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The sweet world - sugars

enjoyment .

food 170 —
energy

fuel

/ m
b M

150

Million Metric Tons, Raw Value

~ 33.1 kg/a consumption of adults

disacchriade: glucose + fructose = saccharose

T T T T 1
2009/10  2010/11 201112 201213  2013/14 2014/15F

175.7 million tons/a

36.7 million tons/a
27.0 million tons/a
I

1801: the Chemist Franz Carl Achard

1850: industrial revolution; the ,white gold“ became common

United States Department of Agriculture (USDA) May 2014. Adas, Michael (January 2001). Agricultural and Pastoral Societies in Ancient and
Classical History. Temple University Press. Page 311. Rompp Online, Georg Thieme Verlag, 07/07/2014 3



Carbohydrates .\
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Sugars: ,,A loose term applied to monosaccharides and lower oligosaccharides.

“ (IUPAC, Gold Book)
Aldoses and ketoses = , hydrates of carbon

Monosaccharides C,(H,0) , Oligosaccharides C(H,0) ,

R-(+)-Glyceraldehyde D-Glyceraldehyde

IUPAC Compendium of Chemical Terminology, 2nd ed. (the ,,Gold Book”). Compiled by A. D. McNaught and A. Wilkinson,
Blackwell Scientific Publications, Oxford (1997). Clayden; Greeves; Warren; Wothers Organic chemistry; Oxford University Press: New
York, (2009). 4



Carbohydrates

Sugars: ,,A loose term applied to monosaccharides and lower oligosaccharides.

Aldoses and ketoses =, hydrates of carbon”

Monosaccharides C (H,0) ,

OH
4 6 0O
HO 5
HO 2 2 1
3
OH OH

(+)-a-D-Glucopyranose

Schmp. 146 °C
[ot]p =+112
36%

(IUPAC, Gold Book)

Oligosaccharides C_(H,0) ,

Mutarotation of D-Glucose:

<
H. {0 H®
1
H—1—OH
HO?—H
HT—QH
H?@QH
6CH,OH
D-Glucose

0,02%

OH

HO =
— OH

HO
OH

(+)-B-D-Glucopyranose
Schmp. 150 °C
[o]p = +18,7
64%

IUPAC Compendium of Chemical Terminology, 2nd ed. (the ,,Gold Book“). Compiled by A. D. McNaught and A. Wilkinson,

Blackwell Scientific Publications, Oxford (1997). Clayden; Greeves; Warren; Wothers Organic chemistry; Oxford University Press: New

York, (2009).



Carbohydrates "
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Sugars: ,,A loose term applied to monosaccharides and lower oligosaccharides.

“ (IUPAC, Gold Book)
Aldoses and ketoses = , hydrates of carbon

Monosaccharides C,(H,0) , Oligosaccharides C(H,0) ,

nomenclature for sugars:

(+)-a-D-Glucopyranose

‘ L ring size
relative configuration of all sterocentres

the penultimate

[

> sign of optical rotation

High density of functional groups — polyhydroxyalkanes ——  great variety of isomers

IUPAC Compendium of Chemical Terminology, 2nd ed. (the ,,Gold Book”). Compiled by A. D. McNaught and A. Wilkinson,

Blackwell Scientific Publications, Oxford (1997). Clayden; Greeves; Warren; Wothers Organic chemistry; Oxford University Press: New
York, (2009).



Carbohydrates

bas
Glycolysis:
Glucose + 2 P,+ 2 ADP + 2 NAD* —— 2 Pyruvate + 2 ATP + NADH + 2 H* + 2H,0
* 10 steps — 84 kJ-mol!
* 3irreversible
» 3 different stages
° 2+ 2+
Mg or Zn FERMENTATION COMPLETE
* enzyme catalysed OXIDATION
~—% CH;— CH,OH
- || | ?’[ Ethanol J 0,
Glycolysij C o
CsH1206 FEEES 0'7' \c/ — CO, + H,0
Glucose |
CH; ) o. _.O i
NP
\_ Pyrovate e 2 Acetyl-CoA
N~—_— |
HO —cI —H
. Lactate J
. — .mol-1 :
Glyconeogenesis 38 kJ-mol in absence
of O,

Berg; Tymoczko; Stryer Biochemie; Spektrum, Elsevier GmbH, Miinchen 6.Auflage, (2007).
Clayden; Greeves; Warren; Wothers Organic chemistry; Oxford University Press: New York, (2009).



The Origin? Small Molecules in the Interstellar Medium

Where do sugars come from?

sugars on earth: autotrophic organisms via photosynthesis

oligo- or polymeres of acetaldehyde )OL 2 A, oY A Yo4o
H 0_0 o
T O
What are the necessary building blocks?
4 )
IO o H__O
_ H.__O ' _
HKOH = \f + H(I:OH = ?
CH,OH CH,OH i H
glyceraldehyde glycoaldehyde \_ formaldehydej

glycolaldehyde was found in interstellar clouds through GHz-spectroscopy

— next to formaldehyde

high dilution; particle densities 10*— 10> cm™3; T[K] =10 - 150

Hollis, J. M.; Lovas, F. J.; Jewell, P. R. Astrophsy. J. 2001, 551, 803-806. Snow, T. P.; Bierbaum, V. M. Annu. Rev. Anal. Chem. 2008, 1, 229-

259. .
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The Origin? Small Molecules in the Interstellar Medium

de Groot et al.: emission spectrum of H,*

! o ® _H
.
H/@—\H +H/U\H H/k,_ﬁ 12
® _H JHo __H
it TR Y
H™ H H O H H)\H H™H H)\H H)@\H

-H

-7 0 H oO-H
H
Je—l —— ",
H” T H H®H o° H

O, OH
_H®

— mechanism Halfen et al.
supported by theoretical investigations of Schaefer et. al and Munoz-Caro et al.

De Groot, M. J. H.; Lamers, H. J. G. L. M. Nature, 1992, 355, 420-422. Halfen, D. T.; Apponi, A. J.; Woolf, N.; Polt, R.; Ziurys, L. M.
Astrophys. J. 2006, 639, 237-245. Hoffmann, M. R.; Schaefer, H. F. Astrophys. J. 1981, 249, 563-565. Castro, M. E.; Nino, A.; Munoz-
Caro Theor. Chem. Account 2008, 119, 343-354.



The Origin? Small Molecules in the Interstellar Medium

4 \
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To perform a condensation of sugarlike compounds, an activation of one aldehyde is needed

—  Umpolung, acidic, cationic or NHC

Shevlin etal.: | C, + H,0 —— HCOH

Schreiner et al.: only C(!D) + H,0; C(3P) + H,0 — Clusters

pyruvate-

+H*
@> < decarboxylase @< ’ \<
—002 O

Flanagan, G.; Ahmed, S. N.; Shevlin, P. B., J. Am. Chem. Soc. 1992, 114, 3892-3896. Schreiner, P. R., Reisenauer, H. P. ChemPhysChem
2006, 7, 880-885. Shevlin, P. B.; McPherson, D. W.; Melius, P. J. Am. Chem. Soc. 1983, 105, 488-491.
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The Origin? Small Molecules in the Interstellar Medium

O ® o) o

. HVFP
Schreiner et al.: O 1000 °C

OH Ar, 11K ) t=2h )J\

- CO
o 2 H H H

HVFP
O-==-H  900°C

//M\W/O Ar, 10 K /:?H't=1.1h‘ /ji\
- co, ' H

Enders aminoacid reaction

Wanzlick, H.-W. Angew. Chem. Int. Ed., 1962, 74, 129. Schreiner, P. R.; Reisenauer, H. P.; Pickard, F. C.; Simonett, A. C.; Allen, W. D.; Matyus,

E.; Czsasar, A. G. Nature, 2008, 453, 906-909. Ley, D.; Gerbig, D.; Schreiner, P. R. Org. Biomol. Chem., 2012, 10, 3781-3790. Thaddeus, P,;
Gottlieb, C. A.; Mollaaghababa, R.; Vrtilek, J. M. J. Chem. Soc., Faraday Trans. 1993, 89, 2125-2129. Schreiner, P. R.; Reisenauer, H. P,; Ley, D.;
Gerbig, D.; Wu, C.-H.; Allen, W. D. Science 2011, 332 1300-1303. Carpenter, B. K. Science 2011, 332, 1269-1270.
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State of the Art - Formose Reaction

/A"\n
0 o Q .‘
Formose = Formaldehyd und Aldose ) Ho . IR
H H™ ~H
H \M \
HO O
. HO
Butlerov reaction — Q HO 1 H
H H O =
HO o) HO
. . HO
mixture of different o OH o OH o
monosaccrides OH OH HJ\H
HO Hexose HO o HO Y
o H
J H °
oy . H H o) OH
Initial step: oH ‘A
(0] @) 2 HO _\O
®M--0 ® | OM-- OM— H H
L= 0 o 6 P HO e ’ WS
O H ~H O™y OH
HO
OH
—0 H.__O Pentose
M . L rHO |
00/ H” "H-M(OH), 4 Ton
H H
Formaldehyd Glycoaldehyd

Butlerov, A. M. Compt. Rend. 1861, 145, 247. Butlerov, A. M. Annalen 1861, 120, 295-298. Wanzlick, H.-W. Angew. Chem. Int. Ed.,
1962, 74, 129. Breslow, R. Tetrahedron Lett. 1959, 1, 22-26. Jalbout, A. F. Orig. Life Evol. Biosph. 2008, 38, 489-497. Shigemasa, Y.;
Nagae, O.; Sakazawa, C.; Nakashima, R.; Matsuura, T. J. Am. Chem. Soc. 1978, 100:4, 1309-1310. 12



Early Theoretical Consideration

AV
B0

E A [kcal/mol] _| ¥

CCsD/cc-pVDZ
(CCSD/cc-pVDZ + ZPVE)

H

~

@)

.LH
H

+
O
it

complex 1 complex 2

reaction coordinate

Ley, D. Diploma thesis, Justus-Liebig-University, 2009.
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Early Theoretical Consideration A

E A [kecal/mol]

MP2/cc-pVDZ + ZPVE

@.
H -~
O P
+
O - ~ ‘rn i
)’L T N e TScon
H - -
.- @
—
00 "~ -9.3 -
S, Mo - —— -e— -~ "
———---""" g3 A, ..
. ’
Cs complex C1 Complex 0]
.
—

-63.9

:
reaction coordinate

Ley, D. Diploma thesis, Justus-Liebig-University, 2009.
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Early Theoretical Consideration

E A [kcal/mol]

CCSD/cc-pVDZ + ZPVE

H.
)

+
O -
)LH —""‘

-
-
~
~

0.0 ~

T Cg complex X
" —

-63.9
- - >
reaction coordinate

Ley, D. Diploma thesis, Justus-Liebig-University, 2009.
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Experimental Approach

liquid nitrogen ©8
o) H- ¥ (-210°C)

OH AH , ;,OH o) ]
S — 07”]? — )\/

OH
— {0 rotatory
oven (800°C) \ | vane pump
E— )
~ quartz tube ‘ L
& Il\_/l
erg vie acetaldehyde
products
uest: OH OH OH
Q o ¢ ] O & wo o ..anOH o)
J H —H> H H —H % 37 g H
H™ H HO™ L HO H HO H

Ley, D. Diploma thesis, Justus-Liebig-University, 2009. Kua, J.; Galloway, M. M.; Millage, K. D.; Avila, J. E.; De Haan, D. O. J. Phys. Chem. A
2013, 117, 2997-3008. Le Bars, D.; Yvon, M. J. Appl. Microbiol. 2008, 104, 171-177.
16



Matrix-Isolation Technique o &

‘o
typical matrix materials : Ar, Ne, Kr, Xe, N,, 3-methylpentane...
to the vacuum system S / S| N s ap
[ T /-!\:S' T 8%33 _}\f\’?' ~
L~ — [ Si=0
g™ Ry A
—si T —si
/cryostat N o
//
thermo shield \

Csl window temperature sensor

silica glass window

® inlet ——

o’e ,%:.é.:. KBr window

methods : photolysis, pyrolysis, laser flash photolysis...

Whittle, E.; Dows, D. A.; Pimentel, G. C. J. Chem. Phys. 1954, 22, 1943. 17



Experimental Approach

OH

0 O
HCHO © OH _Ca** Ca¥’
Al on B og Aot o I _or o--C v

H ' /
HCHOl H)\(O O\%\/OH

oo —o LI e L ” H
H OH OH

Analysis of reaction mixtures: _NH,

* derivatisation and GC HN

 HPLC NO2

e MS

¢ etc

Matrix experiments with pyrolysis of pyruvate in an Ar (Kr) : acetaldehyde

hydroxymethylene in He nanodroplets

Appayee, C.; Breslow, R. J. Am. Chem. Soc. 2014, 136, 3720-3723. Leavitt, C. M.; Moradi, C. P.; Stanton, J. F.; Douberly, G. E. J. Chem. Phys.
2014, 140, 171102-171104. Zwckmair, T.; Bbhmdorfer, S.; Bogolitsyna, A.; Rosenau, T.; Potthast, A.; Novalin, S. J. Chromatogr. Sci. 2014, 528169



Outlook

HVFP
O--=-H 700 °C

/lj/o Ar, 10 K OH
o) =L =8 .
o ~-CO; HO

Le Bars, D.; Yvon, M. J. Appl. Microbiol. 2008, 104, 171-177.
19
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Glucose

glycolysis
(10 successive

l reactions)

anaerobic anaerobic
conditions 2 Pyruvate conditions
’ aerobic \
diti
2 Ethanol + 2C0, conamons 2 Lactate
‘ 260, Fermentation t
Fermentation to alcohol ermentation to
in yeast lactate in vigorously
2 Acetyl-CoA contracting muscle,
erythrocytes, some

other cells, and in

CLTIC some microorganisms

acid

l eycle

4CO, + 4H,0

Animal, plant, and
many microbial cells
under aerobic conditions



Gt.age 1 CH20H b
Glucose
ATP HO °H°"
Hexokinase ( . CH:0P0,>
Glucose 6-phosphate
HO OH
Phgspl\oglucote l i
isomerase iy . H,0H
Fructose 6-phosphate HO
ATP OH
Phosphofructokinase C HO
ADP 2-03POH, 5 H,0P0,2-
Fructose 1,6-bisphosphate HO
OH
Stage 2 Triose phosphate ’A|do|as¢ H. 0
Dihydroxyucetone __isomerase  Glyceraldehyde
phosphate 3-phosphate —OH
0-\/(“20" CH,0P0 2
CH,0PO,2-
Stage 3 Glyceraldehyde P;, NAD*
3-phosphate 5 o
dehydrogenase NADH “0,PO~.#
1,3-Bisphosphoglycerate i _i ot
Phosphoglycerate ( e CH,0PO3*
kinase ATP o.\:,,o
3-Phosphoglycerate o
Phosphoglycerate CH,0P03%"
mutase 0. -.0
L
2X ‘i
2-Phosphoglycerate == ri 0,
CH,OH
Enolase \ H,0 m o
|
GG AR
Phosphoenolpyruvate H \ﬁ
ADP /C
Pyruvate kinase H
ATP :
Pyruvate o'/‘c\cfo
k lH, )




O NADH

- Ht co + H* NAD* H
L 0] 2 H (@) OH
0~ U X U <
Pyruvat- " Alkohol-
CH3 Decarboxylase CHs Dehydrogenase CH;3
Pyruvat Acetaldehyd Ethanol
Please note the special nomenclature for sugars: (+)-c-D- pyranose

(+) — sign of optical rotation
o — configuration at the anomeric centre
D — absolute configuration of the penultimate stereocentre of the carbon chain

— relative configuration of all stereocentres bearing a secondary alcohol

pyranose — ring size of the cyclic acetal



Computations

\
_ « 5 o i
AH, = AG, ¢ «
A B, % @
kcal-mol™’ \ ) s \ / =
e —Si .- » Oy ¢ —gj | ~ B
e, Si_ , [ - fo i H
\ 0, ¢ ‘8t S o e B
0.0 \ .. 3 92031 A 2 ‘ -
\ Si+ e® ,~A° Si=0 »,‘“"
- \ ~ o 7 - ®
// . 1018
’ AT ega it Al o
\ S 4 /
\\ . A—
/ -85.7 Tv~o_
| S (-79.4)
\ S/ [-133.8
~100 1 \\Si/ P Aot ] (-93.2)
. sil [-142.7]
\\ _/O\ ) /
SiZH0
-/
\ s Sl //
AN ©:
-130 R ol
M062X/cc-pVDZ 1305
(uB3LYP/6-311++G**) (-112.3) -135.1
[uB3LYP-D3/6-311++G**] [-166.0] (-131.8)
[-181.3] ¢
Problem : high polarity — tendency to oligomerize with ,,no activation barrier”
Xiong, Y.; Yao, S.; Driess, M. Angew. Chem. Int. Ed. 2013, 52, 4302-4311. 2



Experimentals

)
1.2 - : QO/O \\Si/ |_/
o 0/‘, " Si__
0.8 - y ® i;Si:
&« = ' 2 g S|<
0.4 » = -
:g ® ‘ / \
5 0.0 4—"— A calc.
S 5(CH,)
3
o v(Si-C-Si) ||
£ 12+ MR N 3(CIH,)
0.8 -
0-4 __—/V\’\—-——’A_/J % Vas(c_léi—c)
0.0 - L’L}L\_*:J\\__,_ exp.
[ [ [ | |
1400 1200 1000 800 600 400

Wavenumber cm-1

* refering to silaethene 27



Experimentals

AP\
124 o8 ;S | A/
® ./p" Si Sii
[»)
08+ @ i}io
&"-0 si”
04 - ® o —Si T
S e Ju "
S5 0.0 Lo M A 4] calc.
()]
2 . §(CH
g 3(CH) 1 3C-sio-0) 7
o AN
§ 1.2 -
| VESI0-0) siceny),)
08 | Vas(c_c) 1 S(C_C)
v(Si=0) 8(Si=0
T o
: \
0.0 - exp.
[ [ | [ |
1400 1200 1000 800 600 400

Wavenumber cm-1

* refering to silylene; A refering to O, 28



Experimentals

o)

LY o
&

S)lun @oueqlosqy

1000 800 600 400
Wavenumber cm-1

1200

1400

29



Experimentals o &
1.2 A A beyd
. JWU
0.4 -

0.0 - M exp. °O;
1.2 4
0.8 A
0.4 - 0
0.0 ~ exp. Oz
1.2 A A
0.8 - ) .
4 S exp. N,O
0.0 | | | | |

1400 1200 1000 800 600 400

Wavenumber cm-1

Arrington, C. A.; West, R.; Michl, J. J. Am. Chem. Soc. 1983, 105, 6176-6177. Becerra, R.; Bowes, S. J.; Ogden, J. S.; Cannady, J. P;
Adamovic, |.; Gordon, M. S.; Almond, M. J.; Walsh, R., T. Phys. Chem. Chem. Phys. 2005, 7, 2900-2908. 30



Survey - Silanone
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Experimentals

Absorbance Units

2.0

1.0

WLy

N
Si
/
-
S'\ Si/

0.0 -
v,(C—C)
2.0 -
8(CH,) v(6) V\ O(CH;) |
v,(C-C) Vas(S1i—C—(Si(CHj;)5),
v(C-C)
1.0 v, (Si=C) v4(Si=C—-Si(CH;);
d d(C-C)
0.0 | | | | WM«____,M'
1400 1200 1000 800 600

Wavenumber cm-1

400

4
R
&
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Experimentals

2.0
]
‘ -:, <
®
1.0 @ ‘/’ I‘
2
c
2 00 AN
5 3(CH;) y
©
2.0 :
5 AN
-Q .
< (si-ccy || o)
1.0 ~ VulE7C) V,(C—Si—C)
3(CHj)
/ / / v,(Si-Si)
OI'O ! | —/\7J;\ I I | |
1600 1400 1200 1000 800 600

Wavenumber cm-1

400

4
M n
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Experimentals

exp.

diff
exp.

S)UN @ouUeqlosqy

1000 800 600 400
Wavenumber cm-1

1200

1400

34

2030-2080 cm™!

v(Si-H)



Experimentals

1.2

0.8 -

0.4 -

0.0 -

1.2

Absorbance Units

0.8

0.4

0.0 -

o(CH,)

N\

8(C—C)

3(Si-CH,Si)

B,

*

v(C-C)

8(Si-CH,-Si) 5

6(CH;)

5(SiH)

v,(Si-C)

V,(Si-C-Si)

Vs(ci_c)

| [ |
1000 800 600 400
Wavenumber cm-1
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Experimentals

exp.

diff.

exp.

S)uUN @oueqlosqy

400

600

800

1000

1200

1400

Wavenumber cm-1

36



Survey - side products
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Summery

N/ |
Kira et al. Si Si\

Si:

this study ~ —Si |

[1,2] Si-shift N/
60 °C
24 h, dark
" ho =
reaction AIQ
at 12 K //S'\
in Ar
\ /
—si \/
A= 450 nm Si
12 K, Ar S,>
|
3h \H/
—Si S'\
SN\
7
\SiT
N20 or 03
— N2 .
-0,  _gi Sf'\
7\

[1,3] H-shift
A >320 nm
A\ / C6D61 rt, 6 h

A= 334 nm,

N * 14 d atrt., dark / Tigyup= 60 °C
- IH /
Si-Si—
_ \
—Si S|'\
/ \ \\ ./ |
St sil
Si=0 , ,
_ [1,3ISiMej shift
N\ s _S;i S|'\ N
—Si Si— / \ SiT \ /
Si—
(0] A\ /
s S0
—si si— —si 9~
WA /N
[1,2]SiMe shift [1,3]H shift
N/ \/ /
[\ N
—Si Si— Si—
(0] —\__H |/
& Sit-SiC
B si”
Si —si SiC
I VAV AN
\ _Si Si—
[1,3]H shift 0
_Si. .
W
Si
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Outlook

« photochemical fate of the silanone

 crystal structure of silanone

» role of dispersion interactions

N / Si
Ngi— \S-/ 7
S' . A= 450 nm S'_
’H pyrolysis
A ~ HSiMe; N

e A=450 nm '> /
K/_? "H S~
Si— !
/ N\ hv
= \... A=313 nm
Eé&-
N
/Si\ Si
\ __H/
— Si—Si—
pyrolysis \
- HSiMe3 /S\I\
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Outlook A

What happen to the side products during the treatment with ozone

Ny N/
—Si
/0 7 Si=0
|:
\SI—SI— — )W
\ A si
Si | —Si | ~
//SI\ | / \ ?
</
Si— \ A{o ®
> —Si< H ,
SN _0s /' Si-Si—
'y O \
- .
_sj S —si 9~
/AN / \
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Impression




