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The preparation of highly substituted pyridazines via a tethered
imine-enamine (TIE) procedure
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Abstract

1,2,4,5-Tetrazines can be converted directly into cyclo-annelated pyridazines via an inverse
electron demand Diels-Alder procedure incorporating tethered imine-enamine (TIE)
methodology. This methodology provides an improved one-pot preparation of such compounds,
eliminating the need for either the preformation of the enamine or a separate aromatisation step,
and has been applied to 4 tetrazines producing 11 pyridazines.
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Introduction

The inverse electron demand Diels-Alder reaction of 1,2,4-triazines 1 with enamines 2 has been
previously utilised to prepare a range of substituted pyridines 5 (Scheme 1).' This procedure
was greatly improved by Boger et al. who developed modifications which enabled the enamine 2
to be prepared in situ’ With more substituted examples, however, the final
elimination/aromatisation step of intermediate 4 can prove problematic and a separate
oxidation/Cope elimination may be required to complete the sequence.”*

To overcome this problem, we developed the tethered-imine-enamine (TIE) procedure
shown in Scheme 2.* Thus, N-methylethylenediamine on treatment with two equivalents of a
ketone in situ produces imine-enamine 7 which, after reaction with 1,2,4-triazine 1 and
subsequent retro-Diels-Alder reaction, generates the tethered imine 8a. We envisage the imine
acting as a tethered base to facilitate conversion into the corresponding pyridine 5 by promoting
an Elcb mechanism or epimerising adjacent to the amine leaving group to enable an anti-
elimination to take place. We also conjectured that the zwitterionic species 8a' could be present
to some extent thus enhancing the basic nature of the tethered imine (and mimicking the N-oxide
intermediate in the Cope elimination).
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Scheme 2

Whatever the validity of the mechanistic speculation shown in Scheme 2, the TIE
procedure was successfully utilised to prepare a wide range tri-, tetra- and penta-substituted
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pyridines 5 in high yields.* In this paper, we report on the extension of the TIE procedure to the
preparation of pyridazines from substituted-1,2,4,5-tetrazines.

Results and Discussion

Inverse eclectron demand Diels-Alder reactions of 3,6-disubstituted-1,2,4,5-tetrazines have
received considerable attention,'” although reactions with enamines derived from
cycloalkanones, leading to pyridazines have been less well explored.Sb’SC’5h In order to evaluate
the usefulness of the TIE methodology in this area, our first objective was to compare the TIE
methodology with standard Boger in sifu enamine procedure (Scheme 3). Thus, when the one-
pot reaction of commercially available diphenyltetrazine 9 with the enamine formed from
cyclohexanone and pyrrolidine was carried out, the non-aromatised adduct 10 was obtained as
the sole product in 69% yield. Application of the TIE procedure, that is treatment of tetrazine 9
with N-methylethylenediamine and two equivalents of cyclohexanone, resulted in the direct
formation of pyridizine 11, in a yield of 85% (Scheme 3). Further optimisation studies indicated
that the molecular sieves were not required and that the use of an excess of N-
methylethylenediamine (3 equiv.) and ketone (6 equiv.) sometimes gave improved yields - -these
conditions were therefore adopted as standard.

NH
_N Ph C N Ph
N~ T N
)\\ N | N
Ph N~ Ph
O ™0
9 10, 69%

CHCI3, mol. sieves, A, 20 h

69%
N//NYP“ MeHN  NH, NN PR
SN P CHClg, 20 h, 85%
Ph N Ph PhMe, 13 h, 85%
2 0
9 11
CHCI; or PhMe

mol. sieves, A
Scheme 3
Having successfully prepared pyridazine 11 in a one-step procedure, and having once
again demonstrated the efficiency of the TIE procedure in the aromatisation step, we went on to

explore the scope of the reaction with respect to the ketone (Table 1). It was established that
tetrazine 9 reacts efficiently with a range of cyclic ketones from cyclopentanone to
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cyclooctanone giving the corresponding pyridazines 11-14 in high yields (85-97%, entries i-iv)
under TIE conditions, a considerable improvement over the published”™® procedure in terms of
both operational simplicity and yields. Tetrazine 9 also underwent reaction with 3-coumaranone
to give pyridazine 15 in 95% yield by a one-pot process (entry v): the reported™ procedure for
the preparation of 15, not only requires preformation of the enamine (derived from pyrrolidine
and 3-coumaranone), but also requires a second aromatisation step, giving 15 in a 60% overall
yield.

Table 1. Reactions of 3,6-diphenyl-1,2,4,5-tetrazine (9) with ketones (6.0 equiv.) and N-
methylethylenediamine (3.0 equiv.) in refluxing toluene

Entry Tetrazine 9 Ketone Time Product Yield

N AN
| '@
N

13h 1 85%
N’N\\(©
I N /I/:>
ii N © 1.5h 12 93%
N’N\\(©
0O
ii @N 0 1.5h 13 97%
N’N\\(©
0
iv @N 0 12h 14 89%
_N
N| \\(@ o o)
N
v @N 2h 15 95%

Having successfully demonstrated the TIE procedure to be an improved method for the
direct conversion of tetrazine 9 into highly substituted pyridazines, we went on to explore the
scope of the reaction in terms of the tetrazine (Table 2). Atfah has reported the reaction of
commercially available 3,6-di-2-pyridyl-1,2,4,5-tetrazine (16) with the enamines derived from
cyclohexanone, cycloheptanone and cycloctanone but utilising a three-step synthesis (enamine
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formation, cycloaddition and aromatisation).”™ The requirement for a discrete aromatisation step
provided an opportunity to apply our TIE procedure to this more challenging substrate. As can
be seen (entries i-iii), pyridazines 17-19 were obtained in yields of 41%, 71% and 30%,
respectively, via the one-pot process using refluxing xylene as solvent (the yields in toluene were
considerably lower). The reaction of tetrazine 16 with cyclopentanone and N-
methylethylenediamine, failed to give corresponding pyridazine product.

Table 2. Reactions of tetrazines with carbonyl compounds (6.0 equiv.) and N-
methylethylenediamine (3.0 equiv.)

Entry Tetrazine Carbonyl Time Product Yield
g
N,N \N 0
X I <N é o0/a
i | P! 16 l1h 17 41%
g
NIIN\ \N (0]
N
. A N7 0/2
i | A 16 @ 2h 18 71%
“7
N,N\ \N (o]
S
0/a
i1l | P! 16 1h 19 30%
@ °s 5 min 20 90%"
iv N,N\ \N
B I N
| ~ZN 16
© 22 86%"

N Yg S 5 min ' 24 80%"¢
. NSO Me0,C”
Vi Meo\[H\N,,N
23

*In refluxing xylene (yields in PhMe at reflux were 17 (25%), 18 (35%), 19 (15%)).
°In PhMe at reflux.
‘Using 2 equiv. of aldehyde and 1 equiv. of diamine.
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Finally, we went on to extend the TIE procedure to the one-pot preparation of pyridazines
20, 22 and 24 from tetrazines 16, 21’ and 23® and phenylacetaldehyde (Table 2, entries iv-vi). In
these examples, the reactions were complete in 3-5 minutes on being heated in toluene. In the
case of tetrazine 21 (entry v), pyridazine 22 was obtained with complete regioselectivity (as
indicated by 'H NMR spectroscopy [8 8.00 ppm (1 H, d, J = 2.0 Hz) and 9.42 ppm (1 H, d, J =
2.0 Hz)]."

In summary, we have successfully extended the TIE methodology to prepare di-, tri- and
tetra-substituted pyridazines, some annelated, from the corresponding 1,2,4,5-tetrazines in a one-
pot process. This procedure does not require the use of pre-formed enamines, or a separate
aromatisation step, and in many examples gives almost quantitative yields of the pyridazine
products.

Experimental Section

General Procedures. Tetrazines 217 and 23° were prepared according to literature procedures.
All other reagents and solvents were of commercial grade. NMR spectra were recorded on Jeol
EX270 or Jeol ECX400 instruments and were recorded in CDCIl;. Melting points were
determined on a Gallenkamp melting point apparatus.

General experimental procedure

To a solution of tetrazine (1 equiv.) in toluene or xylene (see Tables, 2 mL) was added the
carbonyl compound (6 equiv.) and N-methylethylenediamine (3 equiv.). The mixtures were
heated at reflux for the specified time then allowed to cool and concentrated in vacuo.
Pyridazines 11-15, 22 and 24 were purified by flash chromatography on silica (dichloromethane-
ethyl acetate, 9:1), whereas pyridazines 17-20 were purified by flash chromatography on alumina
(deactivated with 6% H,O w/w) (dichloromethane-ethyl acetate, 8:2 for 17-19 and 1:1 for 20).
5,6,7,8-Tetrahydro-1,4-diphenylphthalazine (11). After 13 h at reflux using the general
procedure, 3,6-diphenyl-1,2,4,5-tetrazine 9 (50 mg, 0.21 mmol), cyclohexanone (133 uL, 1.28
mmol) and N-methylethylenediamine (56 pL, 0.64 mmol) gave the title compound 11 (51 mg,
85%) as a white solid, m.p. 172-174 °C (Lit.”® m.p. 172-174 °C) displaying consistent
spectroscopic data.

6,7-Dihydro-1,4-diphenyl-5H-cyclopenta|d]pyridazine (12). After 1.5 h at reflux using the
general procedure, 3,6-diphenyl-1,2,4,5-tetrazine 9 (50 mg, 0.21 mmol), cyclopentanone (113 pl,
1.28 mmol ) and N-methylethylenediamine (56 uL, 0.64 mmol) gave the title compound 12 (53
mg, 93%) as a white solid, m.p: 160-161 °C (Lit.™™ m.p. 161-163 °C) displaying consistent
spectroscopic data.

6,7,8,9-Tetrahydro-1,4-diphenyl-SH-cyclohepta[d|pyridazine (13). After 1.5 h at reflux using
the general procedure, 3,6-diphenyl-1,2,4,5-tetrazine 9 (50 mg, 0.21 mmol), cycloheptanone (151
pL, 1.28 mmol) and N-methylethylenediamine (56 uL, 0.64 mmol) gave the title compound 13
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(61 mg, 97%) as a white solid, m.p. 152-155 °C (Lit.>" m.p. 152-154 °C) displaying consistent
spectroscopic data.

5,6,7,8,9,10-Hexahydro-1,4-diphenyl-cycloocta[d]pyridazine (14). After 12 h at reflux using
the general procedure, 3,6-diphenyl-1,2,4,5-tetrazine 9 (50 mg, 0.21 mmol), cyclooctanone
(168 puL, 1.28 mmol) and N-methylethylenediamine (56 pL, 0.64 mmol) gave the title compound
14 (59 mg, 89%) as a white solid, m.p. 163-165 °C (Lit.™ m.p. 163-165 °C) displaying consistent
spectroscopic data.

1,4-Diphenyl[1]benzofuro([2,3-d]pyridazine (15). After 2 h at reflux using the general
procedure, 3,6-diphenyl-1,2,4,5-tetrazine 9 (30 mg, 0.13 mmol), 3-coumaranone (104 mg, 0.78
mmol) and N-methylethylenediamine (49 pL, 0.57 mmol) gave the title compound 15 (40 mg,
95%) as a white solid, m.p. 157-158 °C (Lit.* m.p. 157-158 °C) displaying consistent
spectroscopic data.

5,6,7,8-Tetrahydro-1,4-di-(2-pyridyl)phthalazine (17). After 1 h at reflux using the general
procedure, 3,6-di-2-pyridyl-1,2,4,5-tetrazine 16 (50 mg, 0.21 mmol), cyclohexanone (133 pL,
1.28 mmol) and N-methylethylenediamine (56 uL, 0.64 mmol) gave the title compound 17 (25
mg, 41%) as a sticky yellow film with spectroscopic data in accord with those published.™
6,7,8,9-Tetrahydro-1,4-di-(2-pyridyl)-SH-cyclohepta|d]pyridazine (18). After 2 h at reflux
using the general procedure, 3,6-di-2-pyridyl-1,2,4,5-tetrazine 16 (50 mg, 0.21 mmol),
cycloheptanone (151 pL, 1.28 mmol) and N-methylethylenediamine (56 pL, 0.64 mmol) gave
the title compound 18 (45 mg, 71%) as a white solid, m.p. 130-131 °C (Lit.”" m.p. 129-130 °C)
displaying consistent spectroscopic data.
5,6,7,8,9,10-Hexahydro-1,4-(di-2-pyridyl)cycloocta[d]pyridazine (19). After 1 h at reflux
using the general procedure, 3,6-di-2-pyridyl-1,2,4,5-tetrazine 16 (50 mg, 0.21 mmol),
cyclooctanone (168 pL, 1.28 mmol) and N-methylethylenediamine (56 uL, 0.64 mmol) gave the
title compound 19 (20 mg, 30%) as a white solid, m.p. 161-163 °C (Lit.”* m.p. 161-163 °C)
displaying consistent spectroscopic data.

4-Phenyl-3,6-di-(2-pyridyl)pyridazine (20). After 5 min at reflux using the general procedure,
3,6-di-2-pyridyl-1,2,4,5-tetrazine 16 (30 mg, 0.13 mmol), phenylacetaldehyde (89 uL, 0.76
mmol) and N-methylethylenediamine (33 pL, 0.38 mmol) gave the title compound 20 (35 mg,
90%) as light yellow solid, m.p. 176-178 °C (Lit.” m.p: 177.5-178.5 °C) displaying consistent
spectroscopic data.

3,5-Diphenylpyridazine (22). After 3 min at reflux using the general procedure, 3-phenyl-
1,2,4,5-tetrazine 21 (30 mg, 0.19 mmol), phenylacetaldehyde (133 pL, 1.14 mmol) and N-
methylethylenediamine (33 pL, 0.38 mmol) gave the title compound 22 (38 mg, 86%) as a light
yellow solid, m.p. 136-139 °C (Lit."” m.p: 137 °C) displaying consistent spectroscopic data.
Dimethyl 4-phenylpyridazine-3,6-dicarboxylate (24). After 5 min at reflux using the general
procedure, dimethyl 1,2,4,5-tetrazine-3,6-dicarboxylate 23 (30 mg, 0.15 mmol),
phenylacetaldehyde (35 pL, 0.30 mmol) and N-methylethylenediamine (13 pL, 0.15 mmol) gave
the title compound 25 (33 mg, 80%) as a yellow oil with spectroscopic data in accord with those
published.” [N.B. a 58% yield was obtained using the standard 1:6:3 ratio of reactants due to
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purification problems; the use of a 1:2:1 ratio of reactants was successful due to the rapid rate of
reaction].

Acknowledgements

We are grateful to the EPSRC for postgraduate (P.H.G.) and postdoctoral (S.A.R.) funding.

References

1. For reviews covering the cycloaddition reactions of heterocyclic azadienes see: (a) Boger,
D. L. Tetrahedron 1983, 39, 2869. (b) Boger, D. L. Chem. Rev. 1986, 86, 781. (c) Boger, D.
L.; Weinreb, S. N. Hetero Diels-Alder Methodology in Organic Synthesis; Academic Press:
London, 1987; Chapter 10, pp 300-358.

2. (a) Boger, D. L.; Panek, J. S. J. Org. Chem. 1981, 46, 2179. (b) Boger, D. L.; Panek, J. S;
Meier, M. M. J. Org. Chem. 1982, 47, 895.

3. (a) Dittmar, W.; Sauer, J.; Steigel, A. Tetrahedron Lett. 1969, 10, 5171. (b) Taylor, E. C.;
Macor, J. E. J. Org. Chem. 1987, 52, 4280. (¢) Chenard, B. L.; Ronau, R. T.; Schulte, G. K.
J. Org. Chem. 1988, 53, 5175.

4. (a) Raw, S. A.; Taylor, R. J. K. Chem. Commun. 2004, 508. (b) Sainz, Y. F.; Raw, S. A;
Taylor, R. J. K. J. Org. Chem. 2005, 70, 10086.

5. (a) Carboni, R. A.; Lindsey, R. V., Jr. J. Am. Chem. Soc. 1959, 81, 4342. (b) Sauer, /. ;
Mielert, A.; Lang, D.; Peter, D. Chem. Ber. 1965, 98, 1435. (c) Reinhoudt, D. N.;
Kouwenhoven, C. G. Recl. Trav. Chim. Pays-Bas. 1974, 93, 321. (d) Burg, B.; Dittmar,
W.; Reim, H. ; Steigel, A.; Sauer, J. Tetrahedron Lett. 1975, 16, 2897. (e) Haddadin, M. J.;
Firsan, S. J.; Nader, B. S. J. Org. Chem. 1979, 44, 629. (f) Boger, D. L.; Coleman, R. S.;
Panek, J. S.; Yohannes, D. J. Org. Chem. 1984, 49, 4405. (g) Boger, D. L.; Panek, J. S. J.
Am. Chem. Soc. 1985, 107, 5745. (h) Atfah, M. A. J. Heterocyclic Chem. 1989, 26, 717. (1)
Meier, A.; Sauer, J. Tetrahedron. Lett. 1990, 31, 6855. (j) Boger, D. L.; Baldino, C. M. J.
Am. Chem. Soc. 1993, 115, 11418. (k) For a recent example see: Helm, M. D.; Moore, J. E.;
Plant, A.; Harrity, J. P. A. Angew. Chem. Int. Ed. 2005, 44, 3889.

6. The reaction between tetrazine 9 and cycloheptanone to give pyridazine 13 (Table 1, entry
ii1) was also carried out using morpholine in refluxing toluene and a yield of 80% (5 h) was
obtained. With the preformed enamine the yield was almost quantitative (but was only
reported”” to be 42%). These results indicate that the yields in Aftah’s publication (ref. 5h)
may all be capable of improvement when carried out as one-pot processes (although the TIE
procedure is still the preferred method).

7. Birkofer, L.; Hénsel, E.; Steigel, A. Chem. Ber. 1982, 115, 2574.

ISSN 1424-6376 Page 44 ®ARKAT



RSC Heterocyclic Group ARKIVOC 2007 (xi) 37-45

8. Boger, D. L.; Coleman, R. S.; Panek, J. S.; Huber, F. X.; Sauer, J. J. Org. Chem. 1985, 50,
5377.

9. Butte, W. A.; Cage, F. H. J. Org. Chem. 1961, 26, 4690.
10. Sauer, J.; Heldmann, D. K. Tetrahedron 1998, 54, 4297.

ISSN 1424-6376 Page 45 ®ARKAT




<<
  /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 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 <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


