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The synthesis of 9-amino-9-borafluorene is described using a
photoinduced twofold desilylation of the N,N-bis(trimethylsilyl)
derivative 2. The mechanistic analysis suggests an initial single
electron transfer step from 2 to the halogen containing solvent.
9-Amino-9-borafluorene undergoes a photoinduced cyclooligo-
merization, most reasonably to the dimer.

The last ten years have experienced significant progress in the
chemistry of boroles and dibenzoboroles (9-borafluorenes)."®
Ring enlargement reactions’ yielding 1,2-dihydro-1,2-azaborine
derivatives have been observed upon treatment with di(trimethyl-
silyl)hydroxyl amine® and organic azides.”™"® In addition, the
thermolytic denitrogenation of 9-azido-9-borafluorene results
in ring expansion and products of self-trapping of 10,9-BN-
phenanthryne.'®"” Aminoboroles featuring the NH, group remain
unknown in free form for the parent and dibenzo systems,
but are interesting compounds for investigation of chemical
transformations that are related to the fulvene - benzene
isomerization'®° by the isoelectronic relationship of the CC
and BN units.”" We thus sought access to unknown 9-amino-
9-borafluorene and here report that photoinduced desilylation
provides an alternative means for deprotection of N,N-bis(tri-
methylsilyl)amino-dibenzoborole and more generally can also
be used for deprotection of N,N-bis(trimethylsilyl)aniline. The
reaction is a useful alternative to conventional deprotection of
trimethyl silyl amines if the substrate is not tolerant towards
fluoride ions or water, and was not described before to the best
of our knowledge.

Initial experiments aimed at transforming 9-chloro-9-bora-
fluorene (1) to 9-amino-9-borafluorene (4) by treatment with
sodium amide were unsuccessful in our hands. On the other hand,
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Scheme 1 Synthesis of 2 and its photolysis in different solvents. Compound
3 could be synthesized independently.

9-bis(trimethylsilyl)Jamino-9-borafluorene (2) is readily available
from 1 and potassium bis(trimethylsilyl)amide (Scheme 1) by
analogy to the synthesis of bis(trimethylsilyl)amino-2,3,4,5-
tetraphenylborole.® After sublimation of the dried residue, 2
could be isolated as a slightly yellow solid in 69% yield and fully
characterized including single crystal X-ray crystallography (see
ESI,T Fig. S22).

Desilylation of 2 by treatment with fluoride is not successful
in our hands, presumably due to the high fluoride affinity of
the boron center. Motivated by the photo induced desilylation
of trimethylsilyl enol ethers,> we investigated the photoreac-
tivity of 2. The photochemistry of boroles has been investigated
recently, but not for bis(trimethylsilyl)Jamino derivatives.>* > As
an absorption maximum of 2 is at 1 = 254 nm (see ESL,T Fig. S21),
light of this wavelength was chosen for photochemical experiments.

Irradiation of 2 in dichloromethane solution led to three
new signals in the ''B NMR at 44, 41, and 1 ppm (see Fig. 1). In
the beginning, the signal at 44 ppm grew fastest, but started
to decrease as soon as the starting material was consumed
completely. Once the signal at 44 ppm was not observable
anymore, the intensity of the signal at 41 ppm started to decrease,
finally leading to the signal at 1 ppm. Irradiation was terminated
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Fig. 1 Changes in the 'B NMR during irradiation at 1 = 254 nm.

and this state was defined as endpoint of the photoreaction.
If the sample was irradiated even longer, a mixture of signals
with lower intensities arose. Among these, the signal at 64 ppm
might be associated with formation of 1, the educt in the
synthesis of compound 2.

The "H NMR spectra revealed that the signals of the bora-
fluorene system experienced shifts, but that the backbone
stayed intact during irradiation until the defined endpoint
(see ESL Fig. $19). On the other hand, the 'H signal of the TMS
groups of 2 at 0.34 ppm was decreasing with ongoing irradiation
until it had vanished. One new signal at 0.40 ppm was produced,
but later decreased until it had completely disappeared before
irradiation was terminated. Another signal at 0.43 ppm appeared
and constantly increased in intensity. In the °Si NMR formation of
two new signals at 7.0 ppm and 31.6 ppm was observed. The latter
one decreased and eventually vanished with ongoing irradiation.
The observed changes in the 'H and *°Si NMR indicate that the
photoreaction changed the chemical environment of the TMS
groups, but the TMS groups themselves stayed intact according
to the signal intensities in the "H NMR. The signals measured by
'H, C, and *°Si NMR spectroscopy at 0.43, 3.3, and 31.6 ppm,
respectively, can be assigned to trimethylsilyl chloride based on
comparison with an authentic sample.

Separation of the three boron containing photoproducts is
difficult, since they show very similar solubility. The compound
resonating at 1 ppm in the "'B NMR decomposed during
sublimation, but the other two compounds sublimed without
decomposition and could be partially separated. Based on NMR
and MS analyses, these are the monosilylated compound 3 and
9-amino-9-borafluorene 4 (Scheme 1). The stability of 4 is remark-
able in view of the reactivity of pentaphenylborole as well as
9-phenyl-9-borafluorene towards free amines.”®° In contrast, the
amino substituent does not lead to a decreased stability as 4 can
be stored over weeks without noticeable decomposition.

Compound 3, which could not be isolated in pure state by
sublimation, could be synthesized independently by treating 1
with 1 eq. of bistrimethylsilylamine in hexane solution at room
temperature (Scheme 1).>° The spectroscopic data of 3 thus
obtained are identical to those obtained in the mixture of 2 and
3, confirming the formation of 3 under photolysis conditions.
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Irradiation of independently prepared 3 results in desilylation
producing 4.

The formation of trimethylsilyl chloride shows that the
solvent dichloromethane is not inert during photolysis and serves
as source of chlorine atoms and, in part, of the hydrogen atoms
bound to nitrogen atoms of 3 and 4. If photolysis experiments
were performed in CD,Cl,, the signal intensity of the nitrogen-
bound protons decreased in the 'H NMR and a signal with
identical chemical shift could be detected in a ’H NMR. Since
the signal in the 'H NMR did not completely vanish, deuteration
of this position was not complete. Additional hydrogen atom
sources could be either the glass wall or TMS groups.

To further analyze reaction mechanisms, additional experi-
ments were conducted. Although DCM does not absorb UV light
of 254 nm wavelength, low pressure mercury lamps also emit at
187 nm with low intensity. Irradiation of 2 in dichloromethane
solution with a high pressure mercury lamp (4 = 280 to 400 nm)
resulted in a decelerated reaction rate due to the smaller absor-
bance of 2 in this wavelength range, but the same reactivity was
observed. This shows that the photoexcitation of the DCM solvent
is not essential for the outcome of the photoreaction.

Next, different solvents were tested. We found that the
photoinduced desilylation only proceeded in halogen-containing
solvents (Scheme 1). Without halogen atoms in the solvent
(benzene, toluene, cyclohexane, cyclohexene) no photoreaction
was observed, even after irradiating the solution ten times longer
than regularly. In contrast, halogenated solvents like dichloro-
ethane, carbon tetrachloride, and the monohalogenated benzenes
enabled the loss of the trimethylsilyl groups during irradiation.
Interestingly, even in carbon tetrachloride, 4 was produced
showing that the solvent is, as discussed above, not the only
source of hydrogen atoms.

Among the halobenzenes, the reaction proceeded very slowly
in fluorobenzene and the reaction rate increased towards iodo-
benzene enormously. For all halobenzenes, the spectral signature
of the corresponding trimethylsilyl halides could be detected by
?9Si NMR and in case of fluorobenzene also by '°F NMR. This
indicates that the mechanism of desilylation is unaltered by
change of the halogen atom.

The first step of the photoreaction is assumed to be the
excitation of 2, as some of the solvents, especially DCM, cannot
be excited at the applied wavelength. Since the nature of the
solvent is essential for photolysis to proceed, it is reasonable to
assume that there must be some interaction between 2 in its
excited state and the solvent. A possibility is a single electron
transfer (SET) from 2 to the solvent formally producing the
corresponding radical cation of 2 and a solvent radical anion.
This process is only possible if halogen atoms are present that
act as electron acceptors and is expected to be faster for solvents
with lower reduction potentials. Among the halobenzenes the
standard reduction potential decreases from fluorobenzene to
iodobenzene®'*? (E°: —2.97, —2.76, —2.43, —1.91 V for X = F, Cl,
Br, I respectively) in agreement with the enhanced rate of the
photoreaction along the halogen series.

For biphenyl, naphthyl and anthracenyl halides, the rate
constants for dissociation of the chloride and bromide anion
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from the radical anions are available.> In all cases, the chlorinated
systems show lower dissociation rate constants than the corres-
ponding brominated species. For the naphthyl system, the rate
constant for iodide dissociation from the radical anion was reported
as well, being even higher than that of the brominated species. The
increase of the reaction rate along the halobenzene series observed
here is thus in agreement with available data and a SET mechanism.

The SET from 2 to a solvent molecule produces formally a
radical anion, which is only in some cases persistent, but often
spontaneously decomposes into a halide and the corresponding
radical.**?> This leads to a stoichiometric production of halogen
anions. These are able to attack one of the silicon atoms in 2"
under formation of the observed trimethylsilyl halides and nitrogen
centered radical 5 (Scheme 2). Abstraction of a hydrogen atom
generates 3 and concludes the first photodesilylation.”****® The
second desilylation yielding 4 proceeds by the same mechanism.

The mechanistic scenario outlined above is supported by
computations at the B3LYP/6-311+G** level of theory using a
polarizable continuum model (PCM) for taking solvent effects
into account. According to these calculations, the first step of
the SET from 2 to DCM directly followed by spontaneous decay
of DCM into chloride and chloromethyl radical is endergonic by
54.3 kecal mol~". The N-Si bonds in the radical cation 2** are
weak (16.1 keal mol ™), and formation of trimethylsilylchloride
from the 2** and chloride ion is exergonic (—48.7 kcal mol ™).
Hydrogen abstraction of the resulting radical from dichloro-
methane is exergonic by —1.6 kcal mol ™. Overall, the reaction
is endergonic by 20.1 kcal mol~' but can proceed easily after
photoinduction.

The final product of the photolysis, which we have not
discussed so far, has a signal at 1 ppm in the ''B NMR. This
shift indicates a tetracoordinated boron center. In addition, the
signal for the nitrogen-bonded protons experienced a high-field
shift from 4.65 ppm in 4 to 4.29 ppm, while the other signals in
the hydrogen and carbon NMR shifted only marginally. This
suggests that the last step does also not affect the borafluorene
system, but only the BN unit. The high resolution electron
impact mass spectrometry (EI-MS) revealed that 4 was still
detectable. Other ionization methods (ESI, APCI, MALDI) were
not successful due to hydrolysis, or similarly gave 4 (LIFDI).
Therefore, we assume that 4 underwent dimerization to 6 or
trimerization to 7 in the course of the photoreaction (Scheme 3).
The dimers and trimers could well be labile under the conditions
of MS precluding the detection of the molecular ion peaks.
Systems including a B,N, or a more stable B;N; core are known
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Scheme 2 Proposed mechanism of desilylation of 2.
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Scheme 4 Synthesis of bisilylated aniline 8. Its photolysis at A = 254 nm in
DCM leads to 9. A monosilylated intermediate could not be observed.

and their 'B NMR chemical shifts are in the range of the one
measured by us.*>*° The NMR shifts calculated at the B3LYP/
6-311+G** level of theory for the trimer and dimer are too similar
to allow an assignment. While dimerization is computed to be an
endothermic and endergonic process by 1.2 kcal mol™ "' and
15.1 keal mol™", respectively, trimerization is exothermic
(—0.8 kcal mol™") but more endergonic (27.0 kcal mol ).
Although both dimerization and trimerization are energetically
unfavorable, we favor dimerization because it is less endergonic
and can mechanistically in principle proceed as a photoreaction
similar to the [n2s + n2s] cycloaddition of isoelectronic olefins.

Finally, we investigated whether the boron center is essential
for successful photodesilylation. Therefore, N,N-bis(trimethyl-
silyl)aniline 8 was synthesized by treating aniline 9 first with
two equivalents of n-BuLi at —78 °C followed by addition of two
equivalents of trimethylsilyl chloride at the same temperature
(Scheme 4).*!

To ensure comparability to the above described experiments,
irradiation of 8 was performed in dichloromethane solution at
A =254 nm. Again, trimethylsilyl chloride was detectable in the
measured NMR spectra indicating successful photodesilylation.
With the help of GC-MS measurements, formation of 9 as
product of irradiation could be proven. Obviously, the boron
center is not required for photodesilylation reactions to occur.

As the reaction most likely is initiated by SET, the size of the
ionization potential (IP) may be decisive. Therefore, the IP for
both the systems under investigation were calculated (2: 6.0 eV,
8: 5.9 eV) as well as those for 1-trimethylsilyloxycyclohex-1-ene
10 (5.8 eV) and trimethylsilyloxy-cyclohexane 11 (6.9 eV). While
10 is known to undergo photodesilylation, 11 cannot be desilylated
photochemically.”*

The IP of the compounds, which can be photolytically
desilylated, is in the same range of energy, while the IP of 11
is significantly higher and thus photodesilylation is inhibited.

In summatry, our study shows that the 9-amino-9-borafluorene,
the first example of a NH,-substituted borole, is accessible from
the corresponding 9-bis(trimethylsilyl) derivative 2 by photo-
induced twofold desilylation. The mechanistic analysis suggests
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that the photoreaction is initiated by a single electron transfer
from 2 to the halogen containing solvent. The reaction is not
limited to aminoboroles, but also proceeds upon irradiation
of N,N-bis(trimethylsilyl)aniline 10. The limited data that is
currently available suggests that an ionization potential of around
6 eV is required for a substrate to undergo the SET mechanism.
The target compound 9-amino-9-borafluorene is unstable under
photoirradiation and undergoes cyclooligomerization, most
likely to the dimer.

C. K. thanks the Fonds der chemischen Industrie for a
Fellowship. The work was supported in part by the Deutsche
Forschungsgemeinschaft (DFG). The computations were per-
formed on the BwForCluster JUSTUS. The authors acknowledge
support by the state of Baden-Wiirttemberg through bwHPC
and the DFG through grant no INST 40/467-1 FUGG. We thank
Prof. Todd Marder for the LIFDI measurement.

Conflicts of interest

There are no conflicts to declare.

Notes and references

1 H. Braunschweig, I. Fernandez, G. Frenking and T. Kupfer, Angew.
Chem., Int. Ed., 2008, 47, 1951.
2 C.-W. So, D. Watanabe, A. Wakamiya and S. Yamaguchi, Organo-
metallics, 2008, 27, 3496.

3 H. Braunschweig and T. Kupfer, Chem. Commun., 2008, 4487.

C. Fan, W. E. Piers and M. Parvez, Angew. Chem., Int. Ed., 2009,

48, 2955.

F. Ge, G. Kehr, C. G. Daniliuc and G. Erker, J. Am. Chem. Soc., 2014,

136, 68.

6 P. Tholen, Z. Dong, M. Schmidtmann, L. Albers and T. Mueller,

Angew. Chem., Int. Ed., 2018, 57, 13319.

7 J. H. Barnard, S. Yruegas, K. Huang and C. D. Martin, Chem.

Commun., 2016, 52, 9985.

S. Biswas, C. Maichle-Mdssmer and H. F. Bettinger, Chem. Commun.,

2012, 48, 4564.

9 H. Braunschweig, C. Hoerl, L. Mailaender, K. Radacki and J. Wahler,

Chem. — Eur. J., 2014, 20, 9858.

10 S. A. Couchman, T. K. Thompson, D. J. D. Wilson, ]J. L. Dutton and
C. D. Martin, Chem. Commun., 2014, 50, 11724.

11 H. Braunschweig, M. A. Celik, F. Hupp, I. Krummenacher and
L. Mailaender, Angew. Chem., Int. Ed., 2015, 54, 6347.

W~

w1

o=}

Chem. Commun.

12

13

14

15

16

17
18

19

20

21

22

23

24

25

26

27
28

29

30
31

32
33
34
35
36
37

38
39

40
41

View Article Online

ChemComm

H. Braunschweig, M. A. Celik, T. Dellermann, G. Frenking, K. Hammond,
F. Hupp, H. Kelch, I. Krummenacher, F. Lindl, L. Mailaender, J. H.
Muessig and A. Ruppert, Chem. — Eur. J., 2017, 23, 8006.

S. Yruegas, J. J. Martinez and C. D. Martin, Chem. Commun., 2018,
54, 6808.

F. Lindl, S. Lin, I. Krummenacher, C. Lenczyk, A. Stoy, M. Mueller,
Z. Lin and H. Braunschweig, Angew. Chem., Int. Ed., 2019, 58, 338.
W. Zhang, G. Li, L. Xu, Y. Zhuo, W. Wan, N. Yan and G. He, Chem.
Sci., 2018, 9, 4444,

M. Miiller, C. Maichle-Mossmer and H. F. Bettinger, Angew. Chem.,
Int. Ed., 2014, 53, 9380.

H. F. Bettinger and M. Miiller, J. Phys. Org. Chem., 2015, 28, 97.

L. K. Madden, A. M. Mebel, M. C. Lin and C. F. Melius, J. Phys. Org.
Chem., 1996, 9, 801.

H. F. Bettinger, P. R. Schreiner, H. F. Schaefer and P. v. R. Schleyer,
J. Am. Chem. Soc., 1998, 120, 5741.

L. T. Scott, N. H. Roelofs and T.-H. Tsang, J. Am. Chem. Soc., 1987,
109, 5456.

Z. Liu and T. B. Marder, Angew. Chem., Int. Ed., 2008, 47, 242.

P. G. Gassman and K. J. Bottorff, J. Org. Chem., 1988, 53, 1097.

J. Bauer, H. Braunschweig, C. Horl, K. Radacki and J. Wahler, Chem. —
Eur. J., 2013, 19, 13396.

F. Ge, G. Kehr, C. G. Daniliuc, C. Mueck-Lichtenfeld and G. Erker,
Organometallics, 2015, 34, 4205.

J. Radtke, S. K. Mellerup, M. Bolte, H.-W. Lerner, S. Wang and
M. Wagner, Org. Lett., 2018, 20, 3966.

K. Ansorg, H. Braunschweig, C.-W. Chiu, B. Engels, D. Gamon, M. Huegel,
T. Kupfer and K. Radacki, Angew. Chem., Int. Ed., 2011, 50, 2833.

V. A. K. Adiraju and C. D. Martin, Chem. - Eur. J., 2017, 23, 11437.
S. Yruegas, K. Huang, D. J. D. Wilson, J. L. Dutton and C. D. Martin,
Dalton Trans., 2016, 45, 9902.

L. E. Laperriere, S. Yruegas and C. D. Martin, Tetrahedron, 2019,
75, 937.

H. No6th, Z. Naturforsch. B, 1961, 16, 618.

C. Andrieux, C. Blocman and J. Savéant, J. Electroanal. Chem., 1979,
105, 413.

R. J. Enemarke, T. B. Christensen, H. Jensen and K. Daasbjerg,
J. Chem. Soc., Perkin Trans. 2, 2001, 1620.

N. Takeda, P. V. Poliakov, A. R. Cook and J. R. Miller, J. Am. Chem.
Soc., 2004, 126, 4301.

A. Houmam, Chem. Rev., 2008, 108, 2180.

C. Costentin, M. Robert and J.-M. Savéant, Chem. Phys., 2006, 324, 40.
M. A. Brumfield, S. L. Quillen, U. C. Yoon and P. S. Mariano, J. Am.
Chem. Soc., 1984, 106, 6855.

S. F. Chen, J. W. Ullrich and P. S. Mariano, J. Am. Chem. Soc., 1983,
105, 6160.

K. Ohga, U. C. Yoon and P. S. Mariano, J. Org. Chem., 1984, 49, 213.
B. Wrackmeyer, E. Molla, P. Thoma, E. V. Klimkina, O. L. Tok,
T. Bauer and R. Kempe, Z. Anorg. Allg. Chem., 2011, 637, 401.

P. Paetzold, Phosphorus, Sulfur Silicon Relat. Elem., 1994, 93, 39.

D. A. Pennington, P. N. Horton, M. B. Hursthouse, M. Bochmann
and S. ]J. Lancaster, Polyhedron, 2005, 24, 151.

This journal is © The Royal Society of Chemistry 2019


https://doi.org/10.1039/c9cc03415c



