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ABSTRACT: Known since 1959, ferroceneboronic acid (1) and its derivatives have been mainly used as polyol sensors and in cross-
coupling reactions. However, a literature survey revealed that there is not a paper describing the full characterization of ferro-
ceneboronic acid derivatives and that useful boron protecting groups have not been studied in the ferrocene series. Here, we present
an optimized multigram scale synthesis of the known ferroceneboronic acid (1) using a phase-switch purification process. It was
furthermore functionalized to reach the diaminonaphthalene (FcB(dan), 15), anthranilamides (FcB(aam), 16; FcB(Me-aam), 17 and
18), potassium trifluoroborate (FCBFsK, 19), triolborate (FcB(triolborate), 20) and N-methyliminodiacetic acid (FCB(MIDA), 21)
derivatives. Their structures were unambiguously assigned by NMR and X-ray analysis and the data collected provided a general
overview of the electronic and structural features of these compounds. From the data obtained, B(dan) and B(amm) groups were
classified as electron-withdrawing whereas trifluoroborate and triolborate behave as electron-donating groups. We report the first
catalytic silylation of ferrocene C-H bonds to access di- and trisubstituted derivatives. Catalytic borylation was also attempted, high-

lighting a switch of regioselectivity that was unambiguously assigned by X-ray analysis.

INTRODUCTION

The discovery of ferrocene 65 years ago rejuvenated the area
of organometallic chemistry and the 1973 Nobel Prize for
Chemistry was therefore awarded to Fischer and Wilkinson for
their work. This organometallic scaffold fastly imposed itself as
one of the most used sensor due to its reversible redox proper-
ties and has found numerous applications as ligand in organo-
metallic chemistry.® Recent years have witnessed the emer-
gence of ferrocene-based material chemistry and various appli-
cations of this organometallic compound in medicinal chemis-
try.2 Unsubstituted ferrocenium salts can be obtained from fer-
rocene by oxidation and their use in synthesis was recently re-
viewed.® Similarly, substituted ferroceniums salts can also be-
have as one-electron oxidant or Lewis acids as exemplified by
the work of Jahn and Hall, respectively.*

In the course of carbon-heteroatom bond formation studies in
the ferrocene series,® we became interested in the synthesis and
use of ferroceneboronic acid and its derivatives (Figure 1).
However, a literature survey revealed striking differences in the
analytical descriptions of such compounds.
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Figure 1. Ferroceneboronic acid (1) and selected derivatives 2-14.
Fc = ferrocenyl, dipp = 2,6-diisopropylphenyl.

The case of ferroceneboronic acid (FCB(OH)., 1) is highly
relevant: initially prepared by Nesmejanov in 1959 from ferro-
cenyllithium and tributylborate, it was characterized by its melt-
ing point and elemental analysis.® Later prepared by Helling’
(1961) and Pauson® (1967), it is only in 1970 that Post described
its mass spectrometry analysis.® Interestingly, he noticed the
tendency of FcB(OH). to dehydration, leading to variable
amounts of the corresponding boroxine (4), which complicates
its analysis. In 1978, Illuminati measured the pK, of FcB(OH)
and reported its *H NMR spectra in deuterated acetone.'® How-
ever, only the *H signal of the boronic acid group was attributed
by deuterium exchange. Christensen later described a similar *H
NMR spectrum in deuterated chloroform.!* However, to the
best of our knowledge, the only copy of *H NMR spectrum
available could be found in the work of Lacina who followed
FcB(OH), titration with diols by NMR.!? In 2004 Aldridge re-
ported the X-ray diffraction analysis of 1 and the hydrogen
bonding network developed at the solid state.*® Finally, Vo-
loshin reported the UV-spectrum of FcB(OH), in 2008.%4

The case of the trifluoroborate salts, relevant ferro-
ceneboronic acid derivatives,®® is also interesting. Tetra-n-bu-
tylammonium ferrocenyltrifluoroborate (2) was initially pre-
pared by Lough in 2001.18 The identity of the compound was
clearly established by X-ray diffraction analysis and no other
analyses were performed. Two years later, Bats reported the
synthesis and crystal structure of ferricenyltrifluoroborate.’
Although the C-B bond length was little affected upon oxida-
tion of FeZ* to Fe®*, he noticed a slight elongation (0.04 A) of
the Fe-C bond. In 2005, Aldridge reported for the first time the
full characterization of ferrocenyltrifluoroborate with an ammo-
nium counter anion (3).1® Although unattributed *H, *C, !B and
F NMR spectra were described. The structure of the product
was further supported by IR spectroscopy, mass spectrometry



and X-ray diffraction analysis. Finally, Grzybowski reported in
2014 the formation of ferricenyltrifluoroborate, and its charac-
terization by IR spectroscopy, elemental analysis and electro-
chemical measurements.®

On the other hand, triferrocenylboroxine (4) and the related
triferrocenylborazine (5) and triferrocenyltrithiaborine (6) have
been more studied. Originally reported by Post in 1970,° various
analytical data can be found in the literature (*H, *C, !B, 5Fe
NMR data, IR and mass spectra, elemental analysis)? and it
should be noted that, in the solid state, the three ferrocenyl
groups are generally arranged on the same side of the central
six-membered ring.?

Boronic esters and diaminoboryl derivatives are also well
represented in the literature, the former notably due to the abil-
ity of ferroceneboronic acid to react with diols and sugars.!? 2
Various 5-membered boronic esters such as pinacol (7), eth-
yleneglycol (8), hydrobenzoin (9) or catechol (10) derivatives
have also been prepared and characterized.?® Finally, full ana-
lytical data could be found for the various diaminoborylferro-
cenes 11-14.4

Therefore, it appears that ferroceneboronic acid (1) and po-
tassium trifluoroborate (19) remain to be fully characterized.
Furthermore, to the best of our knowledge, recently developed
boron-protecting groups such as 1,8-diaminonaphthalene
(dan),® anthranilamide (aam),% cyclic triolborates?” and N-me-
thyliminodiacetic acid (MIDA)? have never been introduced
onto FcB(OH),, although their utility in cross-coupling reac-
tions has been fully demonstrated.? Finally, owing to the grow-
ing importance of azaborine chemistry,® it would be of high
interest to be able to access the ferrocenic analog of known
compounds to elucidate their specific properties.

Here, we report our study of the known FcB(OH). (1, Figure
2) and its original diaminonaphthalene (FcB(dan), 15), boron-
anthranilamides (FcB(aam), 16; FcB(Me-aam), 17 and 18), po-
tassium trifluoroborate (FCBF;3K, 19), triolborate (FcB(triol-
borate), 20) and N-methyliminodiacetic acid (FCB(MIDA), 21)
derivatives. NMR, X-ray diffraction and electrochemical anal-
ysis were performed to classify these borylated groups in terms
of electron-donating and -withdrawing capacity. Finally, ferro-
cene catalytic silylation and borylation by C-H activation, di-
rected by the boron anthranilamide group, is described.
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Figure 2. Ferroceneboronic acid derivatives prepared and charac-
terized in this study.

Results and discussion

Synthesis of ferroceneboronic acid and its derivatives. His-
torically, ferroceneboronic acid (1) was prepared by deproto-
metalation of ferrocene using butyllithium before interception
of the resulting lithioferrocene with tributylborate.®® 7 However,
mixtures of ferroceneboronic acid (1) and 1,1’-ferrocenylenedi-
boronic acid were invariably obtained. Pauson later described
the reaction of ferrocenyl dihaloborane with water to generate
FcB(OH); in yields up to 55%.8 Here, we report a modification

of the Nesmeyanov procedure based on the use of tBuL.i in pres-
ence of catalytic tBuOK3!. Employing the phase-switch purifi-
cation developed by Hall,* ferroceneboronic acid (1) was ob-
tained on a multigram scale in 85% yield, pure enough for most
applications without the requirement of chromatographic puri-
fication (Scheme 1).

1) tBUOK (10 mol%)

tBuLi (2 equiv)
@ THF, -78 °C, 90 min @B(OH)Z
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Scheme 1. Synthesis of ferroceneboronic acid (1).

Boron naphthalene-1,8-diamido derivatives are obtained by
the reaction of boronic acids with 1,8-diaminonaphthalene un-
der azeotropic removal of water. In our hands, the procedure
developed by Suginome? afforded FcB(dan) (15) in a surpris-
ingly low yield (Table 1, entry 1). Concerned by the potential
presence of anhydrides, a hydrolysis step was added, but with
minor success (entry 2). Although still moderate, best results
were finally obtained using the FeCls/imidazole catalytic sys-
tem developed by Pucheault (entry 3).%

Table 1. Formation of FcB(dan) (15).

;. B(OH), Conditions @B’H O
é 1,8-diaminonaphthalene (1 equiv) F“e HN\’
1 - 15
Entry Conditions Yield (%)
1 Toluene, reflux, 16 h 27
2 i) Toluene, water, rt, 15 min; ii) Reflux, 16 h 31

3 FeCls (5 mol%), imidazole (3 equiv), MeCN, H,0, rt, 16 h 44

Likewise, the formation of the boron-anthranilamide group
relies on the esterification of the boronic acid with anthranila-
mide. Following the procedure described by Suginome,?
FcB(amm) (16) was isolated in a moderate yield after column
chromatography (Table 2, entry 1). Better results were noticed
when adding an initial hydrolysis step (entry 2), whereas the
FeCls/imidazole catalytic system always afforded 16 in moder-
ate yields, probably due to the lower nucleophilicity of an-
thranilamide when compared to 1,8-diaminonapthalene (entries
3and 4).

Table 2. Formation of FcB(aam) (16).

©\B(OH)Z Conditions @BH 0
Fe BN Fe HN
@ . anthranilamide (1 equiv) @ \5 1
Entry Conditions Yield (%)
1 Toluene, reflux, 16 h 58

2 i) Toluene, water, rt, 15 min; ii) Reflux, 16 h 71
3 FeCls; (5 mol%), imidazole (3 equiv), MeCN, H2O, rt, 6 h 33
4 FeCls (5 mol%), imidazole (3 equiv), MeCN, H20, rt, 120 h 61

The formation of the methylated anthranilamide derivatives
17 and 18 was more difficult. Indeed, heating at toluene reflux
1 with either 22 or 23 only afforded traces of products, whereas
the FeCls/imidazole system was unable to catalyze the reaction,
even with prolonged reaction time (Scheme 2). It was finally
found that complete conversion could be reached by heating at
toluene reflux 1 and 22 or 23 in the presence of FeCl; and im-



idazole under azeotropic removal of water. However, the insta-
bility of 17 and 18 led to major degradation during the purifica-
tions. As the introduction of the methyl groups does not signif-
icantly affect the structures of the anthranilamides, as judged by
NMR and X-ray diffraction analysis, the origin of this instabil-
ity remains unclear. Hydrolysis, protodeboronation or oxidation
appears as possible decomposition pathways, although none of
them could currently be preferred.

i) FeCl3 (5 mol%), imidazole (3 equiv)
Toluene, DMSO, water, rt, 15 min

R1
©\B(OH)2 ii) Reflux, 1h @\B,N o
(o] Fe N2

(@7 1 : R
NHR' =
22:R'=Me,R?=H 17:R'"=Me, R?=H, 18%
NHR?

23:R'"=H,R?=Me 18:R'=H,R?>=Me, 7%

(2 equiv)
Scheme 2. Formation of FcB(Me-aam) (17 and 18).

Potassium trifluoroborate salts are usually prepared by react-
ing boronic acids with KHF, according to Vedejs.3* Even if the
generality of this method remains incontestable, corrosive
KHF; causes etching of glassware and Soxhlet extraction is of-
ten required to get pure compounds. The simplified procedure
developed by Lloyd-Jones® using potassium fluoride and tar-
taric acid was here followed to access analytically pure potas-
sium ferrocenyltrifluoroborate (19) in 47% yield without puri-
fication (Scheme 3).

Tartaric acid (4 equiv)
QC‘D\B(OH)2 KF (2.1 equiv) ©\BF3K
Fe MeCN, H,0, rt Fe
’ 2%
== 1 47% = 19

Scheme 3. Synthesis of potassium ferrocenyltrifluoroborate (19).

Triolborates are easily accessible by following Yamamoto
and Miyaura’s protocol.?” Here, the reaction between 1 and
1,1,1-tris(hydroxymethyl)ethane under azeotropic removal of
water afforded the ester 24, which was directly converted into
the triolborate 20 in the presence of potassium hydroxide in
70% yield over two steps (Scheme 4, top).

MIDA boronates, introduced by Mancilla®® and nicely ex-
ploited in iterative cross-couplings by Burke, are prepared by
reacting boronic acids and N-methyliminodiacetic acid. Ac-
cording to a literature procedure,?® the new N-methyliminodi-
acetic acid boronate FCB(MIDA) (21) was obtained in 65%
yield (Scheme 4, bottom).
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Fe Toluene, H,O ' Toluene ’ K+
= Reflux, 16h ¢ Reflux, 16 h Fe

1 24 70% (2steps) &=y 20

\

B(OH),  HO2C._N._COH N
@ (1 equiv) B;ol
5 o)
0%

Ee Toluene, H,O
@7 1 Reflux, 16 h ] 21
65% -

Scheme 4. Synthesis of FcB(triolborate) (20) and FcB(MIDA)
(22).

NMR spectroscopic characterization. All the new com-
pounds were characterized by !B, *H and *3C NMR spectros-
copy and, when possible, spectra were attributed on the basis of
short and long range correlations (Figure 3).
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Figure 3. Selected NOESY correlations.

1B NMR is a powerful tool to investigate the geometry and
electronic environment around the heteroatom. As expected,
upon quaternarization to the potassium trifluoroborate and tri-
olborate, the 1B NMR resonance is shifted to higher fields (19:
3(*B) = 3.0 ppm, 20: 5(*'B) = 2.4 ppm). The MIDA boronate
21 is characterized by a chemical shift of 13.9 ppm, consistent
with the presence of a dative N-B bond at the pyramidalized
boronate ester.?%2 The chemical shifts of FcB(dan) and the three
FcB(aam) are slightly shifted downfield (15: §(*'B) = 32.4 ppm,
16: 8(*'B) = 31.7 ppm, 17: §(*'B) = 31.9 ppm, 18: 8(*'B) = 31.7
ppm) when compared to 1. If the downfield shift from boronic
acid to aminoboranes is known in the literature,* the difference
between 15 and 16 is counterintuitive. Indeed, N6th has re-
ported that high §(**N) results in high §(*'B) on boronamides.*®
With higher N chemical shifts observed for the anthranilamide
when compared to the diaminonaphthalene,®® one might have
expected higher 5(*'B) in 16. However, as revealed by X-ray
diffraction analysis, the B(dan) substituent is titled relative to
the substituted cyclopentadienyl (Cp) ring (Figure 4) whereas
boron anthranilamide is almost coplanar (Figure 5). Therefore,
although weak, interaction between the vacant boron p-orbital
and the ferrocenyl core could exist at a higher level in 16 than
for 15, leading to this unexpected *'B chemical shifts reverse
order. Very small differences in 3(*'B) are observed between
16, 17 and 18 although the B(Me-aam) substituents are titled in
the two latter (Figures 6 and 7). Therefore, the electron-rich me-
thyl groups seems to counterbalance the reduced filling of bo-
ron p-orbital by the ferrocenyl group.

The *H and *3C spectra can help classify the borylated sub-
stituents in terms of electron-donating and -withdrawing prop-
erties when compared to reference compounds (Table 3).%° In-
deed, on monosubstituted ferrocenes, electron-withdrawing
groups have a higher downshifting effect on H, (adjacent to the
substituent) than on Hg (remote to the substituent).

From ferrocene (FcH) to ferroceneboronic acid (1), both H,
and slightly shift downfield (about 0.1 ppm), indicating weak
electron-withdrawing properties for the B(OH), substituent.

The electron-withdrawing properties of B(dan) and B(aam)
groups are clearly established by the large chemical shifts ob-
served (15: + 0.55, 16: + 0.69 ppm for H, and 15: + 0.23, 16: +
0.28 ppm for Hg), very similar to those of ketones (FCCOMe: +
0.61 ppm for H, and + 0.28 ppm for Hg). Furthermore, the elec-
tron-withdrawing ability of the anthranilamide moiety can be
modulated by the addition of methyl groups (16: + 0.69 17: +
0.53, 18: + 0.55 ppm for H,), opening possibilities for the tuning
of boron Lewis acidic character. The B(MIDA) group (21) is
closer to the weak electron-withdrawing group SiMes.*



Table 3. Selected *H, 13C and !B NMR spectroscopic data.

8 (ppm)

Compound H. Hg Cp Cipso C. Cs Cp B
FcH? 417 417 417 67.7 67.7 67.7 67.7 nd
1? 4.28 4.29 4.05 & 74.2 72.4 69.2 31.0
15° 4.72 4.40 4.12 & 721 71.0 68.3 324
16° 4.86 4.45 4.07 & 73.1 723 68.9 317
17 4.70 4.54 4.15 /e 73.9 71.6 68.4 319
18 472 451 4.16 /e 747 72.1 69.1 317
19 3.87 3.87 3.96 /e 71.1° 66.9° 67.2 3.0
20° 3.85 3.79° 3.98° & 71.6° 66.5 67.3 24
21° 4.08 4.27 4.17 & 71.6 70.1 68.2 13.9
FcNH, 4.02° 387 412° 104.2¢ 58.8° 63.0° /° nd
FcTMS? 412 4.35 414 71.0 724 70.4 67.8 nd
FcCOMge? 4.78 4.56 4.24 79.2 69.2 71.9 69.5 nd
FcPPh,® 4.07 4.33 4.04 nd nd nd nd nd

2 In DMSO-d®. ® From ref %9, spectra recorded in CDCls. ¢ Tentative assignment based on chemical shifts. ¢ Cis, N0t seen due to boron quadrupolar coupling.

¢ From ref 4, nd: not determinated.

As expected, the trifluoroborate 19 and triolborate 20 act as
electron-donating groups. They appear as powerful as the
amino group with an almost similar enrichment of both o and 8
positions (19: - 0.30, 20: - 0.32 ppm for H, and 19: - 0.30, 20: -
0.38 ppm for Hg).

It is known that functional groups have little effect onto the
unsubstituted Cp ring.*® However, small to moderate down-
field shifts are generally observed for electron-withdrawing
groups whereas small upfield shifts take place with electron-
donating groups. The effect of the borylated groups used in this
study are therefore difficult to rationalize. Indeed, B(OH),,
B(dan) and B(aam) groups, classified as electron-withdrawing
based on B NMR, all shift upfield the *H NMR signal of the
Cp ring. Furthermore, their effect is more pronounced than an
amino and close to that of a phosphino substituent. The remain-
ing boron-anthranilamides (17, 18) have very little upfield shift-
ing effect. Although the origin of these results remains unclear,
this might results from the variable degree of interaction be-
tween the ferrocenyl core and the boron vacant p-orbital. On the
other hand, the trifluoroborate (19) and triolborate (20) both act
as strong electron-donating as judged by the high upfield shifts
of the Cp ring whereas the MIDA boronate (21) group has no
effect.

Concerning *C NMR spectroscopy, Cp are known to be more
sensitive to strong electron-withdrawing group whereas C, are
more influenced by strong electron-donating substituents.4% 40
For medium electron-donating and -withdrawing groups, chem-
ical shifts are more difficult to classify. Indeed, although **C
chemical shifts observed for B(OH), suggest an electron-donat-
ing group, this might not be representative as we previously
classified this group as a weak electron-withdrawing group. A
similar contradiction is noted for B(MIDA) (21): *H chemical
shifts suggest an electron-withdrawing group whereas °C
chemical shifts are closer to an electron-donating group behav-
ior. Therefore, the unambiguous classification of these groups
cannot be done only with *H and *C spectroscopy.

Results were more intriguing for B(dan) (15) and B(aam)
(16-18), all classified as electron-withdrawing groups from 'H
NMR data. Therefore, their shifting effect on the Cg should be
higher than on C, However, the opposite effect was recorded.
A surprising slight increase in the short-range acidifying effect

is also noted on C,from 16 to 18. A similar effect was also noted
by Wrackmeyer and Herberhold on bis(diisopropylamino)boryl
ferrocene and remains unexplained.*> On the contrary, the
higher shifts observed for C, compared to Cg on trifluoroborate
(19), triolborate (20) are in agreement with the literature.

Minor variations of the unsubstituted Cp ring were also
noted. Its *3C resonance is shifted upfield for the two borates
(19: 5(*3C) = - 0.5 ppm, 20: 5(*3C) = - 0.4 ppm). On the contrary,
the 3C resonance of the Cp is shifted downfield for FcB(OH),
(1), FcB(aam) (16), FcB(dan) (15) and FcB(MIDA) (21) (3(*°C)
=+ 1.50, + 1.20, + 0.60, + 0.50 ppm, respectively). Interest-
ingly, this order correlates with the boron chemical shifts for the
trivalent derivatives (1: (*'B) = 31.0 ppm, 16: §(*!B) = 31.7
ppm, 15: 5(!B) = 32.4 ppm). Therefore, as the donation of the
boron substituents into the boron vacant p orbital increases, bo-
ron Lewis acidity decreases and the unsubstituted Cp ring is less
electron-depleted. This suggests interactions between boron,
Cipso and iron atoms or through-space interactions between bo-
ron and the unsubstituted Cp, as proposed by Holthausen and
Wagner.®® As variations of interatomic distances and bending
angles are characteristic of such interactions, we next study the
structure of the borylated ferrocenes by X-ray crystallography.

X-ray crystal structure determination. Crystals of 15, 16,
17, 18, 19 and 21 were obtained by evaporation of their corre-
sponding solutions.

In 15, the planar diaminonaphthalene group is tilted relative
to the substituted Cp ring (Figure 4, C-C10-B11-N22 = 16.5(3)°),
whereas the Cp and anthranilamide rings are almost coplanar in
16 (Figure 5, Cs-C10-B11-N12 = 0.9(3)°). However, the introduc-
tion of the methyl group in 17 and 18 forces the borylated sub-
stituent to rotate and release the steric pressure generated by this
additional substituent (Figures 6 and 7, 17: C¢-C10-B11-N2z =
30.1(5)0, 18: Ce'Clo-Bn-sz = 317(4)0)

The Cipso-B bonds are almost similar in 15 and 16 (15: Cyo-
Bu 1.545(3) A, 16: Cy-By1; 1.541(2) A), whereas they appear
slightly longer in the methylated derivatives (17 and 18:
1.554(3-5) A). On the contrary, the Fe-B distance increases
from 16 to 15 to 17 and 18 (16: Fe;-By; 3.1074(18) A, 15: Fes-
B 31695(19) A, 17: Fe;-Byy 3228(4) A, 18: Fei-B1g 3232(3)
A). The bending of the boron substituent toward the iron atom



in these compounds is highly significant and is evaluated by the
angle a* between the center of gravity of the substituted Cp
ring, the Cisso and the boron atom. According to the crystallo-
graphic data, it is the highest in 16 and decreases upon introduc-
tion of the methyl groups, whereas they are similar for 15 and
17 (15: 5.53°, 16: 7.97°, 17: 5.50°, 18: 1.08°). These data sug-
gest less interactions between the ferrocenyl group and boron in
15 compared to 16, resulting from the higher filling of the boron
empty orbital by the nitrogen lone pairs in 15. This might reflect
the intrinsic electronic differences between the aniline and the
amide. The methyl group has a similar donating effect in 17 and
18, although clearly higher for the latter, probably for similar
reasons. This is in agreement with the work of Wagner® in
which high angles a* are observed with strong Lewis acidic bo-
ron substituents. With angles between BBr, and B(OH)., the
boron naphthalene-1,8-diamido 15 and the two boron-anthranil-
amides 16 and 17 show moderate Lewis acidity character. Only
18, as a result of the methylated aniline, features a decrease in
its Lewis acidic character.

Figure 4. Molecular structure of compound 15; thermal ellipsoids
shown at the 30% probability level. Selected bond lengths [A], and
angles [°]: Fel-B11 3.1695(19), C10-B11 1.545(3), B11-N12
1.423(3), B11-N22 1.423(3), o* = 5.53, Cs-C10-B11-N22 = 16.5(3).

Figure 5. Molecular structure of compound 16; thermal ellipsoids
shown at the 30% probability level. Selected bond lengths [A] and
angles [°]: Fel-B11 3.1074(18), C10-B11 1.541(2), B11-N12
1.420(2), B11-N21 1.442(2), o* = 7.97, Cs-C10-B11-N12 = 0.9(3).

Figure 6. Molecular structure of compound 17; thermal ellipsoids
shown at the 30% probability level. Selected bond lengths [A] and
angles [°]: Fel-B11 3.228(4), C10-B11 1.554(5), B11-N12
1.452(5), B11-N22 1.406(5), o.* = 5.50, Ce-C10-B11-N22 = 30.1(5).

Figure 7. Molecular structure of compound 18; thermal ellipsoids
shown at the 30% probability level. Selected bond lengths [A] and

angles [?]: Fel-B1l 3.232(3), C10-B1l 1.554(3), B11-N12
1.425(3), B11-N22 1.438(3), a* = 1.08, Cs-C10-B11-N22 = 31.7(4).

The crystal structure of 19 reveals the longest bond between
boron and cyclopentadienyl ring (Figure 8, C10-B11 1.588(4) A),
as well as the smallest bending angle (a* 0.98°). These values
are in good agreement with the reported X-ray crystal structures
of the FCBF3™ anion and are characteristic of quaternarized bo-
ron atom.*® 18 However, unlike the reported structures of ferro-
cenyltrifluoroborate anions, the role of the potassium cation in
the crystal packing should be pointed out (Figure 8). Indeed,
each potassium ion is shared between three BF; groups and
therefore participates to the formation of an inner cationic layer
while the ferrocene parts are pointing outward, as observed for
unsubstituted potassium phenyltrifluoroborate.*

FcB(MIDA) (21) has its iron-boron distance (Fe:-Bii:
3.1695(19) A), Cipso-B bond (C1o-B1: 1.568(2) A) and bend an-
gle (a* 3.17°) between those of FcB(OH); (1) and FcBF;K (19),
which confirm the moderate electron-donating properties of this
substituent. The single-crystal X-ray diffraction data also con-
firm the presence of a dative nitrogen-boron bond (Bi11-Ni2
1.664(2) A). When compared to other heterocyclic B(MIDA)
derivatives such as the 2-pyridine,*> 2-pyrazine and 5-thiazole
ones,* it appears that the Cipso-B bond is shorter (from -0.016 to
-0.021 A) while the B-N dative bond is longer (from +0.016 to
+0.030 A) in 21. This longer dative bond results from the better
electronic donation of the ferrocenyl core to boron.

=~ SR

Figure 8. Left: molecular structure of compound 19; thermal ellip-
soids shown at the 30% probability level. Selected bond lengths [A]
and angles [°]: Fel-B11 3.272(3), C10-B11 1.588(4), B11-F12
1.417(4), B11-F13 1.420(4), B11-F14 1.440(3), o* = 0.98. Right:
Arrangement of the molecules at the solid state (atom color: K, vi-
olet; F, green; B, pink; C, grey; Fe, orange). Hydrogen were omit-
ted for clarity.

Figure 9. Molecular structure of compound 21; thermal ellipsoids
shown at the 30% probability level. Selected bond lengths [A] and
angles [°] and torsion angles [°]: Fel-B11 3.1695(19), C10-B11
1.568(2), B11-O14 1.476(2), B11-018 1.490(2), B11-N12
1.664(2), a* =3.17.

Electrochemistry.

The electrochemical behavior of ferroceneboronic acid and
its derivatives was next studied by cyclic voltammetry (Table
4). Due to the low solubility of these complexes in acetonitrile,



the measurements were performed in dry, oxygen-free dime-
thylformamide (DMF) at a concentration of 3 mM with
nBusNPF (0.1 M) as supporting electrolyte. For comparison,
the cyclic voltammogram of ferrocene (Fc) was recorded in the
same solvent and displayed a reversible mono-electronic sys-
tem with a peak separation of 80 mV.

Table 4. Electrochemical Data?

Compound  Ep (V) Epe (V) ipalipc AE (mV)

Fc 0.57 0.49 0.97 -

1 0.56 0.38 0.97 10
15 0.58 041 nr -10
16 0.62 0.54 0.97 -50
17 0.61 0.53 0.97 -40
18 0.60 0.51 1.20 -30
19 0.26 0.18 1.06 310
20 0.60 0.52° nr -30
21 0.55 0.47 0.97 20

aScan rate = 0.1 V/s. BusNPFs (0.1 M) in DMF; working electrode: glassy
carbon; reference electrode: Ag/AgCI. ® An additional oxidation peak was ob-
served at 0.16 V. nr: not reversible. Potential differences, AE (defined as Eps™-
Epaboronic) .

Compounds 1, 16, 17, 19 and 21 exhibited typical one-elec-
tron and reversible processes at a scan rate of 0.1 V/s with the
ipc/ipa ratios of unity and the peak separation in the 80-90 mV
range. As a result, the corresponding ferricinium species ap-
peared stable at the time scale of cyclic voltammetry.

The easier oxidation peak for compound 19 was easily at-
tributed to the presence of the trifluoroborate substituent. Obvi-
ously, quaternarization of the boron substituent provided a sig-
nificant cathodic shift (Ep,/~Ep,!® = 310 mV) and this obser-
vation is in agreement with that of Grzybowski.’® One might
expect a similar observation for the triolborate 20. Unfortu-
nately, the voltammogram of 20 displayed a first irreversible
oxidation peak (Epa = 0.16), which may be attributed to a
chemical reaction giving rise to a new reversible oxidation sys-
tem at Epa = 0.60 V. The origin of this chemical process re-
mains unclear even if the second system could be related to the
reversible Fe?*/Fe®* process. The exact nature of this follow-up
chemical reaction would require further investigation.

We also reasoned that introduction of the B(MIDA) moiety
onto ferrocene would increase significantly its oxidation poten-
tial due to the ester functionalities. However, for compound 21,
a fully reversible couple (i/ipa = 0.97) was observed, indicating
that the nitrogen donation into the vacant boron p-orbital can
counterbalance the electron-withdrawing properties of the car-
bonyl function. Finally, from boronic acid (1) to boron com-
plexes 16, 17 and 18, the potential at which oxidation occurs
results from the moderate electron-withdrawing properties of
the anthranilamide group. Conversely, the cyclic voltammo-
gram of complex 18 exhibited an iy/ipa Value of 1.20, which is
in agreement with a partial loss of reversibility. This phenome-
non could be attributed to a slow electron exchange between the
ferricinium moiety and the N-methyl group of the anthranila-
mide substituent. Hence, the presence of an alkyl substituted ni-
trogen atom may be detrimental to the stability of the ferroce-
nium species.

The electrochemical behavior of complex 15 is worthy of an
additional comment. Indeed, its cyclic voltammogram exhibits
an irreversible oxidation peak at Ep, = 0.58 V, whose height is
twice than that recorded for the vast majority of the substrates.
This abnormal result may be attributed to the oxidation of both

the ferrocene and 1,8-diaminonaphtalene core, which occurs at
a very similar potential. To confirm this hypothesis, the anodic
electrochemistry of 1,8-diaminonaphtalene displayed an irre-
versible single system at Epa = 0.6 V vs Ag/AgCl (see SI).
Therefore, the oxidation potential of 1,8-diaminonaphtalene is
approximately the same than that recorded for the ferrocene it-
self.

Catalytic C-H activation.

In recent years, the silylation of unactivated C-H bond has
enormously grown with the development of efficient catalytic
systems.*” Nowadays, the directed intermolecular silylation is
an appealing way to access silylated aromatics in a site-selec-
tive fashion. Various directing groups can be used and, in 2009
and 2011, Suginome reported the ability of borylated 2-(5-py-
razolyl)aniline (pza) and anthranilamide (aam) to direct the or-
tho-silylation of substituted benzenes.?® 48 However, to the best
of our knowledge, silylated ferrocenes have only been prepared
by interception of lithiated ferrocenes and the catalytic silyla-
tion of ferrocenes has never been reported.*

Here, we present preliminary results on the use of B(aam) to
direct ferrocene C-H bonds activation. We initially surveyed
the reaction of 16 with HSiMe2Ph in the presence of norbornene
as hydrogen acceptor and [Ir(OMe)(COD)]./4,4'-di-tert-butyl-
[2,2bipyridinyl (dtbpy) as catalytic system.>® To our delight,
the product 25 was formed, albeit in very low yield (Table 5,
entry 1). We therefore switched to Suginome’s conditions? and
isolated the title product in a better yield (entry 2). By doubling
the catalyst loading, we obtained 25 in a moderate yield, to-
gether with a small amount of the bis-silylated derivative 26
(entry 3). Interestingly, when the reaction time was extended,
the mono-/bisfunctionalized products ratio changed and 26 was
isolated in 48% yield (entry 4).

Table 5. Study of FcB(aam) silylation.

HSiMe,Ph (5 equiv) R "
Norbornene (5 equiv) @B N__O

H
o]
LN )
Ee HN R2 F“e HN\é
= =

Catalyst, Solvent
16

25: R' = SiMe,Ph, R = H
26: R' = R? = SiMe,Ph
Entry Conditions 25 (%) 26 (%)
[Ir(OMe)(COD)]: (3 mol%), dtbpy (6 mol%), 10 nd
Octane, 126 °C, 20 h

2 RuHy(CO)(PPhs)s (6 mol%), Toluene, 135 °C,21h 20 nd
3 RuHy(CO)(PPhs)s (12 mol%), Toluene, 135 °C,21h 50 26
4 RuH,(CO)(PPhs)s (12 mol%), Toluene, 135 °C, 44h 19 48

Silylation was also attempted from the methylated anthranil-
amides 17 and 18; however, their instability during both reac-
tion and purification steps led to multiple products.

The conformation of the two substituents in 25 was eluci-
dated by 2-dimensional NMR experiments and X-ray diffrac-
tion analysis (Figure 10). From NOESY experiments, the cor-
relations seen between the amide proton and the unsubstituted
Cp ring suggest that the amide is pointing down. Correlations
observed between the aniline NH and one of the methyl of the
SiMe,Ph group also support this orientation. Interestingly, the
correlations observed between the dimethylsilyl group and both
the NH and the ferrocenyl proton suggests some degree of free
rotation between the Cipso-B and Cipso-Si bounds. The structure
at the solid state confirms the NMR analysis (Figure 9, right).



The amide proton is clearly oriented toward the unsubstituted
Cp ring while the phenyl ring of the silylated substituent is
pointing up, explaining the absence of correlation of any NH
and phenyl protons. It is noteworthy that the introduction of the
dimethylphenylsilyl group has a clear effect on the borylated
substituent. From 16 to 25, both the C6-B11 and Fel-B11 dis-
tances increase (+0.016 A and +0.184 A, respectively), while
the bending angle a* decreases (-4.83°). This indicates lower
interactions between boron, Ciss, and iron atoms, resulting from
the steric repulsion generated by the silylated group.

Figure 10. Left: selected NOESY correlations seen in 25. Right:
molecular structure of compound 25; thermal ellipsoids shown at
the 30% probability level. Selected bond lengths [A] and angles [°]:
Fel-B11 3.292(2), C6-B11 1.557(3), B11-N21 1.416(3), B11-N12
1.441(3), C10-Sil 1.866(2), a*(C10-B11) = 3.14, a*(C10-Si1) =
4.42.

Due to the steric hindrance resulting from the two silylated
groups, the borylated substituent in 26 should be almost perpen-
dicular to the Cp ring. However, despite all our efforts, crystals
suitable for X-ray diffraction analysis were never obtained.
However, NOESY experiment revealed correlations of both NH
with the unsubstituted Cp ring, thus suggesting two conformers,
one with the amide pointing toward the unsubstituted Cp ring
and one with the amide pointing up.

Encouraged by these promising results in silylation, we fi-
nally turned our attention to the borylation of ferrocene C-H
bond, directed by the boron-anthranilamide group. If success-
ful, this would constitute the first ortho-directed C-H borylation
of ferrocene C-H bonds. Indeed, to the best of our knowledge,
the catalytic ferrocene borylation has only been reported twice,
one by Plenio,? affording 1,3-disubstituted derivatives, and the
second by Li,%? only dedicated to the formation of monosubsti-
tuted products. Rhodium-catalyzed borylation was first evalu-
ated. However, despite all our efforts, multiple products were
invariably formed (Table 6, entries 1 and 2). Surprisingly, the
use of Plenio’s conditions afforded 28 as the main product, re-
sulting from the directing group functionalization (entries 3 and
4). Such a regioselectivity switch between catalytic rhodium-
catalyzed silylation and iridium-catalyzed borylation is
known,* and was also recently documented in the benzene se-
ries using the same boron anthranilamide directing group.>
However, even if it is known that borylation is sensitive to ortho
substituents, the exact origin of this reversal is not totally un-
derstood.5® Taking into account the generally accepted mecha-
nism of iridium-catalyzed borylation,® this might indicate that
the directing group would not be effective to coordinate the irid-
ium catalyst surrounded by three pinacol residues and the bi-
pyridine ligand. To open a coordination site onto the metal, we
therefore tested the hemilabile ligand designed by Lassaletta.®®
However, whatever the conditions used, 28 was always isolated
as the main product, although in considerably lower yield (entry
5).

Table 6. Study of FcB(aam) borylation.

R (o]
LS gN _ BaPinorHBPin
v
Fe HN Catalyst Solvent
= TN 3

Entry Conditions 27 (%) 28 (%)
RuH2(CO)(PPhs)s (12 mol%), B,Pin, (5.0 equiv) nd nd
Toluene, 135°C, 21 h
RuH2(CO)(PPhs)s (12 mol%), HBPin (5.0 equiv) nd nd
Toluene, 135°C, 21 h

BPm

Fe HN
Fe & 15
plnB

[Ir(OMe)(COD)]2 (3 mol%), dtbpy (6 mol%), nd 8
B.Pin, (0.5 equiv), Octane, 126 °C, 20 h

[Ir(OMe)(COD)]: (1.5 mol%), dtbpy (3 mol%), nd 25
B,Pin, (1.0 equiv), Octane, 126 °C, 20 h

[Ir(OMe)(COD)]; (3 mol%), L1 (6 mol%), nd 7

($]

B,Pin, (1.0 equiv), Octane, 126 °C, 20 h

Taking into account the low yield of silylated product 25
formed and the absence of ferrocene borylation, both under irid-
ium catalysis, it can be advanced that the boron-anthranilamide
group has poor ortho-directing ability for this metal. The
borylation site is also interesting as one could expect a reaction
either at the most acidic (next to the carbonyl) or at the less hin-
dered positions. However, extensive NMR and X-ray diffrac-
tion analysis proved without any doubt the structure (Figure
11), which features both intra- and intermolecular hydrogen
bonds.

Figure 11. Left: selected NOESY correlations seen in 28. Right:
Molecular structure of compound 28; thermal ellipsoids shown at
the 30% probability level. Selected bond lengths [A] and angles [°]:
Fel-B1 3.121(3), C10-B1 1.546(4), B1-N1 1.437(4), B1-N2
1.420(4), O1-H31N 2.1275, O31-H1N 2.1183, O2-H2N 2.1153
033-H32N 2.1625, Fe31-B31 3.161(4), C40-B31 1.553(5), B31-
N31 1.440(4), B31-N32 1.421(4), a*(C10-B1) = 5.84. Hydrogen
bonds indicated in doted red lines.

The directing group functionalization gave clues about the
different mechanisms operating for rhodium-catalyzed silyla-
tion and iridium-catalyzed borylation. Indeed, from the work of
Suginome,?® free amide NH is required to direct the rhodium-
catalyzed silylation whereas the aniline does not appear to par-
ticipate. However, the regioselectivity here observed for the
iridium-catalyzed borylation is closer to the work of Maleczka
and Smith on the borylation of indoles in which the direct inter-
action of the indole nitrogen and iridium center, as well as an
outer-sphere mechanism involving the nitrogen and the vacant
p-orbital of a boryl ligand, have been proposed.> % In an at-
tempt to rationalize our results, the sterically accessible (espe-
cially bearing labile monophosphine) rhodium catalytic active



species might interact with the amide to perform the ferrocene
C-H bond activation as planned. However, the iridium catalyst
might not be able to interact with this boronamide, for electronic
or steric reasons, and an outer-sphere mechanism would there-
fore become preferable as depicted in Scheme 5. The better
lone-pair donating properties of anilines, when compared to
amides, could explain this site of functionalization, whereas the
interaction between the aniline nitrogen and the vacant p-orbital
of the boron, decreasing the stability of such intermediate,
would explain why our regiocontrol and yield are lower than
those observed by Maleckza and Smith.

Bpin
inB., | N + FcB(aam) Bpin + FcB(aam)
pin e - HBpin _ P! - HBpin Pathway not
pinB” N~ =———= pinB/, ‘_.n = e
3 Outer-sphere me/ "~ ) Directing-group

mechanism coordination

HN
Fc—B,
HN—{ Bpln + Bypiny
pinB/,, | ) - HBpin

me/ - FcB(aam)(Bpin)
N
Fc-B\’
HN
]

Scheme 5. Putative mechanism of regioselectivity switch during
borylation of 16.

CONCLUSION

In summary, we prepared seven original ferroceneboronic
acid derivatives bearing borylated groups relevant in cross-cou-
pling reactions or as ortho-directing groups. NMR, electro-
chemical and X-ray diffraction analysis helped establish a gen-
eral overview of the structural and electronic behavior of these
derivatives and to classify them in terms of electron-withdraw-
ing or -donating properties. Moreover, preliminary results
showed the ability of boron anthranilamide to direct the rho-
dium-catalyzed ferrocenic C-H bond activation. Studies are at
present ongoing to establish the limits of this methodology, es-
pecially in its enantioselective version. Finally, we have re-
ported on original regioselectivity switch during an iridium-cat-
alyzed borylation, which resulted in the functionalization of the
boron anthranilamide group. A putative outer-sphere mecha-
nism was proposed to account of the experimental results and
additional investigations are ongoing to uncover the key param-
eters controlling this unexpected transformation. Therefore, it
should be pointed out the marked differences between ferrocene
and benzene, during both the synthesis of these borylated deriv-
atives and their use in catalytic transformation.
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