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ABSTRACT

The current Organic Chemistry lacks systematic ribopyranose-furfural transformation (10 steps), supported 
by any spectra analysis or computational calculation of charge distribution on the chain. Our idea is that first 
protonation and dehydratation will happen on the HO-group in cyclic ribopyranose, which forms the most 
stable carbocation after being deleted.
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Introduction 
Ribose is a simple sugar with Chemical formula C5H10O5. The 

naturally occurring form, D- ribose, is a component of the ribonucle-
otides from which RNA is built, and so this compound is necessary 
for coding, decoding, regulation and expression of genes. L-ribose is 
an unnatural sugar that was first prepared by Emil Fischer and Oscar 
Piloty in 1891[1]. Like most sugars, ribose exists as a mixture from 
equal parts of cyclic forms and linear structure, especially in aque-
ous solution [2]. For D-ribose, we have five structures in water: open 
chain, α-D-ribopyranose, β-D-ribopyranose, α-D-ribofuranose, and 
β-D- ribofuranose. For L-ribose, we have open chain, α-L-ribopy-
ranose, β-L-ribopyranose, α-L-ribofuranose, and β-L-ribofuranose 
in aqueous solution. Our team has decided to verify the ribopyra-
nose-furfural transformation from 2016 [3] by investigation on ri-

bopyranose carbocations, calculation of their positive charges, as-
sessment of their stabilities and induction effect analysis on reaction 
steps.

Materials and Methods
Infrared measurements. Attenuated Total Reflectance Fouri-

er-Transform Infrared (ATR-FTIR) spectra of the D-ribose, furfural 
and the reaction products were measured on a Bruker Invenio R 
spectrometer, equipped with a diamond crystal ATR accessory at res-
olution 2 cm-1 accumulating 100 scans. Spectrum of air was used as 
a background. In order to measure the spectrum, the solid D-ribose 
was placed directly on the ATR crystal and pressed by a metal tip. The 
furfural was studied as a film on the surface of the ATR crystal, while 
the reaction products were deposited on glass plates, dried in desic-
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cator and pressed to the surface of the ATR crystal in order to obtain 
the IR spectra. Computational details. The Gaussian 09 software [4] 
was used to carry out density functional theory (DFT) calculations for 
molecular structure optimization and vibrational frequency analysis. 
The geometry of ribose and its carbocations, included several possi-
ble isomers, was optimized by applying the Becke’s three-parameter 
hybrid functional (B3LYP) [5] in conjunction with 6-311++G(d,p) va-
lence double-zeta polarized basis set [6,7]. The solvent (water) was 
acconted in the computations based on the IEF-PCM (Integral Equa-
tion Formalism Polarizable Continuum Model) solvation model im-
plemented in the Gaussian 09 software package [8,9]. 

The optimized structures were confirmed as minima on the po-
tential energy hypersurface by analytic vibrational frequency compu-
tations at the same level of theory. For all compounds and radicals, 
energy was minimized and the lowest energy structure was used in 
all calculations without any geometry or symmetry constraints. All 
calculations were performed using Gaussian 09 program package at 

the level of DFT/B3LYP with a basis set 6-31-G (d,p) [10] (Table 1). 
Cambridge Soft Chem 3D package of Chem Office 12 was used for cal-
culation of charge distribution by Hűckel as well as for visualization 
of models. Infrared spectroscopy of the reaction products during the 
conversion of D-ribopyranose into furfural. The conversion of D-ri-
bose into furfural was monitored by IR spectral study of the reaction 
products obtained at different stages of the reaction. The conversion 
was performed in solution by the procedure: 1g of D- ribose was dis-
solved in 15 ml mixture of conc HCl and water in portion 7/18. The re-
action goes in four hours-1 hour at room temperature and 3 hours at 
60 degrees Celsius at stirring. Small portions of the reaction mixture 
were taken at 10, 20, 30 and 50 min and deposited dropwise on glass 
plates. The films were dried in desiccator and then ATR-FTIR spectra 
were measured on a diamond ATR accessory. ATR- FTIR spectrum of 
the initial solution (0 min), containing only D-ribose, was measured 
as starting point and shown in Figure 1a, as it could be seen, corre-
sponds over 80% to the pure D-ribose spectrum shown in Figure 1b.

Figure 1: 
a)	 ATR-FTIR spectra of the reaction products obtained during the conversion of D-ribose into furfural in minutes 0-50.
b)	 ATR-FTIR spectra of D-ribose.
c)	 ATR-FTIR spectra of furfural.

a)

b) c)
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Table 1: Huckel charges of cyclic ribopyranose cations.
N Atom Atom Type Charge (Huckel)

Carbocation 1

1 C(1) C Alkane 0.214321

2 C(2) C Alkane 0.199537

3 O(3) O Ether -0.39271

4 C(4) C Alkane 0.490194

5 C(5) C Alkane 0.229556

6 C(6) C Carbocation 0.471362

7 O(7) O Alcohol -0.32844

8 O(8) O Alcohol -0.29453

9 O(9) O Alcohol -0.31777

10 H(10) H 0.017107

11 H(11) H 0.02987

12 H(12) H 0.026331

13 H(13) H 0.006068

14 H(14) H 0.063773

15 H(15) H 0.029561

16 H(16) H Alcohol 0.184841

17 H(17) H Alcohol 0.18676

18 H(18) H Alcohol 0.184167

Carbocation 2

19 C(1) C Alkane 0.193329

20 C(2) C Alkane 0.108014

21 O(3) O Ether -0.35257

22 C(4) C Alkane 0.384965

23 C(5) C Carbocation 0.677648

24 C(6) C Alkane 0.192102

25 O(7) O Alcohol -0.29211

26 O(8) O Alcohol -0.34058

27 O(9) O Alcohol -0.26266

28 H(10) H 0.013275

29 H(11) H 0.023509

30 H(12) H 0.023185

31 H(13) H 0.032645

32 H(14) H 0.030813

33 H(15) H 0.012981

34 H(16) H Alcohol 0.186829

35 H(17) H Alcohol 0.184784

36 H(18) H Alcohol 0.183838

Carbocation 3

37 C(1) C Carbocation 0.580152

38 C(2) C Alkane 0.162539

39 O(3) O Ether -0.33759

40 C(4) C Alkane 0.361003

41 C(5) C Alkane 0.187533
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42 C(6) C Alkane 0.229413

43 O(7) O Alcohol -0.33495

44 O(8) O Alcohol -0.34749

45 O(9) O Alcohol -0.32136

46 H(10) H 0.032333

47 H(11) H 0.060708

48 H(12) H 0.079217

49 H(13) H -0.00211

50 H(14) H 0.010774

51 H(15) H 0.078497

52 H(16) H Alcohol 0.187755

53 H(17) H Alcohol 0.188454

54 H(18) H Alcohol 0.185114

Carbocation 4

55 C(1) C Alkane 0.162708

56 C(2) C Alkane 0.147044

57 O(3) O Ether -0.12745

58 C(4) C Carbocation 0.634201

59 C(5) C Alkane 0.207333

60 C(6) C Alkane 0.257579

61 O(7) O Alcohol -0.32392

62 O(8) O Alcohol -0.34572

63 O(9) O Alcohol -0.33476

64 H(10) H 0.016791

65 H(11) H 0.026551

66 H(12) H 0.026417

67 H(13) H 0.025989

68 H(14) H 0.064977

69 H(15) H 0.009363

70 H(16) H Alcohol 0.183392

71 H(17) H Alcohol 0.184005

72 H(18) H Alcohol 0.185494

Discussion
Only in carbocation 1 we have two carbon atoms on both sides 

of the positive charge (denoted as 1-2 and 1’-2’), which implies the 
highest stability, confirmed by the lowest positive charge on deleted 
HO-group of carbocation 1. Cyclic ribopyranose transformation to 
furfural is going in 10 steps as presented in Figure 2. 

•	 Steps 1,2: Protonation of the hydroxyl group corresponding 
to carbocation 1 and release of a water molecule. Step 3: 
Catalyst deprotonation and recovery. Here a hydrogen pro-
ton can be released from both sides of the positive charge: 
from C2 or from C4. Because of the strong positive induc-
tion effect of the methylene group, it serves as a conductor 
for withdrawing electron density from neighboring atoms 
or groups of atoms. Therefore, the O-atom of the pyran ring 

withdraws more electron density from C4 compared to C2, 
and accordingly, the H-atom at C4 is more mobile and more 
easily cleaved. 

•	 Steps 4,5: Protonation of the hydroxyl group at C2 as it is 
closer to the double bond, which is highly electrophilic and 
release of a water molecule.

•	 Step 6. Catalyst deprotonation and recovery. Here there are 
three possibilities for releasing a hydrogen proton: from C1, 
from C3 or form C5. Because of its sp2-hybrid state, C-H bond 
at C3=C4 double bond is the strongest of all C-H bonds in the 
pyran ring and the H atom at C3 is strongly bonded and can-
not be easily cleaved. The other two possibilities are C1 or 
C5, which are adjacent to the pyran O-atom, but C5 is closer 
to the most electronegative element in the pyran ring, which 
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is the double bond at C3=C4. Therefore the two H-atoms at 
C4 are more mobile than the H-atom at C3 and one of them is 
released as a proton. At the same time, the ring opens form-
ing a di-hydroxy aldehyde.

•	 Step 7: Protonation of the HO-group at C4. 

•	 Step 8: Dehydration.

•	 Step 9: Intramolecular nucleophilic attack of HO-group (the 
only one after dehydration three times) to positive charge 

and formation of furfural ring.

•	 Step 10: Deprotonation and turning back the final catalyst.

Conclusion
The lowest charge on C-6 of Carbocation-1 indicates the highest 

charge distribution along the chain and the highest stability of Carbo-
cation-1 Figure 3. After first deprotonation on C-6 and Carbocation-1 
appearance, we have a completely new chemical structure and we can 
suppose what happens next as presented in Figure 2.

Figure 2: Carbocations of cyclic ribopyranose.      

Figure 3: Ribopyranose reaction.
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