Published on 07 May 2019. Downloaded by ULPGC. Biblioteca Universitaria on 10/22/2020 3:56:01 PM.

Dalton
Transactions

ROYAL SOCIETY

OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘
complexest

Cite this: Dalton Trans., 2019, 48,
7693

and Steven P. Nolan @& *2h

Regression analysis of properties of [Au(IPr)(CHR,)]
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New [Au(IPr)(CHR;)] complexes have been synthesised through protonolysis reactions of [Au(IPr)(OH)]

with moderately acidic substrates, CH,R,. An array of spectroscopic (IR and NMR), structural (X-ray), elec-

tronic (DFT) and experimental (reactivity) parameters was collected to quantify the variation in stereoelec-

tronic properties of these new and previously reported [Au(IPr)(CHR;)] complexes. Variation of the R sub-
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Introduction

The use of homogeneous gold chemistry has uncovered and
helped develop a plethora of useful catalytic organic trans-
formations." Next to many gold-catalysed procedures that rely
on m-activation of unsaturated substrates,” development of
applications in the functionalization of C-H bonds has gained
increased attention.’ Study of gold-bound intermediates in
these organic transformations provides important information
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stituents on the carbanion ligands (CHR,™) was found to have a crucial impact on parameters characteris-
ing the resulting gold complexes. A regression analysis of both experimental and modelled parameters,
guided by network analysis techniques, produced linear models that supported trends within the

about the role of ligands in defining the optimum gold system
to use." A combination of relativistic effects alters the size of
the atomic orbitals on gold® and gives rise to complexes with
stronger bonds to gold than its group congeners.® All different
hybridisation states of carbon are encountered in gold-bound
species (Scheme 1).

Those containing gold bound to sp-hybridised carbon
atoms are readily formed from alkynes (Scheme 1, reaction A)’
and a variety of vinyl-gold, aryl-gold and carbenoid species
with sp>-hybridised carbons have been proposed as intermedi-
ates in numerous processes (Scheme 1, reactions B-D).°
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Scheme 1 Formation of carbon-bound gold species with different
carbon hybridisations. sp: (A) c-activation. sp? (B) r-activation and
nucleophilic addition; (C) carbene transfer; and (D) transmetallation. sp*:
(E) hydrogen shift; (F) slippage; and (G) addition to carbenoid. [Au] =
Au(L), with L = PR3 or NHC.
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Catalytic reactions that involve intermediates with sp*-hybri-
dised carbons bound to gold are far less common.’ This reac-
tivity trend correlates with the fundamentally less reactive
nature of C(sp®)-H compared to C(sp*)-H and C(sp)-H bonds
and follows the pK, values (in water) of methane (48), ethylene
(44) and acetylene (25)."° Despite their rare occurrence in cata-
Iytic transformations, many C(sp’)-bound gold complexes
have been prepared and their properties have been studied."*
Selected formations of these complexes involve: (i) hydrogen
shift reactions (Scheme 1, reaction E);°* (ii) slippage of n*
alkene to n'-alkene complexes (Scheme 1, reaction F);'* and
(iif) nucleophilic addition to gold carbenoids (Scheme 1, reac-
tion G).">"*

The synthesis and exploration of NHC-gold(r) chloride,
[Au(IPr)Cl] (1),** and NHC-gold(1) hydroxide, [Au(IPr)(OH)] (2),>*
complexes in particular continue to open new venues in homo-
geneous gold chemistry.”* These efforts have paved the way for
the investigations of NHC-gold(i) complexes supported by
ligands based on sp*-hybridised carbon centres, [Au(IPr)
(CHR,)] (Fig. 1). A substitution reaction of 1 with a dimethyl
zinc reagent formed [Au(IPr)(CHj3)] (3),>® and a simple protono-
lysis reaction of 2 with acetone formed NHC-gold(r) acetonyl
complex, [Au(IPr)(CH,C(O)CHj;)] (4) (Fig. 1).%° Reaction of this
latter complex with weak acids, such as acetylacetone and
dimethyl malonate formed [Au(IPr)(CH(C(O)CHj3),)] (5) and
[Au(IPr)(CH(C(O)OCH3;),)] (6), respectively (Fig. 1).2° The ability
of 2 to deprotonate acids up to pK, 30.3 (in DMSO),>” encour-
aged us to extend the range of known IPr-based complexes 3-6
to those of other organic substrates containing sufficiently
acidic C(sp®)-H bonds (Fig. 1). The complex from aceto-
phenone, [Au(IPr)(CH,C(O)Ph)] (7), was targeted to diversify
the range of complexes containing ketone and ester moieties
(Fig. 1). A precedent in phosphine-gold containing nitrile
functional groups,”” prompted us to examine reactions
with acetonitrile,”® malononitrile and phenylacetonitrile
to form [Au(IPr)(CH,CN)] (8), [Au(IPr)(CH(CN),)] (9) and
[Au(IPr)(CH(Ph)CN)] (10) (Fig. 1). To complement the range of
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Fig. 1 Structure of [Au(IPr)(CHR,)] (3-12) and range of complexes with
different carbanion ligands (CHR,") used in this study.”® pK, values (in
DMSO) of substrates (CH,R,) are given in parentheses: methane,®
acetone,’® acetylacetone,’” dimethyl malonate,*® acetophenone,®
acetonitrile,> malononitrile,*® phenylacetonitrile,'® nitromethane,?° and
nitroethane.?*
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complexes derived from low molecular weight solvents
(acetone and acetonitrile), the complexes derived from
nitromethane and nitroethane, [Au(IPr)(CH,NO,)] (11) and
[Au(IPr)(CH(CH3)NO,)] (12), were also targeted (Fig. 1). We
aimed to gain an understanding of the influence of the
various CHR," ligands on the properties of the corresponding
IPr-gold(1)-carbanion complexes by analysing a range of
parameters associated with substrates CH,R, and complexes
[Au(IPr)(CHR,)] (3-12): pK, values® of the CH,R, starting
materials (Fig. 1), the Hammett parameters, oy, and op,”° of
their R groups, spectroscopic values (NMR chemical shifts and
IR stretching frequencies) as well as parameters from solid-
state structures and computationally modelled structures.

Considering NHC ligands and gold chemistry, some
insightful linear models based on such data include those
between redox potentials and orbital energies,*! between NMR
chemical shifts of different nuclei®® and between different
theoretical parameters.** Models have also been described that
relate single parameters to linear combinations of multiple
other ones such as orbital energies versus combinations of
bond length and bond angle,** or atomic orbital components
(%s-character) versus a combination of covalent radii and
electronegativity values.*’

Relations between parameters can either be pursued delib-
erately, or researchers might spot them through careful ana-
lysis of their data. The generation of hypotheses is particularly
non-trivial when many parameters are available or when point-
to-plane relations are sought. This work chiefly aims to
demonstrate the use of “hypothesis generating techniques”*®
for the analysis of the data associated with [Au(IPr)(CHR,)]
(3-12). High-level qualitative hypotheses about the influence
of the CHR,™ ligands on the properties of 3-12 were first
formed based on literate precedent and inspection of con-
stants (pK, values and Hammett parameters) and data
obtained from routinely available experimental techniques (IR,
NMR). Solid-state structures where next determined and both
computational modelling studies and kinetic experiments
were conducted to collect a wealth of additional data about
these complexes. A pragmatic statistical analysis was then
employed to turn the large number of possible relations
between the different parameters into a tractable number of
candidates to be used for the quantitative description of the
initial hypotheses. This approach was expected to lead to stat-
istically significant linear relations that might have been hard
to find by chemical intuition alone.

Results and discussion

Synthesis of carbanion complexes

Complexes [Au(IPr)(CHR,)] (7-12) were formed as air and
moisture stable solids through facile protonolysis reactions of
[Au(IPr)(OH)] (2) with stoichiometric or excess amounts of the
corresponding substrate (Fig. 2).*” Pure products could gener-
ally be isolated after a simple precipitation step. Clean conver-
sions of 2 to [Au(IPr)(CH,COPh)] (7) was observed with only

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Synthesis of [Au(IPr)(CHR,)] (7-12) from 2. Isolated yields are
given, [Au] = Au(IPr). 2 1.1 equiv. acetophenone, 20 hours in benzene-dg at
60 °C. » 20 hours in acetonitrile at 80 °C. €10 equiv. malononitrile, 1 hour
in toluene at 60 °C, conversion to 9 was measured using mesitylene as
internal standard. 1 equiv. phenylacetonitrile, 1 hour in toluene at 80 °C.
€1 hour at 60 °C in nitromethane. "2 hours at 60 °C in nitroethane.

1.1 equivalents of acetophenone. Unidentified side-products
formed in stoichiometric reactions of malononitrile and
nitroethane with 2 in chloroform at 60 °C.*® Use of an excess
of substrate in toluene, however, permitted formation of
[Au(IPr)(CH(CN),)] (9) and [Au(IPr)(CH(CH;3)NO,)] (12), selec-
tively. Isolation of 9 from an excess of malononitrile,
however, proved difficult and only minor amounts of pure
material could be obtained from an un-optimized purifi-
cation procedure that involved multiple recrystallization
steps. [Au(IPr)(CH,CN)] (8), [Au(IPr)(CH(Ph)CN)] (10) and
[Au(IPr)(CH,NO,)] (11) were formed by heating 2 in aceto-
nitrile, phenylacetonitrile or nitromethane, respectively.

Spectroscopic study

Complexes [Au(IPr)(CHR,)] (3-12) were characterised by solu-
tion-phase 'H and "C{"H} NMR spectroscopy (in CDCl;) and
by ATR-FTIR spectroscopy (solid state). Trends in differences
of chemical shift values and stretching frequencies, compared
to those of literature values corresponding to constituting sub-
strates CH,R,, supported the expected transfer of electron
density from the negatively charged carbanion (CHR,") to the
positively charged [Au(IPr)]" fragment (Table 1).*°

Table 1 Observations in [Au(IPr)(CHR,)] (3—-12) (part A)?

Entry Substrate Complex Phenomenon
1 v AV Redshifted IR stretching
X\ DY frequencies: 55 + 18 cm ™~ *.”
V! B¢
R1 R?
2 __.8('H) _8('H) Shielded "H chemical shift:
‘H 1 0.01-1.21 ppm.*

H ‘('T'RZ [Au] 4(':’R2
R' R

“ All values are listed in the ESI. ” Observed in complexes 4 and 6-12.
“Observed in complexes 3, 4 and 6-12.

This journal is © The Royal Society of Chemistry 2019
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Statistically significant redshifts of 55 + 18 cm " (t-test,
p-value <0.01)"* were found in the stretching bands of the
infrared-active functional groups on the carbanion ligands
(CHR,") of complexes [Au(IPr)(CHR,)] (4 and 6-12) relative to
those in the unbound substrates (CH,R,) (Table 1, entry 1).
Likewise, all experimental chemical shifts of complexes 3, 4
and 6-12 C*H-6('H) in [Au(IPr)(CHR,)] were 0.01-1.21 ppm
lower (t-test, p-value = 0.02) than C*-§(*H) values in the corres-
ponding CH,R, (Table 1, entry 2). The complex derived from
acetylacetone, [Au(IPr)(CH(COCH3),)] (5), was found to break
this trend, with a 14 cm™" blue-shifted IR stretching frequency,
Pc—o, and 0.29 ppm deshielded C*-§(*H) chemical shift. This
was expected, since coordination to gold would disrupt elec-
tron delocalisation in the acetylacetonate moiety and thus
increase the effective electron density in the carbonyl func-
tional groups.

Measurement of relative rates of protodeauration

The relative reactivities of a series of PPh;-gold(i) complexes
containing Au-C with different carbon hybridisations have pre-
viously been measured experimentally.”" Following a similar
approach, the relative reactivities of [Au(IPr)(CHR,)] (3-12),
k:e1, were quantified by measuring their relative susceptibilities
to protodeauration by means of competition experiments in
the presence of limiting amounts of hydrogen chloride (Fig. 3).**

A scale was thus obtained with the fastest protodeauration
rate measured for [Au(IPr)(CH(CH;3)NO,)] (12), and the slowest
one for [Au(IPr)(CH,CN)] (8). Values of k. as well as logar-
ithm-transformed values, log kret,™® were added to dataset for
complexes 3-12. Qualitatively, complexes bearing carbanion
ligands with ketone groups (4, 5 and 7) displayed higher ten-
dencies to protodeauration compared to those with nitrile
groups (8-10), but not compared to those bearing nitro substi-
tuents (11-12). Within the series of complexes [Au(IPr)
(CH,COCH3;)] (4), [Au(IPr)(CH(COCHS;),)] (5) and [Au(IPr)(CH,C
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Fig. 3 Relative rates, k., of protodeauration of [Au(IPr)(CHR,)] (3-5
and 7-12).
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(O)Ph)] (7), relative protodeauration rates were found to be
approximately inversely proportional to the pK, value of the
CH,R, substrates (Fig. 2).

No clear trend was found between the relative protodeaura-
tion rates of complexes containing methyl (3) or nitro (11-12)
functional groups. Higher degrees of substitution in com-
plexes bearing nitro groups (12 versus 11) and nitrile groups (9
and 10 versus 8) appeared to lead to faster rates of
protodeauration as might be associated with the relative
steric compressions.** The relatively fast protodeauration of
[Au(IPr)(CH(Ph)CN)] (10) as compared to that of 8 and 9 was
considered a consequence of additional stabilisation of a charged
intermediate imposed by the neighbouring aromatic ring.*

X-Ray structure determination

Crystals suitable for X-ray diffraction analysis were grown of
complexes 7-12 (Fig. 4). In these complexes, Au-C* and Au-C*
(C* and C* refer to the carbene and carbanion carbons,
respectively, Fig. 1) bond lengths of 2.00-2.02 A and
2.06-2.11 A, respectively, were as expected for IPr-gold(1) com-
plexes and similar to previous examples.*® The solid-state geo-
metries of all complexes [Au(IPr)(CHR,)] (3-12), both pre-
viously reported structures of 3-6 and the new 7-12 were used
to compute theoretical models (DFT).*> The subsequent ana-
lyses have been conducted with coordinates and derived para-

View Article Online
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meters of both experimental and modelled structures. Closer
inspection of bond lengths and angles of revealed four clear
trends (Table 2) and it was postulated that the geometry of
[Au(IPr)(CHR;)] (3-12) presented an optimal arrangement for
the transfer of electron density the strongly donating carbanion
ligands (CHR,") to the positively charged [Au(IPr)]" fragment:

(i) Elongation of Au-C*> bonds: Significantly longer Au-C>
bond lengths (by 0.053-0.096 A for experimental and by
0.084-0.134 A for modelled structures) in 3-12 compared to
[Au(IPr)Cl] (1) (1.942 A; t-test, p-values <0.01)** indicated that
the carbanion ligands CHR,  exerted a larger trans influence
compared to chloride (Table 2, entry 1).%¢

(ii) Bending of C°~Au-C* bond: +C*>~Au-C" angle appeared to
be bent away from a linear conformation in complexes 4-12
(Table 2, entry 2). Average values of 176.9 + 1.9° (experimental)
and 176.1 + 1.9° (modelled) were significantly lower than 180°
(t-test, p-values: both <0.01). Bending of similar magnitude has
previously been observed in a series of [Au(I'Bu)X] (X includes
ONO,, Cl and CH;).*® Deviation of linearity of gold(r) com-
plexes has previously been shown to lead to maximisation of
orbital overlap for enhanced =-backbonding and stabilis-
ation.”” This bending was considered an indication that
n-backbonding would occur from gold both to the IPr: and the
CHR,™ ligands, a hypothesis that was later looked at through
computational modelling studies.
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Fig. 4 Thermal ellipsoid representations of [Au(IPr)(CHR;)] (7-8 and 10-12) at 50% probability. Most hydrogen atoms and molecules of solvent are
omitted for clarity. Representations in orientations that more clearly show the geometries of the carbanion ligands (CHR,) ad assignments of atom

numbers to labels C? (i.e., C1) and C“ (i.e., C16 or C30) are given in the ESL.{
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Table 2 Observations in [Au(IPr)(CHR,)] (3—12) (part B)?

Entry Expected Observed Phenomenon”

1 /\ /\ Au-C” elongation:®
Ar’NYN\Ar Ar’”j//N\Ar 2.016 + 0.013 A
Auvd d
U Au
R1J\R2 R1)\R2
2 [\ //\ Bending:? ~C*-Au-C* =
AN arNear 1769 +1.90
Au AlDL
R‘J\Rz R1J\R2
3 P H H Flattening of CHR, :¢
[AUIT_Q”RZ [Aulﬂ»Rz 0=18.4+1.5°
o, A
P . .c 1_5_4_7\g3 —
4 r-N~N-g R,N‘\’\'ﬁ\ Twist of NHC:® «N'-C*-C*-N
YNk 0.35+0.29°

“ All values are listed in the ESL ? Values are derived from experimental
structures. °Observed in complexes 3-12. “Observed in complexes 4
and 6-12. ¢ Droop angle;*® observed in complexes 3-12.

(iii) Flattening of CHR, and rehybridisation in C*: A com-
parison of structural parameters of complexes 4-12 to litera-
ture values of analogues bearing tertiary phosphine ligands
indicated that the carbanion ligands (CHR, ) flattened more
in [Au(IPr)(CHR,)] than in the corresponding [Au(PR;3)(CHR,)]
complexes (Table 2, entry 2).** This phenomenon could be
quantified by the Droop angle for C°% 6,*° that measures the
deviation from a perfectly tetrahedral arrangement of substitu-
ents.® Average Droop angles for the carbanion ligands
(CHR,") in 3-12 of 18.4 + 1.5° and 16.7 + 3.1° were measured
in the experimental and modelled structures, respectively.
Only the latter values were significantly lower than 19.5°
(t-test, p-values: 0.07 and 0.02). The relation between hybridis-
ation and electron distribution amongst s and p orbitals
follows from Coulson’s Orthogonality Theorem,>' and the %s-
character parameter in the C*-Au bond (Coulson’s ¢ para-
meter), o(C*-Au), was calculated from the structural data.>?
Average values for 3-12 of 22 + 4% (experimental) and 19 + 7%
(modelled) were found to be different and in most cases lower
than 25%> s-character. As with the Droop angle, this trend
could only be supported for the modelled, but not for the
experimental values, with p-values from the ¢-test of 0.02 and
0.06, respectively.

(iv) Ring twist of NHC: Deviation of angle «N'-C>-C*-N*
from 0° was indicative of a ring twist of the NHC (Table 2,
entry 3). The average value of «N'-C>~C*-N> in 3-12 of 0.35 +
0.29° in the experimental structures and to 0.13 + 0.10° in the
modelled ones were modest compared to those previously
measured for [Au(IPr)Cl] (1, 1.30°)** and for [Au(IPr)(OH)] (2,
0.62°).>> This ring twists has previously been described to
influence the proximity of the N-substituents of the NHC to
the gold centre.”* Variations in values of this parameter within
the series 3-12 were considered as a probe for other electronic
effects as well.

This journal is © The Royal Society of Chemistry 2019
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Computational modelling of electronic properties

To validate the spectroscopic (Table 1) and structural trends
(Table 2) observed in [Au(IPr)(CHR,)] (3-12), electronic pro-
perties were studied by means of computational modelling.
Description of bonding between metal centres and ligands by
Dewar, Chatt and Duncanson in terms of bonding and back-
bonding interactions (DCD model)>® has proved a powerful
approach and provided a better understanding of the electronic
structure of species relevant to gold catalysis.>® The n-accepting
properties of NHCs next to their o-donor properties dictate that
bonding and back-bonding interactions should be decomposed
in components of different symmetries.”” In that context, a
computational energy decomposition analysis (EDA) was per-
formed for the C*>-Au and C*-Au bonds in selected complexes
[Au(IPr)(CHR,)] (3, 5, 6, 9 and 11) and a range of energy para-
meters were obtained: C*-E,"*™, with x = 2, a to indicate values
associated with C* or C% y = o, « to indicate the symmetry of the
interaction and z = —, < or < to indicate the direction of the
interaction (bonding, back-bonding or total).

The relative values of E,*"™ and E,"~™ were indicative of
stronger o-bonding interactions in the Au-C* bonds than in Au-
C?> bonds, but the strength of the n-bonding interactions
remained similar in those bonds (Table 3). These interactions
were furthermore expressed in values for relative donation and
backdonation of 6-symmetry and n-symmetry in the two bonds,
%Es and %E, (Table 3). The similarly proportioned ¢-bonding
components from C* and C? to gold exceeded o-back-bonding
contributions from gold. The n-symmetric bonding component
in Au-C” consisted of a slightly stronger donating component,
whereas the n-symmetric bonding component in Au-C> was
strongly back-donating (gold to C?) in nature. These values indi-
cated: (i) that the Au-C” bond was slightly stronger than the Au-
C? one (unlike the relative bond lengths suggested, Table 2,
entry 1); and (ii) that a bonding interaction with n-symmetry
resulted in a net electron density from the carbanion ligand
(CHR,") to the NHC ligand, as expected in an arrangement with
occupied and empty p orbitals on those respective ligands.

Other parameters were computed and included in the
dataset for [Au(IPr)(CHR,)] (3-12):>® C% > 0.5, the (con-
strained) %s-component of the hybrid orbital on C* occupied
by the lone pair on fragments CHR,. Wiberg bond orders for
the bonds Au-C?, Au-C* and C*-H” (indicated with symbol
B)*® and Mulliken populations of the Au, C*> and C” atoms
(indicated with symbol M).*°

Finding relations between parameters

Data from different sets of parameters (component, EDA,
Hammett, IR, NMR, Order, pK,, population, rate and structure)

Table 3 Average EDA parameters E; and E, (in absolute values and
percentage)

Au-C* Au-C? Au-C* Au-C?
E-oM -72+6 —-56+4 %E, 58+5 541
EM -10+2 -11+0 %Ey 61+7 15+0
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Fig. 5 Grouping of parameters from different sets. Colour code: Yellow
= set, green = subset, blue = variables. Top refers to parameters associ-
ated with different parts of complexes, while bottom refers to para-
meters derived from different methods.

were grouped according to the moieties of the complexes that
they were associated with (i.e., carbene, carbanion of original
substrate, Fig. 5a) or the method that was used to acquire the
data (i.e., experimental or DFT, Fig. 5b).

Potential relations between parameters included:

(i) Properties of sites (i.e., atoms or bonds) in substrates
versus those in complexes.

(ii) Properties of sites (i.e., atoms or bonds) in the different
ligands of complexes (i.e., carbene and carbanion);

(iii) Experimental data versus the analogous data obtained
from computational modelling (DFT).

(iv) Manifestations (e.g., relative protodeauration rates)
versus structural, spectroscopic (i.e., NMR and IR) or electronic
(i.e., component, EDA) properties. Note that no parameters
related to the nature of the carbanion ligand (i.e., degree of
substitution, type of substituents or possibility of electron
delocalisation) are included in this analysis.

Statistical analysis of all data collected for [Au(IPr)(CHR,)]
(3-12) resulted in groups of parameters from different sets that
were used as starting point for further analysis.®® Possible
relations between different parameters within each group were
visualised by representing these as edges in a graph with vertex
weights defined by the correlation of pairs of parameters (Fig. 6):

1. Positive correlations were found between C*-E;“~™ (EDA),
C*6(**C) (NMR, modelled)®® and pK,, whereas negative corre-
lations were found between these three parameters and
C*-E,.""™ (EDA) (Fig. 6a, group 1).

2. A subgroup of positively correlated parameters consisting
of C*E,""™ (EDA), Yo, and Yo, (Hammett), C**>-5(*°C) and
H*-5("H) (NMR, experimental) was found to be negatively cor-
related to C*-E;~™ (EDA) (Fig. 6b, group 2).

3. Another subgroup of positively correlated parameters
consisting of C>-E, (EDA), C*-§(**C) NMR (experimental and
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a) Group 1 = EDA: C*-Ex'”M (13), b) Group 2 = EDA: C®-E;>M (11),

EDA: C*E-M (29), NMR (DFT): EDA: C*E.;*M (27), Hammett:

C2-5(*3C) (49) and pKa (58) Som (34), Hammett: 3o, (36),
NMR: C*-8§(**C) (46) and NMR:
H*-8(*H) (52)

¢) Group 3 (modelled) = EDA: C?-
E. (24), NMR: C%-5(1C) (49), C2-5(1C) (49), order: B(C°—Au)
structure: d(Au—C?) (86) and (55), order: B(C-H%) (57),
structure: d(Au—C®) (88) structure: £ N~C>-N3® (78),
structure: o(C*-Au) (84) and
structure: d(Au—C?) (86)

d) Group 4 (modelled) = NMR:

Fig. 6 Correlation graphs of selected parameters. Vertices are num-
bered and edges are coloured by set: EDA (plum), NMR (red), pK, (grey),
Hammett (orange), structure (brown) and order (wood).®* Blue and red
vertices represent positive and negative Spearman correlations®?
between vertices, respectively. Vertices with lower weights indicate cor-
relations with higher false-discovery rate adjusted p-values.®®

modelled) and d(Au-C?) (structure) was found to be negatively
correlated with structural parameter d(Au-C*) (Fig. 6c,
group 3).

4. Negative correlations were found between «N'-C>-N°
(structure) and B(C"-Au) (order) and d(Au-C?) (structure),
whereas the latter two parameters were found mutually posi-
tively correlated (Fig. 6d, group 4). Correlations between these
parameters and related parameters B(C*-H”) (order) was lower
and except for B(C*-H"), all parameters were highly correlated
with NMR (DFT): C*-5(**C).

Point-to-point regression models

Selected one-variable linear relations revealed trends in the
data of [Au(IPr)(CHR,)] 3-12 (Table 4).°® Specific parameters
from the EDA related to modelled NMR chemical shifts and
pK, values (Table 4, entries 1-4, group 1).°” Properties
obtained from the EDA, C*E;"~™ and C*-E,"™, were found to
be inversely proportional and proportional, respectively, to
both C*-§(**C) (NMR, modelled) and pK,. These latter two
parameters were found to be proportional as well (R* = 0.71,
p-value <0.01), and a statistically significant inverse relation
was found between C*E,""™ and C*E,"™ (EDA, R* = 0.92,
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Table 4 Selected linear relations (part A)?

Entry Equation R
Group 1: EDA, NMR and pK,

1° EDA: C“-E oM 02 5("C) 0.93
2P EDA: C2E," M « C? -5(C) 0.96
3 EDA: C"‘-E,[L_'M  -pK, 0.94
4 EDA: C*E,""™ « pK, 0.91
Group 2: EDA and NMR versus Hammett

5 EDA: C*Es" "™« Yo, 0.96
6 EDA: C*Es" ™ « Yo, 0.91
7¢ NMR: C**- 5(130) « Yop 0.92
8° NMR: H-§('"H) x Y 0, 0.95
Group 3: EDA and structure versus NMR?

9b EDA: C*-E;, 02-5(13c) 0.92
10? Struct.: d(Au-C?) « C>-5(**C) 0.96
11? Struct.: d(Au-C*%)  -C*-5(**C) 0.88
Group 4: Order versus NMR and structure

12 B(C*-Au) x C*-5(**C) 0.95
13? B(C*-Au) « a(C"—Au) 0.78
14? B(c H"‘) « —2N'-C*-N? 0.93
15? B(C*-H") x d(Au-C?) 0.97

Correspondlng regression plots are presented in the ESI. Struct.
structure »Modelled values (DFT) used. °Experimental values used
4 Analogous models with experimental values gave lower R* values of
0.89, 0.46 and 0.70.

p-value = 0.01). From these relations, it followed that the domi-
nant donation of electron density from C“ to gold (Table 3)
was increased with more Bronsted basic carbanions (CHR,™,
with higher pK, of corresponding CH,R, protons), while the
minor (Table 3) donation of electron density from gold to C?
was reduced.

Other parameters from the EDA and different experimental
NMR chemical shifts related to different derived Hammett
parameters (Table 4, entries 5-8, group 2). The positive corre-
lations between C%E,~"™, C*E,*™ (EDA) and Yo,
(Hammett) and those between C**-5(**C), H**-6('"H) (NMR) and
Y0p (Hammett) were found to be statistically significant. Note
that the statistically significant relation between C*-E,"~™ and
C*E,"™ was excellent as well (R* = 0.99, p-value <0.01). The
inverse relation between pK, and either Yo, (R* = 0.73,
p-value = 0.01) and Yo, (R* = 0.64, p-value = 0.02) warranted
an analogous analysis as in the prior group of parameters.
Thus, carbanions (CHR, ) bearing more strongly electron
donating substituents appeared to engage in a bonding inter-
action with stronger o-donation through gold and stronger o-
backbonding (of approximately equal magnitude, Table 3) to
the NHC ligand. The effect coincided with shielded C**-5(**C)
and H*-§(*H) chemical shift values, indicative of larger elec-
tron density in the n-system of the NHC.

Further relations based on C*-6(**C) chemical shift values
were found (Table 4, entries 9-10, group 3). Next to the pre-
viously discussed relation of modelled chemical shift C*-5(**C)
with directed n-bonding interactions (bonding from C* back-
bonding to C? Table 4, entries 1 and 2), chemical shifts C>-
5(**C) were found to relate with the EDA parameter associated
with the combined n-bonding energy in the C*~Au bond, C*-E,

This journal is © The Royal Society of Chemistry 2019
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(Table 4, entry 9). The chemical shift C*-§(**C) also related to
bond distances d(Au-C?) and d(Au-C%) (Table 4, entries 10 and
11): higher values of C>-§(**C) (as an indication of lower elec-
tron density on the gold centre) would result from more
strongly donating carbanion ligands (CHR, ") that would have
stronger (shorter) Au-C* bonds and weaker (longer) Au-C>
bonds to effectively transfer the electron density.*®

Relations were found between Wiberg bond order values
and parameters associated with NMR chemical shifts and
structural parameters (Table 4, entries 12-15, group 4). NMR
parameter C>-5(**C) was found to relate with B(C*-Au)
(Table 4, entry 12), in agreement with variations in bond
length d(Au-C”) (Table 4, entry 11). The relation of B(C*-Au) to
Coulson parameter o(C’~Au) (Table 4, entry 13), suggested that
differences in modelled bond orders might be influenced by
the proportion of different atomic orbitals (s and p) in the
molecular orbitals; a balance between interaction of ¢ and n
symmetry would clearly be influenced by the s character of
bonding orbitals. Support for this hypothesis was found in an
inverse linear relation between structural parameters #N'-C?-
N’ and 6(C%-Au) (R* = 0.75, p-value <0.01). Here, a higher s
character in the orbital of C* bound to gold appeared to
coincide with a higher s character of the c-type orbital on C>.**
Wiberg bond orders for the bonds between C* and H, B(C*-
H%), were found to be inversely proportional to «N'-C*>-N? and
proportional to d(Au-C?) (Table 4, entries 14 and 15) suggested
that the particular bonding arrangement in the carbanion
ligand (CHR,") coincided with changes in the bond length to
gold and manifested itself in the carbene angle of the NHC
ligand. Absence of a statistically significant relation between
B(C"-H") and B(C“-Au) prohibited meaningful inter alia com-
parison of all Wiberg bond order values.

Point-to-plane regression models

Various point-to-plane relations with planes defined by mul-
tiple parameters were found to capture additional trends
(Table 5). When structural parameters d(C*°-N'?) and pre-
viously encountered Coulson parameter o(C*-Au) (Table 4,
entry 13) were combined, they were found to relate to the mod-
elled %s-character of C* in fragments CHR,”, C% > 0.5
(Table 5, entry 1). This relation hinted that C%; > 0.5 might be
used to predict structural effect in complexes [Au(IPr)(CHR,)],

Table 5 Selected linear relations (part B)?

Entry Equation R?
Group 5: Two-parameter models (structure)

1° Component: C% > 0.5 « o(C*-Au) — d(C**-N"?) 0.91
2? Order: B(C*-Au) « o(C*-Au) + d(C**-N*?) 0.90
3? NMR: C%-5(**C) « o(C™Au) + d(C**-N"%) 0.89
Group 6: Multi- parameter models (NMR)

4? pK, x C*-5(**C)-C*-5(**C)-C**-5(**C) 0.98
5°¢ log ke  C%8(*C)-C?-5(**C)-H*56("H)-H"*-6("H) 0.87

“ Corresponding regression plots are presented in the ESL  Modelled

values (DFT) used. ¢ Experimental values used.
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however, the respective explaining values (85% and 6%)°® and
suggests that d(C*°-N"?) should be omitted. B(C*-Au) could
be related to either structural parameter «N'-C*-N° or d(Au-
C?) (Table 4, entries 15 and 16), but a combination of two
different parameters, o(C*-Au) and d(C*°-N'*) was found to
give an alternative description (Table 5, entry 2). The latter
parameter remained (as in Table 5, entry 1) of low explaining
power (21%), while the former one explained the majority
(69%) of the variation in B(C"-Au). Modelled NMR chemical
shift C>~5(*>C) could be related to a combination of the same
two structural parameters (Table 5, entry 3), with explaining
powers of 52% and 37%, respectively. The analogous model
for experimental parameters provided an even better fit (R* =
0.94, p-value <0.01).%°

Planes defined by the regression coefficients of linear
models based on o(C*-Au) and d(C*°-N"?) (Table 5, entries
1-3), gave insight in the structure of the underlying data
(Fig. 7). The opposite sign for structural parameter d(C*°-N"/?)
in the model for C% > 0.5 (component) relative to that in the
models for B(C*-Au) (order) and C*>-§(**C) (NMR) is visually
apparent from an intersection of the two planes. The tilt
between the planes defined by the models for two-parameter
models for B(C*-Au) (order) and C>-5(**C) (NMR) highlighted
the difference in values of the coefficients with matching signs
while the linear relation between those dependent variables
remained excellent (R* = 0.95, p-value <0.01).

With the wide range of relations between NMR chemical
shifts and other parameters established, models with three
or four such parameters were evaluated (Table 5, entries 4
and 5, group 6). A three-variable model for pK, with a posi-
tive sign for C*>-§(**C) and negative signs for C*-§(**C) and
C*-5(**C) were found when modelled NMR chemical shifts
were used (Table 5, entry 4). The different parameters con-
tributed in a balanced manner, with values of 31%, 27%
and 40%, respectively. A four-variable model (Table 5, entry

0.1 015 g2 02503

Fig. 7 Surface plots of selected regression models. Planes (Table 5,
entries 6-8) are scaled and translated along their intercepts to span
values between 0 and 1 for the range of values for d(C*°-N3) and
o(C“~Au). (A) Component: C% > 0.5 (green); (B) order: B(C*—Au)
(purple); and (C) NMR: C2-5(*3C) (modelled, orange).”®
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Fig. 8 Regression model of log ke versus NMR parameters. log ke =
998 + 0.212 x C*-5(*3C) — 1.596 x C2-5(**C) — 566 x H*-5(*H) — 95.69 x
H*-5(*H) (Table 5, entry 11). Measured and fitted log ke values are
plotted as coloured and black points, respectively. Numbers refer to
complexes 3-12. Colours (red and blue) and shades indicate relative
position and distance from fitted values. The shaded area represents the
confidence interval of the linear model (at 95%).

5) based on experimental NMR chemical shifts was found
suitable for the description of the relative tendencies of pro-
todeauration of [Au(IPr)(CHR;)] (3-5 and 7-12) (Fig. 3). This
model included coefficients with a positive sign for C*§(**C)
and negative signs for chemical shifts C>-§(**C), H*-5('H)
and H*-5('H), with relative contribution values of 40%,
11%, 21% and 14%, respectively (Fig. 8). Importantly, even
though no relation was found between log k.; and pK, (R*> =
0.05), the mutual signs of C*>-5(**C) and C*6(**C) persisted.
Consistency of the signs of the coefficient for derived
Hammett parameter Yo, in models for experimental C*-
5(**C) and H**-5(*"H) chemical shifts (Table 4, entries 7 and
8) was as expected from their mutual relation (R*> = 0.85,
p-value <0.01) as well.

The presence of parameters with symmetry labels ¢ and =
in the different groups (Tables 4 and 5) was used to designate
parameters to the two groups. The pK, values of CH,R, and
chemical shift C*-§(**C) parameters (group 1) and structural
parameters d(Au-C%) and #N'-C°-C*-N? (group 3) could be
associated with © symmetry. NMR parameters C**-§(**C) and
H*-5('H) (group 2), structural parameters d(Au-C”) and d(Au-
C?) and parameters describing bond orders (group 4) could be
associated with ¢ symmetry. The relations found added quanti-
tative support the spectroscopically suggested trend of transfer
of electron density from carbanion ligands (CHR,") to the [Au
(1Pr)]" fragments (Table 1). No strong support was found for
the structurally suggested trends of bent £C’>-Au-C” bonds
and twisted imidazole cores in the IPr ligand (Table 2), but
relations between other structural parameters such as d(C*°-
N'?), 6(C*-Au) and different bond orders provided insight into
the hybridisation and distribution of electron density in
different parts of [Au(IPr)(CHR,)].
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Summary of linear relations

The presence of parameters with symmetry labels ¢ and = in
the different groups (Tables 4 and 5) was used to designate
parameters to the two groups. The pK, values of CH,R, and
chemical shift C*-§(**C) parameters (group 1) and structural
parameters d(Au-C”) and #N'-C’-C*-N° (group 3) could be
associated with = symmetry. NMR parameters C**-5(**C) and
H*-5(*H) (group 2), structural parameters d(Au-C?) and d(Au-
C?) and parameters describing bond orders (group 4) could be
associated with ¢ symmetry. The relations found added quanti-
tative support the spectroscopically suggested trend of transfer
of electron density from carbanion ligands (CHR,") to the [Au
(tPr)]" fragments (Table 1). No strong support was found for
the structurally suggested trends of bent £C’>-Au-C”* bonds
and twisted imidazole cores in the IPr ligand (Table 2), but
relations between other structural parameters such as d(C*°-
N'?), 6(C*~Au) and different bond orders provided insight into
the hybridisation and distribution of electron density in
different parts of [Au(IPr)(CHR,)] (Fig. 5).

Conclusions

The range of NHC-gold(r) complexes with sp*-hybridised car-
banion auxiliary ligands has been expanded and their relative
rates of protodeauration have been measured. A wealth of spec-
troscopic and structural data was collected, and computational
models were generated to quantify various electronic pro-
perties. Substitution of the carbanion ligand (CHR, ) was
found to have a profound effect on both steric and electronic
properties, not only in this ligand itself, but in the bonds to
gold and the NHC ligand as well. Computational EDA studies
separated electronic interactions in o/nr and bonding/back-
bonding constituents. A combination of path analysis and cor-
relation analysis was used to unravel relations between
different parameters and a number of trends were corrobo-
rated with statistically significant regression models.
Theoretical parameters such as pK, and Hammett constants
could be used to relate these effects and NMR chemical shifts
of various parts of the complexes were found indicative as
well. Variations in structural parameters exemplified the
ability of the ligands to adjust to varying electronic configur-
ation. This study has shown that quantitative models of
varying complexity can indeed effectively be distilled from a
diverse set of chemical data without a priori knowledge about
the mutual relations between different parameters.
Application of this approach to related chemical systems and
development of the methods to a general analytical framework
will be subject of future contributions.

Abbreviations

DCD Dewar-Chatt-Duncanson;
DFT Density functional theory
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EDA  Energy decomposition analysis

FDR False discovery rate

IR Infrared

IPr 1,3-Bis(2,6-diisopropylphenyl)imidazol-2-ylidene
I'Bu  1,3-Bis(tertbutyl)imidazol-2-ylidene

NHC N-Hetereocyclic carbene

NMR Nuclear magnetic resonance.
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