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INTRODUCTION
Recent achievements in nuclear magnetic studies

are of great theoretical and practical value. In particu�
lar, nuclear relaxation (theory and applications) was
discussed in numerous publications, the number of
which is constantly growing.

Nuclear magnetic relaxation spectroscopy is a
convenient tool for comparing the theoretical models
of molecular structure and investigating the relax�
ation mechanisms in studies of the dynamics of vari�
ous solutions; it can also be used for determining the
activation energies of molecular motions, intra� and
intermolecular interactions, complexations, associa�
tions, etc. [1–12].

As is known, carbonyl�substituted alkenylphenols
are used as reagents in organic synthesis and stabilizer
monomers in polymerizations [13]. It is therefore
interesting to study various acetate� and acetyl�substi�
tuted phenols by NMR relaxation spectroscopy and to
reveal a relationship between their structure and
behavior in the systems under study.

EXPERIMENTAL

The samples were studied on an Avance 300 Bruker
pulse spectrometer at an operating frequency of
300 MHz for 1H and 75 MHz for 13C (TopSpin 3.1 soft�
ware) equipped with a BVT 3200 temperature sensor. The
error of the sensor was not more than ±1 K.

The spin�lattice relaxation was evaluated by the
standard procedure using an inversion–reduction
pulse sequence [T�180�τ�90°] (the measurement error
was ±0.01–0.10 s).

The activation parameters of molecular motions
were calculated by the equation [3]

Е = 19.13[Т(1) Т(2)/(Т(2) – Т(1))]log(Т /Т ),

where Т(1) and Т(2) are the temperatures correspond�

ing to the relaxation times Т  and Т . The calcula�
tion error was ±0.1–0.5 kJ/mol. The NOE factor was
calculated from the intensity ratio in the spectra
recorded with full suppression of spin–spin proton
coupling and decoupling only during spectrum mea�
surements [14]. The samples were studied in ace�
tone�d6 and CCl4 solutions (a few drops of acetone�
d6 were used for a lock signal for CCl4 solutions). The
Fries rearrangements of phenol esters were per�
formed in the presence of AlCl3 or under UV irradia�
tion by known procedures [15–17].

RESULTS AND DISCUSSION

As model compounds, we used phenylacetate I,
p�tolyl acetate III, and their derivatives 2�hydroxyac�
etophenone II and 2�hydroxy�5�methylacetophenone
IV obtained by the Fries rearrangement
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For the methyl groups of all the four compounds,
we calculated the 1H and 13C spin�lattice nuclear
relaxation times (Т1) at different temperatures and
concentrations in deuteroacetone solutions. The
dipole–dipole C–H mechanism was found to prevail
for these fragments; this is typical of the dipole–dipole
mechanism of relaxation at elevated temperatures,
with spin�lattice relaxation times increasing concur�
rently. The activation energies of the molecular
motion were determined from the temperature depen�

dence of spin�lattice relaxation that is due to the
dipole–dipole mechanism [3, 7] (Table 1). The activa�
tion energies of the molecular motion for the methyl
groups on 1H and 13C nuclei are different, indicating
that anisotropic molecular reorientations occur in the
liquid [1].

Given below are the structural formulas of 2�prope�
nylphenylacetate V and the product of its Fries rear�
rangement 2�hydroxy�3�propenylacetophenone VI:

Table 1. 1H and 13C spin�lattice nuclear relaxation times (T1) and activation energies of the molecular motion in 5 and 10%
acetone�d6 solutions at different temperatures (x is the concentration of a compound)

x, % Fragment –20°C –5°C 5°C 22°C 40°C 50°C Е, kJ/mol

I

5
10

COCH3 (
1H) 2.43

2.35
3.68
3.27

4.51
4.45

4.73
4.55

5.25
5.13

5.81
5.75

8.45
8.68

5
10

COCH3 (
13C) –

7.28
–

8.53
–

10.27
12.37
11.49

12.60
11.65

–
12.04

–
4.88

II

5
10

COCH3 (
1H) 1.94

1.85
2.15
2.03

2.33
2.22

3.27
2.98

3.68
3.33

3.89
3.78

6.75
6.93

5
10

COCH3 (
13C) –

7.23
–

8.18
–

10.23
11.61
10.48

11.93
10.77

–
11.35

–
4.37

III

5
10

COCH3 (
1H) 2.38

2.19
2.91
2.69

3.43
3.05

3.77
3.70

4.61
4.52

5.64
5.22

8.37
8.42

5
10

COCH3 (
13C) –

5.87
–

7.47
–

8.05
9.29
9.40

–
11.43

12.31
12.03

–
6.96

5
10

ArCH3 (
1H) 1.83

1.83
2.17
2.14

3.38
2.97

3.75
3.29

4.57
4.12

4.74
4.68

9.23
9.11

5
10

ArCH3 (
13C) –

5.86
–

7.28
–

8.10
8.58
9.05

–
9.19

9.55
9.32

–
4.50

IV

5
10

COCH3 (
1H) 1.73

1.53
3.06
2.79

3.28
3.17

4.13
4.09

4.33
4.10

4.82
4.26

9.94
9.93

5
10

COCH3 (
13C) –

5.32
–

6.28
–

7.19
8.69
8.14

–
9.76

12.03
10.97

–
7.02

5
10

ArCH3 (
1H) 2.48

2.43
3.17
3.14

3.75
3.55

4.78
4.19

5.33
5.34

5.46
5.41

7.65
7.76

5
10

ArCH3 (
13C) –

8.15
–

9.07
–

9.23
8.63
9.42

–
10.71

10.21
11.61

–
3.43
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Table 2. 1H and 13C spin�lattice nuclear relaxation times (T1) and activation energies of the molecular motion of com�
pounds V in 5 and VI in 10% acetone�d6 solutions at different temperatures

Fragment 22°C 40°C Fragment x, % –20°C –5°C 5°C 22°C 40°C 50°C Е, kJ/mol

V VI
COCH3 (

1H) 2.99 3.78 COCH3 (
1H) 5 – – – 2.21 2.97 – –

COCH3 (
13C) 7.29 9.06 10 1.40 1.59 1.96 2.15 2.85 3.76 9.58

CH3 (
1H) 3.62 4.40 COCH3 (

13C) 5 – – – 8.25 8.98 – –
CH3 (

13C) 7.07 8.54 10 3.05 4.86 6.93 7.23 8.76 9.45 10.97
СH (

13С) 4.15 5.70 CH3 (
1H) 5 – – – 3.81 4.71 – –

CH (
13C) 4.06 5.63 10 1.90 2.57 3.32 3.46 4.38 4.53 8.43

СH (
13С) 4.09 5.23 CH3 (

13C) 5 – – – 8.03 9.72 – –
CH (

13C) 4.01 5.21 10 4.96 5.43 7.37 7.76 9.34 10.83 7.57
=СH (

13С) 6.16 7.46
=СH (

13С) 6.16 8.59

Table 3. Spin�lattice nuclear relaxation times (T1), η NOE factor, and DD and SR relaxation mechanisms for hydrogen�
bearing 13C at 22°C

Atom η Т1, s
α, % , s–1 , s α, % , s–1 , s

SR relaxation DD relaxation

I
С1 1.46 12.37 27 0.0218 45.87 73 0.0590 16.95
С4–С8 1.96
С5–С7 1.96
С6 1.88

II
С1 1.51 11.61 24.5 0.0211 47.39 75.5 0.0650 15.38
С5 1.87
С6 1.92
С7 1.94
С8 1.81

III
С1 1.47 9.29 26.5 0.0285 35.09 73.5 0.0791 12.64
С4–С8 1.90
С5–С7 1.88
С9 1.27 8.58 36.5 0.0425 23.53 63.5 0.0740 13.51

IV
С1 1.56 8.69 22 0.0253 39.53 78 0.0898 11.14
С5 1.88
С7 1.82
С8 1.80
С9 1.13 8.63 43.5 0.0504 19.84 56.5 0.0655 15.27

V
С1 1.88 7.29 6 0.0082 121.95 94 0.1289 7.76
С5 1.92 4.15 4 0.0096 104.17 96 0.2315 4.32
С6 1.82 4.06 9 0.0222 45.05 91 0.2241 4.46
С7 1.88 4.09 6 0.0147 68.03 94 0.2298 4.35
С8 1.88 4.01 6 0.0149 67.11 94 0.2344 4.27
С9 1.94 6.16 3 0.0049 204.08 97 0.1575 6.35
С10 1.88 6.16 6 0.0097 103.09 94 0.1526 6.55
С11 1.75 7.07 12.5 0.0177 56.49 87.5 0.1238 8.08

VI
С1 1.91 8.25 4.5 0.0055 181.8 95.5 0.1158 8.64
С11 1.79 8.03 10.5 0.0131 76.34 89.5 0.1115 8.97

R1
SR

T1
SR

R1
DD

T1
DD
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Our studies showed that the dipole–dipole C–H
mechanism prevailed for all hydrogen�bearing carbon
atoms. Using the temperature dependence for VI, we
determined the activation energies of the molecular
motion that controlled this relaxation mechanism
(Table 2).

According to Table 2, the spin�lattice relaxation
times Т1 are close for hydrogen�bearing aromatic car�
bons in V. This can be explained by the absence of the
dominant rotation axis for this molecule.

A comparison of the relaxation times of two CH3
groups and CH groups in V showed that for CH3 car�
bons, Т1 exceeded that of CH carbon. On the basis of
these data, we can conclude that spin�rotational (SR)
relaxation occurs along with dipole–dipole (DD)
relaxation for these groups [4]. The calculated frac�
tions of the DD and SR relaxations for the carbon of
the carbonyl and propenyl CH3 groups are 94 : 6 and
87.5 : 12.5%, respectively.

For VI, the data obtained in liquid suggest that a
relatively anisotropic molecular reorientation takes
place.

For several groups in I–VI, the dipole–dipole
and spin�rotational relaxation times were calculated
(Table 3). As is known, II and IV have an intramo�
lecular hydrogen bond. In continuation of this study,
we investigated hydrogen bonding in 2�hydroxy�3�
propenylacetophenone VI in 5% acetone�d6 and
CCl4 solutions. In the 1H NMR spectrum, the signal
of the hydroxyl group lies at 12.74 ppm. As a result of
the interaction with deuteroacetone in the 5% ace�
tone�d6 solution, the signal of the hydroxyl group
shifted to 12.93 ppm. These data suggest that
intramolecular hydrogen bonding occurs in this
compound too.

The hydrogen bond energies were calculated by
Schaefer’s method [12]. The intramolecular hydro�
gen bond energy of II, IV, and VI was found to be
8 ± 1 kcal/mol (for II and IV in CDCl3 solution, the
signal of the hydroxyl group was observed at 12.11 and
12.10 ppm, respectively).

A comparison of the intramolecular hydrogen bond
energies of II, IV, and VI with those of ortho�aminom�
ethylated alkenylphenols [8] showed that the energies
of the latter were smaller than those of ortho�
acetylphenols. For aminomethylated derivatives, the

bond energies varied from 5.2 to 6.3 kcal/mol, which
agrees well with the data of [6].

According to Table 3, Т1 for acetyl methyl groups
decreased after the Fries rearrangement. This decrease
in the mobility of methyl groups could be explained by
the intramolecular hydrogen bonding.

The copolymers obtained from 2�hydroxy�3�pro�
penylacetophenone VI are proof against light and
other factors.

The results of our studies on 13C and 1H spin�lat�
tice nuclear relaxation adequately reflect the
dynamics of the behavior of molecules in solution
and can be effectively used for determining the
compositions, mobility, and activation energies of
various systems.

REFERENCES

1. V. I. Bakhmutov, Practical NMR Relaxation for Chemists
(Wiley, New York, 2004).

2. A. A. Vashman and I. S. Pronin, NMR Relaxation and
Its Application in Chemical Physics (Nauka, Moscow,
1979) [in Russian].

3. A. A. Vashman and I. S. Pronin, NMR Relaxation Spec�
troscopy (Moscow, 1986) [in Russian].

4. G. Levi and G. Nel’son, in Guide on Nuclear Magnetic
Resonance of Carbon�13 (Moscow, 1975) [in Russian].

5. Hydrogen Bond, Ed. by N. D. Sokolov (Nauka, Mos�
cow, 1981) [in Russian].

6. V. V. Moskva, Soros. Obras. Zh. 2, 58 (1999).

7. V. V. Leksin, V. V. Syakaev, and Ya. D. Samuilov, Butle�
rov. Soobshch., p. 61 (1999).

8. A. M. Magerramov, M. R. Bairamov, and I. G. Mame�
dov, Zh. Fiz. Khim. 82, 1382 (2008) [Russ. J. Phys.
Chem. A 82, 1229 (2008)].

9. I. G. Mamedov, A. M. Maharramov, and M. R. Bayra�
mov, in Proc. of the Actual Problems of Magnetic Reso�
nance and its Application, Kazan, Sept. 23–28, 2007,
p. 165.

10. I. G. Mamedov, A. M. Magerramov, and I. G. Baira�
mov, in Proc. of the 9th Intern. Seminar on Magnetic Res�
onance, Rostov�on�Don, Sept. 15–20, 2008, p. 43.

OCOCH3

CH=CH−CH3

12

3

8

7

6

5

4
9 10 11

(V)

OH

COCH3H3C−CH=CH
3

8

7

6

5

4

12

91011

(VI)



2186

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vol. 84  No. 12  2010

MAMEDOV et al.

11. I. G. Mamedov, A. M. Magerramov, and M. R. Baira�
mov, in Proc. of the 5th Winter Youth School�Conf.,
St.�Petersburg, Dec. 1–5, 2008, p. 148.

12. T. Schaefer, J. Phys. Chem. 79, 1888 (1975).

13. V. Ya. Shlyapintokh, Photochemical Transformations
and Stabilization of Polymers (Carl Hanzer, München
Wien, 1981; Khimiya, Moscow, 1979).

14. S. Braun, H. O. Kalinowski, and S. Berger, 100 and
More Baseic NMR Experiments (VCH, 1996).

15. C. Buehler and D. Pearson, Survey of Organic Syntheses
(Wiley Intersci., New York, 1970; Mir, Moscow, 1973),
Vol. 2.

16. L. Tietze and T. Eicher, Reactions and Syntheses: In the
Organic Chemistry Laboratory (Wiley, VCH, 2007; Mir,
Moscow, 1999).

17. Preparative Organic Chemistry, Ed. by N. S. Wolfson
(Goskhimizdat, Moscow, 1959) [in Russian].



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /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
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /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
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


