a-b (Figure 8) featuring a P-stereogenic PN(H)P
ligand are useful as catalyst for the asymmetric hydrogenation
of prochiral ketones.23 In the context of an investigation of the
mechanism of this reaction, several potentials intermediates of
the catalytic cycle were prepared and studied by 3!P NMR
spectroscopy. More in details, treatment of 30 with KH gave a
mixture of the amido complex 31, syn hydride 32 and anti
hydride 33. Compound 32a reduced acetophenone to give the
diastereoisomeric alcoxo complexes (S)-34a and (R)-34a. 3!P
NMR chemical shifts of these complexes were calculated us-
ing our theoretical protocol (Figure 8) taking complexes 30a
(for R = Cy) and 30b (for R = rBu) as references to anchor the
computed chemical shifts, to avoid a burdensome conforma-
tional analysis of this flexible ligand. The mean unsigned error
of the 11 calculated values was 3.4 ppm, which is in line with
the accuracy observed in our benchmark set of Ni complexes.
Remarkably higher accuracy was obtained series of complexes
with R = fBu (31-32b) than for analogues with R = Cy
(31-32a), most likely due to the reduced conformational free-
dom of the /Bu residue compared to Cy.



Figure 8. Mn(I) complexes of a P-chiral PNP ligand involved in
the asymmetric reduction of prochiral ketones.2?> Experimental?3
(blue) and calculated (red) chemical shifts are reported. Complex
30a and 30b were used respectively as a secondary reference for
complexes 31-34a and 31-32b.

A last example was drawn from the field of iron catalysis,
based on a recent report by Mezzetti and coworkers.24 In the
course of the study of the mechanism of the asymmetric trans-
fer hydrogenation of ketones catalyzed by the iron(II) complex
[Fe(CNCEt3)2(L)](BFa)2 (L is a chiral NoP2 macrocycle), the
reaction of the hydride complex 35 [FeH(CNEts)(1)](BF4)
with acetophenone was studied (Figure 8).24 A complicated
mixture of products containing the diastereoisomeric alkoxo
complexes ($)-36 and (R)-36, and bromo complex 37 (from
Br-present in the reaction medium) was obtained. Application
of our procedure to the prediction of the 3'P NMR chemical
shifts of these species relevant to catalysis (with 35 as the ref-
erence compound, 7 computed values, Figure 9) gave a mean
unsigned error of 3.8 ppm, which is a performance similar to
that observed for the systems discussed previously. This ob-
servation suggests that stereochemical analysis of the remote
Et3CNC ligand, which has high conformational freedom, is not
needed (i.e. this ligand is sufficiently far from the P, so that the
detailed description of its conformations is not required to
estimate the 3P NMR chemical shifts). Unfortunately, the
difference in the chemical shifts of diasteromers (R)- and
(8)-36 (3.1 ppm in the best case) is so small that the error of
the method would not allow to use the calculations to support
assignment of the spectra. This example, however, highlights
that our computational protocol can be applied to rather large
systems (complexes (R)- and ($)-36 have 58 non-hydrogen
atoms) due to its moderate computational cost, and that no
significant loss of accuracy is observed passing from smaller
model compounds to these larger systems encountered in
modern catalysis. The data presented of Figures 7-9 were
added to the calculated versus experimental data plot (red,
Figure 6), no difference in behavior was observed with the
training set described in the first part of this paper (blue), the
average unsigned error was 4.1 ppm, the slope closed to one
(1.02) and the regression coefficient is only slightly lower
(0.94).

Figure 9. Fe(Il) complexes of a chiral P2N> macrocyclic ligand
involved in the asymmetric transfer hydrogenation of prochiral
ketones.24 Experimental?4 (blue) and calculated (red,
B3LYP(GIAO)/BS2//B3LYP/BSI1 level of theory) chemical shifts
are reported. Complex 35 was used as a secondary reference (8 =
028 - O + O28).

Conclusions

Guidelines enabling the theoretical prediction of 3'P NMR
chemical shifts of first row transition metal complexes at a
modest computational cost have been established. First, ade-
quately accurate geometries are to be obtained. At this end, our
protocol employs a global hybrid functional (B3LYP) with a
composite basis set (BS1). BS1 comprises a triple zeta basis
set with an effective core potential (LAN2TZ/LANL2) on the
metal and a double zeta basis set on other atoms (6-31G(d) for
C and H, 6-31G+(d) for other atoms). Solvent effects are in-
cluded using an implicit solvation model (PCM). These result-
ing optimized structures are submitted to NMR shielding ten-
sor calculation using the GIAO approach with the B3LYP
functional and a tailored composite basis set (BS2). BS2 is a
composite “locally dense” basis set comprising a triple-zeta
quality segmented polarization-consistent basis set (pcs-Seg3)
on the P center of interest and double zeta basis set on other
atoms (6-31G(d) for C and H, 6-31G+(d) for other atoms.
Careful analysis of conformational and dynamic effects on the
chemical shift is crucial to obtain reliable results. In the sim-
plest cases, these effects are transferable from the free phos-
phine to the complex. Consequently, using the free phosphine
as a reference to anchor the calculated chemical shifts allows
to reduce errors due to systematic error cancelation. In select-
ed cases, however, sampling of conformational space and
Boltzmann averaging is recommended. Overall, this procedure
allows estimating 3P NMR chemical shifts of diamagnetic
complexes featuring different phosphines and first-row metals
with errors typically below 3 ppm. This optimized protocol
has been applied to catalytically relevant systems and proved
particularly robust for the estimation of chemical shift differ-
ences of structurally related complexes. In perspective, calcu-
lated 3P NMR chemical shifts can be used as a tool to assist
spectral assignment of stable complexes and transient catalytic
intermediates.

Computational Details

All DFT calculations were performed with the Gaussian09
program (Rev. A.02).25 The structures of all minima were fully
optimized using the B3LYP functional!3 without any symme-
try constraint. Basis sets used for structural optimization (BS1:
LAN2TZ/LANL2)26 on Ni, 6-31G(d) on C and H and
6-31+G(d) on all other atoms) and NMR calculation (BS2:
pcsSeg-319 on the P nucleus of interest, 6-31G(d) on C and H
atoms, 6-31+G(d) on any other atoms (including P centers



other than that of interest)) are detailed in the text (section
“Setup and Validation of the computational approach). To
simulate experimental conditions, bulk solvent effects were
accounted for by using an implicit solvation model (IEF-PCM)
as implemented in Gaussian, for both geometry optimization
and shielding constant calculations.2’” The default spheres
radii, static and optical dielectric constants for each solvent
were used. All stationary points were characterized as minima
by analytical frequency calculations.
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