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ABSTRACT: Ring-contraction of 2,4,6,8-tetrasubstituted 1,5-
diazacyclooctatetraenes was highly efficiently promoted by
Lewis acid such as TiCl,, affording 2,4,6-trisubstituted
pyridines in excellent yields, along with release of a nitrile. A
reaction mechanism involving a 67 electrocyclic ring-closing
followed by a retro [2 + 2] cyclization of an 1-azetine moiety
was supported by both experimental observations and density
functional theory calculation.

Ring—contraction reactions are synthetically useful methods
in organic synthesis for making smaller rings from larger

. 2b 2
* cation,” and carbenoid™®

rings.1 While a number of anion,”
ring-contractions have been well documented and applied, ring-
contractions via intramolecular pericyclic protocol are less
explored and often not useful for synthesis.” For example,
cyclooctatetraene (COT) could undergo ring-contraction to
benzene under photoirradiation condition®® or thermal
condition,® but isomerization of COT to styrene took place
at the same time and resulted in mixed products (Scheme 1a).
The ring-contraction of 2-methoxy-azacyclooctatetraene in the
presence of base generated benzonitrile in a moderate yield
(Scheme 1b).>" Herein, we report a useful ring-contraction of

Scheme 1. Ring-Contractions of Cyclooctatetraene and
Azacyclooctatetraene Derivatives
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2,4,6,8-tetrasubstituted 1,5-diazacyclooctatetraenes (NCOTs)
to 2,4,6-trisubstituted pyridines with excellent yields under mild
condition by treatment with TiCl, (Scheme 1c). In this process,
an intramolecular 67 electrocyclic ring-closing of NCOT was
followed by Lewis acid mediated retro [2 + 2] cyclization.

NCOT is interesting analogues of COT, but its reactivity
remains almost entirely unknown except the reduction with
alkali metals." We have developed a one-pot synthetic route to
NCOTs from 1,4-dilithio-1,3-dienes and nitriles. It is supposed
that the introduction of N atoms into the conjugated system
may bring about new reactivity as Schiff base, so we carried out
reactions of NCOTs with Lewis acids.

As shown in Scheme 2, TiCl, (1 M in toluene) was added to
the solution of the NCOT 1a at —78 °C, and insoluble oil
appeared as the mixture was allowed to warm up to room
temperature. Then, the reaction mixture was heated at 60 °C
and monitored by GC—MS. The NCOT 1a was completely
converted into the product (m/z = 287) after S h. The product
was isolated in 95% vyield and characterized as 2,4,6-
trisubstituted pyridine 2a. This transformation could also be
mediated by some other Lewis acids (Scheme 2). Pyridine
derivatives 2b,c could be obtained in excellent isolated yields
from the reaction of their corresponding NCOTs with TiCl,.
NCOT 1d with two different alkyl groups could also undergo
this transformation to generate 2d in 79% yield, along with 2e
as a minor product, which was observed by GC—MS and NMR.
It should be noted that, the lack of more examples is mainly due
to the limitation in the preparation of starting materials
NCOTs. Aryl nitriles such as benzonitrile tend to trimerize to
form triazine derivatives in the presence of dilithio reagents.
Nitriles with other tertiary alkyl groups such as —Cn-Pr; and —
CMe(Et), afforded a mixture of products. It is worthy to note
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Scheme 2. Reactions of NCOTs with Lewis Acids
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that pyridine derivatives with bulky substituents (e.g, t-Bu
group) adjacent to the N atom could be used as the base
component of an FLP,® but efficient synthetic methods are
limited.”

It was assumed that the coordination of the N atom of
NCOTs to TiCl, might be a key step in this transformation, so
we tried to isolate the intermediate (Scheme 3). After adding

Scheme 3. Formation of the Pyridinium Salts
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the solution of TiCl, at —78 °C, the mixture was kept at room
temperature for 12 h. Then the reaction mixture was dissolved
in a mixed solvent of THF/toluene from which single crystals
of 3 were obtained (Figure 1). We also tried less reactive HfCl,,
and similar crystals of 4 were obtained (Figure 2). Both 3 and 4
contained a trisubstituted pyridinium cation.

In order to figure out whether the proton of the pyridinium
cation came from the #Bu group of NCOT, in situ NMR
experiments were carried out (Scheme 4). Pure liquid of TiCl,
was added to a solution of 1a in C¢Dg. Yellow solid precipitated
immediately, and after S h at room temperature, the NMR
spectra indicated that la was completely converted into four
products: two pyridines (2a and 5) and two nitrile—TiCl,

Figure 1. ORTEP drawing of 3 with 30% thermal ellipsoids. Hydrogen
atoms, except for H(1), are omitted for clarity.

Figure 2. ORTEP drawing of 4 with 30% thermal ellipsoids. Hydrogen
atoms, except for H(1), are omitted for clarity.

Scheme 4. In Situ NMR Experiments
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complexes (6 and 7) (Scheme 4). The doublet at 7.58 (J = 1.4
Hz) and 7.48 ppm (J = 1.5 Hz) in "H NMR could be assigned
to two different 2,4,6-trisubstituted pyridines 2a and S, which
were also detected by GC—MS. When the isolated 2a was
treated with TiCl, in C4Dg, no change of 2a was observed as
monitored by NMR. The nitrile—TiCl, complexes 6 and 7 were
confirmed by independent preparation from the corresponding
nitriles and TiCl, in C¢Dg (see Supporting Information (SI)).
The reaction carried out in toluene-dg produced a similar result,
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but the reaction in CD,Cl, was messy. In the solution there
might be an equilibrium between 1la and its valence isomers
1a".%° The products § and 7 should be generated from the
reaction between 1a’ and TiCl,. When a solution of TiCl, was
added at —78 °C, only the ring-contraction of 1a occurred, so
2a could be isolated in nearly quantitative yield. This could also
be realized by using a weaker Lewis acid ZrCl, as indicated by
the in situ NMR, but the reaction was much slower. However,
when pure TiCl, was added at room temperature, both 1a and
la’ could undergo this transformation to generate four
products. No other products were found in both 'H NMR
and “C NMR spectra, indicating that the proton of the
pyridinium cation was not from 1a or 1a’. Thus, we supposed
that the protonation of pyridine might be a result of partial
hydrolysis of TiCl, and HfCl, due to their extreme moisture
sensitivity. The hydrolysis of Lewis acid could occur in the
presence of a small amount of moisture to result in the
protonation of a pyridyl ligand.®

Based on these results, we proposed a mechanism for this
transformation (Scheme S). As the equilibration between

Scheme S. Proposed Mechanism
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COTs and their bicyclo[4.2.0]octatriene isomers has been well
studied,” a similar bicyclic isomer A might be formed through
the 67 electrocyclic ring-closing of la as well. Subsequent
coordination of TiCl, to the N atom generated the activated
intermediate B, which could undergo a [2 + 2] cycloreversion
to give the final products 2a and 6. Similar mechanism has been
described for the rlng -contraction of COT to benzene under
thermal condition,* photoirradiation condition,’ 4 and on solid
surfaces.’® Compared to these processes, the present Lewis acid
mediated ring-contraction of NCOTs proceeds with higher
selectivity and higher yield under mild condition.
Computation results for this transformation are shown in
Figure 3. The Gaussian09 program package was used,'’ and the
optimization structure of all the minima and transition states
were fully calculated at the B3LYP level'' using the
LANL2DZ'? basis set (for Ti) and the 6-31+G(d)"® basis set
(for other elements) in toluene evaluated by SCRF using the
PCM model."* According to the results shown in Figure 3, the
67 electrocyclic ring-closing of 1a is the rate-determining step
with an activation free energy of 25.1 kcal/mol, which could be
realized under the reaction condition. Another possible
pathway initiated by direct coordination of TiCl, to 1a requires
36.0 keal/mol energy and should be disfavored (see SI). The
energy barrier for the [2 + 2] cycloreversion would be much
higher (42.7 kcal/mol) without TiCl,, which indicates that the
coordination of TiCl, is necessary for this step. Compounds 1a
and 1a’ can be interconverted to each other with a computed
activation free energy of 17.6 kcal/mol, and the 67 electrocyclic
ring-closing of 1a’ requires a higher activation free energy (27.6
kcal/mol) than 1a. Based on the three competing pathways (1a
to 1a’, 1a to 2a, and 1a’ to §), we can understand that at low
temperature the pathway from 1a’ to S cannot take place and
that 1a’ will be converted to 1a and then to 2a, so 2a could be
obtained in nearly quantitative yield. However, at room
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Figure 3. DFT-calculated potential energy surfaces of the transformation.
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temperature there is enough energy to make both trans-
formations (1a to 2a and 1a’ to §) occur, so a mixture of 2a
and S was observed.

In summary, a ring-contraction of 2,4,6,8-tetrasubstituted
1,5-diazacyclooctatetraenes (NCOTs) mediated by TiCl,
afforded 2,4,6-trisubstituted pyridines in nearly quantitative
yields under mild condition. This transformation might proceed
via 67 electrocyclic ring-closing and Lewis acid-mediated retro
[2 + 2] cyclization.

B ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge on the
ACS DPublications website at DOI: 10.1021/acs.or-
glett.7b03917.

Experiment details, X-ray data for 3 and 4, and scanned
NMR spectra of all new products (PDF)

Accession Codes

CCDC 1570799—1570800 contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/data_request/cif, or by email-
ing data_request@ccdc.cam.ac.uk, or by contacting The
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

B AUTHOR INFORMATION
Corresponding Author
*E-mail: zfxi@pku.edu.cn.
ORCID

Wen-Xiong Zhang: 0000-0003-0744-2832
Zhenfeng Xi: 0000-0003-1124-5380
Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the National Natural Science
Foundation of China (Nos. 21690061, 21372012). We thank
Prof. Zhi-Xiang Yu of Peking University for insightful
discussion of the reaction mechanism and DFT calculations.

B REFERENCES

(1) (a) Silva, L. F., Jr. Tetrahedron 2002, 58, 9137. (b) Bérthet, M.;
Cheviet, T.; Dujardin, G.; Parrot, I; Martinez, J. Chem. Rev. 2016, 116,
15235. (c) Orlowski, R;; Gryko, D.; Gryko, D. T. Chem. Rev. 2017,
117, 3102.

2) (a) Guijarro, D;; Yus, M. Curr. Org. Chem. 200S, 9, 1713.
(b) Song, Z.-L.; Fan, C.-A; Tu, Y.-Q. Chem. Rev. 2011, 111, 7523.
(c) Kirmse, W. Eur. J. Org. Chem. 2002, 2002, 2193.

(3) (a) Tanaka, L; Okuda, M. J. Chem. Phys. 1954, 22, 1780.
(b) Paquette, L. A.; Kakihana, T. J. Am. Chem. Soc. 1968, 90, 3897.
(c) Maier, G.; Schifer, U. Tetrahedron Lett. 1977, 18, 1053. (d) Dudek,
D.; Glinzer, K; Troe, J. Ber. Bunsenges. Phys. Chem. 1979, 83, 776.
(e) d’Alarcao, M.; Leonard, N. J. J. Am. Chem. Soc. 1983, 10S, 5958.
(f) Sindler-Kulyk, M.; Neckers, D. C. J. Org. Chem. 1983, 48, 1275.
(g) Hostetler, M. J.; Nuzzo, R. G,; Girolami, G. S.; Dubois, L. H. J.
Phys. Chem. 1994, 98, 2952. (h) Hirokami, S.; Murao, A.; Kakuda, H. J.
Org. Chem. 1997, 62, 2711. (i) Reisinger, A.; Bernhardt, P. V,;
Wentrup, C. Org. Biomol. Chem. 2004, 2, 246. (j) Li, W,; Li, H,; Li, Z.
Tetrahedron Lett. 2010, 51, 5448.

(4) Schnieders, C.; Huber, W.; Lex, J.; Miillen, K. Angew. Chem.,, Int.
Ed. Engl. 1985, 24, 576.

(5) (a) Zhang, S.; Wei, J.; Zhan, M.; Luo, Q.; Wang, C.; Zhang, W.-
X; Xi, Z. J. Am. Chem. Soc. 2012, 134, 11964. (b) Zhang, S.; Zhang,
W.-X; Xi, Z. Acc. Chem. Res. 2015, 48, 1823.

(6) (a) Caputo, C. B;; Geier, S. J.; Winkelhaus, D.; Mitzel, N. W,;
Vukotic, V. N.; Loeb, S. J; Stephan, D. W. Dalton Trans. 2012, 41,
2131. (b) Clark, E. R; Ingleson, M. J. Organometallics 2013, 32, 6712.
(c) Karkamkar, A.; Parab, K; Camaioni, D. M.; Neiner, D.; Cho, H,;
Nielsen, T. K; Autrey, T. Dalton Trans. 2013, 42, 615. (d) Clark, E. R;
Ingleson, M. J. Angew. Chem.,, Int. Ed. 2014, 53, 11306. (e) Zhao, J.;
Wang, G; Li, S. Dalton Trans. 2015, 44, 9200.

(7) (2) He, Z.; Dobrovolsky, D.; Trinchera, P.; Yudin, A. K. Org. Lett.
2013, 1S, 334. (b) Yoshida, M.; Mizuguchi, T.; Namba, K. Angew.
Chem.,, Int. Ed. 2014, 53, 14550. (c) Tan, W. W.,; Ong, Y. J.; Yoshikai,
N. Angew. Chem.,, Int. Ed. 2017, 56, 8240.

(8) Baldamus, J.; Cole, M. L.; Helmstedt, U.; Hey-Hawkins, E.-M;
Jones, C; Junk, P. C; Lange, F.; Smithies, N. A. J. Organomet. Chem.
2003, 665, 33.

(9) (a) Huisgen, R.; Mietzsch, F. Angew. Chem,, Int. Ed. Engl. 1964, 3,
83. (b) Vogel, E.; Kiefer, H.; Roth, W. R. Angew. Chem., Int. Ed. Engl.
1964, 3, 442.

(10) See Supporting Information for full reference.

(11) (a) Lee, C; Yang, W.; Parr, R. G. Phys. Rev. B: Condens. Matter
Mater. Phys. 1988, 37, 785. (b) Becke, A. D. J. Chem. Phys. 1993, 98,
5648.

(12) (a) Hay, P. J; Wadt, W. R. J. Chem. Phys. 1985, 82, 299.
(b) Dunning, T. H,, Jr; Hay, P. J. In Modern Theoretical Chemistry;
Schaefer, H. F,, III, Ed.; Plenum Press: New York, 1977; pp 1-28.

(13) Hehre, W. J.; Radom, L.; Schleyer, P. v. R;; Pople, J. A. Ab Initio
Molecular Orbital Theory; Wiley: New York, 1986.

(14) (a) Cancés, M. T.; Mennucci, B.; Tomasi, . J. Chem. Phys. 1997,
107, 3032. (b) Cossi, M.; Barone, V.; Mennucci, B.; Tomasi, J. Chem.
Phys. Lett. 1998, 286, 253. (c) Mennucci, B.; Tomasi, J. J. Chem. Phys.
1997, 106, 5151.

DOI: 10.1021/acs.orglett.7b03917
Org. Lett. XXXX, XXX, XXX—XXX


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.orglett.7b03917
http://pubs.acs.org/doi/abs/10.1021/acs.orglett.7b03917
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.7b03917/suppl_file/ol7b03917_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1570799&id=doi:10.1021/acs.orglett.7b03917
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1570800&id=doi:10.1021/acs.orglett.7b03917
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
mailto:zfxi@pku.edu.cn
http://orcid.org/0000-0003-0744-2832
http://orcid.org/0000-0003-1124-5380
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.7b03917/suppl_file/ol7b03917_si_001.pdf
http://dx.doi.org/10.1021/acs.orglett.7b03917

