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Abstract�The state of hydroxyacetone in neutral aqueous solutions was studied by 1H and 13C NMR and
UV spectroscopy. In the concentration range 0.1�1.41 M, 96�98% of hydroxyacetone exists in the carbonyl
form. The content of the hydrated form of hydroxyacetone is 2�4%. No dimeric and polymeric species were
detected.

The carbonyl group in aldehydes is highly reactive
toward nucleophilic agents. In particular, in aqueous
solutions a dynamic equilibrium is attained between
the hydrated and free carbonyl compounds. The equi-
libria between various molecular species and the dy-
namics of their attainment in aqueous solutions of
aliphatic aldehydes, ketones, and some of their deriva-
tives have been studied fairly comprehensively [1�14].

A specific feature of hydroxy carbonyl compounds
is the presence of an internal nucleophile, hydroxy
group. Therefore, in aqueous solutions of such com-
pounds, there are actually three types of nucleophiles
competing for the carbonyl group: external (water and
the hydroxy group of a second molecule) and internal
(hydroxy group of the same molecule, in cases when
an unstrained five- or six-membered ring can be
formed) [15�23]. This gives rise to complex equilibria
in aqueous solutions, and the solution composition
should be studied in each particular case. For exam-
ple, studies of aqueous solutions of hydroxy alde-
hydes (glycolaldehyde; D,L-glycerinaldehyde) and
hydroxy ketones (dihydroxyacetone) revealed forma-
tion of various cyclic structures along with the free
and hydrated carbonyl species [17�22]. The behavior
of hydroxyacetone in aqueous solutions may also be
complex.

Studies of the state of compounds in solutions
acquire particular importance as applied to biological
systems. Hydroxyacetone is the product of radical
fragmentation of some lipids of cell membranes;
therefore, it attracts our attention. It was shown pre-
viously that the reactivity of hydroxy carbonyl com-
pounds in aqueous solutions depends on their struc-
ture and can be different for different forms. For ex-
ample, aldehydes in the carbonyl form rapidly react
with hydrated electron but virtually do not react with

it when occurring in the hydrated or hemiacetal form
[24�26]. Since an equilibrium solution contains all
the forms of a carbonyl compound, the reactivity of
such a system will depend not only on the content of
various species but also on the rates of their mutual
transformation. In studies of the homolytic transfor-
mations of hydroxyacetone molecules in aqueous solu-
tions, it is necessary to know the composition of the
equilibrium mixture, so as to gain insight into the
structure of possible radical species and their trans-
formation pathways. Therefore, we performed this
study aimed at elucidating the state of hydroxyacetone
in aqueous solutions by spectroscopic methods.

Application of UV spectroscopy to studies of aque-
ous solutions of carbonyl compounds is based on the
light absorption in the range 270�290 nm by mole-
cules containing a free carbonyl group, whereas the
hydrated and hemiacetal species do not absorb in this
range. Hence, comparison of the molar extinction
coefficients of hydroxyacetone in aqueous solution
and in an aprotic solvent allows evaluation of the con-
tent of its carbonyl form in the equilibrium solution,
and monitoring of the absorption in time furnishes
information on the dynamics of attainment of the
equilibrium. As aprotic solvent we chose DMSO,
since the isomerization rate of the simplest hydroxy
carbonyl compounds (glycolaldehyde, dihydroxyace-
tone) in this solvent is low [16, 21�23], and the sol-
vent itself does not interfere with monitoring of the
absorption at 270�290 nm. Figure 1 shows the UV
spectra of solutions of hydroxyacetone in DMSO and
water of various concentrations. The absorption maxi-
mum in DMSO is about 274 nm, and it shifts toward
shorter wavelengths in aqueous solutions. The concen-
tration dependence of the optical density of hydroxy-
acetone solutions in both water and DMSO follows
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Fig. 1. UV absorption spectra of solutions of hydroxy-
acetone in (1�3) water and (4�6) dimethyl sulfoxide.
Hydroxyacetone concentration, M: (1, 4) 0, (2) 4.9 �

10�2, (3) 9.9 � 10�2, (5) 6.24 � 10�2, and (6) 1.25 � 10�1.

the Bouguer�Lambert�Beer law; the molar extinction
coefficients are given in Table 1.

We found that the carbonyl absorption of a freshly
prepared solution of hydroxyacetone in DMSO does
not change in time. This means that either the equilib-
rium is attained very fast, or the carbonyl form is the
only form of the compound in solution. Since isomer-
ization and monomerization of dimeric species of
hydroxy carbonyl compounds in this solvent were
observed experimentally [16, 21�23], we concluded
that such species were absent from the very beginning.
Hence, the observed absorption apparently belongs to

Table 1. Spectral characteristics of solutions of hydroxy-
acetone in water and dimethyl sulfoxide
����������������������������������������

Solvent
� Molar extinction coefficient, �

�, nm
� l mol�1 cm�1 �

����������������������������������������
DMSO � 20.7�1.4 � 274.7

� 24.0�1.3 � 273.9
� 23.5�1.6 � 272.5

Average� 22.7�0.8 � 273.7� �
H2O � 22.3�0.7 � 269.5

� 25.0�1.6 � 269.5
� 20.2�0.9 � 269.5

Average� 21.9�0.5 � 269.5
����������������������������������������

the single species, monomeric carbonyl form of hy-
droxyacetone, and the molar extinction coefficient of
this species is 22.7�0.8 l mol�1 cm�1 (Table 1).

In aqueous solutions of hydroxyacetone, the opti-
cal density did not change in time either; therefore,
the absorption in this case was also assigned to the
monomeric species. The molar extinction coefficient
of hydroxyacetone in aqueous solution is 21.9�
0.5 l mol�1 cm�1, coinciding within experimental error
with that in DMSO. Hydration of the carbonyl group
in aqueous solution appreciably decreases the apparent
extinction coefficients of carbonyl compounds, be-
cause the hydrated species do not absorb in this range
[6, 11�13]. Therefore, we can conclude that the con-
tent of hydrated hydroxyacetone species in aqueous
solution is insignificant.

Rich information on the state of hydroxyacetone
in aqueous solutions is furnished by NMR spectros-
copy, since this method allows simultaneous monitor-
ing of the existing species and measurement of their
concentrations. Figure 2a shows the 1H NMR spec-
trum of a 0.1 M aqueous solution of hydroxyacetone.
Along with the HDO signal, the spectrum contains
two strong singlets at 1.92 and 4.15 ppm assignable
to the methyl and methylene protons of nonhydrated
hydroxyacetone molecules. The ratio of the integral
intensities of these signals is 3 : 2 with a high accu-
racy. In the range of hydroxyacetone concentrations
in D2O from 0.1 to 1.41 M, the spectrum was similar.
The 1H NMR spectrum of hydroxyacetone in an
aprotic solvent, CDCl3, consists of three singlets at
2.09 (CH3), 3.27 (OH), and 4.19 ppm (CH2) (Table 2);
their intensity ratio is 3 : 1 : 2. The spectrum does not
vary in time and is not altered on adding p-toluene-
sulfonic acid.

Hydration of hydroxyacetone molecules [reac-
tion (1)] results in transformation of the carbonyl
group into a gem-diol group, affecting the chemical
shifts of protons at adjacent carbon atoms:

C
�O��

H2CH3C
�OH + H2O ��

�� C��
H2CH3C
�OH
��HO OH

(1)

For example, the chemical shift of the methylene
protons in the hydrated form of glycolaldehyde,
HOCH2CH(OH)2, is 3.25 ppm [19], i.e., the signal
is shifted upfield by 1.0�1.1 ppm relative to the non-
hydrated species (4.30 ppm). Therefore, it can be
expected that the signals of the methylene group in
the hydrated form of hydroxyacetone will be located
in the range 3.2�3.3 ppm. Indeed, all the spectra con-
tain a weak singlet at 3.25 ppm, assignable to the
methylene protons of the hydrated hydroxyacetone
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Fig. 2. 1H NMR spectra of (a) hydroxyacetone and (b, c) dihydroxyacetone in D2O: (a, b) after attainment of the equilibrium
and (c) immediately after dissolution. Concentration of hydroxy carbonyl compound, M: (a) 0.1�1.4, (b) 0.1, and (c) 1.0.

species, and the corresponding weak singlet of methyl
protons at 1.21 ppm. The content of the hydrated hy-
droxyacetone species in aqueous solution, estimated
from the ratio of the integral intensities of the corre-
sponding methylene signals, is as low as 2%; this
value is consistent with the UV data.

The assignment of the signal at 3.26 ppm to the
HO CH2C(OH)2CH3 prtons is confirmed by the 1H
NMR spectrum of a 0.1 M solution of dihydroxyace-
tone in D2O after attainment of the equilibrium
(Fig. 2c). Apart from the signals of HDO and 1,4-di-

oxane (internal reference), the spectrum contains two
singlets with the chemical shifts of 4.20 and 3.35 ppm
(intensity ratio 3.35 : 1). Since there are virtually no
other signals in the spectrum, they should be assigned
to the methylene protons of the free and hydrated
forms of dihydroxyacetone. The chemical shifts are
close to those of the respective signals in the spectrum
of hydroxyacetone. The relative content of the hy-
drated form of dihydroxyacetone in equilibrium 0.1 M
solution is 23%; this value is considerably higher than
the relative content of the hydrated form of hydroxy-
acetone and is consistent with data of [23].
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Table 2. Signal assignment in the 1H and 13C NMR spectra of the free and hydrated forms of hydroxyacetone and dihydr-
oxyacetone (0.1 M solutions)
������������������������������������������������������������������������������������

Compound � Solvent � Form � �, ppm � �C, ppm
������������������������������������������������������������������������������������

Hydroxyacetone � D2O �Free �1.92 s (3H, CH3), 4.15 s (2H, �24.80 (CH3), 66.50 (CH2),
� � �CH2) �212.45 (C=O)
� �Hydrated �1.21 s (3H, CH3), 3.26 s (2H, �23.50 (CH3), 65.00 (CH2),
� � �CH2) �95.44 [C(OH)2]
� CDCl3 �Free �2.09 s (3H, CH3), 3.27 br.s �25.00 (CH3), 67.00 (CH2),
� � �(2H, OH), 4.19 s (2H, CH2) �210.05 (C=O)

Dihydroxyacetone � D2O ��� �4.26 s (4H, CH2) �69.32 (CH2), 214.73 (C=O)
� �Hydrated �3.35 s (4H, CH2) �66.32 (CH2), 97.80 [C(OH)2]

������������������������������������������������������������������������������������

The 13C NMR spectrum of free hydroxyacetone
consists of the signals at 24.80 (CH3), 66.50 (CH2),
and 212.45 ppm (C=O), and the spectrum of the hy-
drate consists of the signals at 23.50 (CH3), 65.00
(CH2), and 95.44 ppm [C(OH)2] (Table 2). The signal
assignment is consistent with data of [27]. The 13C
NMR spectrum of an equilibrium 0.1 M solution of
dihydroxyacetone in D2O also contained signals of the
free [69.32 (CH3) and 214.73 ppm (C=O)] and hy-
drated {66.32 (CH2) and 97.80 ppm [C(OH)2] forms
(Table 2).

C
�O���OH + H2O ��

��

CH2
�
CH2

HO C���OH

CH2
�
CH2

HO
��HO OH

(2)

The 1H NMR spectrum of a 1.0 M solution of dihy-
droxyacetone contained, along with the above-men-
tioned singlets, also multiplets at 3.8�4.0 and 3.2�
3.6 ppm (Fig. 2c). These signals should be assigned to
cyclic hemiacetal dimers [16, 22, 23]:
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Since in the spectra of hydroxyacetone solutions
such signals are absent even at a concentration as high
as 1.4 M, we can conclude that hydroxyacetone exists
in solutions exclusively in the monomeric form.

Thus, our experimental data show that hydroxyace-
tone in aqueous solutions exists as a monomer, with

the relative content of the carbonyl and hydrated
forms being 96�98 and 2�4%, respectively. The
equilibrium is apparently attained within several min-
utes (during the time of solution preparation).

EXPERIMENTAL

Hydroxyacetone (Merck) was used without addi-
tional purification. The main substance content, ac-
cording to chromatographic analysis, was no less than
98%. Dihydroxyacetone (Merck) was vacuum-dried
and stored in an inert atmosphere. Solutions were
prepared volumetrically in distilled water or in analyt-
ically pure grade dimethyl sulfoxide (DMSO).

The UV spectra were recorded on a Specord M-40
spectrophotometer in 1�10-mm quartz cells. The 1H
and 13C NMR spectra were taken on a Bruker AM-250
spectrometer (working frequency 250 and 62.9 MHz,
respectively) at room temperature. The deuterium
content in D2O was 99.7 at. %. The chemical shifts
were determined relative to the signals of HDO (�
4.65 ppm) and 1,4-dioxane (� 3.65, �C 67.45 ppm),
and also of CDCl3 (� 7.26, �C 77.00 ppm). The 13C
signals were assigned using the DEPT technique: CH
and CH3 (+), CH2 (�), and C (0).

REFERENCES

1. Bell, P.B. and Darwent, B.B., Trans. Faraday Soc.,
1950, vol. 46, no. 325, p. 34.

2. Bell, P.B. and Clunie, J.C., Trans. Faraday Soc., 1952,
vol. 48, no. 353, p. 439.

3. Bell, P.B., Rand, M.H., and Wynne-Jones, K.M.A.,
Trans. Faraday Soc., 1956, vol. 52, no. 404, p. 1093.

4. Bell, P.B. and McDougall, A.O., Trans. Faraday Soc.,
1960, vol. 56, no. 453, p. 1281.

5. Lombardi, E. and Sogo, P.G., J. Chem. Phys., 1960,
vol. 32, no. 2, p. 635.



RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 73 No. 7 2003

A 1H AND 13C NMR AND UV STUDY OF THE STATE 1031

6. Gruen, L.C. and McTigue, P.T., J. Chem. Soc., 1963,
no. 11, p. 5217.

7. Gruen, L.C. and McTigue, P.T., J. Chem. Soc., 1963,
no. 11, p. 5224.

8. Hooper, D.L., J. Chem. Soc. (B), 1967, no. 3, p. 169.

9. Kurz, J.L., J. Am. Chem. Soc., 1967, vol. 89, no. 14,
p. 3524.

10. Kurz, J.L. and Coburn, J.I., J. Am. Chem. Soc., 1967,
vol. 89, no. 14, p. 3528.

11. Siling, M.I. and Aksel’rod, B.Ya., Zh. Fiz. Khim.,
1968, vol. 42, no. 11, p. 2780.

12. Socrates, G., J. Org. Chem., 1969, vol. 34, no. 10,
p. 2958.

13. Pocker, Y. and Dikerson, D.G., J. Chem. Phys., 1969,
vol. 73, no. 11, p. 4005.

14. Guthrie, J.P., Can. J. Chem., 1975, vol. 53, no. 6,
p. 898.

15. Hurd, C.D. and Saunders, W.H., J. Am. Chem. Soc.,
1952, vol. 74, no. 21, p. 5324.

16. Stassinopoulou, C.I. and Zioudrou, C., Tetrahedron,
1972, vol. 28, no. 5, p. 1257.

17. Glushonok, G.K., Petryaev, E.P., and Shadyro, O.I.,
Zh. Fiz. Khim., 1984, vol. 58, no. 1, p. 111.

18. Glushonok, G.K., Petryaev, E.P., and Shadyro, O.I.,

Zh. Fiz. Khim., 1984, vol. 58, no. 1, p. 107.

19. Glushonok, G.K., Petryaev, E.P., Turetskaya, E.A.,
and Shadyro, O.I., Zh. Fiz. Khim., 1986, vol. 60,
no. 12, p. 2960.

20. Glushonok, G.K., Petryaev, E.P., Turetskaya, E.A.,
and Shadyro, O.I., Zh. Fiz. Khim., 1986, vol. 60,
no. 12, p. 2971.

21. Collins, G.C.S. and George, W.O., J. Chem. Soc. (B),
1971, no. 7, p. 1352.

22. Kobayashi, Y. and Takahashi, H., Spectrochim. Acta.
(A), 1979, vol. 35, no. 4, p. 307.

23. Davis, L., Bioorg. Chem., 1973, vol. 2, no. 3, p. 197.

24. Glushonok, G.K. and Petryaev, E.P., Khim. Vys.
Energ., 1989, vol. 23, no. 2, p. 109.

25. Pikaev, A.K. and Kabakchi, S.A., Reaktsionnaya spo-
sobnost’ pervichnykh produktov radioliza vody:
Spravochnik (Reactivity of Primary Products of Water
Radiolysis: A Handbook), Moscow: Energoizdat,
1982.

26. Pikaev, A.K., Sol’vatirovannyi elektron v radiatsi-
onnoi khimii (Solvated Electron in Radiation Chem-
istry), Moscow: Nauka, 1969.

27. Balashov, A.L., Danov, S.M., Krasnov, V.L., Cher-
nov, A.Yu., and Kvashennikov, A.I., Zh. Obshch.
Khim., 1998, vol. 68, no. 7, p. 1152.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.2
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


