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AM1 QUANTUM-CHEMICAL STUDY OF THE MECHANISM
OF THE CYCLOCONDENSATION OF 4-HYDROXY-4-METHYL-
2-PENTANONE WITH ETHYL CYANOACETATE

M. Fleisher, D. Jansone, and E. Lukevics

The reaction of 4-hydroxy-4-methyl-2-pentanone with ethyl cyanoacetate in the presence of ammonium
acetate is a consecutive-parallel multistep domino process. The regioselectivity of the reaction is due to
the direction of the electrophilic attack of the intermediate formed in the first step, namely, ethyl
2-cyano-3,5-dihydroxy-3,5-dimethylhexanoate.
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The reaction of 4-hydroxy-4-methyl-2-pentanone with ethyl cyanoacetate in the presence of ammonium
acetate not only holds great practical importance but also holds considerable theoretical interest in light of the
circumstance that, for example, either an oxygen-containing or nitrogen-containing heterocyclic compound may
be obtained depending on the reaction conditions [1].
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A lactone is formed in the presence of catalytic amounts of ammonium acetate (pathway A). On the other
hand, a lactam is obtained when the concentration of ammonium acetate is increased considerably such that it
acts as a reagent (pathway B).

In the present work, we used the AM1 semiempirical quantum-chemical method to study the mechanism
of this cyclocondensation [2]. Experience has shown that activation energies, electron affinities, and heats of
deprotonation obtained by this method are in good accord with experimental data [3]. Furthermore, the AMI1
method gives results for addition and cyclization reactions, which are comparable in accuracy to ab initio
calculations [4].
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The mechanism for the activation of 4-hydroxy-4-methyl-2-pentanone was examined in our previous
work [5]. Protonation of this alcohol occurs by the action of the catalyst components with an activation energy of
7.3 kecal/mol.

The nucleophilic attack in the reaction of the other reagent, ethyl cyanoacetate, with the acetate anion
involves the methylene group. Deprotonation of the ethyl cyanoacetate molecule occurs as the result of the
transfer of one of the hydrogen atoms in the anion. The activation energy found for this process was found to be
5.8 kcal/mol.

The reaction between the two activated species, namely, protonated 4-hydroxy-4-methyl-2-pentanone
and deprotonated ethyl cyanoacetate, proceeds without a barrier and enthalpy AH = -140.4 kcal/mol and leads to
an adduct with a C-C single bond. In the initial position selected (Fig. 1a), the distance between the oppositely-
charged C(1) and C(2) atoms was 4.708 A.

In the adduct obtained (Fig. 1b), this distance is 1.559 A, which corresponds to the standard single bond
value [6]. According to the [IUPAC nomenclature rules, this adduct is the ethyl ester of 2-cyano-3,5-dihydroxy-
3,5-dimethylhexanoic acid (1).

Fig. 1. Reaction between protonated 4-hydroxy-4-methyl-2-pentanone and deprotonated
ethyl dicyanoacetate: @) initial state, ) reaction product, namely, ethyl 2-cyano-3,5-dihydroxy-
3,5-dimethylhexanoate (the distances here as in Figs. 2-4 are given in angstroms).

Fig. 2. Dehydration of adduct 1: a) prereaction complex, b) reaction products: ethyl ester
of (2)-2-cyano-5-hydroxy-3,5-dimethyl-2-hexenoic acid, acetic acid, H,O, and NHj.
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The reaction of adduct 1 with the catalyst components leads to formation of a prereaction complex with
heat of complexation AH = -99.9 kcal/mol (Fig. 2a). Figure 1 shows that there are two most probable directions
for attack of the adduct by a proton from the ammonium cation: either O(1) of the hydroxyl group at C(1) or
O(2) of the ethoxy group.

The O(1)-H(2) distance was taken as the reaction coordinate. Dehydration of adduct 1 occurs after
reaching the transition state system (activation energy E, = 11.8 kcal/mol), leading to a compound with a C(1)-C(2)
double bond (1.357 A), which is the product of the Knoevenagel aldol condensation reaction, namely, the ethyl
ester of (Z)-2-cyano-5-hydroxy-3,5-dimethyl-2-hexenoic acid (2a) (Fig. 2b). The enthalpy of this reaction
AH = -51.7 kcal/mol.

Our calculation showed that intermediate 2a has high electron affinity. The proton adds to the terminal
O(3) atom bearing significant negative charge (-0.328) AH = -154.0 kcal/mol), which enhances the charge
differentiation on C(3) and O(4): the positive charge on C(3) is enhanced from 0.355 to 0.465, while the negative
charge on O(4) increases from -0.329 to -0.393. The free valence index of C(3) also increases from 0.172 to
0.270.

The nucleophilic attack of protonated intermediate 2a by the acetate anion proceeds at H(3) of the hydroxyl
group at the isopropylic carbon atom (Fig. 3). This reaction takes place spontaneously with AH = -156.8 kcal/mol.

Fig. 3. Reaction of the protonated Knoevenagel reaction product 2a and acetate anion:
a) initial position, b) intermediate state, and c) reaction products: 2-ethoxy-2-hydroxy-
4,6,6-trimethyl-5,6-dihydro-2H-pyran-3-carbonitrile and acetic acid.

A change in the geometry of the anion occurs as the reactive species approach each other, steadily
leading to a decrease in the distance between oppositely-charged O(4) and C(3). A cyclic carbocation is formed
upon closure of the bond between these atoms (Fig. 3a), which, after transfer of proton H(3) to the acetate anion,
converts to the intermediate 2-ethoxy-2-hydroxy-4,6,6-trimethyl-5,6-dihydro-2H-pyran-3-carbonitrile (3a) (Fig.
3c).

The last step in this pathway involves the loss of ethanol. An ethanol molecule and intermediate
carbocation are obtained (AH = -138.0 kcal/mol) after attack of the ethoxy group oxygen atom by a proton.

The subsequent reaction of the carbocation with the acetate anion occurs exothermally without an energy
barrier (AH = -154.7 kcal/mol). Figure 4a shows our starting position. The final reaction product,
4,6,6-trimethyl-2-0x0-5,6-dihydro-2H-pyran-3-carbonitrile (4) (Fig. 4b), is formed after approximation of the
reacting species and capture of the proton of the hydroxyl group of the carbocation by O(1) in the acetate anion.
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Fig. 4. Reaction of the cyclic carbocation with acetate anion: ) initial state,
b) final cyclocondensation reaction product, 4,6,6-trimethyl-2-oxo-
5,6-dihydro-2H-pyran-3-carbonitrile.

a b c

Fig. 6. Reaction of protonated complex with acetate anion: a) loss of H,O molecule,
b) addition of ammonia molecule to carbonyl group, ¢) reaction products: amide
of (E)-2-cyano-5-hydroxy-3,5-dimethyl-2-hexenoic acid, acetic acid, and H,O.
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Now, let us examine the course of the reaction when the proton attacks O(2) of the ethoxy group
(Fig. 2a). Our calculation shows an electrophilic bimolecular elimination reaction giving a ketene derivative,
3,5-dihydroxy-3,5-dimethyl-2-oxomethylenehexanenitrile (2b) (Fig. 5).

The complex consisting of intermediate 2b and an ammonia molecule formed in the previous reaction
step is activated by capture of a proton by O(1) of the hydroxyl group at C(1). Subsequent reaction of the
protonated complex with acetate anion proceeds spontaneously (AH = -185.5 kcal/mol) (Fig. 6).

A water molecule is initially lost from C(1) (Fig 6a). Then, a molecule of NH; adds to this carbon atom
(Fig. 6b) and capture of one of the hydrogen atoms by an acetate anion leads to the amide of (£)-2-cyano-
5-hydroxy-3,5-dimethyl-2-hexenoic acid (3b) (Fig. 5¢).

In previous work [5], we have shown that the amide form of a chemical compound readily converts to
the iminol tautomer by the action of ammonium acetate. Thus, under the conditions of the reaction studied, 3b
will convert to 2-cyano-5-hydroxy-3,5-dimethyl-2-hexenimidic acid (4b). According to our previous work [5],
4b will convert through intramolecular nucleophilic substitution into 4,6,6-trimethyl-2-oxo0-1,2,5,6-
tetrahydropyridine-3-carbonitrile (5), i.e., into the final reaction product through pathway B (Scheme 1).

Thus, our study has shown that the reaction of 4-hydroxy-4-methyl-2-pentanone with ethyl cyanoacetate
in the presence of ammonium acetate is a consecutive-parallel multistep domino process. The regioselectivity of
the reaction results from the direction of the electrophilic attack on adduct 1 formed in the first step. Upon attack
by the hydroxyl group proton, the reaction proceeds through pathway A, which consists of consecutively formed
intermediates 2a and 3a and, then, lactone 4 as the final product (Scheme 2).
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Pathway B occurs when the proton adds to the ethoxy group oxygen atom. Ketene 2b is formed initially
and, in the presence of excess ammonium acetate, converts to amide 3b, whose iminol tautomer 4b then converts
to the reaction product, lactam 5.
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We should note the increasing recent interest in domino reactions due, primarily, to the search for new
strategies for the synthesis of complex organic compounds. Various aspects of this subject have been discussed
in many reviews and monographs
[7-12].

EXPERIMENTAL

The quantum-chemical calculations were carried out using the AM1 semiempirical method [2] in the
MOPAC 6.0 program package [13]. The complete optimization of the geometrical parameters of all the structures and
reaction complexes was performed with key words of the EF and PRECISE programs. Preliminary localization of the
transition states was carried out using the reaction coordinate method. The subsequent search was carried out by
minimization of the gradient norm (NLLSQ). Verification of the nature of the stationary points (minima and maxima)
of the potential energy surface was carried out by analyzing the vibrational frequencies of the system. The computer
design of the reaction systems and post processing visualization were carried using the ChemCraft [14] and Jmol
programs [15].

REFERENCES

1. D. Jansone, M. Fleisher, G. Andreeva, L. Leite, and E. Lukevics, Khim. Geterotsikl. Soedin., 1863
(2005) [Chem. Heterocycl. Comp., 41, 1537 (2005)].

2. M. J. S. Dewar, E. G. Zoebisch, E. F. Healy, and J. J. P. Stewart, J. Am. Chem. Soc., 107, 3902 (1985).
3. K. M. Merz, R. Hoffmann, and M. J. S. Dewar, J. Am. Chem. Soc., 111, 5636 (1989).
4, R. Rajamani and J. Gao, J. Am. Chem. Soc., 125, 12768 (2003).
5. M. Fleisher, D. Jansone, L. Leite, and E. Lukevics, Khim. Geterotskikl. Soedin., 209 (2006). [Chem.
Heterocycl. Comp., 42, 184 (2006)].
6. F. H. Allen, O. Kennard, and D. G. Watson, J. Chem. Soc., Perkin. Trans. 2, S1 (1987).
7. T.-L. Ho, Tandem Chemical Reactions, Wiley, New York (1992).
8. B. M. Trost, Angew. Chem., Int. Ed., 34, 259 (1995).
9. V. P. Litvinov, Uspekhi Khim., 72, 75 (2003).
10. K. C. Nikolaou, D. J. Edmonds, and P. G. Bulger, Angew. Chem., Int. Ed., 45, 7134 (20006).
11. L. F. Tietze, G. Brasche, and K. Gericke, Domino Reactions in Organic Synthesis, Wiley-VCH,

Weinheim (2006).
12. H. Pellissier, Tetrahedron, 62, 3143 (2006).
13. J. J. P. Stewart, MOPAC, Version 6, QCPE No. 455, Bloomington (1984).
14. ChemCeraft: http://chemcraft.boom.ru.
15. Jmol: http://www.chem.columbia.edu~gezelter.

165



	Chemistry of Heterocyclic Compounds, Vol. 43, No. 2, 2007
	M. Fleisher, D. Jansone, and E. Lukevics

	EXPERIMENTAL
	The quantum-chemical calculations were carried out using the
	REFERENCES


<<
  /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 1.4
  /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
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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 600
  /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 (None)
  /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


