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ABSTRACT: Transformations of α-EWG-substituted (electron-
withdrawing group, EWG) γ-azidobutyronitriles proceeding via
unusual aza-Wittig reactions between the phosphazene and nitrile
functions and affording pyrrole-derived iminophosphazenes were
developed. α-EWGs were found to control chemoselectivity and,
depending on their nature, act as CN group activators (e.g., ester,
amide, or nitrile) or competitors (e.g., ketone) in aza-Wittig
reactions. To demonstrate the synthetic utility of the obtained
iminophosphazenes as N,N-binucleophiles, their transformations
into pyrrole-fused systems, pyrrolo[1,2-a]imidazoles and pyrrolo-
[1,2-a][1,3]diazepines, were carried out.

The aza-Wittig reaction, a well-known rapid access to C
N bond construction,1 provides numerous opportunities

for the synthesis of N-containing organic molecules. In this
context, the use of the aza-Wittig reaction for the synthesis of
N-heterocycles2 is of primary concern, owing to a broad
abundance of such structures in both natural and synthetic
bioactive compounds. Moreover, among U.S. FDA-approved
unique small-molecule pharmaceuticals, 59% of drugs contain
an N-heterocycle.3

Among various types of aza-Wittig reactions, the inter-
actions between aza-Wittig reagents, phosphazenes, and
compounds containing polar double bonds (primarily in the
carbonyl group) are the most explored. Oppositely, reactions
involving the triple CX bonds of acetylenes or nitriles are
described scarcely. This is apparently related to the lower
reactivities of CX units toward phosphazenes, which is due
to the insufficient electrophilicity of the carbon centers. In
particular, the very few scattered examples of the aza-Wittig
reaction with the CN bond are mostly limited to nitriles
activated with strong electron-withdrawing groups (EWGs)
(CHal3, CHal2R, CN) (Scheme 1A).4 Two additional similar
examples were reported to proceed in the Pt(II) coordination
sphere.5 The reactions between phosphazenes and nitriles are
distinct in that new aza-Wittig reagents are formed in their
process. Therefore, when the problem of low nitrile reactivity
is solved, this challenging type of aza-Wittig reaction could
allow for installing an additional nitrogen atom in the
assembled molecules and, thus, synthesizing various hetero-

cyclic systems with at least two nitrogen atoms. Meanwhile,
there are no examples of aza-Wittig reactions wherein the
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usually low-reactive nitrile can compete with an unchallenged
carbonyl group.
Here, we report an aza-Wittig reaction wherein the efficient

control of the competition between the CN and CO
groups provides for chemoselective assembly of N-hetero-
cycles. The strategy of our current work relies on new
precursors of aza-Wittig reagents, azides 1 (Scheme 1B).
Recently, we developed a convenient approach to similar
azides via nucleophilic ring opening of donor−acceptor (DA)
cyclopropanes6 with the azide ion.7 The strategic arrangement
of the functionalities in the obtained azides allows for their
successful transformations into N-heterocycles via various
pathways which incorporate the aza-Wittig reaction. Moreover,
in reactions with PPh3, these azides with ester or oxindole
groups as EWGs yield stable phosphazenes (Scheme 1C).7,8

Particularly, ester derivatives do not undergo spontaneous 1,5-
cyclization via intramolecular aza-Wittig reactions under
ambient conditions, whereas an increase in temperature
facilitates their cyclization into 2-alkoxypyrroline derivatives.
When keto groups act as an EWG, an intramolecular reaction
between the generated phosphazene and carbonyl units occurs
spontaneously.7 At the same time, the reactivity of similar CN-
substituted phosphazenes remained unexplored.
In this work, the reactions of azides 1 with triaryl/

trialkylphosphines were unexpectedly found to afford cyclic
iminophosphazenes 3 through the spontaneous trapping of a
phosphazene fragment in acyclic aza-Wittig intermediates 2 by
the CN group (Scheme 1B). Apparently, the advantageous 1,3-
relationship between the CN and N3 groups in 1 as well as the
presence of an α-activating EWG stimulate the nitrile unit to
participate in subsequent aza-Wittig reactions. Meanwhile, the
nature of the EWG was found to influence the reaction
chemoselectivity which can be switched from the phosphazene
attack on the nitrile moiety (EWG = ester, amide, or nitrile
groups) toward a typical attack on the EWG (EWG = keto
group).
Compounds 3 can be viewed as multifunctionalized

aminopyrrole building blocks. As N,N-binucleophiles, com-
pounds 3 provide ample opportunities for the construction of
pyrrole-derived N,N-heterocyclic systems in which the number
and the size of fused rings can be controlled by the nature of
the bielectrophilic counterpart used. Herein, we transformed
iminophosphazenes 3 into pyrrolo[1,2-a]imidazoles and
pyrrolo[1,2-a][1,3]diazepines, employing oxalyl, succinyl, or
ortho-phthaloyl chlorides as bielectrophiles.
Initially, we examined the reaction of azide 1a, containing an

ester group at the α-position, toward the CN fragment, with
triphenylphosphine under ambient conditions, using CH2Cl2
as a solvent (Scheme 2). According to the results of 1H NMR
monitoring of this reaction mixture (25 °C, CDCl3), the
reaction was completed in 48 h after PPh3 had been added.
Surprisingly, cyclic iminophosphazene 3a was the predominant
product, apparently formed through the cyclization of
intermediate phosphazene 2a via the CN group. The
competitive product of phosphazene interacting with the C
O group, 4a, was formed in trace amounts under these
conditions, whereas the formation of its hydrolyzed successor
5a was not observed. However, increasing the reaction
temperature to 40 °C while allowing the reaction to complete
in 10 h facilitates a competitive process of 4a formation via an
aza-Wittig reaction with the ester group. When performed at
82 °C (CH3CN under reflux) for 4 h, the reaction yielded a
mixture of 3a and 4a in a 91:9 molar ratio, according to 1H

NMR data. The presence of an external electrophile (e.g.,
benzaldehyde) did not induce an intermolecular aza-Wittig
reaction under these same conditions. The replacement of
triphenylphosphine by the more active tributylphosphine led
to the more labile iminophosphazene 3a′ which was isolated
upon column chromatography on SiO2 in a 21% yield only due
to considerable degradation. Consequently, the application of
the moderately active PPh3 in CH2Cl2 at ambient temperature
steers the reaction toward exclusive formation of iminophos-
phazene 3a.
Using identical conditions, we then explored the scope of 1-

into-3 transformation while varying the α-substituent R,
located at the geminal position to the N3 group in 1 (Scheme
3A). We found that this reaction was completely tolerant
toward aryl substituents with both electron-donating and
electron-withdrawing groups, as well as hetaryl and alkenyl
substituents. In most of the studied cases, iminophosphazenes
3 were isolated in very good yields (up to 93%). Some
decrease in the yield was only observed for phosphazene 3h
containing a bulky ortho-OMOM substituent in the aryl
fragment. Although the reaction does not directly involve
stereocenters at the C2 and C4 atoms of azides 1,
diastereomeric ratios (dr) of 3 can be regulated by the
keto−enol equilibrium. Therefore, their values differ from the
dr values for the initial azides 1. Notably, in the cases of 3l and
3o, dr values rose slightly (ca. 2:1) in comparison with those
for 1l,o (ca. 1:1). The obtained diastereomers cannot be
separated by the means of column chromatography apparently,
owing to the same keto−enol equilibrium. However, we
succeeded in growing crystals from the diastereomeric mixture
for the individual trans-isomer of 3p. Its structure was
unambiguously proved by single crystal X-ray analysis.

Scheme 2. Transformation of γ-Azidonitrile 1a into
Iminophosphazene 3a: Accumulation and Consumption of
Intermediate Phosphazene 2a
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In all the cases, reactions of 1 with PPh3 proceeded with
exceptional chemoselectivity: only trace amounts of alkox-
ypyrrolines 4 or γ-lactams 5 can be detected. Meanwhile, the
reduction of the N3 group in γ-azidonitrile 1g as a model
substrate with the H2−Pd/C reductive system led to the
exclusive formation of γ-lactam 5b via spontaneous 1,5-
cyclization of intermediate γ-aminoester 6 under reaction
conditions (Scheme 4). Therefore, 1,5-cyclizations of
phosphazenes 2 and amines 6 can be considered comple-
mentary, allowing for chemoselectivity to switch between the
attacks on the CN and the CO groups and, thus,
providing divergent approaches to iminophosphazenes 3 and γ-
lactams 5, respectively.
To define the scope of the CN group reactivity toward the

phosphazene moiety as dependent on the geminal functional
group, we examined the reactions of PPh3 with γ-azidobutyr-
onitriles 1s−x containing EWGs other that the CO2Me group.

We found that its replacement with the bulkier CO2Bu
t group

(1s) as well as amide (1t) or nitrile (1u) groups did not
influence the chemoselectivity of the reactions, affording the
corresponding iminophosphazenes 3s−u in high yields
(Scheme 3B). On the other hand, the reaction time can be
influenced. For 1s-to-3s transformation, the reaction time was
increased to 90 h, whereas 1u-to-3u transformation was
completed in 4 h. The reaction of 1w which contains an
additional CN group (X = CH2CN) chemoselectively led to a
similar five-membered iminophosphazene 3w via interaction of
the only α-EWG-activated CN substituent. Due to the
presence of the third α-substituent that successfully blocked
the interconversion of diastereomers, we succeeded in singling
out individual reaction times for transformations of (2RS,4SR)-
1x into trans-3x (8 h) and (2RS,4RS)-1x into cis-3x (35 h).
In the case of keto-derived γ-azidonitrile 1v, the CN group

was found to be noncompetitive in comparison with the more
active CO group in intermediate 2v (Scheme 5). As a result,
the reaction yielded 2-pyrroline 8 (apparently, via intermediate
1-pyrroline 7) rather than iminophosphazene 3v.

In order to determine the extent of the influence that the
geminal EWG has on the CN reactivity, we carried out the
reaction of PPh3 with the EWG-free γ-azidonitrile 9a, obtained
from 1f via Krapcho demethoxycarbonylation (Scheme 6). The
reaction yielded stable phosphazene 10a which did not
undergo spontaneous aza-Wittig cyclization under the stand-
ard conditions. Additionally, the heating of 10a in toluene
under reflux also did not induce an intramolecular aza-Wittig
reaction, with a slow degradation of 10a into a complex
mixture of unidentified products taking place in its stead. The
more reactive PBu3 also gave acyclic phosphazene 10b which
was not prone to aza-Wittig cyclization (despite its higher
reactivity leading to considerable tarring and decrease in the
yield). The introduction of an alkyl substituent (9c: R′ = Et)
also did not facilitate an intramolecular aza-Wittig reaction.

Scheme 3. Scope of 1-into-3 Transformation under
Variation of γ- and α-Substituents

aIsolated yield. bDiastereomeric ratios (dr) were determined by the
1H NMR analysis of crude products. cdr 63:37 dReaction time was 90
h (3s), 4 h (3u), 8 h (trans-3x), and 35 h (cis-3x).

Scheme 4. Reductive 1,5-Cyclization of γ-Azidonitrile 1g
into Lactam 5b

Scheme 5. Transformation of Keto-Derived γ-Azidonitrile
1s into 2-Pyrroline 8
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Therefore, the interaction between 9c and PPh3 afforded
acyclic phosphazene 10c as the final product.
Next we performed DFT calculations at the B3LYP9/def2-

SVP10/RIJCOSX11 level of theory using ORCA 3.0.12 After
optimizing geometries for various stereoisomers of 2a, we
identified reacting conformers for both CN- and CO-mode
aza-Wittig reactions. Relying on the reported results of the
DFT study for the reaction between aldehydes and
phosphazenes,13 we easily localized stationary points and
then built analogous profiles for cyclization via CO in both
diastereomers of cyanoester 2a. The computation of
cyclization via CN proved to be a less trivial task. We
successfully optimized TS geometries for the [2 + 2]-
cycloaddition step in each reacting conformer, but the
calculated intermediates proved to be relatively unstable.
Although the TS of the cycloreversion step could be localized,
this is a virtually barrier-less process. The energy diagrams with
the lowest TS energy for the rate-determining step (RDS) for
both pathways are visualized using CYLview14 in Figure 1.
Since the entire reactions are irreversible, and the dr values for
2a, 3a, or 4a are determined by the keto−enol equilibrium, the
3a:4a ratio should correlate to the difference in the TS energies
of the corresponding RDS. The difference, amounting to 3.2
kcal/mol, is roughly consistent with the experimental ratio:
3a:4a > 95:5.

Compounds 3 are quite stable ylides, owing to conjugation
of the phosphazene and imine fragments. This inhibits
reactions of 3 with the most common carbonyl compounds
such as benzaldehydes even at increased temperatures. At the
same time, 3 react with the more reactive aliphatic aldehydes
and acyl halides. However, in the case of acetic aldehyde or
acetyl chloride, the reactions resulted in a complex mixture of
products.15 Accounting for the presence of two N-nucleophilic
sites in the molecules of 3, we studied their reactions with
bielectrophilic reactants containing two halocarbonyl groups.
To our delight, phosphazenes 3 readily reacted with oxalyl,
succinyl, and ortho-phthaloyl chlorides, producing pyrrolo[1,2-
a]imidazoles 11 and pyrrolo[1,2-a][1,3]diazepines 12, respec-
tively (Scheme 7). The structures of 12a,c were supported by
single crystal X-ray analysis.

Pyrroloimidazoles 11 are structural analogues of dimirace-
tame and its derivatives which are nootropic agents of the
racetam family. A preliminary MTT assay of compounds 11

Scheme 6. Formation of Stable Phosphazenes 10 in Absence
of α-Activating EWG

aYield according to 1H NMR. bYield after column chromatography
(SiO2).

Figure 1. Energy diagrams for aza-Wittig reactions in isomers of 2a with the lowest TS energies for RDS (ΔG298, kcal/mol). Geometries of 3a and
4a correspond to the conformers with the lowest relative energy, not to the reacting conformers.

Scheme 7. Transformation of Iminophosphazenes 3 into
Pyrroloimidazoles 11 and Pyrrolodiazepines 12a

aConditions: (a) oxalyl, (b) succinyl, (c) ortho-phthaloyl chlorides
(1.1 equiv), CH2Cl2 (0.4 M), Δ, 30 min.
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toward four cell lines (HEK, Va13, MCF7, A549) did not
reveal any noticeable cytotoxic effects. This allows for further
assay of other biological properties of 11, including their
nootropic activity.
In conclusion, we have developed a new synthetic

transformation of γ-azidobutyronitriles into pyrrole-derived
iminophosphazenes proceeding via unusual aza-Wittig reac-
tions between the phosphazene and α-EWG-activated nitrile
units. The reactivity of this type was revealed for ester, amide,
or nitrile groups as activating α-EWGs. Alternatively, for α-
keto derivatives, the chemoselectivity was switched toward the
common aza-Wittig reaction between the phosphazene and
carbonyl groups. The obtained iminophosphazenes were found
to exhibit properties of typical N,N-binucleophiles, readily
reacting with such bielectrophiles as oxalyl, succinyl, or ortho-
phthaloyl chlorides to afford pyrrolo[1,2-a]imidazole and
pyrrolo[1,2-a][1,3]diazepine systems.
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Polysubstituted Isoquinolines and Related Fused Pyridines from
Alkenyl Boronic Esters via a Copper-Catalyzed Azidation/Aza-Wittig
Condensation Sequence. J. Org. Chem. 2018, 83 (2), 843−853.
(c) Zhang, W.; Zhang, X.; Ma, X.; Zhang, W. One-Pot Synthesis of
Dihydroquinazolinethione-Based Polycyclic System. Tetrahedron Lett.
2018, 59 (43), 3845−3847. (d) Gurskaya, L.; Bagryanskaya, I.;
Amosov, E.; Kazantsev, M.; Politanskaya, L.; Zaytseva, E.;
Bagryanskaya, E.; Chernonosov, A.; Tretyakov, E. 1,3-Diaza[3]-
ferrocenophanes Functionalized with a Nitronyl Nitroxide Group.
Tetrahedron 2018, 74 (15), 1942−1950. (e) Smirnov, A. Y.; Baleeva,
N. S.; Zaitseva, S. O.; Mineev, K. S.; Baranov, M. S. Derivatives of
Azidocinnamic Acid in the Synthesis of 2-Amino-4-arylidene-1H-
imidazol-5(4H)-ones. Chem. Heterocycl. Compd. 2018, 54 (6), 625−
629. (f) Qiao, J.; Liu, Y.; Du, Y. Method to Build 2,4-Substituted
Selenazole from β-Azido Diselenide and Carboxylic Acid: A Formal
Synthesis of Selenazofurin. Tetrahedron 2018, 74 (24), 3061−3068.
(g) Shao, J.; Zhu, M.; Gao, L.; Chen, H.; Li, X. Synthesis of
Tetracyclic Azasugars Fused Benzo[e][1,3]thiazin-4-one by the
Tandem Staudinger/Aza-Wittig/Cyclization and Their HIV-RT
Inhibitory Activity. Carbohydr. Res. 2018, 456, 45−52. (h) Guan,
Z.-R.; Liu, Z.-M.; Ding, M.-W. New Efficient Synthesis of 1H-
Imidazo-[4,5-c]quinolines by a Sequential Van Leusen/Staudinger/
Aza-Wittig/Carbodiimide-Mediated Cyclization. Tetrahedron 2018,
74 (50), 7186−7192. (i) Xiong, J.; Wei, X.; Liu, Z.-M.; Ding, M.-W.
One-Pot Synthesis of Polysubstituted Imidazoles via Sequential
Staudinger/Aza-Wittig/Ag(I)-Catalyzed Cyclization/Isomerization. J.
Org. Chem. 2017, 82 (24), 13735−13739. (j) Savva, A. C.; Mirallai, S.
I.; Zissimou, G. A.; Berezin, A. A.; Demetriades, M.; Kourtellaris, A.;
Constantinides, C. P.; Nicolaides, C.; Trypiniotis, T.; Koutentis, P. A.
Preparation of Blatter Radicals via Aza-Wittig Chemistry: The
Reaction of N-Aryliminophosphoranes with 1-(Het)aroyl-2-aryldia-
zenes. J. Org. Chem. 2017, 82 (14), 7564−7575. (k) Subota, A. I.;
Artamonov, O. S.; Gorlova, A.; Volochnyuk, D. M.; Grygorenko, O.
O. Approach to 5-Substituted 6,7,8,9-Tetrahydro-5H-pyrido[3,2-
c]azepines. Tetrahedron Lett. 2017, 58 (20), 1989−1991. (l) Nishi-
mura, Y.; Kubo, T.; Okamoto, Y.; Cho, H. Convergent Synthesis of
4,6-Unsubstituted 5-Acyl-2-aminodihydropyrimidines Using Weinreb
Amide. Tetrahedron Lett. 2017, 58 (45), 4236−4239. (m) Chen, X.;
Zhong, Y.; Zhao, Z.; Huang, G. New Efficient Synthesis of 2-Thioxo-
2,3-dihydropyrimidin-4(1H)-ones from Baylis−Hillman Adducts.
Synthesis 2017, 49 (24), 5371−5379. (n) Nie, B.-J.; Wu, L.-H.; Hu,
R.-F.; Sun, Y.; Wu, J.; He, P.; Huang, N.-Y. Synthesis of
Cyclopropa[c]indeno[1,2-b]quinolines through a MCR/Staudinger/
Aza-Wittig Sequence. Synth. Commun. 2017, 47 (15), 1368−1374.
(o) Luo, J.; Zhao, A.; Zheng, C.; Wang, T. Synthesis and Herbicidal
Activity of Novel 6-Arylthio-3-methylthio-1H-pyrazolo[3,4-d]-
pyrimidin-4(5H)-ones. Phosphorus, Sulfur Silicon Relat. Elem. 2017,
192 (10), 1124−1126.
(3) Vitaku, E.; Smith, D. T.; Njardarson, J. T. Analysis of the
Structural Diversity, Substitution Patterns, and Frequency of Nitrogen

Organic Letters Letter

DOI: 10.1021/acs.orglett.8b04135
Org. Lett. XXXX, XXX, XXX−XXX

E

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.orglett.8b04135
http://pubs.acs.org/doi/abs/10.1021/acs.orglett.8b04135
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.8b04135/suppl_file/ol8b04135_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1838688&id=doi:10.1021/acs.orglett.8b04135
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1838689&id=doi:10.1021/acs.orglett.8b04135
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1852202&id=doi:10.1021/acs.orglett.8b04135
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1852209&id=doi:10.1021/acs.orglett.8b04135
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1865323&id=doi:10.1021/acs.orglett.8b04135
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1873067&id=doi:10.1021/acs.orglett.8b04135
http://www.ccdc.cam.ac.uk/data_request/cif
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
mailto:data_request@ccdc.cam.ac.uk
mailto:ekatbud@kinet.chem.msu.ru
http://orcid.org/0000-0002-1557-175X
http://orcid.org/0000-0002-2017-517X
http://orcid.org/0000-0003-1193-7061
http://dx.doi.org/10.1021/acs.orglett.8b04135


Heterocycles among U.S. FDA Approved Pharmaceuticals. J. Med.
Chem. 2014, 57 (24), 10257−10274.
(4) (a) Shtepanek, A. S.; Tkachenko, E. N.; Kirsanov, A. V. Reaction
of p,p,p-triphenylphosphineimide with acid derivatives. Zh. Obshch.
Khim. 1969, 39, 1475−1480. Chem. Abs. 1969, 71, 113055f.
(b) Ciganek, E. Iminophosphoranes from the Reaction of Ylides
with Nitriles. J. Org. Chem. 1970, 35 (11), 3631−3636. (c) Gadreau,
C.; Foucaud, A. Action Des Phosphorannes Sur Les Nitriles Actives.
Tetrahedron 1977, 33 (11), 1273−1278. (d) Merot, P.; Gadreau, C.;
Foucaud, A. Reactions Des N-Phtalimidyl et N-Succinimidyl
Iminophosphoranes Avec Les Composes a Triple Liaison; Acetyle-
niques Actives et α-Halonitriles. Tetrahedron 1981, 37 (15), 2595−
2599. (e) Uchiyama, T.; Fujimoto, T.; Kakehi, A.; Yamamoto, I. [2 +
2] Cycloaddition and Ring Expansion Reactions of Cyclic
Phosphonium and Aminophosphonium Salts: Synthesis and Structure
of the First Eight-Membered Ylide-Type Heterocycles. J. Chem. Soc.,
Perkin Trans. 1 1999, 0 (11), 1577−1580. (f) Ducatel, H.; Nguyen
Van Nhien, A.; Pilard, S.; Postel, D. Efficient Synthesis of Sugar
Iminopyrrolidine Derivatives via an Intramolecular Staudinger-Aza-
Wittig-Type Reaction. Synlett 2006, 2006 (12), 1875−1878.
(5) (a) Scherer, O. J.; Nahrstedt, A. Einbau Der benzonitril-
Liganden Des Cl2Pt(NCC6H5)2 in Einen Phosphor-Stickstoff-
Chelatring. J. Organomet. Chem. 1979, 166 (1), C1−C4. (b) Avis,
M. W.; van der Boom, M. E.; Elsevier, C. J.; Smeets, W. J. J.; Spek, A.
L. Reactions of Bis(Iminophosphoranes) with Palladium(II) Di-
chloride: Metal-Induced Tautomerization Orthopalladation and
Unexpected Platinum-Assisted [2 + 2] Cycloaddition of an Aryl-
Nitrile with a Phosphinimine Moiety. J. Organomet. Chem. 1997, 527
(1−2), 263−276.
(6) Reissig, H.; Zimmer, R. Donor−Acceptor-Substituted Cyclo-
propane Derivatives and Their Application in Organic Synthesis.
Chem. Rev. 2003, 103 (4), 1151−1196.
(7) Ivanov, K. L.; Villemson, E. V.; Budynina, E. M.; Ivanova, O. A.;
Trushkov, I. V.; Melnikov, M. Ya. Ring Opening of Donor-Acceptor
Cyclopropanes with the Azide Ion: A Tool for Construction of N-
Heterocycles. Chem. - Eur. J. 2015, 21 (13), 4975−4987.
(8) Akaev, A. A.; Villemson, E. V.; Vorobyeva, N. S.; Majouga, A. G.;
Budynina, E. M.; Melnikov, M. Ya. 3-(2-Azidoethyl)oxindoles:
Advanced Building Blocks for One-Pot Assembly of Spiro-
[pyrrolidine-3,3′-oxindoles]. J. Org. Chem. 2017, 82 (11), 5689−5701.
(9) (a) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J.
Ab Initio Calculation of Vibrational Absorption and Circular
Dichroism Spectra Using Density Functional Force Fields. J. Phys.
Chem. 1994, 98 (45), 11623−11627. (b) Becke, A. D. Density-
functional Thermochemistry. III. The Role of Exact Exchange. J.
Chem. Phys. 1993, 98 (7), 5648−5652.
(10) Weigend, F.; Ahlrichs, R. Balanced Basis Sets of Split Valence,
Triple Zeta Valence and Quadruple Zeta Valence Quality for H to Rn:
Design and Assessment of Accuracy. Phys. Chem. Chem. Phys. 2005, 7
(18), 3297.
(11) Neese, F.; Wennmohs, F.; Hansen, A.; Becker, U. Efficient,
Approximate and Parallel Hartree−Fock and Hybrid DFT Calcu-
lations. A ‘Chain-of-Spheres’ Algorithm for the Hartree−Fock
Exchange. Chem. Phys. 2009, 356 (1−3), 98−109.
(12) Neese, F. The ORCA Program System. WIREs Comput. Mol.
Sci. 2012, 2 (1), 73−78.
(13) Cossío, F. P.; Alonso, C.; Lecea, B.; Ayerbe, M.; Rubiales, G.;
Palacios, F. Mechanism and Stereoselectivity of the Aza-Wittig
Reaction between Phosphazenes and Aldehydes. J. Org. Chem. 2006,
71 (7), 2839−2847.
(14) Legault, C. Y. CYLview, 1.0b. Universite ́ de Sherbrooke, 2009.
https://www.cylview.org.
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