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Introduction

9-Borafluorenes are analogues of boroles that contain a biphe-
nyl backbone.”™ The reactivity of 9-borafluorenes often
mirrors that of boroles but there are some different reaction
outcomes attributed to the diminished Lewis acidity at boron
or the lack of a true diene that renders the BC, unit resilient to
Diels-Alder chemistry.”>* Both boroles and 9-borafluorenes
have been recognized as effective reagents for accessing bora-
cycles larger than five atoms via intermolecular ring expansion
reactions.”>™*"

Two widely investigated reactions with 9-borafluorenes have
been with organic azides and alkynes.*>*> The reactions of
organic azides with 9-borafluorenes are effective to access 9,10-
B,N-phenanthrenes (Scheme 1a).***” The expulsion of N,
occurs in all examples but one, in which 9-Ph-9-borafluorene
reacts with phenylazide to insert the y-nitrogen atom and form
the diazene.*® Fukushima and coworkers reported the reac-
tions of 9-borafluorenes featuring a halide or pseudo-halide on
boron with a wide variety of alkynes that primarily underwent
1,2-carboboration to access borepin species with a biphenyl
framework (Scheme 1b).**** In the case of bis(trimethylsilyl)
acetylene, two equivalents of alkyne reacted to furnish a seven
membered ring system with an exocyclic allene (Scheme 1c).**

While organic substrates have been studied extensively,
there has not been a report of a reaction of a metal-acetylide or
metal-azide with a borole species. Aside from the reactions of

boroles with metal precursors to form polyhaptic
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while a gold acetylide reacted with 9-Ph-9-borafluorene to insert the acetylide carbon to access a six-
membered boracycle with an exocyclic double bond.

complexes*®? or Z-type donor-acceptor complexes,”* their

chemistry with metal reagents has been neglected. Gold acety-
lides or gold azides are known to engage in similar reactions
to their organic counterparts and accordingly, have been
labeled as “iClick” reagents.”>®® In this work, we examine the
reactivity of 9-phenyl-9-borafluorene with gold(r) reagents that
feature acetylide and azide ligands.

Results and discussion

The reaction of 9-phenyl-9-borafluorene (1) and Ph;PAuN; in
benzene results in a color change from yellow to colorless
within 1 h and after work up, the product was isolated in 96%
yield (Scheme 2). The 'B NMR resonance at 4.7 ppm is diag-
nostic of a tetracoordinate boron species and a single crystal
X-ray diffraction study revealed the identity as the azide adduct
coordinated via the a-nitrogen to the boron center (Fig. 1). The
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Scheme 1 Reactions of 9-borafluorenes with azides and alkynes.

This journal is © The Royal Society of Chemistry 2023


http://rsc.li/dalton
http://orcid.org/0000-0002-3159-2796
http://orcid.org/0000-0003-0976-4034
http://orcid.org/0000-0002-6023-2431
http://orcid.org/0000-0001-9216-7913
http://orcid.org/0000-0002-7020-9251
http://orcid.org/0000-0001-9681-0160
https://doi.org/10.1039/d2dt03672j
https://doi.org/10.1039/d2dt03672j
https://doi.org/10.1039/d2dt03672j
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT052003

Published on 13 December 2022. Downloaded by Baylor University on 4/6/2023 6:37:00 PM.

Dalton Transactions

PPhg
Ph N-N=
- PhgPAUNG, CeHg
23°C,1h
1 (96%)
-48 9 kcaI/moI

Scheme 2 Reaction between 1 and PhzPAuNs to access 2. The energy
of 2 is relative to the starting materials (298 K and 1 atm; calculated at
B3LYP-DO(SMD)/TZ//B3LYP/DZ level of theory).

Fig. 1 Solid-state structure of 2. Hydrogen atoms are omitted for clarity
and thermal ellipsoids are drawn at the 50% probability level. Selected
bond lengths (A) and angles (°) of 2: B(1)-C(13) 1.621(14), B-C 1.636(13),
C(4)-B 1.621(14), B—N 1.647(12), N(1)-N(2) 1.228(11), N(2)-N(3) 1.119(12),
N(1)-Au(1) 2.074(7), Au—P 2.219(2), P(1)-Au(1)-N(1) 171.6(2), N(1)-N(2)-
N(3) 177.8(11).

3'p{"H} NMR signal for Ph;PAuN; at 30.4 ppm®’ disappeared
with a new peak emerging slightly downfield at 31.2 ppm. The
B-N bond distance [1.647(12) A] is shorter than that of the tris
(pentaﬂuorophenyl)borane [B(CeFs)s] adduct of phenyl azide
[1.678(2) A], but similar to that of the B(C¢Fs); adduct of tri-
methylsilyl azide [1.648(2) A].°® The geometry at the p-nitrogen
is essentially linear [N-N-N angle = 177.8(11)°] and the N,-Ng
bond elongates upon coordination [1.228(11) A ¢f. Ph;PAuN;:
1.181(4) A] while the Ny-Ny bond shortens [1.119(12) A cf.
Ph;PAUN;: 1.168(4) A]. The diagnostic azide stretching fre-
quency appears at 2110 cm™', red-shifted compared to
Ph;PAUN; (2053 cm™').°” DFT calculations at the B3LYP-DO
(SMD)/TZ//B3LYP/DZ level of theory (see ESI for detailst)®®
indicates coordination through the a-nitrogen is extremely
exothermic (—48.9 kcal mol™") and favored over y-nitrogen
coordination by 7.2 kcal mol™" (—41.7 kcal mol™'). These
values greatly exceed that of the previously reported value for
the trimethylsilylazide adduct of pentaphenylborole of
—3.1 kecal mol™" (ref. 27) and —14.6 kcal mol™" (ref. 31) that
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could not be isolated. An azide adduct has been proposed as
an intermediate in reaction sequences of borole species with
azides, but never isolated.?”*°*! Thermochemical calculations
on a model system of HNj; in place of Ph;PAuN; reveals that
adduct formation is unfavorable by 2.8 kcal mol™, suggesting
the gold phosphine unit is important for the isolation of the
adduct. Attempts to transform 2 thermally (heating at 50 °C)
or photochemically (hv = 254 nm) resulted in mixtures that we
were unable to identify (ESL: Fig. S7-10%). However, the iso-
lation of 2 gives credence to it being a viable intermediate in
other transformations and is the first species isolated from a
borafluorene reaction with an azide that is not an azaborine
compound.

Combining 1 with Ph;PAu-C=C-p-tol in C¢Dg resulted in an
instant color change from yellow to orange/red. The reaction
was kept in the dark and monitored by "H and *'P{"H} NMR
spectroscopy. The 'H and *'P{'"H} NMR signals for Ph;PAu-
C=C-p-tol disappeared within 15 min with concomitant for-
mation of a major species and a minor species (major: *'P
{*H}: 6 = 41.3 ppm, p-methyl 'H: § = 2.10 ppm; minor: *'P{'H}:
8 = 41.9 ppm, p-methyl 'H: § = 1.97 ppm). The integration ratio
of the methyl peaks of the two products is ~20:1 at 15 min
and changed to 6.7:1at1 h, thento1.7:1at3 h,and 1:1.1 at
45 h (Fig. S7-S10%). Attributed to decomposition, a black pre-
cipitate began forming after 21 h along with signals emerging
in the "H NMR and *'"P{'"H} NMR spectra that did not belong
to either species. Monitoring was stopped after 69 h as the
ratio was unchanged from 45 h and the amount of black pre-
cipitate increased and the decomposition signals in the 'H
NMR spectrum became more prevalent. Heating the reaction
at 50 °C resulted in the equilibrium being reached in 30 min,
albeit with the same decomposition signatures based on 'H
NMR spectroscopy and the black precipitate. Unfortunately, we
were unable to isolate either compound due to decomposition.
We postulated that their adducts might be more stable and
accordingly, one equivalent of 4-dimethylaminopyridine
(DMAP) was added to the solution at specific reaction times.
After stirring the reaction for 1 min, DMAP was added result-
ing in an immediate change from orange/red to yellow/orange.
Upon workup, a pale-yellow powder was isolated with a single
resonance in the *'P{"H} NMR spectrum (41.9 ppm) and a ''B
resonance in the tetra-coordinate region at 1.3 ppm. The mole-
cular structure was determined by a single crystal X-ray diffrac-
tion study as the acetylide carbon insertion product with an
exocyclic alkene (Fig. 2, 3Z-DMAP). The complex is the result of
a gold migration to the adjacent carbon atom of the acetylide,
with Z stereochemistry of the exocyclic alkene. This 1,1-carbo-
boration product contrasts the 1,2-carboboration with 9-bora-
fluorenes that Fukushima observed with organic alkynes
(Scheme 1b).** To sequester the second product, DMAP was
added at 45 h giving a dark red solution. A pale-yellow powder
was isolated after workup with slightly different NMR spectro-
scopic signatures than 3Z-DMAP (*'P{'H} = 39.8 ppm and "'B =
1.5 ppm ¢f. 3Z-DMAP *'P{'H} = 41.9 ppm and "'B = 1.3 ppm).
An X-ray diffraction experiments confirmed the identity to be
the E-isomer (3E-DMAP, Fig. 2).

Dalton Trans., 2023, 52, 668-674 | 669


https://doi.org/10.1039/d2dt03672j

Published on 13 December 2022. Downloaded by Baylor University on 4/6/2023 6:37:00 PM.

Paper

View Article Online

Dalton Transactions

Fig. 2 Solid-state structures of 3Z-DMAP (left), and 3E-DMAP (right). Hydrogen atoms are omitted for clarity, and thermal ellipsoids are drawn at the
50% probability level. Selected bond lengths (A) and angles (°) of 3Z-DMAP: B(1)-C(15) 1.631(8), B(1)-C(1) 1.636(8), B(1)—C(5) 1.618(7), B(1)-N(1) 1.634
(7), C(5)-C(14) 1.365(7), C(14)-Au(1) 2.050(5), Au(1)-P(1) 2.2917(13) B(1)-C(5)-C(14) 127.5(4), C(5)-C(14)-C(29) 122.0(4), C(5)-C(14)-Au(1) 122.1(4),
C(29)-C(14)-Au(1) 115.7(4), C(14)-Au(1)-P(1) 173.72(15); 3E-DMAP: B(1)-C(15) 1.637(3), B(1)-C(1) 1.634(3), B(1)-C(5) 1.624(3), B(1)-N(1) 1.614(2),
C(5)-C(14) 1.358(3), C(14)-C(29) 1.484(3), C(14)-Au(1) 2.0626(19), Au(1)-P(1) 2.2753(5), B(1)-C(5)-C(14) 132.06(17), C(5)-C(14)-C(29) 124.65(17),
C(5)-C(14)-Au(1) 123.55(14), C(29)-C(14)-Au(1) 111.80(12), P(1)-Au(1)-C(14) 178.37(5).

Theoretical geometry optimizations of 3Z:-DMAP and
3E-DMAP match well with their experimental solid-state para-
meters (ESI: Tables S2-S4t). The DFT calculations reveal that
forming the uncoordinated alkyne insertion products (both
Z and E isomers) is exothermic (3Z: —17.8 keal mol™" and 3E:
—-17.2 keal mol™"), matching the experimental observations
(Scheme 3). Clearly, from the experimental data, 3Z is the
kinetic product as it is dominant upon mixing 1 and the
Ph;PAu-C=C-p-tol in a 20:1 ratio with a small amount of 3E,

I;—'h

B CeDg, 23 °C

'!K ].! + PhgPAU-C=C-p-tol

1

1 min, then DMAP

but after 45 h, the ration changes to 1:1.1, respectively. A
ground state energy difference of 0.6 kcal mol™" between 3Z/3E
is within the error limit of the computation, supporting the
observed equilibrium from the experiment. Preventing
decomposition with DMAP is also predicted by DFT. The calcu-
lations predict a significant stabilization upon DMAP coordi-
nation (3Z-DMAP: —28.4 kcal mol™', 3E-DMAP: —30.4), thus
allowing their isolation. Replacing Ph;PAu-C=C-p-tol with
HC=C-p-tol also gives energetically favored products, albeit

PhgR

W
B /

-17.8 kcal/mol

3E
-17.2 keal/mol

48 h, then DMAP

v

DMAR O DMAR
Ph-y_(/ Ph-}_7

3Z:DMAP (56%) 3E-DMAP (39%)
-28.4 kcal/mol -30.2 kcal/mol

—PPh,

Scheme 3 Reactions between 1, PhzPAu-C=C-p-tol, and DMAP to yield 3Z-DMAP and 3E-DMAP. Yields in parentheses.
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with lower relative energies (lower than both 3E/Z by
~10 kecal mol™ and both 3E/Z-DMAP by 15 kcal mol™). The
relative energy between the two isomers remains similar
(0.5 keal mol™" difference for 3E/Z and 2.5 kcal mol™" for
3E/Z-DMAP).

Conclusion

The reactions of 9-Ph-9-borafluorene with a gold acetylide and
a gold azide yield an adduct and insertion product, respect-
ively. Adding Ph;PAuN; to 9-Ph-9-borafluorene generates a
gold azido-borafluorene adduct coordinated to boron through
the a-nitrogen that was computed to be notably downhill
(—48.9 kcal mol™"), rationalizing its isolation. Azide adducts
have been previously proposed as intermediates in transform-
ations of borole species with organic azides, yet had never
been isolated. The reaction between Ph;PAu-C=C-p-tol and
9-Ph-9-borafluorene results in a 1,1-carboboration reaction,
producing two unstable isomers of a six-membered boracycle
featuring an exocyclic vinyl gold moiety. Treating these com-
plexes in situ with DMAP at 1 min and 45 h traps the com-
pounds enabling the isolation of the Z and E isomers. In the
acetylide insertion into 9-Ph-9-borafluorene, the DFT predicted
product distribution matches the experiment within the
margin of the error of the calculations. These are the first reac-
tions of a metal acetylide or azide with 9-phenylborafuorene
and provide a foundation for a new class of Au(i) organoboron
compounds.

Experimental section
General considerations

All manipulations were performed under an inert atmosphere
in a nitrogen-filled MBraun Unilab glove box or using standard
Schlenk techniques unless specified. Solvents were purchased
from commercial sources as anhydrous grade, dried further
using a JC Meyer Solvent System with dual columns packed
with solvent-appropriate drying agents, and stored over mole-
cular sieves. The reagents 9-Ph-9-borafluorene,*® Ph;PAu-C=C-
p-tol,®%¢ and Ph;PAuN; ®” were prepared according to litera-
ture methods. Chloroform-D and C¢D¢ for NMR spectroscopy
was purchased from Cambridge Isotope Laboratories and
dried by stirring for 3 days over CaH,, distilled, and stored over
4 A molecular sieves. Multinuclear NMR spectra were recorded
on Bruker 400 or 600 MHz spectrometers. FT-IR spectra were
recorded on a Bruker Alpha ATR FT-IR spectrometer on solid
samples. High Resolution mass spectra (HRMS) were obtained
in the Baylor University Mass Spectrometry Center on a
Thermo Orbitrap Q-exactive Focus spectrometer. Melting
points were measured with a Thomas Hoover Uni-melt capil-
lary melting point apparatus and are uncorrected. Single
crystal X-ray diffraction data were collected on a Bruker Apex
II-CCD detector using Mo-Ka radiation (4 = 0.71073 A). Crystals
were selected under paratone oil, mounted on micromounts,
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and placed in a cold stream of N, immediately. Structures were
solved and refined using SHELXTL and figures produced using
OLEX2.%%%

Synthesis of 2. In the dark at 23 °C, a benzene solution of
9-Ph-9-borafluorene (14.2 mg, 0.059 mmol, 2 mL) was added
dropwise to a vial wrapped with aluminum foil in the dark
containing a benzene solution of Ph;PAuN; (30.0 mg,
0.058 mmol, 3 mL) and the mixture stirred for 1 h. The vola-
tiles were removed in vacuo and the residue washed with
n-pentane (3 x 1 mL) to give a white powder. Single crystals for
X-ray diffraction studies were grown by vapor diffusion of di-
chloromethane solution of 2 into toluene. Yield: 42.8 mg,
96%. d.p.: 128 °C. 'H NMR (400 MHz, CDCl;): 5 7.65 (d, J = 8.0
Hz, 2H), 7.59 (d, J = 8.0 Hz, 2H), 7.49 (d, J = 8.0 Hz, 2H),
7.45-7.38 (m, 3H), 7.32 (td, J = 8.0, 4.0 Hz, 6H), 7.19-7.04 (m,
11H), 6.94 (t, J = 6.0 Hz, 2H) ppm. “C{'H} NMR (101 MHz,
CDCl;) & 149.58, 134.19 (d, J = 13.1 Hz), 133.33, 132.21 (d, ] =
2.0 Hz), 131.37, 129.42 (d, J = 12.1 Hz), 128.31, 128.0 (d, J =
99.0 Hz), 127.69, 127.42, 126.44, 126.16, 119.32. "B NMR
(128 MHz, CDCl,): § 4.7 ppm. *'P{"H} NMR (162 MHz, CDCl,):
6 31.2 ppm. FT-IR (ranked intensity): 2110(3), 1480(13), 1435
(1), 1245(9), 1181(14), 1101(7), 997(15), 887(12), 739(4), 704
(11), 690(1), 640(8), 617(10), 545(2), 504(5). We were unable to
detect ions corresponding to the molecular ion, or fragments,
of 2 by HRMS using CI and ESI techniques. Since 2 has an
intact azide, we did not submit a sample for combustion ana-
lysis. The purity of 2 was established by multinuclear NMR
spectroscopy.

Synthesis of 3Z-DMAP. In the dark at 23 °C, a toluene solu-
tion of 9-Ph-9-borafluorene (24.0 mg, 0.100 mmol, 0.2 mL) was
transferred into a vial wrapped in aluminum foil containing a
suspension of Ph;PAu-C=C-p-tol (57.4 mg, 0.100 mmol) in
toluene (0.3 mL) and stirred for 1 min to give an orange/red
solution. Solid DMAP was then added (12.2 mg, 0.100 mmol)
and stirred for 1 min to give an orange/yellow solution. The
mixture was cooled to—35 °C for 30 min which induced the
precipitation of a solid. The supernatant was decanted, and
the solids washed with n-pentane (3 x 1 mL) and dried to give
3Z-DMAP as a yellow powder. Single crystals for X-ray diffrac-
tion studies were grown by vapor diffusion of dichloromethane
solution of 3Z-DMAP into toluene. Yield: 52.8 mg, 56%. d.p.:
126 °C. '"H NMR (400 MHz, CDCl;): 6 8.05 (br, 2H), 7.68 (d, J =
8.0 Hz, 1H), 7.39 (d, J = 8.0 Hz, 1H), 7.36-7.32 (m, 3H),
7.28-7.14 (m, 15H), 7.08 (d, J = 4.0 Hz, 2H), 6.96 (t, J = 8.0 Hz,

H), 6.79-6.71 (m, 6H), 6.62 (d, J = 8.0 Hz, 1H), 6.52-6.45 (m,
2H), 6.06 (br, 2H), 2.79 (s, 6H), 2.15 (s, 3H) ppm. *C{'"H} NMR
(151 MHz, C¢Dg): 6 154.34, 153.81, 146.48, 145.19 (d, J = 12.1
Hz), 142.74, 139.40, 135.86, 135.03 (d, J = 13.6 Hz), 133.78,
132.82, 132.52, 131.08, 130.80, 130.44 (d, J = 1.5 Hz), 128.61(d,
J =10.6 Hz), 127.18, 126.79, 126.56, 125.27, 125.16 (d, J = 78.5
Hz), 124.51, 124.04, 105.51, 37.98, 21.23 ppm. ‘'B NMR
(128 MHz, CeDg): 6 1.3 ppm. *'P{"H} NMR (162 MHz, C¢Ds): &
41.9 ppm. FT-IR (cm™, ranked intensity): 1626(1), 1549(11),
1436(9), 1392(15), 1225(8), 1101(14), 1084(7), 1035(12), 816(5),
756(13), 740(1), 710(10), 691(3), 532(4), 500(2). HRMS(+ESI):
caled 937.3157 for C5,H,5AuBN,P [M + H] found 937.3148.
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Synthesis of 3E-DMAP. In the dark at 23 °C, a C¢Ds solution
of 9-Ph-9-borafluorene (24.1 mg, 0.100 mmol, 0.6 mL) was
transferred into a vial wrapped in aluminum foil containing a
suspension of Phy;PAu-C=C-p-tol (57.4 mg, 0.100 mmol) and
stirred for 45 h. To the resulting orange/red solution, solid
DMAP was added (12.2 mg, 0.100 mmol) and stirred for 5 min
to give a dark red solution. The volatiles were removed in vacuo
and the remaining solid was washed with benzene (3 x 2 mL)
and dried to give a pale-yellow powder. Single crystals for X-ray
diffraction studies were grown by vapor diffusion of dichloro-
methane solution of 3E-DMAP into hexanes. Yield: 36.8 mg,
39%. d.p.: 125 °C. "H NMR (600 MHz, CDCl;) 6 8.18 (d, J = 6.0
Hz, 1H), 7.86 (br, 1H), 7.73 (d, J = 6.0 Hz 1H), 7.49 (d, J = 12
Hz, 3H), 7.40-7.32 (m, 15H), 7.14 (t, ] = 6.0 Hz, 3H), 7.09 (t, ] =
6.0 Hz, 2H), 7.00 (t,J = 6.0 Hz, 2H), 6.96 (t, ] = 6.0 Hz, 1H), 6.72
(t, ] = 6 Hz, 1H), 6.6(br, 3H), 6.28 (br, 1H), 5.99 (br, 2H), 5.78
(br, 1H), 2.92 (s, 6H), 2.06 (s, 3H) ppm. “*C{'H} NMR
(151 MHz, CDCl;): 6 154.82, 150.53, 149.49 (d, J = 7.4 Hz),
141.12, 137.01, 135.95, 134.50 (d, J = 13.6 Hz), 132.30, 131.99,
131.40, 130.57 (d, J = 1.5 Hz), 130.29, 129.98, 128.73 (d, J = 10.4
Hz), 128.49, 126.92, 125.46 (d, J = 86.8 Hz), 125.29, 124.88,
123.10, 122.91, 39.26, 20.77 ppm. 'B{'H} NMR (128 MHz,
CeDg): & 1.5 ppm. *'P{"H} NMR (162 MHz, C¢Dq): § 39.8 ppm.
FT-IR (cm ™", ranked intensity): 1632(5), 1546(9), 1480(15), 1434
(7), 1389(14), 1225(8), 1091(4), 1040(11), 815(1), 737(3), 708
(12), 691(1), 620(13), 530(2), 496(10) HRMS(+ESI): calcd
937.3157 for Cs,H,5AuBN,P [M + H]' found 937.3199.
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