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A chelation-assisted oxidative addition of gold() into the C-C bond of biphenylene is reported here. The
presence of a coordinating group (pyridine, phosphine) in the biphenylene unit enabled the use of readily

Received 13th July 2021
Accepted 26th October 2021

available gold() halide precursors providing a new, straightforward entry towards cyclometalated

(NACAC)- and (PAC)-gold(in) complexes. Our study, combining spectroscopic and crystallographic data

DOI: 10.1039/d1sc03814a

rsc.li/chemical-science

Activation of C-C bonds by transition metals is challenging
given their inertness and ubiquitous presence alongside
competing C-H bonds." Both the intrinsic steric hindrance as
well as the highly directional character of the p orbitals involved
in the oc_¢ bond impose a high kinetic barrier for this type of
processes.>® Biphenylene, a stable antiaromatic system
featuring two benzene rings connected via a four-membered
cycle, has found widespread application in the study of C-C
bond activation. Since the seminal report from Eisch et al. on
the oxidative addition of a nickel(0) complex into the C-C bond
of biphenylene,* several other late transition metals have been
successfully applied in this context.” Interestingly, despite the
general reluctance of gold(1) to undergo oxidative addition,® its
oxidative insertion into the C-C bond of biphenylene was
demonstrated in two consecutive reports by the groups of Tos-
te’ and Bourissou,”” respectively. The high energy barrier
associated with the oxidation of gold could be overcome by the
utilization of gold(1) precursors bearing ligands that exhibit
either a strongly electron-donating character (e.g. IPr = [1,3-
bis(2,6-diisopropylphenyl)imidazole-2-ylidene])’® or small bite
angles (e.g. DPCb = diphosphino-carborane).””® In line with
these two approaches, more sophisticated bidentate (N~C)- and
(P~N)-ligated gold(1) complexes have also been shown to aid the
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with DFT calculations, showcases the importance of neighboring, weakly coordinating groups towards
the successful activation of strained C-C bonds by gold.

activation of biphenylene at ambient temperature (Scheme
1a).7e4

In this context, we hypothesized that the oxidative insertion
of gold(1) into the C-C bond of biphenylene could be facilitated

a. Precedents for biphenylene activation by ligated gold(l)
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b. This work: Directed oxidative insertion of gold(l) halides into biphenylene
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Scheme 1 (a) Previous reports on oxidative addition of ligated gold()
precursors onto biphenylene. (b) This work: pyridine- and phosphine-
directed C-C bond activation of biphenylene by commercially avail-
able gold() halides.
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by the presence of a neighboring chelating group.’ This
approach would not only circumvent the need for gold()
precursors featuring strong o-donor or highly tailored bidentate
ligands but also offer a de novo entry towards interesting, less
explored ligand templates. However, recent work by Breher and
co-workers showcased the difficulty of achieving such
a transformation.

Herein, we report the oxidative insertion of readily available
gold(1) halide precursors into the C-C bond of biphenylene. The
appendage of both pyridine and phosphine donors in close
proximity to the cc_¢ bond bridging the two aromatic rings
provides additional stabilization to the metal center and results
in a de novo entry to cyclometalated (N~C~C)- and (P*C)gold ()
complexes (Scheme 1b).

Our study commenced with the preparation of 5-chloro-1-
pyridino-biphenylene system 2 via Pd-catalyzed Suzuki cross
coupling reaction between 2-bromo-3-methylpyridine and 2-(5-
chlorobiphenylen-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
1 (Scheme 2)."* To our delight, the reaction of 2 with gold()
iodide in toluene at 130 °C furnished complex k*-(N~CC)
Au(m)-I 3 in 60% yield."** Complex 3 was isolated as yellow
plate-type crystals from the reaction mixture and its molecular
structure was unambiguously assigned by NMR spectroscopy,
high-resolution mass spectrometry (HR-MS) and crystallo-
graphic analysis. Complex 3 exhibits the expected square-planar
geometry around the metal center, with a Au-I bond length of
2.6558(3) A."* The choice of a neutral weakly bound gold(i)-
iodide precursor is key for a successful reaction outcome:
similar reactions in the presence of [[NHC)AuCl + AgSbF] failed
to deliver the desired biscyclometalation adducts, as reported
by Breher et al. in ref. 10. The oxidative insertion of gold(i)
iodide into the four-membered ring of pyridino-substituted
biphenylene provides a novel and synthetically efficient entry
to i®>-(N~C~C)gold(m) halides. These species have recently found
widespread application as precursors for the characterization of
highly labile, catalytically relevant gold(u) intermediates,'** as
well as for the preparation of highly efficient emitters in
OLEDs."** Previous synthetic routes towards these attractive
biscyclometalated gold(mr) systems involved microwave-assisted
double C-H functionalization reactions that typically proceed
with low to moderate yields.*>*

SLIZUkI
o = 0-0 .
(60%) Toluene
Bpin 130°C,24 h
(60%)
- I
1 2 3

Scheme 2 Synthesis of complex 3 via oxidative addition of Au() into
the C—-C bond of pyridine-substituted biphenylene. X-ray structures of
complex 3 with atoms drawn using 50% probability ellipsoids.
Hydrogen atoms have been omitted for clarity. Additional selected
bond distances [Al: N-Au = 2.126(2), C1-Au = 1.973(2), C2-Au =
2.025(2), Au-I = 2.6558(3) and bond angles [deg]: N-Au—I = 99.25(6),
N-Au-C1 = 79.82(9), C1-Au-C2 = 81.2(1), C2-Au-| = 99.73(8). For
experimental details, see ESI.{
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Encouraged by the successful results obtained with the
pyridine-substituted biphenylene and considering the prom-
inent use of phosphines in gold chemistry,*'* we wondered
whether the same reactivity would be observed for a P-containing
system. To this end, both adamantyl- and tert-butyl-substituted
phosphines were appended in C1 position of the biphenylene
motif. Starting from 5-chlorobiphenylene-1-carbaldehyde 4,
phosphine-substituted biphenylenes 5a and 5b could be
accessed in 3 steps (aldehyde reduction to the corresponding
alcohol, Appel reaction and nucleophilic displacement of the
corresponding benzylic halide) in 64 and 57% overall yields,
respectively.*® The reactions of 5a and 5b with commercially
available gold(r) halides (Me,SAuCl and Aul) furnished the cor-
responding mononuclear complexes 7a-b and 8a-b, respectively
(Scheme 3).** All these complexes were fully characterized and
the structures of 7a, 7b and 8a were unambiguously character-
ized by X-ray diffraction analysis.'® Interestingly, the nature of
the halide has a clear effect on the chemical shift of the phos-
phine ligand so that a A¢ of ca. 5 ppm can be observed in the
*'P NMR spectra of 7a-b (Au-Cl) compared to 8a-b (Au-I), the
latter being the more deshielded. The Au-X bond length is also
impacted, with a longer Au-I distance (2.5608(1) A for 8a)
compared to that measured in the Au-Cl analogue (2.2941(7) A
for 7a) (Ad = 0.27 A).»

Despite numerous attempts to promote the C-C activation in
these complexes,'®*® all reactions resulted in the formation of
highly stable cationic species 11a-b and 12, which could be
easily isolated from the reaction media. In the case of cationic
mononuclear-gold(i) complexes 11, a ligand scrambling reac-
tion in which the chloride ligand is replaced by a phosphine in
the absence of a scavenger, a process previously described for
gold(r) species, can be used to justify the reaction outcome."”
The formation of dinuclear gold complex 12 can be ascribed to
the combination of a strong aurophilic interaction between the
two gold centers (Au-Au = 2.8874(4) A) and the stabilizing 7>
coordination of the metal center to the aromatic ring of
biphenylene. Similar n*-coordinated gold() complexes have
been reported but, to the best of our knowledge, only as
mononuclear species.™®

Taking into consideration the observed geometry of
complexes 7a-b in the solid state,”® the facile formation of
stable cationic species 11 and 12 and the lack of reactivity of the
gold(r) iodides 8a-b, we hypothesized that the free rotation
around the C-P bond was probably restricted, placing the
gold(1) center away from the biphenylene system and thus pre-
venting the desired oxidative insertion reaction. To overcome
this problem, we set out to elongate the arm bearing the
phosphine unit with an additional methylene group, intro-
duced via a Wittig reaction from compound 4 to yield ligand 6,
prepared in 4 steps in 27% overall yield. Coordination with
Me,SAuCl and Aul resulted in gold(r) complexes 9 and 10,
respectively (Scheme 3). The structure of 9 was unambiguously
assigned by X-ray diffraction analysis and a similar environ-
ment around the metal center to that determined for complex
7a was observed for this complex.*

With complexes 9 and 10 in hand, we explored their reac-
tivity towards C-C activation of the four-membered ring of
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Scheme 3 Synthesis and reactivity of complexes 7a—b, 8a—b, 9 and
10. X-ray structure of complexes 11b, 12 and 14 with atoms drawn
using 50% probability ellipsoids. Hydrogen atoms have been omitted
for clarity. For experimental details and X-ray structures see ESI.{

biphenylene." After chloride abstraction and upon heating at
100 °C for 5 hours, ring opening of the biphenylene system was
observed for complex 9. Interestingly, formation of mono-
cyclometalated adduct 13 was exclusively observed (the struc-
ture of 13 was confirmed by 'H, **C, *'P, °F, 'B and 2D NMR
spectroscopy and HR-MS).** The solvent appears to play a major
role in this process, as performing the reaction in non-
chlorinated solvents resulted in stable cationic complexes
similar to 11."*?%?' The presence of adventitious water is likely
responsible for the formation of the monocyclometalated (P~C)
gold(m) complex 13 as when the reaction was carried out in

15086 | Chem. Sci, 2021, 12, 15084-15089
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C,H,Cl, previously treated with D,O, the corresponding
deuterated adduct 13-d could be detected in the reaction media.
These results showcase the difficulties associated with the bis-
cyclometalation for P-based complexes as well as the labile
nature of the expected biscyclometalated adducts. Interestingly
though, these processes can be seen as a de novo entry towards
relatively underexplored (P~C)gold(m) species.>*

The C-C activation was further confirmed by X-ray diffrac-
tion analysis of the phosphonium salt 14, which arise from the
reductive elimination at the gold(ur) center in 13 upon exchange
of the BF,” counter-anion with the weakly coordinating sodium
tetrakis[3,5-bis(trifluoromethyl)phenyl|borate (NaBArF).**2* The
phosphorus atom is four-coordinate, with weak bonding
observed to the distant counter-anion and a distorted tetrahe-
dral geometry (C1-P-C2 = 95.05(17), C2-P-C3 = 112.1(1), C3-P-
C4 =116.6(1), C4-P-C1 = 107.4(2) deg). These results represent
the third example in which the C(sp*)-P bond reductive elimi-
nation at gold () has been reported.**

Further, it is important to note that, in contrast to the
reactivity observed for the pyridine-substituted biphenylene,
neither P-coordinated gold(i) iodo complexes 8a, 8b nor 10
reacted to give cyclometalated products despite prolonged
heating, which highlights the need for highly reactive cat-
ionized gold(1) species to undergo oxidative addition when
phosphine ligands are flanking the C-C bond.*

To get a deeper understanding on the observed differences
in reactivity for the N- vs. P-based directing groups, ground- and
transition-state structures for the oxidative insertion of gold()
halides in C1-substituted biphenylenes were computed by DFT
calculations. The reactions of Py-substituted 2 with Aul to give 3
(I) and those of P-substituted 7a (II) and 9 (III) featuring the
cationization of the gold(i) species were chosen as models for
comparative purposes with the experimental conditions (Fig. 1
and S1-510 in the ESI{).>>*” The computed activation energies
for the three processes are in good agreement with the experi-
mental data. The pyridine-substituted biphenylene I exhibits
the lowest activation barrier for the oxidative insertion process
(AG* = 34.4 kcal mol™"). The reaction on the phosphine-
substituted derivatives II and III proved to be, after cationiza-
tion of the corresponding gold(1) halide complexes (II-BF,, III-
BF,) higher in energy (AG* = 39.6 and 46.3 kcal mol * respec-
tively), although the obtained values do not rule out the feasi-
bility of the C-C activation process. The transition state between
I and I exhibits several interesting geometrical features: (a) the
biphenylene is significantly bent, (b) the cleavage of the C-C
bond is well advanced (d¢_c = 1.898 AinTS;vs. de_c =1.504 A in
I), and (c) the two C and the I atoms form a Y-shape around gold
with minimal coordination from the pyridine (dy_ay = 2.742 A
in TSy vs. dy-ay = 2.093 AinTand 2.157 Ain¥T, respectively). The
transition-state structures found for the P-based ligands (TSy
and TSyy) also show an elongation of the C-C bond and display
a bent biphenylene. However, much shorter P-Au distances
(dp-au = 2.330 A for TSy and 2.314 A for TSm) can be observed
compared to the pyridine-based system, as expected due to the
steric and electronic differences between these two coordi-
nating groups. Analogously, longer C-Au distances were also
found for the P-based systems (dciay = 2.152 A for TS, vs.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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G (kcal.mol™)

Q

P,N
1,2

Bond distances [A] TSu TSu
C1-C2 1.898 1.921 1.927
N/P-Au 2.742 2.330 2.314
C1-Au 2.152 2.235 2.204
C2-Au 2.219 2.162

2.143

Fig.1 Energy profile (AG and AG* in kcal mol™?), optimized structures,
transition states computed at the IEFPCM (toluene/1,2-dichloro-
ethane)-B3PW91/DEF2QZVPP(Au,1)/6-31++G(d,p)(other atoms) level
of theory for the C-C activation of biphenylene with gold() iodide
from | and gold() cationic from Il and lll. Computed structures of the
transition states (TS, TS, and TSy) and table summarizing relevant
distances.

2.235 A and 2.204 A for TSy and TSyg; doyau = 2.143 A for TS, vs.
2.219 A and 2.162 A for TSy and TSm), with a larger deviation of
square planarity for Au in TSy; compared to TSy.**** These
results suggest that, provided the appropriate distance to the
C-C bond is in place, the strong coordination of phosphorous to
the gold(i) center does not prevent the C-C activation of
biphenylene but other reactions (i.e. formation of diphosphine
gold(1) cationic species, protodemetalation) can outcompete the
expected biscyclometalation process. In contrast, a weaker
donor such as pyridine offers a suitable balance bringing the
gold in close proximity to the C-C bond and enables both the
oxidative cleavage as well as the formation of the double met-
alation product.

Conclusions

In conclusion, biphenylene derivatives featuring both pyridine
and phosphine coordinating groups at C2 position have been
synthesized enabling the facile activation of the neighboring

© 2021 The Author(s). Published by the Royal Society of Chemistry
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oc-c bond via oxidative cyclometalation from readily available
gold(1) halide precursors. The reactions provide a new entry
towards cyclometalated (N~C~C)- and (P~C)-gold(m) species.
Aided by DFT calculations, we demonstrate the importance of
the neighboring chelating group, as its coordination properties
strongly influence the outcome of the reaction towards the
formation of bis- or monocyclometalated complexes.
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