i)

Univerza v Mariboru u N I

GRAZ

Silylation of cellobiose as a model reaction for the synthesis of
silylated cellulose. A DFT and PM 3 appr oach.

Stefan Spirk”, Heike M. A.Ehmant*, Volker Ribitsci, Karin Stanaleinschel*

Y aboratory for Characterization and Processing @lyfmers, University of Maribor, Faculty
Mechanical Engineering, Smetanova Ulica 17, 2000ibta, Sloveni:
%|nstitute of Chemistry, Liversity of Graz, Heinrichstra®28, 8010 Graz, Austi
Members of the European Polysaccharide Networkxoelenc:
E-Mail: stefan.spirk@uni-graz.at
Abstract

The object of the present study is the isodesnactien ofcellobiose the repeating unit i
cellulose)with different kinds of silanes, -SiHg, to form silylated cellobios(Cello-SiHg)
and the corresponding alcoh (R-OH). The size and the chemical reactivity of
substituent R is varied as well as the positionr&O-silylation atthe cellobiose takes plac
In contrast to experimental observations whereQbeposition is favored for silylation, f
the computed reactiongnergy differences are smaller than 3 Koabl for the different
positions at the B3LYP/B11G* as well as at the B3LYF-311+G* level of theory.
Depending on the silane, reaction energies in gerémom-17 kcal/mol (R=NHSils) and +18
kcal/mol (R=F) have been calcula. In addition, semempirical calculations on the PN
level of theory have been performed. se results are set into comdt with the result
derived from DFT calculations to assess whethmi-empirical methods may be use for
the descriptiorof larger systems containing silylated cellobiosés.
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Computational M ethods

All calculations have been performed using @aussian08' program suite (DFT) and the
programHYPERCHEM 8.qPM3). For DFT calculations, different Pople tyipasis sets (6-
31G*, 6-311G* and 6-311+G*) in combination with tBarr-Lee-Young functional B3LYP
were applied. For all calculations, vibrational lggs was performed after geometry
optimization showing only positive elements in thessian matrix. For the calculation of the
Free EnthalpyAG?®® zero point correction to T=298 K was applied. Metically induced
ring currents have been calculated by the methoSuoidholm and coworkefd The PM3
calculations have been performed usthigPERCHEM 8from Hypercube Inc. PM3 is an
optimized parameter set for semi-empirical molecuat@deling calculations and bases on a
modified neglect of diatomic overlap (MNDO) methobhis method uses two Gaussian
functions for the core repulsion function. The getme optimization was done via Polak-
Ribiere algorithm, which is a conjugated gradierdtmod. The termination conditions were
set to a RMS gradient of 0.1 kcal/(Amol) or 60 rmaxin cycles. All computations have been

performed in vacuo.
I ntroduction and Background

One of our research interests involves the prejparaif polysaccharide model films, in
particular cellulose model film&® Model films offer many advantages compared tol*rea
cellulose samples because of their homogeneitgrind of composition, surface morphology
and thickness. However, the obvious way to prepatilose model films from cellulose
solutions is somewhat limited due to the few conuiadly available cellulose solvents. A
more convenient strategy for the preparation ofutzde model films is the use of soluble
cellulose derivatives which are converted backakutose after the film has been deposited
by e.g. spin-coating on a substrate. Several deres (xanthogenates, cellulose acetates)
have been considered for this purpose, howevemn four point of view, the most
straightforward approach to prepare cellulose msdeiaces is the use of trimethylsilylated
cellulose (TMSCJ” After coating on a flat substrate such as silicwafers or glass
substrates, the silyl groups can be removed vesjlyehy simple exposure to an acidic
atmosphere yielding cellulose model films, whosekiess can be tuned up to a certain
degree.



The synthesis of TMSC is wusually performed by react of cellulose with
hexamethyldisilazane (HMDS) using ionic liquidsreaction medid® ® The driving force of
the reaction seems to be the cleavage of the widiaknsnitrogen bond in HMDS and
subsequent formation of a strong silicon-oxygendbionthe resulting cellulose ether. In the
course of our research dealing with sol gel cheagisnd polysaccharides, we became
interested whether reactions and formation of aavwabonds between polysaccharides and
silicon compounds may also occur with other premgsfor instance with alkoxysilanes.

Results and Discussion

The object in this study is the investigation dylation reactions on cellobiose which should
serve as model reaction for the silylation of deke. Although the molecular structure of
cellobiose seems to be a simple task on first glarecent theoretical publications proved the
existence of more than 30 conformers which arenalima on the potential energy surfatte.

2l The energy difference between the conformer vaithelst and with the highest energy was
calculated to be ca. 7 kcal/mol. However, a priaciproblem in quantum chemistry is the
evaluation of intramolecular hydrogen bond stresgtiich is of course influencing total
energies of different conformers. While intermolecuhydrogen bonds can be easily
calculated by several methods, intramolecular hyeinobonds are often underestimated by
guantum chemical calculations. In this contexteeent publication can be considered as
breakthrough which uses magnetically induced ringrents for the determination of
intramolecular hydrogen bonds in DNAIt is obvious that such calculations are not ledit
to DNA and detailed investigations on cellobiosel ather oligosaccharides are already in
progress and will be the topic of a later full pape

For our computed isodesmic reactionsyaconformer of cellobiose (Fig.1) is used. In the
synform of cellobiose, the protons attached to C1 @adare directing in the same direction
leading to dihedral anglegandy which are in the range between -30 — 41° and -82.-The
cellobiose conformer which is used for the isodesneiactions reported here hasand

Y values of +24 and -25°, respectively. This confarmas chosen by removing a piece from
a modeled cellulose crystal structure with two pnésntramolecular hydrogen bridges (O2-
H2-..-06’; O5---H3-03)).



Fig. 1. Thesynconformer of the used cellobiose.

The silanes RSigiwhich are employed for the isodesmic reaction$ wiesynconformer of
cellobiose differ in size, chemical reactivity apalarity (R=H, NH, NHSiH;, OH, OMe, F,
CI). These silanes are models for ‘real’ reagemthe silylation of cellulose such as HMDS,
tetramethoxysilane and trimethylsilylchloride. Wirted out that the B3LYP/6-311+G* basis
set yields the best results therefore in the falgwonly values referred to this basis set are

discussed in the text.
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Fig. 2. Computed isodesmic reaction of cellobiostn \silanes. For reasons of clarity only
silylation at O6 is shown.

In a first step, the influence of the silanes®**® has been evaluated. For R=H, N&hd
NHSiH; strongly negativA\G**® values have been computed at all levels of thébiy. 3,
Fig. 4). This can be explained by the substitutbthe weak hydrogen-silicon (average bond
dissociation energy (BDE): 323 kJ/itdl) and nitrogen-silicon (BDE: 335 kJ/nfdl) bonds
by rather strong silicon-oxygen bonds (BDE: 44anall*®)). For R= H,AG**® was calculated
between -14 and -17 kcal/mol depending on basissétthe position of substitution. For
R=NH,, slightly different values have been calculatéti{--11 kcal/mol). A special case is
the silylation involving HSINHSIiH;. This compound reacts in a first step with celhsei
resulting in silylated cellobiose and M&IH; which in turn can react with another molecule of

cellobiose to give silylated cellobiose. Th&?*® values given in Figs. 3 and 4 are the sum of



both reactions. In contrast, for R=F strongly ehéatic enthalpies (+10 — +17) have been
computed. This can be attributed to the strongasikifluorine bond (BDE: 565 kJ/mbY)
which must be cleaved for silylation. Reactionsoining the oxygen containing silanes
(R=OMe, R=OH) yielded\G**® close to 0 kcal/mol. Independently of the basts ReOH is
energetically favored by ca. 1 kcal/mol over R=OMgch can be explained by the stronger
Si-O bond in alkoxysilanes compared to silanolsisThehavior can be understood by
negative hyperconjugatidfl where electron density is transferred from thénto the o’
molecular orbitals. This negative hyperconjugatisrmore pronounced in case of silanols
(which is the reason for their oligomerization tendy) compared to alkoxysilan%?,.

In real cellulose, substitution reactions usuadket place at the oxygen bound to C6 which is
caused by the best accessibility of this functiograup in the bulk. However, in the work
presented here, only changes in conformation addolggn bond capability may play a role.
Indeed, reaction enthalpies for silylations at @8 &4 are in a similar range, as well as those
at O2 and O6. Silylation at O3 and O4 do not indsigaificant conformational modifications
upon silylation; therefore the dihedral angigandy remain nearly unchanged compared to
cellobiose. In contrast, after silylation at O2 thenformation is altered. Botly and \,
exhibit values of -1.4 and +48.7° due to the steteanand of the silyl moiety. As a
consequence alswe, the dihedral angle C4-C5-C6-06, is changed fro4i #b -73°.
Surprisingly, the silylation at O2 is energeticdyored compared to the ones at O3 and O4
by ca. 2-3 kcal/mol although the loss of the hyérogond O2-H2---O6'.

For an estimation of the energy contribution frone tchange in conformation, it seems
reasonable to estimate the strength of hydrogerisdinst. According toSteinel*®, the
hydrogen bonds in cellobiose can be classified addlm strong. Important geometric
parameters for the estimation of hydrogen bondhgtheinclude the donor-acceptor distance
(D---A), the angle between the donor-hydrogen-epaoc (DHA) as well as the distance
between the hydrogen atom and the acceptor atomAMH-However, following this concept
the hydrogen bond O5---H3-O3’ can be classifiedvaaker than the O6---02’-H2’ one.
This can be seen in the DHA angles which range ftdihto 150° (O5---H3-03’) and 166-
168° (0O6---02'-H2"). However, there are argumentschv indicate that O6---02-H2’ is
weaker than O5---H3-03’ (D---A: 3.001 vs. 2.881HA;- A: 2.087 vs 2.012 A, B3LYP/6-
311+g*). In order to estimate the absolute strengththese particular intramolecular
hydrogen-bonds, we employed a scheme which wapeapvery recently bgundholm and
coworkersd? Using this method, magnetically induced ring cotrstrengths flowing around

the H-bond moiety are calculated.
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Fig. 3. Calculated reaction enthalpies of the ieaaif cellobiose with various silanes, RgjH
at the B3LYP/6-311+G* level of theory. The linestween the different positions where

silylation takes place are connected due to clag@gons and have no physical meaning.
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Fig. 4. Calculated reaction enthalpies of the ieaaf cellobiose with various silanes, R3jH
at the B3LYP/6-311G* level of theory. The lines ween the different positions where

silylation takes place are connected due to clag@gons and have no physical meaning.



It turned out that the size of these currentsrisngfly correlated with the calculated H-bond
interaction energy at the same level of theory. &gloyed this scheme for a 'non-invasive'
estimation of both intramolecular H-bonds in théod®ose conformer under investigation
(O2-H2---06" and O3-H3---05") and found interactimergies of about 2.5 and 5.0 kcal/mol,
respectively. Therefore, we are able to distinguigitween the contribution arising from
conformational changes and hydrogen bonding in aas#ylation at O2. The conformational
change in energy accounts for ca. -4.5 and -5.Brkohcompared to the silylated products at
O3 and O4.

Surprisingly, silylation at O6 yields only slightigcreased\G**® (~+0.3 kcal/mol) compared
to silylation at O2. While the changesg@andy are negligible in comparison to cellobiose,
Tis changed significantly from 44.7 to 55.9 whicligors also from the steric pressure of the
silyl group. For comparison; (C4’-C5’-C6’-O6’) remains very close to the ongil value of
cellobiose (35.2 vs 35.9° in cellobiose).

However, while the above computational methods ban applied on cellobiose, the
computation of larger systems is associated withh ldomputational costs. Therefore, we
decided to screen the PM3 method on its appli¢glah these silylation reactions. As starting
point, the optimized geometries obtained at the B3/6-311+G* level of theory have been
used. In the first step, the cellobiose conformas wvestigated. The optimized geometry at
the B3LYP/6-311+G* level of theory is not maintaihat the PM3 method. Instead, the
hydrogen bonding mode is changed according to Fjigpossibly due to an insufficient
description of the hydrogen bonds in the PM3 pataration. As a consequence, the dihedral
anglesp andy are changed to values of 20.8 and -18.9°, resdgtias well ag (57.4°) and
1'(61.8°).

Fig. 5. Optimized geometry for cellobiose using B3 method. As starting geometry, the
optimized structure calculated at the B3LYP/6-3111&vel of theory was used.



Although the results are not directly comparablthidFT due to the different conformations,
a silylation was performed at each position uskmgy same isodesmic reaction scheme as for
DFT. The results are in clear contrast to the oolewined with the DFT method. An
optimistic point of view on the data may assume tha trends are at least similar (Fig. 6).
However, a closer look reveals that the nitrogentaiaing silanes (R=N}l NHSIiHg) yield
values which do not make sense and which are fay &@m the reasonable results obtained
with B3LYP/6-311+G*.
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Fig. 6. Calculated reaction enthalpies of the ieaaif cellobiose with various silanes, RgjH
obtained with the PM3 method. The lines betweendifferent positions where silylation

takes place are connected due to clarity reasahbare no physical meaning.

In addition, the geometries around the silicon eentaire completely different in comparison
to the results obtained in DFT. C-Si-O angles aréhe range of 115-118° (PM3) while for
DFT values between 125 and 129° are computed. Felddnd lengths have been calculated
to range from 1.704 to 1.709 A (PM3) while DFT lead values of 1.666 to 1.677 A. It is
known that DFT underestimates the polarity of Sb@ds and therefore these calculated
bond lengths tend to be always larger than the’ ‘vedues (av. Si-O: 1.64 A) obtained from
X-ray crystallography” 8 and gas electron diffractibit 2°. The poor description of the
bonding situation around the silicon atom seemBet@ major reason for the rather modest
performance of PM3 in comparison to DFT methods.



Summary and Conclusion

The isodesmic reaction ofsynconformer of cellobiose with different silanespigesented at
different levels of theory using density functiotia¢ory. The choice of the silane determines
whether the reaction is exo- or endothermic. Intemt to bulk cellulose where the O6
position is favored for silylation, in the calcutats the position where silylation
preferentially takes place is O2. This positiorsightly favored over O6 by 0.3 kcal/mol
followed by O3 and O4 (2-3 kcal/mol). In additigereliminary results on the strength of the
hydrogen bonds in this particular cellobiose comfer have been calculated using
magnetically induced ring currents. This ‘non-invas method yields hydrogen bond
strengths of 2.5 (02-H2---06") and 5.0 (O3-H3-)-G&al/mol (B3LYP/6-311+G*).
However, in order to make more precise statemehtthver e.g. alkoxysilanes may be used
for the experimental preparation of silylated dee, more detailed studies are necessary
which will include the investigation of transitistates and activation barriers. Finally, an
attempt to use a semi-empirical approach (PM3)escdbed, however, the results obtained

with this method cannot be considered as reliablkhase obtained with DFT.
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