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NMR trans-philicity (trans-effect/trans-influence) ladders have been built for a broad series of octahedral
[Cr(CO)sLI™""* complexes (50 ligands used) by using a **C NMR probe and quantified through calculation
of the Ae = 6cr(co),L — ocrco), NMR parameter employing DFT computational methods. This quantification
notably retrieves the experimental trans-orienting series. The excellent linear correlations between the
calculated Ac NMR parameter and well established ligand electronic parameters, such as the ligand con-
stant P_ and the ligand electrochemical parameter E (L), that measure the ligand bonding effects in
coordination and organometallic chemistry prompt us to introduce the trans-philicity concept as a
unified term to cover both the kinetic trans-effect and its thermodynamic (ground state) trans-influence
cousin. The trans-philicity for ligand L is defined as the strength of philicity of the coordination site in
trans-position to itself. trans-Effect and trans-influence ladders have also been built for the octahedral [Cr
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(CO)sLI™/%* complexes based on the calculated intrinsic bond dissociation energy of the Cr—COgans
bond, IBDE(Cr—COyans) to account for the trans-effect and the v(C=Oy.,s) and v(Cr—COqans) Vibrational
frequencies, and R(Cr—COy.,s) bond lengths to develop the trans-influence series and compared with

rsc.li/dalton the NMR trans-philicity ladder.

Introduction

The term ‘trans-influence’, being a long-established concept of
broad relevance in the realm of inorganic chemistry, was
defined first in 1966 by Pidcock et al." as the ability of ligand L
in a complex to weaken the metal-ligand bond trans to itself.
This ground-state phenomenon should be distinguished from
the kinetic phenomenon called the ‘trans-effect’, which is the
effect of coordinated ligand L upon the rate of substitution
reactions of the ligand in trans-position to L.>*

In the mid-1970s, Pickett and Pletcher” introduced the elec-
tronic ligand parameter P; defined as P, = E;,[Cr(CO)s] —
E,5[Cr(CO)sL], which provides a measure of the ligand
bonding effects in coordination and organometallic
chemistry.> ' At the same time Tolman reported the so-called
Tolman’s electronic parameter (TEP) for phosphanes, R;P,
based on the position of the A, ©(CO) vibration of (R3P)Ni(CO);
in the IR spectrum." Later Lever®® reported electronic ligand
parameters, Ey (L), for a wide variety of ligands L based on the
electrochemical E, value for various Ru(m)/Ru(u) redox
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couples. Perrin et al.'? calculated the predicted A; 1(CO)
vibration of Ni(CO);L complexes for a wide variety of L (68
ligands) providing a computationally derived ligand electronic
parameter (CEP). Zobi'? carried out a density functional theory
(DFT) and natural population analysis (NPA) of octahedral
fac-[M(CO);L3], (M = Re, Ru, and Mn), square-planar cis-
[Pt(CO),L,],, and tetrahedral [Ni(CO);L], carbonyl complexes
in order to understand what effects are probed in these
species by IR spectroscopy and electrochemistry as a function
of the ligand electronic parameter of the associated L. Very
recently Cremer and Kraka'* introduced the metal-ligand elec-
tronic parameter (MLEP) based on the local stretching force
constant of the M-L bond.

In 2000 Coe and Glenwright® presented an extensive survey
of the occurrences and origins of both structural trans-effects
(STEs) and kinetic trans-effects (KTEs) in octahedral com-
plexes. From the analysis of a great deal of crystallographic
data, the authors attempted to propose a universal STE series
for ligands in octahedral complexes. Investigations of the
trans-influence in octahedral complexes have employed a
variety of physicochemical techniques, including IR and NMR
spectroscopic measurements.’>"” Wovkulich and Atwood'®
investigated the reactions of trans-Cr(CO),LL’ (L,L' = PBus,
P(OMe)z;, P(OPh);, PPh;, AsPh;) to determine the effect of a
trans-orientation of ligands. Interestingly, neither ¢ nor = nor

This journal is © The Royal Society of Chemistry 2019


www.rsc.li/dalton
http://orcid.org/0000-0002-0425-2235
http://crossmark.crossref.org/dialog/?doi=10.1039/c8dt04562c&domain=pdf&date_stamp=2019-01-22
https://doi.org/10.1039/c8dt04562c
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT048005

Published on 03 januari 2019. Downloaded by Fail Open on 23/07/2025 10:05:18.

Dalton Transactions

the ratio of o-to-t bonding correlates well with the observed
rates. However, for a given dissociating ligand from the ¢rans-
Cr(CO),LL’ complexes, an extremely good correlation between
the rate and the »(CO) stretching frequency was obtained. A
systematic compilation of structural data from the CSD pro-
vided a quantification of the trans-influence for the ligands O
= CX,, NR;, pyridine, CI7, S = CX,, SR,, PPh;, CO, n>-C=C,
CeF5~, Ph™, CR;7, and H™, at least as they effect the metal-
ligand bonding to the probe ligands CI™ and PPh; in square-
planar d® and octahedral d® (low-spin) complexes.'® Recently
Guégan et al.*® characterized and rationalized the trans-effects
in octahedral complexes by theoretical approaches using tools
from conceptual DFT, namely the Dual Descriptor (DD)*' >
and the Extended Transition State-Natural Orbitals for
Chemical Valence®*® (ETS-NOCV) and drew a quantitative
scale of the trans-orienting ligands.

Considering the high sensitivity of the >*C NMR isotropic
shielding tensor elements to small structural/electronic
changes and the electronic nature of ¢rans-philicity, which pro-
vides a measure of the ligand bonding effects in coordination
and organometallic chemistry, we thought it would be advisa-
ble to assess the performance of the "*C NMR isotropic shield-
ing tensor elements in building a reliable trans-philicity ladder
for octahedral [Cr(CO)sL]** complexes with a wide variety of
ligands (50 ligands) commonly used in coordination and
organometallic chemistry. The use of the unified ¢trans-philicity
concept expressed by the "*C NMR descriptor avoids confusion
in the ambiguous use of both the kinetic and equilibrium
phenomena. Moreover trans-effect and trans-influence ladders
have also been built for the octahedral [Cr(CO)sL]*" com-
plexes based on the calculated intrinsic bond dissociation
energy of the Cr-COy,,s bond, IBDE(Cr—COy,4ys), to develop the
trans-effect series and the u(C=Oyyq,) and v(Cr-COyans)
vibrational frequencies, and R(Cr-COyy,s) bond lengths to
develop the trans-influence series and compared them with
the NMR trans-philicity ladder.

Results and discussion
Computational details

All calculations were performed using the Gaussian 09, version
D.01 program suite.”” The geometries of the complexes were
fully optimized, without symmetry constraints, employing the
1999 hybrid functional of Perdew, Burke, and Ernzerhof**>°
as implemented in the Gaussian09, version D.01 program
suite. This functional uses 25% exchange and 75% correlation
weighting and is denoted as PBEO. Geometry optimization of
the octahedral [Cr(CO);L] " complexes was done in solution
(CH,CI, solvent) using the Def2-TZVP basis set® for Cr and
the 6-31G(d,p) for all main group elements (E). Solvent effects
were accounted for by means of the Polarizable Continuum
Model (PCM) using the integral equation formalism variant
(IEF-PCM) being the default self-consistent reaction field
(SCRF) method.** Hereafter the computational protocol used
in DFT calculations of [Cr(CO);L] " complexes is abbreviated
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as PBE0/Def2-TZVP(Cr)u6-31G(d,p)(E)/PCM. However, to
ensure that computed isotropic ¢ '*C shielding tensor
elements are reliable, they have also been calculated by the
PBEO0/Def2-TZVP(Cr)u6-311++G(d,p)(E)/PCM computational
protocol using the more sophisticated 6-311++G(d,p)(E) basis
set for all main group elements. All stationary points have
been identified as minima (number of imaginary frequencies
NImag = 0). NBO population analysis was performed using
Weinhold’s methodology.**** Magnetic shielding tensors have
been computed with the gauge-including atomic orbital DFT
method,*>?*® as implemented in the Gaussian09 series of
programs.

Building the trans-philicity ladder

The isotropic ¢ *C shielding tensor elements and R(Cr-
COyrans) bond lengths of octahedral [Cr(CO);L] " complexes
calculated by the PBEO/Def2-TZVP(Cr)u6-31G(d,p)(E)/PCM and
PBEO0/Def2-TZVP(Cr)u6-311++G(d,p)(E)/PCM computational
protocols in dichloromethane solution, along with the well
established ligand electronic parameters Py, and E;(L) are given
in the ESI (Table S1f). To the best of our knowledge experi-
mental data for § *C NMR chemical shifts of [Cr(CO)sL] "
complexes are available only for the Cr(CO)s complex and the
“free” CO ligand, which are 212 and 184.4 ppm respectively.®”
Therefore we assessed the performance of the PBEO/Def2-TZVP
(Cr)u6-31G(d,p)(E)/PCM and PBEO0/Def2-TZVP(Cr)u6-311++G(d,
p)(E)/PCM computational protocols in the calculation of the
3C NMR spectra of [Cr(CO)sL]"®* complexes using this
insufficient benchmark. Calculations of § **C NMR chemical
shifts of the Cr(CO)s complex and the “free” CO ligand employ-
ing the PBEO/Def2-TZVP(Cr)u6-31G(d,p)(E)/PCM and (PBEO/
Def2-TZVP(Cr)u6-311++G(d,p)(E)/PCM) computational proto-
cols predicted § "*C NMR chemical shifts of 210.2 (226.8) and
186.1 (197.6) ppm respectively. Noteworthily, the GIAO/PBEO/
Def2-TZVP(Cr)u6-31G(d,p)(E)/PCM computational protocol is a
better performer in the calculation of the *C NMR spectra of
[Cr(CO)sL]** complexes than the PBEO/Def2-TZVP(Cr)u6-
311++G(d,p)(E)/PCM one. To test further whether the estab-
lished trends hold up independent of the computational pro-
tocol, the Ag *C NMR descriptors of trans-philicity for the [Cr
(CO)sL] " complexes were calculated employing the PBEO/
Def2-TZVP(Cr)u6-31G(d,p)(E)/PCM and the more sophisticated
PBEO0/Def2-TZVP(Cr)u6-311++G(d,p)(E)/PCM computational
protocols (Table 1).

It can be seen that the NMR trans-philicity ladders con-
structed by the two computational protocols are similar with
some minor local reversed orders in the t¢rans-philicity series
of similar ligands. The PBEO0/Def2-TZVP(Cr)u6-31G(d,p)(E)/
PCM computational protocol predicts for the NCR ligands the
order: NCH > NCPh > NCMe, while the PBE0/Def2-TZVP(Cr)U6-
311++G(d,p)(E)/PCM computational protocol predicts the
order: NCMe > NCPh > NCH. Consideration of the c-donor
and m-acceptor abilities of the NCR ligands supports the order
predicted by the PBE0/Def2-TZVP(Cr)u6-31G(d,p)(E)/PCM com-
putational protocol. Similarly, for the strong o-donor ligands,
Ph™, H, t+Bu~ and Me™, the PBE0/Def2-TZVP(Cr)u6-31G(d,p)
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Table 1 The As *C descriptor of trans-philicity for octahedral [Cr
(CO)sLI%’* complexes calculated by the PBEO/Def2-TZVP(Cr)u6-31G(d,
p)(E)/PCM and PBEO/Def2-TZVP(Cr)u6-311++G(d,p)(E)/PCM compu-
tational protocols

Ac *C (ppm) Ac *C (ppm)

6-31G 6-311++G 6-31G

6-311++G

Ligand  (d,p)  (d,p) Ligand (dp)  (dp)

N* 53.87  62.29 OCN~ 13.08  13.42
NO* 41.40  45.42 H,0 13.07 13.88
CO 2112 25.61 H,S 13.01  15.33
F- 20.87  17.26 N;~ 12.93  14.30
N, 18.56  21.33 CH,FCOO™ 12.85  13.45
CNH 18.45  22.14 CH;CO0~ 12.82  13.60
PF; 18.36  22.38 HCOO™ 12.77  13.56
OH™ 18.05  17.14 CeH5CO0™ 12.73  13.63
CNPh 17.70  21.04 CHCI,COO™ 12.72  13.52
CNMe 17.43  20.97 CH,BrCoO™ 12.71  13.60
NCH 16.79  18.24 CH;(CH,),COO~ 12.61  13.47
Bro~ 16.75  16.80 CH,CICOO™ 12.59  13.51
NCS~ 16.33  42.61 CH;CH,COO™ 12.55  13.42
clo~ 16.33  16.45 CCl;C00™ 12.54  13.44
NCPh 16.30  18.50 NH,~ 11.88  13.31
NCMe 16.24  18.52 NO;~ 11.77  27.77
NH, 15.32  17.21 cl- 10.50  11.82
CN~ 14.67  17.06 SCN~ 10.36  11.80
Carbene 14.51  16.88 Br- 9.39  10.11
Py 14.44  15.92 SH™ 9.35  10.73
PH;, 14.40  17.02 Ph~ 9.18  10.01
PMe; 13.78  15.73 SnCl;~ 9.17  10.24
FO~ 13.76  13.32 H™ 8.24 8.62
PPh, 13.75  15.55 t-Bu~ 7.83 8.36
NO,~ 13.56  14.40 Me~ 7.29 8.42

(E)/PCM computational protocol predicts the order: Ph™ > H™
> t-Bu” > Me™, while the PBEO/Def2-TZVP(Cr)u6-311++G(d,p)
(E)/PCM computational protocol predicts the order: Ph™ > H™
> Me~ > t-Bu". In the latter series Me™ exerts a stronger trans-
effect than #Bu™, which is in contrast to the experimentally
established trans-effect series."” Unexpectedly, in the trans-phi-
licity ladder constructed by the PBEO/Def2-TZVP(Cr)u6-311++G
(d,p)(E)/PCM computational protocol four ligands, namely F~,
OH™, NCS™ and NO;~ (marked in bold in Table 1), are not
placed in the right rungs of the ladder. This is due to the fact
that the PBEO/Def2-TZVP(Cr)u6-311++G(d,p)(E)/PCM compu-
tational protocol predicts lower Ac "*C values for the F~ and
OH™ ligands by 3.61 and 0.91 ppm respectively and higher by
16.00 ppm and 26.28 ppm for the NO;~ and NCS™ ligands.
According to these values the NO;™ and NCS™ ligands exhibit
very strong trans-philicity (trans-effect/trans-influence), which
is not the case for the experimentally established trans-effect
series,'> where the NO;~ and NCS™ ligands exhibit a very weak
and moderate trans-effect. Generally, the Ac "*C descriptors
calculated by the PBEO/Def2-TZVP(Cr)u6-311++G(d,p)(E)/PCM
computational protocol are higher by 0.05-8.42 ppm (weighted
average 1.61 ppm) than the Ac “C calculated by the PBEO/
Def2-TZVP(Cr)u6-31G(d,p)(E)/PCM one (Table 1). Therefore
herein we will present and analyze only the more realistic
results obtained by the GIAO/PBE0/Def2-TZVP(Cr)u6-31G(d,p)
(E)/PCM computational protocol and the analogous results
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obtained by the PBEO/Def2-TZVP(Cr)u6-311++G(d,p)(E)/PCM
computational protocol will be given in the ESL.{

Chart 1 shows the trans-philicity ladder constructed by the
calculated Ac = 6¢r(co)L — Ocrco), NMR parameter and com-
pared with the trans-effect ladder quantified by the intrinsic
bond dissociation energy of the Cr-COy,,s bond, and the IBDE
(Cr-COrans) probe'* and with the trans-influence ladder quan-
tified by the 1(C=O4,;) probe. trans-Influence ladders probed
by the R(Cr-COyyns) and v(Cr-COqys) descriptors are given in
Chart 2, while the y(Cr-COuyqps) and y(C=Oyy,,s) stretching
vibrational frequencies calculated by the PBEO/Def2-TZVP
(Cr)u6-31G(d,p)(E)/PCM and PBE0/Def2-TZVP(Cr)u6-311++G(d,
p)(E)/PCM computational protocols are given in the ESI
(Tables S2%). The analogous trans-philicity, trans-effect and
trans-influence ladders constructed by the PBEO/Def2-TZVP
(Cr)u6-311++G(d,p)(E)/PCM computational protocol are given
in the ESI (Charts S1 and S27).

To the best of our knowledge, there have been no extensive
trans-influence and trans-effect series studied for octahedral
complexes for comparisons to be made with the trans-philicity
ladder. The quantitative computational trans-effect scale pro-
vided by Guégan et al>® was limited to very few ligands,
namely CH;~, CO, NO,™, pyridine, NH;, CI” and H,O. The
authors showed that the grand-canonical dual descriptor
referred to as the DD descriptor partitioned into reactive
domains can be used to draw quantitative scales of the trans-
orienting ligands in octahedral [Rh(NH;),(H,O0)X]"" and
[Ru(NH;);X]"" complexes. On the basis of the As(Dy') descrip-
tors the following trends for the X ligands are obtained:

NO, < CHj; =~ CO < NH; < Cl” < Py < H,O
NO,  <CH; =~ CO <Py <Cl” <H,O

for Rh complexes and Ru complexes respectively with the
NO,”, CH;  and CO ligands being strong trans-orienting
ligands in both cases.

A general kinetic trans-effect (KTE) sequence for octahedral
complexes has been established as follows:**

H,0 < OH < NH; <~ RNH, < Py < Cl~ < Br~
<I ~SCN =~ NO, <SO;H < PR3~ SR,
~tua Me < NO = 5?> — C,H, ~ CO~ CN™

On the other hand, for square planar platinum(n) com-
plexes the trans-effect order is:">

H,O~NO;” <OH <NH;3; <Cl" <Br <I =SCN =~ NO,”
~PR; < CO~ C,H; ~CN ~CH; ~H"

Noteworthily, the ¢rans-philicity, ¢trans-effect and ¢rans-influ-
ence series quantified by the Ac *C NMR, IBDE(Cr-COyys)
and (C=Oyyy,s) probes roughly retrieves the experimentally
established trans-effect series.

Charts 1 and 2 show that the t¢rans-philicity ladder goes
roughly parallel to the trans-effect and trans-influence ladders.
Indeed all ladders are almost similar with some minor devi-
ations due to the different probes used to quantify ¢trans-phili-

This journal is © The Royal Society of Chemistry 2019


https://doi.org/10.1039/c8dt04562c

Published on 03 januari 2019. Downloaded by Fail Open on 23/07/2025 10:05:18.

Dalton Transactions

7.29 = t-Bu’ WEAK

7.83 m—m Me'

8.24 memm H

9.17 e SnCly

9.18 e Ph-

9.35 m—SH'

9.39 j—— Br
10.36 e SCN'
10.50 ——C
11.77 — O,
11.88 " NH,
12.54 [— CC1,CO0
12.55 [— CH,CH,CO0"
12.59 i—— CH,CICOO0"
12.61 e CH,(CH,),CO0"
12.71 i CH,BrCO0
12.72 == CHC1,COO
12.73 e CH.COO
12.77 == HCOO
12.82 e CH,CO0"
12.85 —— CH,FCOO"
12.93 — N 5
13.01 ie—H,S
13.07 je— H,0
13.08 e OCN
13.56 jm— NO,"
13.75 " PPh
13.76 |—F O
13.78 —— P Me,
14.40 e PH,
14.44 w— Py
14.51 we— Carbene
14.67 me— CN"
15,32 — NH,
16.24 we— NCMe
16.30 — NCPh
16.33 — |0
16.33 —NCS
16,75 — BrO
16,79 W— NCH
17.43 we———— CNMe
17.70 we— CNPh
18.05 we— OH" \
18.36 — PF 5 \
18.45 we— CNH

Mpyyd-suos

18.56 — N, STRONG

20.87 —F

21.12 w—CO

81,40 E——— NO"*
53.87

a 10 1] Eil 40

Ao = Ogieors - Tcncoys (PPM)

View Article Online

Paper
67.42 Cl,C00° 1937 ——-BU WEAK
61.43 Ql»l'3 WEAK 1939 — Ve
61.25 F 1940 — NH,
60.70 NH," 1944 — OH
60.44 t-Bu’ 1951 m— F

59,67 — e
58,05 ——CHC00"

57.06 —— CH ;CH,C00"

57.96 — BT
57.95 E——— HCOO
57,0/ ——————5 H

57.00 ————CH(CH,},CO0"

57.70 CH,FCOO"

or
57,57 —— C H; COO
57,53 — 0
57,34 —CH ,BrC00"
57.20 —C 10"
57.27 H,Clco0"
56.0] ———
56,76 —— CHC|,C00
56,73 — O~
56.55 — H
56.06 —— O CN
55,07 ——————— NC)1
55,75 —— Ph™
55,10 |—— 5 CN"
54.10 [ —— N CS~
53.37 — H,0
53.32 — NH
53.11 E—— N
53.08 ne— NO
52.08 F—— Py
51,17 — SN Cly
50.96 — 5
50.55 — P P h
50.40 m— NCMe
50.33 F— C arbene
49,89 Ee—— PTVe
49.73 —— N CPh
49,05 e—— N CH
48,71 —PH 3
45.09 —— CNMe
44.92 e—— N,
44.00 e—— CNPh
43.29 ——CNH
42,14 e——PF 3
40.00 e— (O
26.27 — NO*

6.49 m— N

0 0 40 60 80 100
IBDE(Cr-CO, ;) (keal/mol)

1ajja-suny

STRONG

1957 m— Ph

1960 m— H

1961 — CH;C00"
1962 m—— CH3CH,C00"

1962 —— CH;(CH,),C00"

1963 — BrO”

1964 — C10

1964 ——— SH™

1965 — CH;C00"
1965 —— HCOO"
1965 —— FO"

1967 — CH,FCOO
1969 — CH,CICOO"
1969 —— CH,BrC00"
1970 — Cl

1972 S—) Br

1974 [— CHC|,COO"
197 — N 5

1877 [— CC|COO"
198] —— NO;
1984 [S— OCN"
1987 |— 5 CN
1992 S NCS
1992 SSS—— N0,
1995 |— N

2006 — NH
2011 ——— Py

2012 ———— H,0
2013 pe——— Carbene
2024 — NCMe
2025 we— Fiie,
2026 p— S1C|5
2027 — NCPh
2027 —— H,5
2029 — PPh3
2032 we—— NCH
2040 w——PH ;
2049 me— CNMe
2057 —— CNPh
2058 e—— CNH
2063 —— N

2096 ——— PF
2114 ——— (O
2230 e—— NO"
2315 ——

o 1000.00 200000 300000

V(C==040s) (em?)

uaN|juI-sUDL]

\

STRONG

Chart 1 trans-Philicity, trans-effect and trans-influence ladders for octahedral [Cr(CO)s

LI7/%"* complexes quantified by As **C NMR, intrinsic bond

dissociation energy of the Cr—COy,.,s bond, IBDE(Cr—COy,.,s) and the stretching vibrational frequency and v(C=O,,,s) probes respectively.

city, trans-effect and trans-influence. Perusal of the NMR trans-
philicity, kinetic trans-effect and ground state ¢rans-influence
ladders reveals that NMR is the more sensitive probe in the
quantification of trans-philicity than the IBDE(Cr-COyqps),
U(C=Oyans); UCr-COyrqpns) and R(Cr—-COyyys) probes used to
quantify the trans-effect and trans-influence.

Inspection of the trans-philicity, trans-effect and trans-influ-
ence ladders reveals that the strongest trans-philicity, trans-
effect and trans-influence is exhibited by the strong m-acceptor
ligands (for example N, NO', CO and isonitriles) and the
weakest one by the strong o-donor ligands (for example Me™,
t-Bu”, H, Ph™, SH™, halides and NH, ). Other commonly used
ligands in coordination and organometallic chemistry, such as
carbenes, pyridine, NH;, nitriles and phosphanes, exhibit
moderate trans-philicity, trans-effect and trans-influence in line
with the established KTE sequence."”> Depending on the probe
used to quantify ¢trans-philicity, trans-effect and ¢rans-influence
some minor changes in the trends of these ligands along the
series are observed. For example the strong c-donor OH™ and
F~ ligands exert strong t¢rans-philicity, but weak trans-effect
and trans-influence. The strong o-donor OH™ and F~ ligands
induce charge transfer towards the Cr central atom, thus
increasing the electron density on Cr to enhance the Cr-

This journal is © The Royal Society of Chemistry 2019

COyrqns back donation. Therefore the (C=O0) stretching fre-
quency decreases and the Cr-COy,,,s bond dissociation energy
increases.

The o-donor/r-acceptor cyanide (CN™) ligand is placed in
the region of moderate instead of strong trans-philicity, trans-
effect and t¢rans-influence. This could be due to anisotropic
effects from ligands containing unsaturated groups or aro-
matic rings on the calculated '*C NMR shielding tensor
elements.

It is important to be noted that the set of carboxylato
ligands studied exhibit almost similar weak trans-philicity,
trans-effect and trans-influence. The estimated A *C NMR
values for the carboxylato complexes range from 12.54 up to
12.94 ppm. Note that the Ac '*C values calculated by the
PBE0/Def2-TZVP(Cr)u6-311++G(d,p)(E)/PCM computational
protocol range from 13.44 to 13.63 ppm. Generally the isotro-
pic Geaca C shielding tensor elements of the [Cr
(CO)5(RCOO)]™ complexes seems to be less sensitive to the pK,
of carboxylic acids which is related to the nucleophilicity of
the carboxylato ligands.

In order to scrutinize the underlying principles and the
origin of ¢rans-philicity and throw some light on the still intri-
guing physics of the trans-effect we investigated relationships
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between the isotropic ¢ *C shielding tensor elements and the
well established ligand electronic parameters P;, and E;(L) and
other popular electronic/structural descriptors related to the
L-Cr-COyqns bonding. Fig. 1 shows good linear relationships
between 6eaeq °C shielding tensor elements and the P_ and
Ei (L) parameters. Analogous linear relationships between
Gealea ~C shielding tensor elements calculated by the PBEO/
Def2-TZVP(Cr)u6-311++G(d,p)(E)/PCM computational protocol
and the P, and E (L) parameters are shown in the ESI
(Fig. S11). Excellent linear correlations of 6eaeq >C shielding
tensor elements with the computationally derived electronic
parameter (CEP) and the experimentally derived Tolman elec-
tronic parameter (TEP) are also given in the ESI (Fig. S27).

Fig. 1 shows on the right part that good linear relationships
(almost parallel lines) are obtained for two different subsets of
ligands L. The first subset consists of 15 ligands, namely CO,
N,, PF;, NCH, NCPh, NCMe, CNPh, CNMe, NHC(carbene),
NCS™, CN7, NH3;, N3, OCN™ and HCOO™ that exert moderate
to strong trans-philicity. The linear relationships ceycq ©C vS.

1818 | Dalton Trans., 2019, 48, 1814-1822

Py and Geaeq °C vs. Er(L) parameters for the first subset are
shown in red. All ligands of the first subset (except for NHj)
belong to the class of o-donor/r-acceptor ligands. It should be
noted that carbenes are comparatively good ¢ donor ligands
but compared to CO, these ligands are weaker m-acceptors.®®
Noteworthily, the first subset of L consists of ligands bearing
unsaturated bonds or aromatic rings that induce anisotropic
effects on the calculated ¢ >C shielding tensor elements esti-
mated to deshield the >C nucleus by an average of 3.0 ppm.
The second subset consists of 15 ligands, namely PH;, PMej3,
PPh;, py, H,0, H,S, NO;~, NO,™, Br, Cl", SH™, Me™, -Bu™ and
Ph™, which exhibit moderate to weak trans-philicity. The linear
relationships 6eaeq >C vs. P and 6eqieq “>C vs. Er(L) parameters
are shown in blue. All ligands of the second subset belong to
the classes of o-donor/n-donor and strong c-donor ligands. A
subset of 5 ligands (N', NO*, F~, H™ and OH") for which P,
and Ei(L) parameters are available are outliers in the 6eaeq >C
vs. PL and ocqeq C vs. Er(L) parameter relationships. These
ligands are strong m-acceptor ligands (N', NO') and weak

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Linear relationships between ceacq °C shielding tensor elements of octahedral [Cr(CO)sLI™/%* complexes calculated by the GIAO/PBEQ/
Def2-TZVP(Cr)u6-31G(d,p)(E)/PCM computational protocol and the P_and E| (L) ligand electronic parameters.

n-donor (F~ and OH™) ligands. The deviations observed for the
outliers could be due either to wrong P, and E;(L) parameters
or to solvation and hydrogen bond effects on the ceaeq °C
shielding tensor elements.

Considering that ligand substitution reactions in octahedral
complexes generally follow a dissociative mechanism the trans-
effect and trans-influence often correlate. Thus the highly
trans-influencing ligands show a high trans-effect. It is obvious
then why the trans-philicity sequences for the following ligand
families retrieves the experimental ¢rans-orienting series:

Ph™ > H™ > t-Bu™ > Me"~
PF; > PH; > PMe; > PPh;,

The trans-philicity of the halide and hypohalite ligands
follows the expected orders:

F~ > Cl” > Br~
BrO™ > ClO™ > FO~

Comparison of the NMR trans-philicity order (Chart 1) with
the trans-influence order probed by the R(Cr-COyyys) and v(Cr—

This journal is © The Royal Society of Chemistry 2019

COyrans) descriptors (Chart 2) reveals that strong o donor
ligands exhibit weak ¢rans-philicity and trans-influence, except
for the hydride H™ strong ¢ donor that exhibits moderate to
strong trans-influence. The strong m-acceptor ligands (SnCl;™,
N', CH', NO, CO and isonitriles) exert the strongest trans-
philicity and trans-influence, while weak n-acceptor ligands,
such as phosphanes, nitriles, NH;, H,O, hypohalites and car-
boxylates, exert moderate to weak trans-philicity and trans-
influence for all probes used. Noteworthily, the oacq °C and
U(C=Oyqns) probes are more sensitive to trans-philicity and
trans-influence respectively than the R(Cr-COyyy,s) and y(Cr-
COyrans) probes. It should be noted that similar trends hold up
when employing the PBEO0/Def2-TZVP(Cr)u6-311++G(d,p)(E)/
PCM computational protocol (compare Chart S1 with Chart S27).

Excellent linear correlations between the estimated 6caicq
3C shielding tensor elements and the R(Cr-COyyy), v(Cr-
COyrans), Y(C=Oyans) and IBDE(Cr-COyyqys) probes (Fig. 2)
reveal that calculated NMR parameters for L are powerful
descriptors to quantify the trans-philicity of ligands in octa-
hedral [Cr(CO)sL]™" complexes and demonstrate the pro-
posed establishment of the unified ¢rans-philicity concept to
cover both trans-influence and trans-effect. The trans-philicity

Dalton Trans., 2019, 48, 1814-1822 | 1819
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trans-influence of L.

for ligand L is defined as the strength of philicity of the coordi-
nation site in trans-position to itself. In this respect the use of
the unified trans-philicity concept expressed by the Ac *C
NMR descriptor avoids confusion in the ambiguous use of
both the trans-effect and trans-influence concepts.

If we take into consideration that the primary determinant
of trans-philicity is likely to be covalent contributions to
bonding, whether they arise from o-donation or =-back-
donation, in the formation of the L. — Cr dative bond, the elec-
tron density is transferred towards the coordination site trans
to L. Pinter et al."® showed that during this density accumu-
lation in the trans-position, a ligand in this position will be
exposed to a Pauli-type repulsion, hence increasing o-donation
results in a stronger repulsion in the trans-position, which
induces the elongation and labilization of the metal-ligand
bond (the Cr-COyy,s bond in our case). In this context we
searched for correlations between the 6eueq C shielding
tensor elements of the C=O ligand and some popular elec-
tronic descriptors (such as bond orders, natural atomic
charges on the bonded atoms, the s*p’d® character of the
o(Cr-COyqns) bonding mode and the occupancy of
6(Cr-CO4yans) and o*(Cr-COyygns) NBOs) in [Cr(CO)sL] """ com-
plexes. The isotropic oeacq °C shielding tensor elements along
with the aforementioned electronic descriptors calculated by
the PBEO/Def2-TZVP(Cr)u6-31G(d,p)(E)/PCM and PBEO/Def2-
TZVP(Cr)u6-311++G(d,p)(E)/PCM computational protocols are
given in the ESI (Tables S3 and S4t). Interestingly, the occalea
3C shielding tensor elements are linearly correlated with the
Wiberg Bond Order (WBO) of the Cr-COy,,s bond (Fig. S37)

1820 | Dalton Trans., 2019, 48, 18141822

demonstrating that covalent bonding contributions to the
Cr-COy4ns bond and net charge transfer from ligand L to the
Cr metal center are determinants of ¢trans-philicity.

Generally no linear correlations exist for the ceaeq °C vs. Cr
(45%), Gcatea °C vs. Cr(4p%) and Geaeq °C vs. Cr(3d%) corre-
lations of the bonding ¢(Cr-COy,s) NBO for the complete set
of ligands L. The same holds true for the 6caeq “C vs. Qcr,
Cealed "CVS. Qc, Geatea - C 5. Occupation of 6(Cr-CO,yqy,s) NBOs
and 6eaeq ©C vs. Occupation of ¢*(Cr-COyqans) NBO corre-
lations. However, good linear relationships can be drawn from
similar ligand families (subsets) separately. The ligand
families contain ligands which are classified either according
to the nature of the donor atom or their electronic effects, i.e.
strong ¢ donors, ¢ donor/x acceptor and ¢ donor/x donors.

The covalent component of the bonding Cr-COy,,s natural
bond orbital is constructed from an optimum 4s, 4p and 3d
orbital population (s*p’d® hybridized orbitals) of the central Cr
atom in order to maximize the quantity S>/AE (S is the overlap
integral between metal and ligand orbitals and AFE is the absol-
ute energy separation between them). The 4s(%), 4p(%) and 3d
(%) characters of the s*p’d® hybridized orbitals (being practi-
cally sp®d® hybrids) of the Cr metal center used in the bonding
6(Cr-COyqns) NBOs are given in the ESI (Table S5t). Indeed
good linear relationships between the ocacqa °C vs. Cr(4s%),
Oealea C vs. Cr(4p%) and 6eaeq >C vs. Cr(3d%) correlations
are obtained for similar families (subsets) of ligands separately
(Fig. S47).

The linear relationships given in Fig. S41 show an upfield
(shielding) shift of 6euca “C NMR upon increasing the Cr

This journal is © The Royal Society of Chemistry 2019


https://doi.org/10.1039/c8dt04562c

Published on 03 januari 2019. Downloaded by Fail Open on 23/07/2025 10:05:18.

Dalton Transactions

(4s%) and Cr(3d%) character of the 6(Cr-COyyy,s) NBO, but a
downfield (deshielding) shift of o..cq ">*C NMR upon increas-
ing the Cr(4p%) character of the o{Cr-COy4,s) NBO.

Plots of the ocaca C V5. Qcr and 6eaieq “C S. Q¢ corre-
lations (where Q¢ and Q¢ are the natural atomic charges on
the Cr and C atom of the COyyys ligand) for [Cr(CO)sL] ™"
complexes given in the ESI (Fig. S5T) show also good linear
relationships for similar families of ligands separately. It can
be seen that the increase of the electron density on the Cr
central atom induces an upfield (shielding) shift of the ccaicq
13C shielding tensor elements, while the increase of the posi-
tive natural atomic charge on the C atom, that means the
decrease of electron density induces, as expected, a downfield
(deshielding) shift of the 6cycq °C shielding tensor elements.

Finally, good linear relationships for the oceyeq “C vs.
Occupation of 6(Cr-COy,qns) NBOs and 6eaieq - C vs. Occupation
of ¢*(Cr-COyyqns) NBO correlations are also obtained for
similar ligand families separately (Fig. S61). All linear relation-
ships show an upfield (shielding) shift of the .aeq *>C shield-
ing tensor elements upon increasing the occupation of the
6(Cr-COyqns) NBO and the occupation of the antibonding o*
(Cr-COyqns) NBOs, due to accumulation of electron density
near the C atom of the CO,; ligand.

In summary it can be concluded that the synergy of the o-
and n-covalent bonding contributions to the Cr-COy,s bond
and the electron density transfer from L to Cr metal center
manipulate ¢rans-philicity (trans-effect/trans-influence) in octa-
hedral [Cr(CO)s(L)] " (50 ligands) complexes.

Conclusions

Having analyzed a great deal of computational NMR data
(using *C NMR probe) it is tempting to propose a quantitative
trans-philicity ladder for a broad series of ligands (50 ligands)
for octahedral [Cr(CO);L]"””~ complexes. The NMR trans-phili-
city ladder has been quantified by the calculated Ac = 6¢r(co).L
— 0Ocr(co), trans-philicity descriptor. The trans-philicity for
ligand L is defined as the strength of philicity of the coordi-
nation site in ¢rans-position to itself. We also showed that it is
possible to retrieve the trans-effect and trans-influence series
of the ligands under study employing the *C NMR probe.
Along this line merging the trans-effect and trans-influence
terms in a unified ¢rans-philicity concept avoids confusion in
the ambiguous use either of the trans-effect or the trans-influ-
ence terms to describe the same phenomenon, often encoun-
tered in coordination chemistry. Important results are sum-
marized as follows:

1. The well established ligand electronic parameters Py, and
E((L) and other popular electronic/structural descriptors
related to the L-Cr-COyy,s bonding mode underpin the new
concept of trans-philicity (¢trans-influence and trans-effect) in
octahedral coordination and organometallic compounds.

2. A quantitative NMR t¢rans-philicity ladder has been built
for a broad series of ligands in octahedral Cr(CO)sL complexes
by using a '*C NMR probe. The A6 = 6¢r(co)r — Gcrico), NMR

This journal is © The Royal Society of Chemistry 2019
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parameter, calculated by DFT computational protocols, was
used as a sensitive descriptor of trans-philicity. The trans-phili-
city ladder goes parallel to the trans-effect and trans-influence
ladders built by the R(Cr-COyypns) and  u(Cr-COygps)
descriptors.

3. Strong m-acceptor ligands exert the strongest trans-phili-
city, while the strong c-donor ligands exert the weakest trans-
philicity. Other commonly used ligands in coordination and
organometallic chemistry, such as carbenes, pyridine, NHj3,
nitriles and phosphanes, exhibit moderate ¢trans-philicity.

4. Excellent linear relationships between the isotropic ¢ **C
shielding tensor elements and the well established ligand elec-
tronic parameters P;, and Er(L) and other popular electronic/
structural descriptors related to the L-Cr-COy,,s bonding scru-
tinized the underlying principles and the origin of trans-phili-
city and threw some light on the still intriguing physics of the
trans-effect.

5. The linear ceaeq >C vs. WBO(Cr-C), Gealea ~C vs. occu-
pancy of bonding 6(Cr-COy;,s) and antibonding ¢*(Cr-COyqys)
natural bond orbitals, ocaica “C V5. Qcr and 6eaiea “C S, Qg
demonstrated that covalent bonding contributions to the Cr-
COyqns bond and net charge transfer from ligand L to the Cr
metal center are determinants of ¢rans-philicity.

6. The strength of the Cr-COyy,s bond primarily depends
on the Cr(4s%), Cr(4p%) and Cr(3d%) character of the s*p’d®
(practically sp®d® type) hybridized orbitals of the Cr metal
center used in the formation of the bonding o(Cr-COqys)
NBO.

Our most important conclusion is that synergic contri-
bution of the o- and n-covalent bonding to the Cr-COy,,,s bond
and the electron density transfer from L to the Cr metal center
manipulate trans-philicity in octahedral [Cr(CO)s(L)]7°"*
complexes.
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