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Abstract: The Brgnsted acidity of the perfluorinated
trialkoxysilanol {(F;C);CO};SiOH is more than 13 orders of
magnitude higher than that of orthosilicic acid, Si(OH),, and
even more for most previously known silanols. It is easily
deprotonated by simple amines and pyridines to give the
conjugate silanolates [OSi{OC(CF;);};], which possess ex-
tremely short Si—-O bonds, comparable to those of

silanones. j

Orthosilicic acid, Si(OH),, is a very weak Bronsted acid." The
same holds true for organosilanols, R Si(OH),.,, and alkoxysila-
nols, (RO).Si(OH),., (h=1-3; R=alkyl, aryl), which can be
regarded as organic derivatives or partial esters of Si(OH),.”
Like orthosilicic acid, most small organosilanols and alkoxysila-
nols are sensitive towards self-condensation to give siloxanes
and silica consisting of 2D or 3D networks of Si-O-Si linkages,
which is of technical relevance for the curing of silicone resins
and the sol-gel process.”’ The self-condensation is accelerated
by heat as well as traces of acid and base. However, self-
condensation can be prevented by the judicious choice of mild
reaction conditions and bulky substituents R, which allows the
preparation of kinetically stabilized silanols that can be used for
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synthetic purposes, such as the preparation of well-defined
metallasiloxanes containing Si-O—M linkages.” A prominent
example is (t-Bu0);SiOH, which reacts with a variety of metals
to give rise to thermolytic molecular precursors (TMPs) that
upon heating produce multicomponent oxide materials, not
accessible by the sol-gel process.”

We have now set out to prepare a perfluorinated derivative
of (t-Bu0);SiOH, which was achieved by two simple synthetic
steps starting from commercially available starting materials.
Thus, the reaction of SiCl, with three equivalents of NaOC(CF;),
afforded {(F;C);CO}LSiCl (1), the hydrolysis of which gave the
silanol {(F;C);COLSIOH (2) as low-melting crystals (Scheme 1)
The key feature in the crystal structure of 2 is the isolated
silanol group, which, unlike that of the parent (t-Bu0),SiOH," is
not involved in hydrogen bonding (Figure 1).”! Due to the high
charge separation in 2 associated with the large number of
fluorine atoms, it possesses a dramatically increased Brgnsted
acidity, compared to orthosilicic acid Si(OH), and all previously
known silanol species (see below).” For this reason, 2 can be
readily deprotonated by weak and strong bases. Thus, the
reaction of 2 with triethylamine, pyridine, lutidine andn-
butyllithium provided the silanolates [Et;NH][OSi{OC(CF;);};] (3),
[CsHsNHI[OSI{OC(CF3);15] (4), [2,6-Me,CsH;NHI[OSI{OC(CF;)3}5] (5)
and [Li(C4H,F,)OSi{OC(CF;);}], (6) that were isolated as crystal-
line solids (Scheme 2 and Figure 1).

The deprotonation of silanols by simple amines and
pyridines is unprecedented."® Usually, Si(OH),"" and all silanols
are only known to form hydrogen-bonded complexes of the
type O—H--N,""? which, for instance, has been utilized to build-
up extended supramolecular networks.” In 3 and 5, the
silanolate [OSI{OC(CF,);};] is associated with the triethylammo-
nium ion, [Et;NH]™, and the lutidinium ion, [2,6-Me,CsH;NH] 7,
respectively, via a reverse, bipolar hydrogen bond of the type
“0--H-N" (Figure 1).'"" The donor-acceptor distances in 3
(2.518(2) A) and 5 (2.512(4) A) are indicative of strong hydrogen
bonding."*'*! This observation suggests that the silanolate [OSi
{OC(CF;);};] is still rather basic, which is in clear contrast to

Cl OC(CF3); _QC(CFa)a
e 3NOCCF - £ aoc(CRyy HO | o 40C(CFys
\ - 3 NaCl \ - HCI
cl OC(CF3)s OC(CF3)s
1 2

Scheme 1. Synthesis of {(F;C);CO}SiCl (1) and {(F;C);CO}SiOH (2).
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Figure 1. Molecular structures of 1-3, 5 and 6 from single-crystal X-ray diffraction. Selected bond distances [A] of 1: Si1—01 1.656(2), Si1—CI1 1.981(4); of 2:
Si1—01 1.648(3), Si1—02 1.621(12); of 3: Si1—01 1.523(2), Si1—02 1.653(1), Si1—03 1.642(2), Si1—04 1.649(1), O1--N1 2.518(2); of 5: Si1-01 1.551(3), Si1-02
1.630(3), Si1—03 1.629(3), Si1—04 1.639(2), O1--N1 2.512(4); of 6: Si1—01 1.549(2), Si1—03 1.636(2), Si1—04 1.649(2), Si1—05 1.643(2), Si2—06 1.650(2), Si2—02
1.551(2), Si2—07 1.631(2), Si2—08 1.640(2), Li1—O1 1.844(4), Li1—02 1.865(4), Li2—O1 1.890(4), Li2—02 1.851(4), Li1--F28 2.127(5), Li1--F55 2.018(5), Li2--F56

2.133(4), Li2-+F57 2.259(4), Li2-+F58 2.080(4).
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Scheme 2. Synthesis of the silanolates 3-6.

Krossing’s isoelectronic fluoroaluminate [FA{OC(CF;);}]~ that
serves as a weakly coordinating anion (WCA).'® The Si—O(H)
bond length of 2 (1.621(12) A) falls in the range of Si(OH),
(1.619(1), 1.626(1) A),™ (t-Bu0),SiOH (1.6154(10)/1.6155(10) A,
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see Supporting Information) and other silanols.? In sharp

contrast, the Si—O~ bond lengths of the silanolate ions present
in 3 (1.523(2) A), 5 (1.551(3) A) and 6 (1.549(2) and 1.551(2) A)
are significantly shorter and fall in the range usually observed
for silanones (1.518(2) to 1.540(3) A), formally possessing
polarized double bonds that are best presented by bipolar Si*
—O" resonance structures."”

In solution, 1 and 2 are characterized by *Si NMR chemical
shifts (CDCl;) of 6=-98.3 and —109.1 ppm; the silanolates 3
(6=-111.9 ppm), 4 (d=-109.7 ppm) and 5 (0=-112.5 ppm)
are slightly more shielded."® The 'H NMR spectrum (CDCl;) of
silanol 2 shows the acidic proton at 0=3.86 ppm. In the
silanolates, the acidic proton, now attached to nitrogen,
resonates at 6=15.03 (3), 13.22 (4) and 15.76 ppm (5), which is
fully consistent with chemical shifts of other triethylammonium,
pyridinium and lutidinium salts. The experimental acidity was
determined using the Gutmann-Beckett method. The accept-
or number (AN) of 2 (40.4) is significantly higher than that of
Ph;SiOH (31.3) and (t-Bu0);SiOH (23.6).

Density functional theory (DFT) computations were con-
ducted for the silanol 2 and the silanolate anions in 3, 5, 6 as
well as for the free [OSi{OC(CF,);};] anion to analyse the O—H
as well as the Si—O interactions by a complementary bonding
analysis.”” Overall, the geometry optimized structures match
those of the established experimental structures of 2, 3 and 6
well, with the exception of 5. Attempts to optimize 5 give rise
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to a proton transfer and the formation of
[(F;C);COl,SiOH-NCsH;-2,6-Me, (2:NCsH;-2,6-Me,) comprising a
neutral O—H--N hydrogen bond. Apparently, the presence of a
bipolar hydrogen bond of the type “O--H-N* in 5 is restricted
to an electric field as present in the crystal lattice.The difference
to 3, where the bipolar “O--H-N" hydrogen bond prevails also
in isolation, can be explained by the substantially stronger
basicity of triethylamine (pK,=3.4) as compared to lutidine
(pKp,=7.4).2" This difference can also be seen by the examina-
tion of the electron localizability indicator (ELI-D)*? and the
non-covalent interaction (NCI) index.”® Selected ELI-D local-
ization domains and NCI surfaces for silanol 2, the amine
complexes 3 and 5 as well as the free silanolate [OSi{OC-
(CF3)3}51™ are shown in Figure 2. Comparing the monosynaptic
V,(0) lone pair domains (shown in solid-yellow), a transition
from a O—H bond in 2 (Figure 2a), over a N--H-O hydrogen
bond in 5 (Figure2b) to a N-H--O hydrogen bond in 3
(Figure 2c) is observed. Spatially complementary to the ELI-D is
the NCI index (shown in transparent mode). In case of 5, a red-
coloured donut shaped area is observed along the N--H axis,
which is absent in 3 giving further evidence of the silanolate
type moiety also in the gas-phase. The O—H Wiberg bond index
(WBI) of 0.26 and delocalization index (DI) of 0.25 in 3 further
prove the significant weakening of the O—H bond, especially
upon comparison to the silanol 2 (0.72/0.57) and the amine
complex 5 (0.55/0.40) (Table 1).

Analysis of the O—H bond in the framework of the Atoms-In-
Molecules®” methodology reveals no substantial differences in
key parameters such as the electron density (p(r),,) and its
Laplacian (V?p(r)) at the bond-critical points (bcp) in silanols 2,
HOSi(Ot-Bu); and the model compounds HOSiH;, HOSi(OH); and
HOSIF; that would indicate a higher acidity of silanol 2 (ranging
from p(Npp=246 to 249eA™ and (Vp(N)y,=-644 to
—65.6 eA~° (Table S8)). In contrast, the Si—O(H) interaction is
more influenced by the different substituents leading to higher
ionic contributions for the silanol 2 and the model compound
F;SiOH as indicated by increased G/p(r),q, values of 2.09 and
2.08 he™', respectively, compared to 1.97 he™ for silanols HOSi
(Ot-Bu); and HOSiH;. Interestingly, the p(r),., at the Si—O(H) bcp
for HOSi(Ot-Bu); of 0.93 eA~> is smaller than the p(Npe, to the
other three Si—O(C) bonds (av. 0.99 eA~3), whereas the opposite
trend is observed for silanol 2 (Si—O(H): 1.04 eA~3; Si—O(C): av.
0.94 eA~) although the ionic/covalent contributions indicated

HO-SiR3 (2)

Table 1. . Wiberg bond/delocalization indices (WBI / DI) corresponding to
the Si—O, O—H and N—H interactions in silanols, silanolates and silanones.

Molecule® Si-0 O-H N-H
HO-SIR; (2) 0.70/0.38 0.72/0.57 -
HO-Si(Ot-Bu); 0.61/0.34 0.74/0.63 -
[2,6-MesCsH;NI-[HO-SiR;] (5) 0.76/0.42 0.55/0.40 0.17/0.16
[Et;N-H][O-SiR,] (3) 0.86/0.47 0.26/0.25 0.47/0.39
[O-SiR,]~ 1.15/0.60 - -
[0-Si(Ot-Bu),]- 0.97/0.52 - -
R,SiT—0~ 1.26/0.81 - -

[alR= OC(CFs)zi R, = {C[Cst(t‘BU)z(OMG)]z}zCzH4~

[2,6-Me,C5H3NI[HO-SiR3] (5)

by the G/p(r),, and H/p(r)y, ratios are rather similar (Table S8).-
After proton abstraction, the silanolate moieties of complexes 3
and 6 lead to substantial differences in the Si—0O/Si—O(C)
bonding. The differences in electron density and its Laplacian at
the bcp becomes more pronounced with p(r),, values of 1.16
to 1.17 eA3 (Si—0) and 0.86 eA~* (av. Si—O(C). In addition, the
ionic contributions to the bonding increase for the Si—O and
slightly decrease for the Si—O(C) bond compared to the parent
silanol 2. To put those values into perspective, we calculated
the free model silanolates [OSi{OC(CF;);};]17, [OSi(Ot-Bu);1™ as
well as the smaller systems [OSiH;]~, [OSiF;]~ and [OSi(OH),]".
The parameters observed for complex 3 and 6 are indeed very
similar to those obtained for [0Si(Ot-Bu);]~, [OSiH;]~ and [OSi
(OH);]™ in the AIM framework(Table S8). Inspection of the WBI
and DI of the Si—O bond in 3 (0.86/0.47) and 6 (0.85/0.51) show
increased values compared to the parent silanol 2 (0.70/0.38),
but still smaller values than those obtained for free silanolates
[0Si(Ot-Bu);]~ (0.97/0.57), [OSiH;]~ (1.02/0.59) and [OSi(OH);]~
(1.01/0.59, see Table 1 and Table S9).Interestingly, AIM analysis
of the F-containing free silanolates [OSiF;]~ and [OSi{OC(CF;);};1~
leads to p(r)y, values of 1.24 and 1.27 eA as well as V?p(r)y,
of 31.7 and 33.5 eA=°. These values are even larger than for the
Sit—0~ bcp in lwamoto’s silanone R’,Si*—0~ (1.22/32.9; R,=
{CIC4H,(t-Bu),(OMe)],},C,H,).* This observation prompted us to
investigate whether the electronic distribution of the Si—O
bond in a tetravalent silanolate is similar to that of a silanone.
The WBI of the free [OSi{OC(CF;);};1~ anion of 1.15 as well as the
DI of 0.60 are smaller than in Iwamoto’s silanone (1.26/0.81).
However, plotting the electron density as well as the Laplacian
along the Si—O axis indeed reveals similarities between the [OSi

[Et3N-H][O-SiR5] (3)

Figure 2. In transparent mode: NCl iso-surface at s(r)=0.6 for the 2, 5 and 3 molecules and the corresponding silanolate anion (R=0C(CF,),), color coded with
sign(A,)p in a.u. Blue surfaces refer to attractive forces and red to repulsive forces. Green indicates weak van-der-Waals interactions; in solid-yellow: ELI-D

localization domain representation of selected basins at iso-values of 1.46.
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{OC(CF;);}1~ anion and the silanone R’,Si"™—0 (see Figures S48
and S49 of the Supporting Information).

In an attempt to quantify the degree of hyperconjugative
interaction from the O-lone pairs to the Si-atom in the silanone
on the one hand and the fluorinated silanolate [OSi{OC(CF;);}1~
on the other hand, we performed a Natural Localized Molecular
Orbital (NLMO) Analysis. ®® The NLMO analysis showed that in
each case two NLMOs with p-lone pair character have
significantly decreased parent NBO occupancies. In case of the
silanolate [OSI{OC(CF,);}1-, the O atoms have parent NBO
occupancies of 91.2% with contributions mainly from the Si
atom (7.62%) and each give rise to SiO NLMO bond orders of
0.15, which make up 44.5% of the total NLMO bond order of
0.683 (see Table S10 for more details). In case of the silanone
R,Si*—0~, the m-backdonation is stronger and contributes
55.5% to the total NLMO SiO bond order of 0.744.Overall, we
conclude that the Si—O bonds in 3 and 6 show characteristics of
those in free silanolates, such as [OSi(OH);]1~ or [0Si(Ot-Bu);]-,
whereas the Si—O interaction in the free [OSi{OC(CF;);};]” anion
is similar to that usually observed in silanones, showing the
possibility of mimicking the electronic distribution of a Si—O
bond in silanones by tetravalent silanolates.

We finally calculated pK, values of 2, related silanols and
some common acids in the gas phase and in MeCN (Figure 3).*”
In MeCN, all previously known silanols show pK, values from
29.8 (Si(OH),) to 37.0 (Me;SiOH) and are less acidic than
common organic acids which in turn possess slightly smaller
values ranging from 28.2 (phenol), 24.5 (acetic acid) to 21.3
(benzoic acid). In sharp contrast, 2 reveals the pK, value of 17.4,
which renders it to be significantly more acidic than all
reference organic acids. The acidity of 2 in MeCN appears to be
almost 20 orders of magnitude stronger than that for Me,;SiOH
(pK,=37.0), the least acidic silanol in the series. In the gas
phase, the calculated acidity of 2 (229.2) even exceeds that of
HCl (238.8).

In summary, we prepared the perfluorinated trialkoxysilanol
{(F;C);CO};SiOH (2), which can be regarded as a partial ester of
orthosilicic acid, Si(OH),. Due to the large number of fluorine
atoms inducing charge separation, 2 is by more than 13 orders
of magnitude more acidic than Si(OH), and by even more than

Gas phase MeCN
220+ 0.0-
2304 229.2 2 7.9 HCI
10.0 4
12388 HCI
240 oo 174 2
2446 Ph H 20.0 4
250.4 MeCOOH 21.3 PhCOOH
2504 251.0 PhOH 24.5 MeCOOH
i 28.2 PhOH
252.1 Ph,SIOH _ 282 el
253.7 Si(OH),/ (+-BuQ),Si0H 30.01 31’9 H.SiOH
2601 258.6 H,SIOH 325 Ph.SIOH
2615 Me,SiOH 340 (-Bu0),SiOH
37.0 Me,SiOH
270- 40.0-

Figure 3. Calculated pK, values of silanols and selected common acids in the
gas phase and in MeCN
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that compared to other previously known silanols. It is also
significantly more acidic than common organic acids, such as
benzoic acid, acetic acid or phenol. Despite the high intrinsic
acidity, 2 shows no apparent tendency to undergo self-
condensation to give siloxanes. In view of its easy preparation,
2 might be an ideal building block for the preparation of novel
Lewis acids based upon highly fluorinated metallasiloxanes. The
use in organocatalysis might be also envisaged.”™®
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