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ABSTRACT: Six fluorinated PRy(biaryl) phosphines, L", with R = Ph, Cy and biaryl = C¢Hs-CgFs, CsF4-CsHs, or CeF4-CsFs, have been
prepared. Their [AuCl(L")] complexes and H congeners with PhJohnPhos or
CyJohnPhos have been studied in order to examine the interactions that bring the distal
aryl close to the Au—Cl bond region. X-ray, DFT structure optimization, QTAIM, and
NCI methods allow for some understanding of the forces involved. The “no bond” non-
covalent distal-aryl/Au—Cl weak interactions are produced at forced short distances
achieved under intramolecular structural ligand pressure. Enhanced vdW distal-aryl/Au
interactions at “no bond” distances shorter than the sum of Au and C vdW radii, and
weaker distal-aryl/Cl interactions at “no bond” distances beyond the sum of Cl and C
vdW radii, counterbalance the unfavorable structural distortion of the free ligand,
providing some extra stability of the molecule in the order 2-10 kcalmol™'. The F
substituents in the distal aryl induce shorter aryl distances to the Au—Cl zone, pointing
overall to stronger m-aryl polarization as the main responsible of NCIs with gold. The interactions in the C---Cl zone, where the distances
are larger than the sum of vdW radii, contribute only about 5%, according to energy estimations using NBOs.
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INTRODUCTION

PRy(biaryl) ligands have revolutionized the C—-C and
C—N Pd catalytic coupling processes, in which they are
particularly powerful. Along their development, these
ligands have been modified with incorporation of
different groups (often alkoxy groups) in the biaryl
moiety, usually aimed at protecting the ligands from un-
desired reactions or at improving their catalytic perfor-
mance.' In most of these phosphines the distal aryl of the
biaryl group is either phenyl or an electron-enriched aryl.
Only in a few reported cases the biaryl fragment is par-
tially fluorinated in the distal aryl (Figure 1).2
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Figure 1. Reported Buchwald-type partially fluorinated biaryl
phosphines.

Biaryl phosphines have been also frequently used in
gold(I) catalysis,® often in cyclization or cycloaddition
reactions catalyzed by cationic complexes. In the X-ray
diffraction structures of [AuX{PRs(biaryl)}| complexes,
whether cationic or neutral, the distal aryl of the biaryl
group is systematically located roughly parallel to the
Au—X bond, with one or two aryl carbon atoms at dis-
tances from gold in the range 3.02-3.30 A. These struc-
tures have been examined in several occasions.* The
proximity of the distal aryl to gold suggests mutual inter-
actions, often referred to as weak interactions, sometimes
as r-interactions. Recently, two theoretical studies on
[AuX {PRy(biaryl)}] complexes have been published: one
on the Rr effect in a family of [Au(SRr)(JPhos)] thiolate
complexes, JPhos = P(¢-Bu)(CsHs-CHs);* and another,
on Tolman cone angles of P-ligands in different metal
coordinations, including [AuCl(PRx(biphenyl)] exam-
ples.®

Here we report the synthesis of six new biaryl phos-
phines fully fluorinated either at the proximal aryl (rela-
tive to P), at the distal aryl, or at both aryls (Figure 2), and
their corresponding [AuCl{PRy(biaryl)}] (R = Ph, Cy)
complexes. Including in the further study the reported
non-fluorinated PhJohnPhos (PhJ) and CyJohnPhos
(CyJ) phosphines, we complete, for R = Ph, Cy, the
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sequences HH, HF, FH, and FF relative to proximal and
distal aryl-perfluorination or non-fluorination. These two
series (eight complexes) provide us with a privileged po-
sition to study the interactions with the Au—Cl zone of
electronically different distal-aryls.
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Figure 2. Fluorinated Buchwald-type biaryl phosphines reported
and used in this work, and their two reference non-fluorinated
phosphines.

RESULTS AND DISCUSSION

Synthesis of the ligands and their gold(l) complexes.

The new ligands L'-L® were obtained by lithiation of
the corresponding biaryl bromide with Li(#-Bu) followed
by reaction with PR,Cl (R = Ph, Cy), as sketched in
Scheme 1.7 The addition of the L" ligand to [AuCl(tht)]
(tht = tetrahydrothiophene) affords colorless [AuCI(L")]
(1-6) complexes, labeled according to the n number in the
ligand. The reported PhJ and CyJ ligands provide non-
fluorinated H-homologues for comparison.**®
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Scheme 1. Synthesis of fluorinated biaryl phosphines and their
gold (I) complexes. R = Ph or Cy; R', R?, or both are all F. The
number of the complex is as the superindex of its L" ligand.

Experimental and calculated structures. Structural analy-
sis.

Colorless needles were obtained for the six new gold
complexes by slow diffusion of a CH,Cl, solution of the
complex in n-hexane. Their X-ray structures are shown in
Figure 3. The crystal of 6 contains two non-equivalent
molecules, 6a (shown in Figure 3) and 6b (shown in Fig.
S1), with only slightly different molecular parameters.

Both converge to the same DFT structure in the gas phase
(see later). There is, in the whole 1-6 series, just a short
range of variation of Cl-Au—P angles (176.5-179.4), and
Au-Cl (2.271-2.290 A) or Au-P (2.226-2.238 A) dis-
tances (Table S1, experimental), excepting 6b, which is a
bit out of these ranges. As expected, all the X-ray diffrac-
tion structures display almost linear Cl-Au—P coordina-
tion, with the distal aryl group lying close to parallel to
the Au—Cl bond. Being more precise, the distal aryl ring
bends away from the Au—~CI bond so that C' has a notice-
ably shorter distance to this line than C*. Typical reported
bending angles between the Au—P and the Cipso—C' inter-
ring vectors are in the range 15-20°.% This distortion,
although small, suggests that these are not the structures
that these molecules should adopt in the absence of other
forces compensating this angular distortion. This is dis-
cussed later.

Figure 3. X-ray diffraction structures of complexes [AuCIL"] 1-6.
H atoms omitted for clarity.

Table 1 (see Scheme 1 for labelling) collects in columns
2 and 3 the Au—C distances of the two distal-aryl carbon
atoms closer to Au, for 1-6 and their non-fluorinated con-
geners [AuCl(PhJ)] and [AuCl(CyJ)] (the two latter
taken from the literature).*®® The shortest distances for
each complex is Au-C', always shorter than the sum of
Bondi vdW radii (3.36 A).° Noticeably shorter than the
rest are the distances found in two fluorinated complexes
(4 and 5). Beyond that, a clear case-by-case analysis of
structure/Au—C distance relationship is not obvious.

Table 1. Experimental Au-C and Au-Cl distances (A) in the
X-ray diffraction [AuCl(L")] structures. PhHF indicates the
ligand with PhyP, H in the proximal aryl and F in the distal aryl,
and similarly for the others.

Complex Au-C' | Au-C? | CI-C? C1-Cc*
AuCI(PhJ) (PhHH) 3.235 3.402 4.082 3.968
AuCIL! (PhHF) (1) 3.179 3.259 3.681 3.591
AuCIL? (PhFH) (3) 3.149 3.390 3.986 4235
AuCIL® (PhFF) (5) 3.097 3.313 3.589 3.418
AuCl(CyJ) (CyHH) | 3.151 3.298 4.082 3.968
AuCIL? (CyHF) (2) 3.159 3.188 3.574 3.431
AuCIL* (CyFH) (4) 3.066 3.235 3.598 3.727
AuCIL® (CyFF) (6a) | 3.141 3.178 3.608 3.450

(6b) | 3.171 3.303 3.986 3.602




Two structurally different kinds of X-ray structures are
observed as shown in the two examples above in Figure
4. Most of them (1, 5, AuCl(CylJ), 2, 6A, and 6B), are
quite symmetrical, with the Au—Cl line almost exactly
over the C'~C* line. In the others (AuCl(PhJ), 3, 4), these
two lines deviate.
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Figure 4. Examples of X-ray (the two above) and gas phase DFT
calculated (the two below) structures of [AuCIL!'] (left) and
[AuCIL?] (right), viewed along the Au---C' imaginary line (in this
view, C! is eclipsed by the Au above it).

In order to compare structures not altered by crystal
forces, DFT calculations were carried out to obtain opti-
mized gas phase molecular structures (e.g. the two in
Figure 4, below). First, calculations with B3LYP-D3 and
B3LYP showed notable differences in aryl-Au and aryl-
Cl distances (Table S2), shorter for B3LYP-D3 as
expected for the large contribution of dispersion in inter-
actions of this nature.! Then, new calculations were
made using ®B97X-D, considered to be better for long
range distances.!" These calculated structures are submit-
ted only to intramolecular forces. Direct comparison of
all the X-ray vs. gas phase DFT optimized structures is
available as SI (Figure S2). As in the X-ray structures,
there are calculated structures more symmetric (all the Cy
complexes) and less symmetric (all the Ph complexes).
This not always coincides with their X-ray cases (Figure
4, structures at the left). It looks that the less regular
structural behavior of the DFT optimized Ph series is
caused by different rotational arrangements of the aryls.

A consequence for structures being strongly
asymmetric (as in [AuCl(PhJ)], 1, 3, and 5), is that the
Au-Cl moiety interacts preferentially with one half of the
distal aryl and differently with the other half. Note,
however, that there is another source of asymmetry.
Figure 4 shows the molecules viewed in the direction of
an imaginary line connecting Au to C' (C' is eclipsed
below the Au atom). This view does not make evident the
existence of tilting of the distal aryls (present as well in

the asymmetric complexes), also bringing one half of this
ring closer to the Au—Cl moiety than the other half. In
fact, the Au—C? vs. Au—C® (see Table 2, columns 3 and 4),
or CI-C? vs. C1-C? distances (see later in the topological
analysis of the CI region), are always different, even in
the most symmetric Cy family.

Table 2. Calculated Au—C distances (A) and Au charges (au) for
gas phase DFT optimized [AuCI(L")] structures.

Complex Au-C' | Au-C? Au-C* Au charge
AuCI(PhJ) (PhHH) | 3.351 | 3399 3.696 0.132
AuCIL' (PhHF) 3.289 3.388 3.536 0.123
AuCIL? (PhFH) 3.258 3.360 3.559 0.147
AuCILS (PhFF) 3.199 3.312 3.451 0.137
AuCI(CyJ) (CyHH) | 3.287 | 3.393 3515 0.112
AuCIL? (CyHF) 3.233 3.363 3.432 0.099
AuCIL* (CyFH) 3.237 3.391 3.436 0.123
AuCIL® (CyFF) 3.193 3.330 3.423 0.107

The distances in Tables 1 and 2 confirm that, as
expected, all the DFT optimized distances are longer than
the corresponding experimental lengths. This structural
breathing is a familiar phenomenon.'? It is worth noting
that, once the crystal forces are absent, the calculated
molecular structures show almost identical Au—P and the
Au—Cl distances (within 0.01 A) for the whole series of
complexes (Table S2, calculated). In contrast, the Au—-C
differences associated to atoms with weak Au—C interac-
tions are clearly larger, in the order of 0.1 A (Table 2, col-
umns 2 and 3).

We start our analysis of calculated gas phase structures
in the zone closer to gold. Rather than using the aryl
"hapticity" number proposed by Kochi,'* we prefer to
examine individually the Au—C distances given in Table
2. All the Au-C' distances are shorter than their
corresponding Au—C? or Au—C® distances. Thus, the weak
interactions seem to involve more significantly C' in all
cases. Then, Au—C? is shorter than Au—C® for 1, 3, and 5,
and the same applies to 2, 4, and 6 but with more similar
less different distances to the two ortho carbon atoms.
Thus, the geometrical asymmetry commented above
seems to be an important factor for the distance
differences in 1, 3, and 5, and the tilting effect is smaller.

Since Au-C' are the most significant interactions, the
values in Table 2 column 2 should be carefully
considered. The sequence of distances in the Cy family
immediately shows an order of distances HH > FH > HF
> FF that makes sense if the influence of fluorination to
produce shorter distances is high in the distal aryl, and
much less but not negligible in the proximal aryl. This is
not so well defined for the less regular Ph family, due to
the structural variations mentioned. For this reason, the
more symmetric Cy series provides more valuable infor-
mation for structure/properties analysis. Yet, the two FF
complexes, 5 and 6, show the two shortest Au—C' calcu-
lated distances. The gold atoms show positive Bader
charges in the range 0.123-0.147 atomic units for the Ph
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family of phosphines, and 0.099-0.123 au for the
complexes with the more donor Cy phosphines (Table 2,
last column). In the Cy series the HF and FF complexes
coincide to have the lower positive Au charges and,
however, produce the shortest Au-C' distances.

What do we call weak interactions?

An interesting study of biaryl phosphine gold(I)
cationic [Au{PRx(biaryl)}(arene)]” complexes provides
information on covalent Au'-arene bond distances trans
to P. The study concludes that significant interactions
with arenes should show distances of less than 2.95 A for
Au'* Obviously, the words "significant interactions"
mean covalent interactions involving positive orbital
overlapping and net charge transfer between atoms.
Above this distance (2.95 A), calculations indicate
conclusively that no electron transfer occurs from the
arene to the metal and that the interaction does not have
any covalent character* Taking 2.95 A as the "bond"
limit for gold(I) and arenes, moving beyond 2.95 A from
Au, we are getting into the "beyond bond" domain. Ac-
cording to the values in Table 2, the later condition fully
applies to the biphenyl moiety of the PRy(biaryl) ligands.
There we speak of “weak interactions”, ‘“no-bond”
interactions, or non-covalent interactions (NCI). These
interactions include attractive and repulsive electrostatic
interactions, dipole inductions (polarizations), and
attractive interactions between instantaneous multipoles
(London dispersion) and, as a whole, are often referred to
as van der Waals (vdW) forces. The name “closed-shell”
is also applied to them by contrast with the “shared-shell”
(covalent) interactions.'*

The vdW radius is well defined for simple entities not
prone to exchange electron density, as in the case of two
contacting noble gas atoms. In any other circumstance
(even in simple molecules) this ideal concept is contami-
nated by the presence of other influences (e.g. implication
of these atoms in covalent bonds that will alter their
spherical electron density distribution, which becomes no
more spherical, or any other intra- or intermolecular
forces). Depending on the direction chosen to define the
vdW distance to other atoms or molecules, the molecular
and atomic deformations will affect the measurement.
This means that well defined values for ideal/ vdW radii
cannot be experimentally afforded.

Another point is that the vdW interatomic interactions
are very weak at their ideal/ vdW distances and, conse-
quently, any significant external force can overcome
them, shortening the original interatomic distance and
produce a significant increase of the non-covalent inter-
actions’ strength. Similarly, any forced lengthening will
weaken the interaction significantly. In any real system,
the equilibrium vdW distance observed should be the dis-
tance at which the compressive external forces and those
opposing compression are compensated. Many external
forces work for compression. Specifically, the structural
compression mentioned above for X-ray structures is the
complex balance of a summation of inter- and

intramolecular interactions plus the tendency to achieve
good occupancy of space. In gas-phase molecular calcu-
lations, only intramolecular interactions are operative.

As initial guess and first reference, the expected dis-
tance between two contacting atoms submitted to vdW
forces is obtained by the sum of their tabulated vdW radii.
Different tables of vdW radii (Bondi,’ Batsanov,"
Alvarez'®) are available in the literature. Taking the most
used values proposed by Bondi, the expected Au—C vdW
distance is 3.36 A. The vdW radii of Batsanov would
bring this distance to 3.87 A. It is out of discussion that
even using the 3.36 A value, the Au—C! and Au—C? dis-
tances in Table 2, are significantly shorter (e.g. 3.066 and
3.237 in complex 4). It makes sense to ask why, in the
isolated molecule and in the absence of covalent Au—-C
interactions, the biphenyl ring still chooses to get so close
to gold (structure A in Figure 5), forcing the ligand to
adopt unnatural bending angles (15-20°) between the
Au-P and the inter-ring Cipso—C' bond lines,*" as well as
"no bond" distances shorter than the sum of vdW radii,
instead of taking any other orientation not requiring
structural distortion of the ligand (e.g. B in Figure 4B).

Cl

Q. O
IT; ~P/
Au )
g% Q
Cl

A B

Figure 5. Alternative structures with (A) and without (B) Au-C!
short distance.

The thermodynamic net stabilization of structure A vs.
B was calculated for all the [AuCl{PRy(biaryl)}] com-
plexes of this study affording values in the range 1-10
kcalxmol! (Table 3). This coincides fairly well with
other stabilization values recently reported for 25
PRy(biaryl) non-fluorinated ligands (around 7.2 (£3.3)
kcalxmol ™! for the whole series).® For structure A to be
the preferred thermodynamic result, the “weak interac-
tions”, certainly enhanced at the shorter distances
observed, should compensate and overcome the cost of
structurally forcing the ligand.

Table 3. Calculated higher stability of structure A vs. B (AAG®
in kcalmol ™) for [AuCI(L")] in gas phase.

°Complex AAG° A-B
AuCl(PhJ) -5.2
AuCIL' (PhHF) | -2.3
AuCIL? (PhFH) | —6.6
AuCIL® (PhFF) | -3.4

Complex AAG° A-B
AuCl(CyJ) —0.9
AuCIL? (CyHF) | -3.4
AuCIL* (CyFH) | -5.7
AuCIL® (CyFF) | -8.9

In our study there is a clear higher stabilization for the
fluorinated Cy complexes 2,4, and 6 than for their non-
fluorinated reference [AuCIl(CyJ)]. The stabilization of A
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vs. B is enough to make structure B virtually inexistent in
a putative equilibrium of the two rotational isomers. In
fact, to the best of our knowledge form B has never been
observed in these gold complexes. The adoption of struc-
ture A occurs with similar success for any complex, be it
fluorinated or not. In order to get additional information
about the F effect on the interactions existing in the zone
beyond the Au—C covalent bond frontier, QTAIM studies
were carried out.!”!8
Topological analysis of the distal aryls

The Gradient Line Maps (GLM) of the distal aryls for
structures A were examined, looking for possible effects
of H and F substitution in the ligands. GLM of the distal
aryl plane for all the complexes are available in Figure
S3. Figure 6 compares the distal aryls of complexes
[AuCl(CyJ)] (CyHH) and 6 (CyFF), which differ in the
fluorination of the biphenyl aryl in 6.
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Figure 6. GLM with contour lines for the distal aryls of complexes
[AuCl(CyJ)] (above) and [AuCI(L®)] (below). Blue dots are (3, -1)
CPs and orange dots are (3, +1) CPs.

These GLM display twelve (3, -1) critical points (CP),
corresponding to: the six C—C(ring) bonds; one C'-Cipso
bond; and five C—H bonds, or five C—F bonds (blue); in
addition, the (3, +1) ring CP (orange) appears. The posi-
tions of the bond CPs reflect clearly their polarization: the

s8ix CP(C—C)ying are centered, the CP(C—H) are closer to H
than to the Csp? atom, and the CP(C—F) are much closer
to the Csp? than to F.

The data of atomic charges provides interesting infor-
mation. Table 4 summarizes this information for
[AuCI(CyJ)] and [AuCIL®] as representative examples.
Remember that their structures are almost symmetric. The
C2-C®, and H2-H® Bader charges in [AuCl(CyJ)] are very
close to zero (columns 2 and 3), as expected for C—C and
C—H bonds of very low polarity. On the contrary, the very
polar C—F bonds in [AuCIL®] give rise to large positive
charges for C2-C® (about 0.59-0.67 au), and large negative
charges of similar magnitude for F>-F¢ (columns 4 and 5).
For C', a moderate positive charge of 0.0555 au is found
in [AuCIL®], compared to the small negative charge of
—0.0125 au in [AuCIl(CyJ)], with a total variation of
0.0680 au upon H by F substitution.

Table 4. QTAIM atomic charges for structures [AuCIl(CyJ)]
(HH) and [AuCILS] (FF).

AuCl(CyJ) H2-H¢ AuCIL® F-F¢
Atom

Charges Charges | Charges | Charges
Au 0.1121 0.1069
Cl -0.5989 -0.5790
P 1.8662 1.8707
C! -0.0125 - 0.0555 —
C? -0.0126 0.0053 0.5933 -0.6573
C? 0.0096 0.0168 0.6507 -0.6354
ct 0.0214 0.0247 0.6725 -0.6338
C? 0.0102 0.0169 0.6494 -0.6360
Cct -0.0125 0.0081 0.5944 -0.6569

Topological analysis of the gold region

The negative (or less positive) charges on C2-C® carbon
atoms in C-H aryls should make the & electron density of
the distal aryl ring softer and more polarizable than in the
complexes with C-F aryl carbon atoms with large positive
charges. For the same reason, the polarizing power of
these Csp” atoms should be lower for C—H and higher for
C-F ring atoms. The effect of fluorination should be
much less on C' (bonded to Cipso), which is only indirectly
affected by the F presence in the other Csp® atoms.
Looking at the charge values in Table 4 for the two Cy
complexes (-0.0125 vs. + 0.0555 au), there is a difference
of 0.0680 au in the C' charges and only 0.0052 au in the
Au atoms. Since the Au—C' distance is noticeably shorter
in complex 6, this suggests that, against initial intuition,
the effect of distal aryl fluorination on carbon atoms is
contracting its electronic cloud (see figure 6), thus reduc-
ing the repulsive interelectronic interactions with gold
and allowing for a closer approximation of the two nuclei
at attraction-repulsion equilibrium.

The eight complexes in Table 2 show the presence of
two (3, -1) critical points, as displayed in the GLM of
complex 1 (Figure 7): one between the two aromatic car-
bon atoms more involved in gold interaction, CP(C'-C?),
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and one between the Au atom and C!, CP(C'-Au). It is
noteworthy that the latter is placed practically on the
Au---C! line and far from the Au---C? line in all the com-
plexes, with C'-CP—Au angles in the range 172.5-177.1°.
This supports that, in the interaction between gold and the

C>-C!'-C® triangle, C' is dominant as commented above.
8.00 L 4 -

6.004

4.00

2.004

0.00 :
0.00 2. 4.00
Lenglh unil: Angstrom

Figure 7. GLM with contour lines for complex 1. The plane cho-
sen is defined by Au (right), C! (left, below) and C? (Ieft, above).
Blue dots are (3, -1) CPs.

The electron density p(rep) values at the CP(C'-C?) (Ta-
ble 5, column 2, entries 1-8) are quite high (> 0.30 au), con-
sistent with multiple covalent bonds. In contrast p(rep)
values at CP(C'-Au) (Table 5, column 3) are extremely
low (about 0.01 au), consistent with NCI contacts be-
tween C' and Au. Evaluation of other topological param-
eters, such as the Laplacian of electron density, identifies
these NCI as non-covalent closed shell interactions (Ta-
ble $3)." Similar results are found for the rest of gold
complexes (Figure S4). The CP(C'-Au) position marks
the boundary of atomic domains (basins) of the two inter-
acting atoms in the C'-Au direction. Consequently, we
can assign the C'-to-CP and Au-to-CP distances as the
corresponding local vdW radii of C' and Au under the in-
teraction pressure (Table 5, columns 4 and 5). Both local
radii are shorter or much shorter in all our complexes than
the vdW radii values in the literature tables,'® confirming
that they are compressed in the direction of interaction,
under the effect of intramolecular forces. The C atom
radius shrinks to about 88% of its value in literature ta-
bles. Very interestingly, the Au' radius shrinks more, to
about 75% of its value in tables, suggesting that this
gold(I) is softer (hence more polarizable) than the Csp? in
these complexes. This is to be expected as C is a second
row element with more compact orbitals. The fact that the
Au-C' distances for the complexes are almost exactly
coincident with the sum of local vdW radii is a conse-
quence of the CP being almost exactly on the Au—C' line.
The X-ray structure of complex 1 (Table 5, entry 9),
examined as an example of solid state circumstance, is
consistent with the same analysis. Its parameters afford

local vdW radii even lower than for the molecular calcu-
lations, under the higher stress of crystal forces.

Table 5. Electron density at (3, -1) CPs (eu), and vdW contact radii
(A) in [AuCI(PRy(biphenyl)] complexes.

p(Tep) p(Tep) d(A) d(A) Au-C!

Complex
i C-C® | CAu | CP-C' | CP-Au | (&)

AuCIl(PhJ) 0.3095 | 0.0111 1.541 1.816 3.351

AuCIL' (PhHF) 0.3138 | 0.0126 1.520 1.772 3.289

AuCIL? (PhFH) 0.3105 | 0.0127 1.499 1.762 3.258

AuCIL® (PhFF) 0.3152 | 0.0145 1.480 1.722 3.199

AuCl(CyJ) 0.3101 0.0120 1.518 1.772 3.287

AuCIL? (CyHF) | 0.3153 | 0.0136 1.494 1.740 3.233

AuCIL* (CyFH) | 0.3108 | 0.0129 1.492 1.747 3.237

AuCIL® (CyFF) 0.3156 | 0.0145 1.475 1.719 3.193

AuCIL' XRay 0.3265 | 0.0149 1.466 1.714 3.173

Topological analysis of the chloro region

The analysis made for the C'~C?>~C® part of the distal
aryl, contacting Au at short distances preferentially with
C', finds very different circumstances at the opposite side
of this ring, for C*~C*-C? and the chloro ligand. First of
all, the interactions of the C atoms (C* for the symmetric
complexes) and the chloro ligand are at a larger distance,
imposed by the non-parallel arrangement of the aryl and
the Au—Cl bond. At variance with the Au—C distances, all
the C1-C distances in the optimized gas phase structures
(Table 6) are longer than the sum of vdW radii (3.45-3.52
A depending on the literature table used).'®

Table 6. Calculated C1-C*C1-C*, and CI-C® distances (A) for DFT
optimized [AuCI(L")] gas phase structures, and chloro charges.
* Shorter distance in each complex.

Complex Cl-C3 Cl-C* Cl-C° Cl charge
AuCI(PhJ) 3.969* 4.328 4.938 -0.591
AuCIL! (PhHF) 3.703* 3.830 4.409 -0.578
AuCIL? (PhFH) 3.851* 4.162 4.761 -0.583
AuCILS (PhFF) 3.752 3.590* 3.752 -0.572
AuCI(CyJ) 4.056 | 3.793* | 4.093 -0.599
AuCIL? (CyHF) 3.832 3.564* 3.882 -0.585
AuCIL* (CyFH) 3.954 3.718* 4.052 -0.593
AuCIL® (CyFF) 3.784 3.526* 3.846 -0.579

The gold complexes with fluorinated ligands show
shorter distances of the chloro ligand to the two closer C
atoms (C* or C®) than in the reference H complexes
[AuCIl(PhJ)] and [AuCIl(CyJ)]. A regular sequence of
Cl-C* distances HH > FH > HF > FF is found for the Cy
family. For the Ph ligands, the shorter distances are to C>,
with one exception (5).2° The molecules with ligands
having two fluorinated aryls, 5 and 6, show the shortest
distances in their series.

The main difference with the Au/Csp” interactions is
that in the C1/Csp? case the C* or C* atoms involved have
very small charges close to zero for the CH atoms, but
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large positive charges (> 0.65 au) for the CF atoms (Table
4), which confers them a highly polarizing potential. Fur-
thermore, instead of Au with positive charge, the chloro
ligand shows a large negative charge in the range 0.572—
0.599 au (Table 6). The larger values are for the com-
plexes with the more donor ligands, CyJ and PhJ, but the
complexes with fluorinated ligands still show highly
negative Cl charges.

In this zone of weak interactions at large distances, a
polarization of the m-electron density of the aryl is not
conceivable, since Cl shows negative charge. On the
contrary, this negative charge will contribute to make the
Cl electron density softer, facilitating a more efficient
polarization by the positive Csp>. Maybe this contribution
is small due to the long distances, but it is expected to be
larger in the complexes with fluorinated ligands where the
positive charges of C* or C* are 10 times larger.

Maps of the CI-C3-C* plane for all the complexes are
available in Figure S5. The CI-C critical points are being
missed for the complexes with non-covalent interactions
at larger distances (e.g. complex 1), but critical points Cl—-
C* were localized for the complexes with ligands L3, CyJ,
L2, L*and LS (e.g. complex 6 in Figure 8).

8.004

6.00

4.00

0.00 | | | |
0.00 2.00 4.00 6.00 8.00
Length unil: Angstrom

Figure 8. GLM with contour lines in the Cl(right)-C3(left, below)-
C#(left, above) plane of 6, showing one (3,-1) CP(CI-C%).

Table 7 collects the electron density at some bond and
no-bond critical points CPs and, more interesting, the dis-
tances from the critical point to the corresponding C or Cl
atom, CP-Cl and CP-C*. As in the gold zone, these are
assigned as local vdW radii. The CP-Csp? distances are
all within a reasonably narrow range (1.650—1.805 A) not
far from the literature vdW radius for C (1.7-1.75 A), but
the CP-Cl distances (1.905-2.073 A) are noticeably
larger than the literature vdW radius for CI (1.75 A for
Bondi; 1.8 A for Batsunov; 1.82 A for Alvarez). As ex-
pected, the softer Cl electron density assumes most of the
polarization in this interaction and its local vdW radius is
clearly expanded in the Cl---C* direction. This is
perceived in the GLM (Figure 8). The fact that the
shortest C1-C* distances are found for the complexes 2, 5,
and 6 (Table 6), with pentafluorophenyl as distal aryl, fits

well with the much higher positive charge of C* in these
complexes.

Table 7. Electron density at CPs, and CP-Cl and CP-C* dis-
tances. CPc.c4 was not found for [AuCI(PhJ)], 1 and 3.

p(rep) p(rep) d(A) | d(A)

Complex c¢-c* | ¢ | crcl | cp-ct
AuCl(PhJ) 0.3148 - i .
AuCIL! (PhHF) | 0.3237 - B .
AuCIL? (PhFH) | 0.3142 - - .
AuCILS (PhFF) | 03235 | 0.0058 | 1.940 | 1.689
AuCl(CyJ) 03144 | 0.0044 | 2073 | 1.805

AuCIL? (CyHF) | 0.3235 | 0.0059 1.929 1.669
AuCIL* (CyFH) | 0.3146 | 0.0049 2.015 1.761
AuCIL® (CyFF) 0.3234 | 0.0063 1.905 1.650
AuCIL' XRay 0.3449 | 0.0059 1.955 1.759

Non-covalent interaction analysis (NCI)

Since the meaning of QTAIM analysis has been some-
times disputed when particularly weak non-covalent
atomic interactions are involved, as it is the case, we have
performed a noncovalent interaction analysis (NCI),2!?
to visualize the clash zones and get a tridimensional
picture of the interactions between the Au—Cl zone and
the distal-aryl. As an example, we take in the text the
representative cases complexes 1 for the asymmetric
structure and 2 for the more symmetric structure. For all
the complexes, see figures S6-S8 in SI. The plot of
reduced density gradient vs. sign(A»)p for the asymmetric
complex [AuCIL'] (1) (Figure S6) shows the presence of
van der Waals interactions (-0.01 < sign(A2)p < -0.005)
along with steric repulsions (sign(A2)p > 0.005), mainly
associated to the aryl rings. More visual, the green-brown
colored gradient isosurface (Figure 9) shows a continuous
of attractive and repulsive weak interactions, spanning
from C! to C*, between the pentafluorophenyl distal ring
and the Au—Cl fragment.

Figure 9. Gradient isosurface (s = 0.5 au) for 1, colored on a blue-
green-red scale according to values of sign(4»)p, ranging from -0.04
to 0.02 au. Green: weak attractive interactions; red: strong non-
bonding overlap.

Reducing the s value from s = 0.5 au to s = 0.35 au
(Figure 10, left), and examining the gradient surface from
above the pentafluorophenyl ring (Figure 9, right), pro-
vides a more informative view and allows to identify two
areas of higher interaction: one that confirms concentra-
tion of weak attractive interaction in the Au/C'/C? zone,
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and another that recognizes weak attraction forces
focused in the C1/C3/C* one. This separation in two zones
is in part an artifact provoked on purpose to facilitate the
analysis. The truth is that each molecular component has
an influence on the others, and the structural equilibrium
(distances), as well as the charges and electronic density
at each point are the result of the global effect of many
concerted interactions. This explains again why it is not
possible to achieve precise correlations when comparing
individual local magnitudes observed in the DFT and
QTAIM studies (e.g. distances to gold) and local data
(e.g. charges on gold).

Figure 10. Two views of the gradient isosurface (s = 0.35 au) for
complex 1. Same color codes as in Figure 9.

Figure 11 allows to compare directly asymmetric vs.
symmetric (above vs. below) and non-fluorinated vs.
fluorinated (left vs. right) in the complexes [AuCl(PhJ)],
[AuCI(LY)] (1), [AuCl(CyJ)], and [AuCI(L?)] (2).

Figure 11. Gradient isosurfaces (s = 0.50 au) of [AuCl(PhJ)]
(above left), 1 (above, right), [AuCI(CyJ)] (below, left), and 2
(below, right). Viewed along the Au---C' imaginary line (Au is
eclipsed by the C! above it).

It can be noted that for the symmetric Cy complexes,
the C* interactions with CI (this atom is hidden behind the
gradient isosurface) and the C' interactions with Au are,
according to the color code, apparently well-defined for
the non-fluorinated [AuCl(CyJ)] (below, left), and for 2

(below, right). For the less symmetric [AuCl(PhJ)]
(above left) and 1 (above, right) the asymmetry seems
particularly detrimental for the CI-C* interaction, in favor
of CI-C3.

NBO analysis

The results discussed so far provide information on
atomic properties (e.g. charges and distances). However,
the NCI forces involve electron densities and dipolar mo-
ments rather than individual atoms, and a further analysis
can be more helpful for this. In order to have an approxi-
mate estimation of the energy of these non-covalent
interactions, we have carried out an NBO analysis (Table
8 for the Cy complexes; the whole set of NBO results is
given in Table S4).

Table 8. Donor and acceptor NBOs and Esopr values (kcalxmol™!)
for ring interactions with Au (values above 0.5) and with Cl (values
above 0.05), for the symmetric complexes [AuCl(CyJ)], [AuCIL?],
[AuCILA], and [AuCILS].

[AuC(CyJ)]

Donor NBO Acceptor NBO Esopt
24.BD(1) C'-C? 102. LP*(8) Au 1.66
25.BD(1) C'-C® 102. LP*(8) Au 1.47
34.BD(1) C>-C? 102. LP*(8) Au 0.92
35.BD(2) C>-C? 101. LP*(7) Au 0.55
37.BD(1) C*-C° 102. LP*(8) Au 0.76
39.BD(1) C*-C? 102. LP*(8) Au 0.79
47.BD(1) C3-C° 102. LP*(8) Au 0.83
104. LP(2) ClI 513. BD*(2) C*-C° 0.14
[AuCIL?]

Donor NBO Acceptor NBO Esopt
29.BD(1) C'-C* 107. LP*(8) Au 2.05
31.BD(1) C'-C? 107. LP*(8) Au 1.87
39. BD(1) C*-C° 107. LP*(8) Au 1.51
40. BD(1) C*-C? 107. LP*(8) Au 1.20
41.BD(1) C*-C? 107. LP*(8) Au 1.32
49. BD(1) C3-C? 107. LP*(8) Au 1.28
109. LP(2) ClI 534. BD*(1) F*-C* 0.10
109.LP(2) ClI 562. BD*(2) C*-C° 0.15
110.LP(3) CI 562. BD*(2) C*-C° 0.11
[AuCIL*]

Donor NBO Acceptor NBO Esopt
25.BD(1) C'-C* 106. LP*(8) Au 1.60
26.BD(2) C'-C® 106. LP*(8) Au 0.52
27.BD(1) C'-C? 106. LP*(8) Au 1.58
34.BD(1) C*-C° 106. LP*(8) Au 0.89
36.BD(1) C*-C? 106. LP*(8) Au 0.83
37.BD(1) C* -C? 106. LP*(8) Au 0.80
46.BD(1) C3- C? 106. LP*(8) Au 091
47.BD(2) C3-C? 105. LP*(7) Au 0.64
108. LP(2) ClI 549. BD*(2) C*-C° 0.19
[AuCIL®]

Donor NBO Acceptor NBO Esopt
30.BD(1) C'-C* 111. LP*(8) Au 2.06
32.BD(1) C'-C? 111. LP*(8) Au 1.84
39.BD(1) C*-C° 111. LP*(8) Au 1.50
40. BD(1) C*-C? 111. LP*(8) Au 1.14
41.BD(1) C*-C? 111. LP*(8) Au 1.28
49. BD(1) C3-C? 111. LP*(8) Au 1.23
113.LP(2) Cl 574 . BD*(1) F*-C* 0.06
113.LP(2) Cl 598. BD*(2) C*-C° 0.07
114.LP(3) ClI 574. BD*(1) F*-C* 0.08
114.LP(3) ClI 598. BD*(2) C*-C° 0.23




As expected, all the Esopr contributions are very small,
compared to the values for covalent bonds. Altogether,
for Au they implicate electron density of the whole ring,
showing that the geometrical assignment of hapticity h*
labels is electronically less meaningful. The stronger
interactions correspond systematically to several n-bond
donations from the ring to an empty (99.4% p) orbital of
gold. With a threshold of 0.5 kcalxmol™, several contri-
butions are found in the overall range 2.06-0.55
kcalxmol'. NBOs representing potential donations from
Au to aryl BD* orbitals are not found, meaning that this
kind of interaction is less significant.

The C-C bonds involved in the aryl-gold interaction
reflect well the symmetric (Table 8) or more asymmetric
(Table S4) molecular structure, and also the preferred tilt-
ing of the aryl (C? vs. C%). The bonds C!-C® and C!-C? are
always present and usually dominant in the interaction
with gold, but others are important too, even in the more
symmetric molecules. See for instance 30-49 donor
NBOs in complex [AuCIL®], showing significant
involvement of electron density associated to C!3%36,
The overall energy of interaction with gold, taken as the
sum of the contributions in Table 8, is clearly a function
of the fluorination or not of the distal aryl: this sum is 6.98
for [AuCl(CyJ)] (HH) and 6.97 for [AuCIL*] (FH), but
9.23 for [AuCIL?] (HF) and 9.05 for [AuCIL®] (FF).

On the other hand, LP CI(99.4-99.8% p) donations, not
only to BD* C-C but also to BD*F-C bonds are found
(see 574 in [AuCIL®]). These interactions are weak but
not insignificant. With a threshold of 0.05 kcalxmol™, a
few contributions are found in the overall range 0.23-0.06
kcalxmol™. Again, the overall energy of interaction with
chloro, taken as the sum of the contributions in Table 8§,
is clearly a function of the fluorination or not of the distal
aryl, and a similar sequence is found for the aryl-Cl
[AuCILS] interactions: 0.14 for [AuCl(CyJ)] (HH) and
0.19 for [AuCIL*] (FH) vs. 0.36 for [AuCIL?] (HF) and
0.44 for [AuCIL®] (FF). That is about 5% compared to
gold.

For the whole series, the sum of computed Esopr is in
the range 2-10 kcalxmol™!, which is very consistent with
the computed values for the difference in stability
between structures A, where these NCIs exist, and the
structures B, where they have been broken.

In summary, in the distal-aryl/Au-Cl zone of the
[AuCI{PRy(biaryl)}] complexes, the interactions with
gold occur at distances shorter than the sum of vdW radii,
whereas the interactions with Cl occur at distances larger
than the sum of vdW radii. Consequently, the
non-covalent interactions holding the aryl attached to the
Au—Cl fragment consist mostly of a significant polariza-
tion of the m-aryl electron density (not only that involving
C") by gold, and a CI polarization by the aryl carbons
atoms, weaker but still operating at larger distance. The
overall balance of interactions is significantly stronger,
and the vdW distances shorter, for the phosphines with a

fluorinated distal aryl creating higher charges on the aryl
C2-C° carbon atoms.

CONCLUSIONS

Our results show that for [AuCI(PRy(biaryl)] complexes
the observed structures A are energetically preferred to
the non-observed alternative B by less than 10
kcalxmol™. The fluorination at the distal aryl gives rise
to the appearance of strong dipoles and produces some
contraction of the m-aryl electron cloud. This favors
stronger vdW interactions with both zones (Au—C and
Au—Cl) at shorter distances than for H distal aryls.

QTAIM and NCI methods clearly identify these “no-
bond” interactions at distances shorter than the Au—C sum
of vdW radii, for the Au zone, but also at larger distances
than the sum of C and Cl vdW radii, in the CI zone. NBO
examination of these NClIs complexes confirms stronger
interactions in the case of fluorinated aryls, mostly due to
the enhancement of aryl-Au forces. When the small Esopr
values are transported to analyze the weak interactions in
discussion, it is important to be aware that attractive and
repulsive forces are less obvious in NCI systems than in
covalent systems. The enhancement of these interaction
can be propitiated by the decrease of repulsive interac-
tions as much as by the increase of attractive interactions.
Fluorination of the C atoms seems to produce its positive
effect due to polarization of the aryl electronic cloud to-
wards the F substituents, thus diminishing the repulsive
forces with the electronic cloud of gold and allowing for
shorter Au—C distances.

In a different field, this study suggests that some
differences, probably not very dramatic, might be
expected in catalysis with gold complexes using these
fluorinated phosphines instead of the popular
hydrogenated ones. In these catalysis Cl” is usually
extracted with a soluble silver salt, and the coordination
position of Cl in the cationic catalyst is occupied
successively by ancillary ligands or by the reagent to be
activated. Since the distal F-C* atom exert a higher
polarizing effect in this coordination zone than H-C?, it
makes sense that the phosphines perfluorinated in the dis-
tal aryl might exert some influence, particularly on easily
polarizable reagents such as olefins. A less hypothetical
case, already in study, is Pd catalysis,” where the Pd-distal
aryl interactions are covalent bonds and play a much more
important role.

EXPERIMENTAL SECTION

General considerations. All the manipulations were
performed under N, atmosphere using standard Schlenk
techniques. Solvents were dried using a solvent purifica-
tion system SPS PS-MD-5 or distilled from appropriate
drying agents.”> CDCl; for phosphine characterization
was vacuum-transferred from CaH; and degassed using
freeze-pump-thaw technique. Commercially available
chemicals were purchased from Sigma Aldrich, Alfa
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Aesar, Fluorochem and Acros Organics and were used
without further purification. [AuCl(tht)],>* 2'-bromo-
2,3,4,5,6-pentafluoro-1,1'-biphenyl,”>  2-bromo-3,4,5,6-
tetrafluoro-1,1 '-biphenyl,% 2-bromo-2',3,3"'4,4',5,5',6,6'-
nonafluoro-1,1 '-biphenyl,” 2'.3',4'5',6"-pentafluoro-
[1,1'-biphenyl]-2-yl)diphenylphosphine (L')’ were pre-
pared by reported methods. Flash chromatography was
carried out using silica gel (230-240 mesh) and oxygen-
free solvents. Chemical yields refer to pure isolated
substances. NMR spectra were recorded with Bruker
Avance 400 Ultrashield and Varian 500/54 Premium
Shielded instruments equipped with variable-temperature
probes. Chemical shifts are reported in ppm referenced to
tetramethylsilane ('H), CCLF (*°F), and 85% H;PO4
(*'P), with positive shifts downfield, at 298 K unless oth-
erwise stated. HRMS (EI) were performed with a MALDI
Bruker Autoflex at the LTI facilities of Valladolid Uni-
versity (Spain). Elemental analysis were carried out with
a Carlo Erba 1108 Elemental Analyzer at the services of
Vigo University (Spain).

Synthesis of phosphines. General procedure. A flame-
dried, nitrogen-purged Schlenk flask was charged with
the corresponding bromo-biphenyl (1.55 mmol, 1 eq) and
12 mL of dry Et;O. The resulting solution was cooled to
-78 °C and a 1.6 M solution of Li(n-Bu) in n-hexane (0.97
mL, 1.55 mmol, 1 eq.) was added dropwise. After stirring
for 1 h, Cy,PCl (0.38 mL, 1.70 mmol, 1.1 eq) or Ph,PCl
(0.31 mL, 1.70 mmol, 1.1 eq) was added to the reaction
mixture and stirred for another 1 h. Then, the temperature
was raised to -50 °C and kept at that temperature until
disappearance of the starting bromo-biphenyl (monitored
by TLC, 48-72 h).?® The reaction was quenched with a
deoxygenated saturated solution of (NH4)Cl and subse-
quently it was slowly warmed to 25 °C. The organic layer
was separated, and the aqueous layer was extracted with
Et,0 (4 x 6 mL). The combined organic extracts were
dried over anhydrous MgSQy, filtered, and the solvents of
filtrate were removed under reduced pressure. The
residue was purified by column chromatography on silica
gel using n-hexane or a mixture of n-hexane/CH>Cl,
(20:1) as eluent. A colorless solid was obtained by recrys-
tallization from n-hexane/ethanol.

Dicyclohexyl(2',3',4',5',6'-pentafluoro-[1,1'-bi-

phenyl]-2-yl)phosphine (L?). This compound was ob-
tained from 2'-bromo-2,3,4,5,6-pentafluoro-1,1'-biphenyl
(0.500 g, 1.55 mmol) and Cy,PCl (0.38 mL, 1.70 mmol).
It was purified by column chromatography using
n-hexane/CH>Cl>  (20:1) and recrystallized from
n-hexane/ethanol to obtain a colorless solid (319.2 mg, 47
% yield). HRMS (EI) Calculated for Co4Ha6FsP [M-F]":
421.1703. Experimental [M-F]": 421.1698. "TH NMR
(399.86 MHz, CDCl3) ¢ 7.68-7.61 (m, 1H), 7.51-7.41
(m, 2H), 7.25-7.20 (m, 1H), 1.89-1.78 (m, 2H), 1.77—
1.57 (m, 8H), 1.57-1.47 (m, 2H), 1.29-1.12 (m, 6H),
1.09-0.96 (m, 4H). F NMR (376.18 MHz, CDCl3) §
-138.50 to -138.87 (m, 2F), -155.87 (t, J = 21.0 Hz, 1F),

-162.91 to -163.20 (m, 2F). 3'P NMR (161.87 MHz,
CDCl;) § -6.92 (t, J = 24.3 Hz). 3C NMR (100.55 MHz,
CDCls) 6 143.8, 140.7, 137.4, 136.7(d, J = 21.2 Hz),
133.3 (d, /= 3.6 Hz), 130.7 (d,J= 6.0 Hz), 129.0 (d, J =
1.3 Hz), 128.7, 34.1 (d, J = 12.6 Hz), 30.2 (d, /= 17.3
Hz), 28.7 (d,J=7.9 Hz), 27.2 (d,J= 149 Hz), 27.1 (d,J
=10.3 Hz), 26.3 (d, J= 1.2 Hz). (Fluorine-bonded carbon
shifts were determined by 'C-'F HSQC. Signals are
expected to be doublets with J'c.r > 220 Hz).

Diphenyl(3.,4,5,6-tetrafluoro-[1,1'-biphenyl]-2-
yl)phosphine (L*). This compound was obtained from
2-bromo-3,4,5,6-tetrafluoro-1,1'-biphenyl (0.473 g, 1.55
mmol) and PhoPCI (0.31 mL, 1.70 mmol). It was purified
by column chromatography using n-hexane/CH2Cl
(20:1) and recrystallized from n-hexane/ethanol to obtain
a colorless solid (467.7 mg, 74 % yield). HRMS (EI) Cal-
culated for Co4HisF4P [M+H]": 411.0920. Experimental
[M+H]": 411.0924. 'TH NMR (399.86 MHz, CDCl3) &
7.44-7.37 (m, 3H), 7.34-7.27 (m, 10H), 7.20-7.15 (m,
2H). ’F NMR (376.18 MHz, CDCl;) § -121.72 (tdd, J =
21.9,13.4,7.2 Hz, 1F), -138.48 (dddd, /=229, 12.9,9.5,
2.9 Hz, 1F), -151.79 (ddd, J = 22.4, 19.9, 7.2 Hz, 1F),
-154.83 (ddt, J = 23.7, 20.0, 3.7 Hz, 1F). ¥P NMR
(161.87 MHz, CDCl3) 6 -16.16 (ddd, J = 21.9, 9.4, 4.3
Hz, 1P). 3C NMR (100.55 MHz, CDCl3) § 149.6, 144.8,
141.7, 140.1, 135.0 (dd, J=12.3,2.9 Hz), 132.6 (dd, J =
20.3, 1.8 Hz), 130.4 (d, J= 3.7 Hz), 128.7, 128.7, 128.5,
128.4, 128.1. (Fluorine-bonded carbon shifts were deter-
mined by *C-'"F HSQC. Signals are expected to be
doublets with J'c.r > 220 Hz).

Dicyclohexyl(3.,4,5,6-tetrafluoro-[1,1'-biphenyl]-2-
yl)phosphine (L*). This compound was obtained from
2-bromo-3,4,5,6-tetrafluoro-1,1'-biphenyl (0.473 g, 1.55
mmol) and Cy,PCI (0.38 mL, 1.70 mmol). It was purified
by column chromatography using n-hexane/CH2Cl
(20:1) and recrystallized from n-hexane/ethanol to obtain
a colorless solid (513.0 mg, 78 % yield). HRMS (EI) Cal-
culated for CosHa7F4P [M]": 422.1781. Experimental
[M]": 422.1797. "H NMR (499.73 MHz, CDCl5) & 7.45—
7.40 (m, 3H), 7.14-7.10 (m, 2H), 2.26-2.17 (m, 2H),
1.78-1.60 (m, 8H), 1.49-1.41 (m, 2H), 1.32-0.94 (m,
10H). YF NMR (470.14 MHz, CDCl3) & -125.63 to
-125.82 (m, 1F), -137.65 to -137.79 (m, 1F), -153.32 to
-153.47 (m, 1F), -156.28 (ddt, /= 23.8, 20.2, 3.5 Hz, 1F).
3P NMR (161.87 MHz, CDCl3) § -2.36 (d, J = 22.0 Hz,
1P). BC NMR (125.69 MHz, CDCls) & 149.6, 144.9,
140.9, 139.4, 133.46, 130.84 (d, J = 3.5 Hz), 128.19,
127.83, 34.71 (dd, J = 14.0, 5.5 Hz), 31.86 (d, J = 22.7
Hz), 30.75 (d, J=8.2 Hz), 27.06 (d, /= 7.7 Hz), 26.76 (d,
J=13.7 Hz), 26.14 (Fluorine-bonded carbon shifts were
determined by *C-'"F HSQC. Signals are expected to be
doublets with J'c.r > 220 Hz).

Diphenyl(perfluoro-[1,1'-biphenyl]-2-yl)phosphine
(L. This compound was obtained from 2-bromo-
2'3,3'4,4',5,5',6,6'-nonafluoro-1,1'-biphenyl (0.612 g,
1.55 mmol) and PhoPCI (0.31 mL, 1.7 mmol). It was
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purified by column chromatography using n-hexane and
recrystallized from n-hexane/ethanol to obtain a colorless
solid (547.9 mg, 71 % yield). HRMS (EI) Calculated for
[M+H]": 501.0449. Experimental [M+H]": 501.0474. 'H
NMR (399.86 MHz, CDCls) § 7.36-7.27 (m, 10H). F
NMR (470.14 MHz, CDCls) 8 -120.19 to -120.41 (m,
1F), -135.08 to -135.27 (m, 1F), -137.64 to -137.86 (m,
2F), -149.73 to -150.08 (m, 2F), -151.47 (t, J = 20.8 Hz,
1F), -161.06 to -161.32 (m, 2F). 'P NMR (161.88 MHz,
CDCl3) § -10.98 to -11.68 (m, 1P). *C NMR (100.56
MHz, CDCls) 8 150.0, 145.6, 144.4, 142.1, 142.1, 141.8,
137.7,133.1 (dd,J=9.7,2.6 Hz), 132.5 (dd, /=203, 1.7
Hz), 129.2, 128.6 (d, J= 6.9 Hz) (Fluorine-bonded carbon
shifts were determined by '3C-'F HSQC. Signals are
expected to be doublets with J'c.r > 220 Hz).

Dicyclohexyl(perfluoro-[1,1'-biphenyl]-2-yl)phos-

phine (L. This compound was obtained 2-bromo-
2'3,3'4,4',5,5',6,6'-nonafluoro-1,1'-biphenyl (0.612 g,
1.55 mmol) and Cy,PCI (0.38 mL, 1.70 mmol). It was
purified by column chromatography using n-hexane and
recrystallized from n-hexane/ethanol to obtain a colorless
solid (635.4 mg, 80 % yield). HRMS (EI) Calculated for
CosHooFoP [M]":  512.1310. Experimental [M]":
512.1313. "H NMR (399.86 MHz, CDCl3) § 2.26 to 2.12
(m, 2H), 1.78 to 1.60 (m, 8H), 1.45 to 1.35 (m, 2H), 1.22
to 0.90 (m, 10H). F NMR (376.19 MHz, CDCl3) &
-124.10 to -124.32 (m, 1F), -135.06 to -135.24 (m, 1F),
-137.18 to -137.41 (m, 2F), -151.32 to -151.59 (m, 2F),
-152.31 (t, J=20.8 Hz, 1F), -161.75 to -161.98 (m, 2F).
3P NMR (161.88 MHz, CDCl3) § 6.37 — 5.39 (m, 1P).
13C NMR (100.55 MHz, CDCl3) & 149.9, 145.5, 144.1,
141.9, 141.3, 141.3, 137.7, 34.2 (dd, J = 12.4, 5.1 Hz),
31.6 (d,/=22.4Hz),30,0(d,/=7.2Hz),269(d,/J=7.9
Hz), 26.8 (d, /= 14.3 Hz), 26.0 (d, J= 1.3 Hz) (Fluorine-
bonded carbon shifts were determined by '*C-'F HSQC.
Signals are expected to be doublets with J'c.r> 220 Hz).

Synthesis of gold(I) complexes: General procedure.
[AuCl(tht)] (100 mg, 0.312 mmol) and ligand (0.312
mmol) were added to a 50 mL Schlenk flask and
dissolved in 5 mL of CH2Cl,. The colorless solution was
stirred for 30 minutes and concentrated under vacuum to
about 1 mL. Then, 6 mL of n-hexane were added to form
an interface. After two hours at 25 °C, colorless crystals
were obtained. The liquid layer was filtered, and the
crystals were washed with n-hexane (3 x 3 mL). Crystals
were dried under vacuum obtaining colorless solids in all
cases.

[AuCI(L")] (1). The general procedure was followed
using [AuCl(tht)] (100.0 mg, 312 umol) and L' (133.6
mg, 312 pmol). Complex 1 was obtained as a colorless
solid (196.5 mg, 95 % yield). X-ray quality crystals were
grown by slow diffusion of n-hexane in a CH,Cl, solution
of 1 at room temperature. Elemental Analysis.
Co4H14AuCIFsP. Calculated %: C, 43.63; H, 2.14.
Experimental %: C, 43,82; H, 2.13. 'H NMR (499.73
MHz, CDCl3) 6 7.68 — 7.64 (m, 1H), 7.57 — 7.52 (m, 3H),

7.50 — 7.44 (m, 8H), 7.39 (ddd, J = 7.8, 4.7, 1.3 Hz, 1H),
7.28 (ddd, J = 11.6, 7.8, 1.3 Hz, 1H). °F NMR (470.17
MHz, CDCls) & -137.30 to -137.53 (m, 2F), -152.09 (t, J
= 21.1 Hz, 1F), -159.98 to -160.40 (m, 2F). 3'P NMR
(202.30 MHz, CDCl3) § 25.15 (s, 1P).

[AuCI(L?)] (2). The general procedure was followed
using [AuCl(tht)] (100.0 mg, 312 pmol) and L? (137.4
mg, 312 pmol). Complex 2 was obtained as a colorless
solid (178.2 mg, 85 % yield). X-ray quality crystals were
grown by slow diffusion of n-hexane in a CH,Cl, solution
of 2 at room temperature. Elemental Analysis.
Co4HosAuCIFsP. Calculated %. C, 42.84; H, 3.90.
Experimental %: C, 43.07; H, 3,84. 'TH NMR (499.73
MHz, CDCl3) 8 7.69 — 7.63 (m, 3H), 7.35 - 7.30 (m, 1H),
2.26—2.16 (m, 1H), 2.07 — 1.99 (m, 2H), 1.88 — 1.81 (m,
2H), 1.81-1.75 (m, 2H), 1.71 — 1.64 (m, 2H), 1.45 - 1.27
(m, 7H), 1.27 — 1.14 (m, 5H). ’F NMR (470.17 MHz,
CDCl3) 6 -139.27 to -139.40 (m, 2F), -152.42 (t,J=21.2
Hz, 1F), -160.28 to -160.45 (m, 2F). 'P NMR (202.30
MHz, CDCls) & 39.95 (s, 1P).

[AuCI(L*)] (3). The general procedure was followed
using [AuCl(tht)] (100.0 mg, 312 pmol) and L3 (128.0
mg, 312 pmol). Complex 3 was obtained as a colorless
solid (196.1 mg, 98 % yield). X-ray quality crystals were
grown by slow diffusion of n-hexane in a CH,Cl, solution
of 3 at -30 °C. Elemental Analysis. C24Hi5AuCIF,P.
Calculated %: C, 44.85; H, 2.35. Experimental %: C,
44.99; H, 2.40. "H NMR (499.73 MHz, CDCl;) 6 7.61 —
7.50 (m, 7H), 7.49 — 7.43 (m, 4H), 7.42 (t, J = 7.7 Hz,
2H), 7.02 (d, J = 7.6 Hz, 2H). Y’F NMR (470.17 MHz,
CDCl3) 6 -121.59 to -122.09 (m, 1F), -134.17 to -134.75
(m, 1F), -146.38 (td, J = 21.3, 8.6 Hz, 1F), -152.84 to
-153.39 (m, 1F). *'P NMR (202.30 MHz, CDCl3) § 22.36
(s, 1P).

[AuCI(L*)] (4). The general procedure was followed us-
ing [AuCl(tht)] (100.0 mg, 312 pmol) and L* (131.8 mg,
312 pmol). Complex 4 was obtained as a colorless solid
(198.0 mg, 97 % yield). X-ray quality crystals were
grown by slow diffusion of n-hexane in a CH,Cl, solution
of 4 at room temperature. Elemental Analysis.
C24H27AuCIF4P. Calculated %: C, 44.02; H, 4.16. Exper-
imental %: C, 44.19; H, 4.18. H NMR (499.73 MHz,
CDCl3) 6 7.69 — 7.64 (m, 1H), 7.55 — 7.50 (m, 2H), 7.10
—7.06 (m, 2H), 2.54 — 2.44 (m, 2H), 2.06 — 1.97 (m, 2H),
1.87 —1.77 (m, 4H), 1.72 — 1.65 (m, 2H), 1.60 — 1.44 (m,
4H), 1.40 — 1.21 (m, 8H). ”F NMR (470.17 MHz,
CDCls) 6 -124.27 to -124.47 (m, 1F), -131.70 (ddt, J =
23.1, 11.4, 5.1 Hz, 1F), -147.31 to -147.53 (m, LF),
-153.33 to -153.55 (m, 1F). 3'P NMR (202.30 MHz,
CDCl3) 6 43.63 (dd, J=16.7, 6.0 Hz, 1P).

[AuCI(L3)] (5). The general procedure was followed us-
ing [AuCl(tht)] (100.0 mg, 312 pmol) and L’ (156.1 mg,
312 pmol). Complex 5 was obtained as a colorless solid
(224.1 mg, 98 % yield). X-ray quality crystals were
grown by slow diffusion of n-hexane in a CH,Cl, solution
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of 5 at-30 °C. Elemental Analysis. Co4H10AuCIFoP. Cal-
culated %: C, 39.34; H, 1.38. Experimental %: C, 39.51;
H, 1.42. "TH NMR (499.73 MHz, CDCl3) § 7.60 — 7.52
(m, 6H), 7.52 — 7.47 (m, 4H). 'F NMR (470.17 MHz,
CDCl3) 6 -117.48 (dt, J = 21.9, 10.5 Hz, 1F), -130.21 to
-130.45 (m, 1F), -137.46 to -137.72 (m, 2F), -144.03 to
-144.22 (m, 1F), -147.73 to -147.91 (m, 1F), -148.03 to
-148.19 (m, 1F), -158.75 to -158.96 (m, 2F). 3'P NMR
(202.30 MHz, CDCl3) 8 22.58 (s, 1P).

[AuCI(L®)] (6). The general procedure was followed
using [AuCl(tht)] (100.0 mg, 312 pmol) and L° (159.9
mg, 312 pmol). Complex 6 was obtained as a colorless
solid (202 mg, 87 % yield). X-ray quality crystals were
grown by slow diffusion of n-hexane in a CH,Cl, solution
of 6 at -30 °C. Elemental Analysis. C24H2AuCIFoP.
Calculated %: C, 38.70; H, 2.92. Experimental %: C,
38.90; H, 2.89. "H NMR (499.73 MHz, CDCl3) § 2.58 —
2.48 (m, 2H), 2.09 — 2.01 (m, 2H), 1.90 — 1.77 (m, 4H),
1.73 —1.65 (m, 2H), 1.61 — 1.49 (m, 4H), 1.44 — 1.34 (m,
4H), 1.33 — 1.19 (m, 6H). Signal at 1.61 — 1.49 integers
double due to residual water in CDCl3. ’F NMR (470.17
MHz, CDCls) 6 -121.85 to -122.04 (m, 1F), -129.43 (ddt,
J=225,109, 5.4 Hz, 1F), -138.26 to -138.39 (m, 2F),
-145.06 to -145.21 (m, 1F), -148.29 (t, J = 21.3 Hz, 1F),
-148.36 to -148.50 (m, 1F), -158.75 to -158.92 (m, 2F).
3P NMR (202.30 MHz, CDCl3) § 46.9 (d, J = 15.9 Hz,
1P).

COMPUTATIONAL DETAILS

Density Functional Theory (DFT) calculations reported
in this work were carried out using the dispersion
corrected hybrid functional ©®B97X-D developed by
Head-Gordon and Chai,'" or B3LYP developed by Becke
and Frisch,?’ with or without Grimme dispersion with the
original D3 damping function,*® implemented in the
Gaussian09 program.’! Au, P and Cl atoms were repre-
sented using the effective core potential LANL2DZ>3
including an f polarization function for Au (exponent
1.050)** and a d polarization function for P (exponent

! Martin, R.; Buchwald, S. L. Palladium-Catalyzed Suzuki-
Miyaura Cross-Coupling Reactions Employing Dialkylbiaryl
Phosphine Ligands. Acc. Chem, Res. 2008, 41, 1461-1473.

2 (a) Olsen, E. P. K.; Arrechea, P. L.; Buchwald, S. L. Mechanistic
Insight Leads to a Ligand Which Facilitates the Palladium-Cata-
lyzed Formation of 2-(Hetero)Arylaminooxazoles and
4-(Hetero)Arylaminothiazoles. Angew. Chem. Int. Ed. 2017, 56,
10569-10572. (b) Leroux, F. R.; Bonnafoux, L.; Heiss, C.; Colo-
bert, F.; Lanfranchi, D. A. A Practical Transition Metal-Free Aryl-
Aryl Coupling Method: Arynes as Key Intermediates. Adv. Synth.
Catal. 2007, 349, 2705-2713. (c) Mak, A. M.; Jong, H.; Robins, E.
G.; Sullivan, M. B.; Lim, Y. H.; Yang, Y.; Johannes, C. W.
Mechanistic Insights and Implications of Dearomative Rearrange-
ment in Copper-Free Sonogashira Cross-Coupling Catalyzed by
Pd-Cy*Phine. Organometallics 2016, 35, 1036—-1045. (d) Baba, K.;
Tobisu, M.; Chatani, N. Palladium-Catalyzed Direct Synthesis of
Phosphole Derivatives from Triarylphosphines through Cleavage
of Carbon-Hydrogen and Carbon-Phosphorus Bonds. Angew.

0.387).% C, H and F atoms were described using the
double-{ 6-31G(d,p) basis set. Geometry optimizations
were performed in vacuum and without imposing any
constraint and the nature of all the stationary points was
further verified through vibrational frequency analysis.
Wave function files were generated from the optimized
structures. QTAIM topology and Non-Covalent Interac-
tion (NCI) analysis were carried out using wave function
file (.wfn) in Multiwfn 3.7 program.>® NCI gradient
isosurfaces were depicted using VMD program.>” NCI
plots are presented at s = 0.5 and s = 0.35. Minima of
sign(A2)p were extracted from grid data for s = 0.5 and s
=0.35.
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