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Abstract: Arsaalkynes can undergo regioselective and quanti-
tative [3+42] cycloaddition reactions with organic azides to give
hitherto unknown 3H-1,2,3,4-triazaarsole derivatives. The
reaction product was obtained as a white, air- and moisture-
stable solid, and the presence of a planar, five-membered
arsenic heterocycle was unambiguously verified by means of
X-ray crystallography. DFT calculations gave insight into the
electronic structure of these novel compounds compared to
tetrazoles and triazaphospholes. The coordination chemistry
towards Re' was investigated and compared with the structur-
ally related phosphorus-containing ligand. These preliminary
investigations pave the way for a new class of arsenic hetero-
cycles and fill the gap between the azaarsoles already known.

Since the preparation of tetramethyldiarsine by Cadet de
Gassicourt in 1760, organoarsenic compounds have played an
important role in various topics of chemistry, ranging from
concepts of chemical bonding and valency to aromaticity.l"! In
addition, various beneficial pharmacological effects as well as
technological applications of organoarsenics have been
reported.?! Although now well-established, stable com-
pounds containing multiple bonds between carbon and
heavy main-group elements are still fascinating because
they clearly violate the classical double bond rule as a result
of an unfavorable overlapping of the (As,,-C,,) orbitals. In
this respect, the chemistry of so-called low-coordinate arsenic
compounds has been investigated to some extent during the
last few decades, but this field is certainly dominated by their
unsaturated organophosphorus congeners.

Figure 1 shows the most prominent heterocyclic species
containing arsenic-carbon and arsenic-nitrogen (p-p)m
bonds. With the synthesis of arsamethine-cyanines (A),
Mirkl and Lieb reported the first evidence of the existence
of this type of bonding in 1967.F By integrating the As=C
bond into an aromatic system, Jutzi and Bickelhaupt accessed
the highly reactive 9-arsaanthracene (B).") Ashe III finally
prepared the more stable and aromatic parent arsinine
C;H;As (C, R=H) in 1971. This was followed by the even
more kinetically stabilized aryl-substituted arsinines by Markl
etal. in 1983.°) Smaller heterocycles are also available
nowadays. Jones and co-workers reported the coupling
reaction of an arsaalkyne with 1,3-diarsacyclobutadiene
(D). More recently, the Goicoechea research group used
the 2-arsaethynolate anion AsCO™ to access four-membered
anionic compounds (E) in a [242] cycloaddition reaction.’!
Arsenic heterocycles containing additional nitrogen atoms
are also well known. Heinicke et al. pioneered and exten-
sively explored the family of azaarsole derivatives of type F.!
Diazaarsoles (G) can be prepared by the reaction of
methylketone phenylhydrazone with arsenic trichloride.”!
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Figure 1. Arsamethine-cyanine (A) and arsenic heterocycles (B-I).

Recenty, the group of Schulz prepared and structurally
characterized a neutral tetrazaarsole stabilized as a GaCl;
adduct (I)."" Intrigued by the fact that arsenic heterocycles
containing three nitrogen atoms have not yet been reported,
we set out to investigate an entry into the family of
triazaarsoles of type H, as the “missing link” between F, G,
and L.

Triazoles can generally be prepared by a Huisgen [3+2]
cycloaddition reaction between an organic azide and an
alkyne."! Regioselectivity in this transformation can, how-
ever, only be achieved in the presence of a copper catalyst
(copper-catalyzed alkyne-azide “click” reaction, CuAAC).!
On the other hand, the reaction of phosphaalkynes and azides
selectively leads to 3H-1,2,3,4-triazaphosphole derivatives,
even in the absence of a catalyst.['* Interestingly, however, the
[34+2] cycloaddition reaction of an organic azide with an
arsaalkyne has not been reported before. We therefore
prepared (2,4,6-tri-tert-butylbenzylidyne)arsane (1) according
to a literature procedure by the reaction of 24,6-tri-tert-
butylbenzoyl chloride with LiAs(TMS), (TMS = trimethyl-
silyl) in THE" Subsequently, 1 was treated with 2-(azido-
methyl)pyridine (3) in dichloromethane at room temperature.
Much to our surprise and as judged by means of 'H NMR
spectroscopy, the starting materials were cleanly and quanti-
tatively converted into a single new product (4), which was
isolated as a white solid in 32 % yield. ESI-TOF analysis of 4
reveals an [M+H]" signal with m/z = 467.2148 gmol™', which
indeed indicates the presence of the triazaarsole.

Figure 2a illustrates part of the '"H NMR spectrum of 4,
with five distinct signals in the aromatic region (1:1:2:1:1) as
well as a singlet at d =6.03 ppm, which integrates to two
protons. For comparison reasons, we also reacted phosphaal-
kyne 2 with azide 3 to give triazaphosphole 5 (Scheme 1).""
The 'HNMR spectrum of 5 in CD,Cl, is almost identical,
except for the resonances of the CH, protons, which appear as
a pseudodoublet at 6 =5.95 ppm (Figure 2b).

Although the '"H NMR spectra of 4 and 5 are not very
informative, the the “C{'H} NMR data show a clear differ-
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Figure 2. Part of the 'H NMR spectra (CD,Cl,) of a) triazaarsole 4 and
b) triazaphosphole 5.
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Scheme 1. Synthesis of triazaarsole 4 and triazaphosphole 5.

ence in the resonance of the carbon atom adjacent to the
heteroatom. Whereas this carbon signal can be detected at
0=201.4 ppm in the case of 4, the corresponding resonance
appears at 0 = 183.6 ppm (d, J = 46.6 Hz) in the *C{'H} NMR
spectrum of 5. It should be mentioned that 4 is very insensitive
towards water and oxygen, and can be stored without any
decomposition in a normal vial for a prolonged period of time.
This phenomenon can be attributed to the presence of the
rather bulky supermesityl group, which allows significant
kinetic stabilization of the arsenic heterocycle.

We were further able to obtain single crystals of triazaar-
sole 4 by slow crystallization from acetonitrile. The molecular
structure is depicted in Figure 3 along with selected bond
lengths and angles. The crystallographic characterization of 4
not only confirms that hitherto unknown triazaarsoles can be
formed by a [3+42] cycloaddition reaction between an
arsaalkyne and an azide, but also that this conversion
proceeds regioselectively with formation of the 2,5-disubsti-
tuted heterocycle. The observed selectivity can most likely be
attributed to the steric demand of both the supermesityl and
benzyl groups. The five-membered arsenic heterocycle is
perfectly planar with an As(1)—C(7) bond length of 1.860-
(5) A and an As(1)-N(2) bond length of 1.839(4) A, thus
indicating a significant degree of m-conjugation or even
aromaticity.

The single-crystal X-ray diffraction analysis of the first
triazaarsole further allows a comparison of the structural
parameters of 4 with the known ones of triazaphospholes.®
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Figure 3. Molecular structure of 4 in the crystal. Displacement ellip-
soids are shown at the 50% probability level. Selected bond lengths
(A) and angles (°): As(1)-C(7): 1.860(5), As(1)-N(2): 1.839(4), N(2)-
N(3): 1.341(5), N(3)-N(4): 1.320(4), N(4)-C(7): 1.353(5). C(7)-As(1)-
N(2): 81.40(14).

In Figure 4 it can be noted that the replacement of a phos-
phorus atom by an arsenic atom in an otherwise identical
structure leads to a significantly smaller N-As-C angle of 81.4°
compared to an N-P-C angle of approximately 86.4° in
triazaphospholes. This effect is mainly due to the substantially
longer As—C (and As—N) bond compared to a P—C or P-N
bond. It is interesting to note that the bond distances in the
remaining N-N-N-C part of the molecules are very similar in
both heterocycles.

1.6834(19)

1.839(4 / \860(5) \17128(17)

81.4 86.4
1 341(5)\l /1.353(5) 1.340(2) /1.351(3)

1.320(4) 1.314(2)

Figure 4. Structural comparison of 4 (left) with a triazaphosphole
(right).

To gain insight into the electronic structure of the novel
triazaarsole we performed calculations at the DFT level
(B3LYP, cc-pVTZ) on the parent compound AsN(H)N,C(H).
The frontier orbitals are depicted in Figure 5 and are
compared with those of the parent tetrazole and triazaphosp-
hole. It can be seen that the HOMO-LUMO gap becomes
smaller in going from tetrazole to triazaarsole. Similar to the
situation in triazaphosphole, the LUMO of the low-coordi-
nate arsenic heterocycle shows a large coefficient with
m-symmetry at the arsenic atom, which indicates such systems
have m-accepting properties through the heteroatom. This is
much less pronounced in the corresponding tetrazole. The
n-donor properties of triazaarsole and triazaphosphole are
clear from their HOMOs, which again have a large coefficient
of
nm-symmetry at the As and P atoms, respectively. In contrast,
the sequence of the HOMO and HOMO-1 in the parent
tetrazole is reversed with respect to the situation in the other
two heterocycles. This change in order has been observed for
the frontier orbitals of imines and phosphaalkenes.'”’ The
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N=N N=N N=N apparently enforced by the chelating effect. A similar
H/N\N/ H H/N\P/)\H H/N\As/)\H coordination mode has recently also been observed by us
for analogous pyridyl-functionalized triazaphospholes.!'*!
LUMO _.‘ o '. Moreover, the arsenic heterocycle is again perfectly planar,
LUMO T e —_ ‘ as already observed for uncoordinated 4, while the bond
lengths within the five-membered ring are very similar to
those of the free ligand. Interestingly, a first analysis of the IR
stretching frequencies of the CO ligands reveals that 4 is
‘.Homo Q”“_”_::__:r_:_ ; a sliightly stronger net donor than 5,~as 75 is shifted
HOMO ey et : ﬁ significantly to llower wavenumbers (6: 7=2023 (s); 11925
ooy — ‘ »»»»»»»»»»»»» @ - e (s); 1875 (s)em™; 7: v.:2023 (s), 192.:5 (s), 1894 (s) cm )..
HOMO-1 .{? .“p Scheme 2 summarizes the reaction of 4 and 5 with
- - [Re(CO)sBr] to give the Re' complexes 6 and 7, respectively,
@ Homo-2 e - c in which coordination exclusively occurs through the nitrogen

Figure 5. Selected molecular orbitals of tetrazole, triazaphosphole, and
triazaarsole.

lone pair of electrons at the heteroatom is represented in all
heterocycles by the energetically low-lying HOMO-2.

As pyridyl-functionalized triazaphospholes undergo facile
reaction with [Re(CO);Br] under formation of the complex
[(L)Re(CO);Br)], we decided to also explore the coordina-
tion chemistry of 4 and 5 towards Re'.'"®! Compounds 4 and 5
were thus treated with equimolar amounts of [Re(CO);Br] in
dichloromethane at 7= 80°C overnight and the final products
(6 and 7) were isolated as light yellow solids after recrystal-
lization from acetonitrile. To reveal the coordination mode of
ligand 4 and §, we attempted a structural characterization of
the Re' complexes, and single crystals suitable for X-ray
diffraction were obtained by slow crystallization of the
coordination compounds from acetonitrile. The molecular
structure of 6 in the crystal is depicted in Figures 6 along with
selected bond lengths and angles (for the isostructural
compound 7, see the Supporting Information). It is clear
that the chelating ligands coordinate to the Re' center
through the nitrogen atom N(3) of the triazaarsole moiety,
rather than through the arsenic atom. The coordination of the
least nucleophilic nitrogen atom N(3) to the metal center is

Figure 6. Molecular structure of 6 in the crystal. Displacement ellip-
soids are shown at the 50% probability level. Selected bond lengths
(A) and angles (°): As(1)-C(7): 1.859(3), As(1)-N(2): 1.832(2), N(2)-
N(3): 1.342(3), N(3)-N(4): 1.319(3), N(4)-C(7): 1.343(3), N(3)-Re(1):
2.176(2), N(1)-Re(1): 2.205(2), Re(1)-Br(1): 2.6145(9). C(7)-As(1)-N(2):

81.70(11). Two CH;CN solvent molecules are omitted for clarity."”!
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atoms to the metal center.
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Scheme 2. Synthesis of Re' complexes of 6 and 7.

In summary, we have developed a facile access to a new
class of arsenic heterocycles by making use of a [3+42]
cycloaddition reaction between an arsaalkyne and an organic
azide. The formation of the hitherto unknown air- and
moisture-stable triazaarsole could be verified by means of
single-crystal X-ray diffraction. A comparison with the
related triazaphosphole allowed the identification of struc-
tural similarities and differences between these heterocycles,
while DFT calculations provided insight into their electronic
properties. The presence of an additional pyridyl group within
the heterocyclic framework enabled us to probe the coordi-
nation chemistry of the potentially chelating ligand. It turned
out that coordination to a Re' fragment occurred exclusively
through the pyridine moiety and the least nucleophilic
nitrogen atom of the triazaarsole. Our results should offer
the possibility to explore in detail the properties of this new
family of nitrogen-containing arsenic heterocycles.

Acknowledgements

Financial support from the Free University of Berlin and the
Deutsche Forschungsgemeinschaft (DFG) is gratefully
acknowledged.

Keywords: azaarsoles - cycloaddition - heterocycles -
main-group chemistry - structure elucidation

How to cite: Angew. Chem. Int. Ed. 2016, 55, 11760-11764
Angew. Chem. 2016, 128, 11934-11938

www.angewandte.org

intemationalEdition’y Chemie


http://www.angewandte.org

GDCh
~~—~

11764 www.angewandte.org

[1] a) Organometallics, 3rded. (Ed.: C. Elschenbroich), Wiley-
VCH, Weinheim, 2006; b) D. Seyferth, Organometallics 2001,
20, 1488 -1498.

[2] a) N. C. Lloyd, H. W. Morgan, B. K. Nicholson, R. S. Ronimus,
Angew. Chem. Int. Ed. 2005, 44, 941 -944; Angew. Chem. 2005,
117,963 -966; b) V. K. Jain, Bull. Mater. Sci. 2005, 28, 313 -316.

[3] G. Mirkl, FE. Lieb, Tetrahedron Lett. 1967, 8, 3489 —3493.

[4] a) P. Jutzi, K. Deuchert, Angew. Chem. Int. Ed. Engl. 1969, 8,
991-992; Angew. Chem. 1969, 81,1051 -1052; b) H. Vermeer, F.
Bickelhaupt, Angew. Chem. Int. Ed. Engl. 1969, 8, 992; Angew.
Chem. 1969, 81, 1052.

[5] a) A.J. Ashe 111, J. Am. Chem. Soc. 1971, 93, 3293-3295; b) G.
Mirkl, A. Bergbauer, J. B. Rampal, Tetrahedron Lett. 1983, 24,
4079-4082.

[6] M. D. Francis, D. E. Hibbs, M. B. Hursthouse, C. Jones, K. M.
Abdul Malik, Chem. Commun. 1996, 631 —-632.

[7] A. Hinz, J. M. Goicoechea, Angew. Chem. Int. Ed. 2016, 55,
8536-8541; Angew. Chem. 2016, 128, 8678 —8683.

[8] a) A. Tzschach, J. Heinicke, J. Prakt. Chem. 1976, 318, 409-412;
b) J. Heinicke, A. Tzschach, J. Organomet. Chem. 1978, 154, 1—
12; c¢) J. Heinicke, A. Tzschach, J. Organomet. Chem. 1979, 166,
175-178; d) J. Heinicke, A. Tzschach, J. Organomet. Chem.
1980, 186, 39-50; e) J. Heinicke, A. Tzschach, Z. Anorg. Allg.
Chem. 1983, 501, 146-152; f)J. Heinickle, A. Petrasch, A.
Tzschach, J. Organomet. Chem. 1983, 258, 257-269; g)J.
Heinicke, A. Tzschach, Phosphorus Sulfur Relat. Elem. 1984,
20,347-356; h) L. Nyulaszi, G. Csonka, J. Réffy, T. Veszprémi, J.
Heinicke, J. Organomet. Chem. 1989, 373, 49 -55.

[9] a) G. Mirkl, C. Martin, Tetrahedron Lett. 1973, 14, 4503 —4506;
b) B. A. Arbuzov, E.N. Dianova, Phosphorus Sulfur Relat.
Elem. 1986, 26, 203 -251.

[10] a) A. Schulz, A. Villinger, Angew. Chem. Int. Ed. 2008, 47, 603 —
606; Angew. Chem. 2008, 120,614 -617; b) M. Kuprat, A. Schulz,

Communications

Angewandte

intemationaldition’y) Chemie

A. Villinger, Angew. Chem. Int. Ed. 2013, 52, 7126-7130;
Angew. Chem. 2013, 125, 7266 —-7270.

[11] R. Huisgen, Proc. Chem. Soc. 1961, 357 -369.

[12] a) H. C. Kolb, M. G. Finn, K. B. Sharpless, Angew. Chem. Int.
Ed. 2001, 40, 2004 -2021; Angew. Chem. 2001, 113, 2056-2075;
b) V. V. Rostovtsev, L. G. Green, V. V. Fokin, K. B. Sharpless,
Angew. Chem. Int. Ed. 2002, 41, 2596-2599; Angew. Chem.
2002, 714, 2708-2711; c) C. W. Tornge, C. Christensen, M.
Meldal, J. Org. Chem. 2002, 67, 3057 -3064.

[13] W. Rosch, M. Regitz, Angew. Chem. Int. Ed. Engl. 1984, 23, 900;
Angew. Chem. 1984, 96, 898.

[14] a) G. Markl, H. Sejpka, Angew. Chem. Int. Ed. Engl. 1986, 25,
264 -264; Angew. Chem. 1986, 98, 286 —287; b) P. Hitchcock, C.
Jones, J. F. Nixon, J. Chem. Soc. Chem. Commun. 1994, 2061 —
2062.

[15] G. Mirkl, H. Sejpka, Tetrahedron Lett. 1986, 27, 171-174.

[16] a)J. A. W. Sklorz, C. Miiller, Eur. J. Inorg. Chem. 2016, 2016,
595-606; b)J. A. W. Sklorz, M. Schnucklake, M. Kirste, M.
Weber, J. Wiecko, C. Miiller, Phosphorus Sulfur Silicon Relat.
Elem. 2016, 191, 558-562; c) C. Miiller, J. A. W. Sklorz, I
de Krom, A. Loibl, M. Habicht, M. Bruce, G. Pfeifer, J. Wiecko,
Chem. Lett. 2014, 43, 1390—1404.

[17] P. Le Floch, Coord. Chem. Rev. 2006, 250, 627 —681.

[18] a) J. A. W. Sklorz, S. Hoof, N. Rades, N. De Rycke, L. Konczdl,
D. Szieberth, M. Weber, J. Wiecko, L. Nyulaszi, M. Hissler, C.
Miiller, Chem. Eur. J. 2015, 21,11096-11109; b) J. A. W. Sklorz,
S. Hoof, M. G. Sommer, F. Weiler, M. Weber, J. Wiecko, B.
Sarkar, C. Miiller, Organometallics 2014, 33, 511 -516.

[19] CCDC 1481887 (4) and 1481888 (6) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from Cambridge Crystallographic Data Centre.

Received: May 26, 2016
Published online: July 27, 2016

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2016, 55, 11776011764


http://dx.doi.org/10.1021/om0101947
http://dx.doi.org/10.1021/om0101947
http://dx.doi.org/10.1002/anie.200461471
http://dx.doi.org/10.1002/ange.200461471
http://dx.doi.org/10.1002/ange.200461471
http://dx.doi.org/10.1007/BF02704242
http://dx.doi.org/10.1016/S0040-4039(01)89828-2
http://dx.doi.org/10.1002/anie.196909911
http://dx.doi.org/10.1002/anie.196909911
http://dx.doi.org/10.1002/ange.19690812415
http://dx.doi.org/10.1002/anie.196909921
http://dx.doi.org/10.1002/ange.19690812416
http://dx.doi.org/10.1002/ange.19690812416
http://dx.doi.org/10.1021/ja00742a038
http://dx.doi.org/10.1016/S0040-4039(00)88266-0
http://dx.doi.org/10.1016/S0040-4039(00)88266-0
http://dx.doi.org/10.1039/cc9960000631
http://dx.doi.org/10.1002/anie.201602310
http://dx.doi.org/10.1002/anie.201602310
http://dx.doi.org/10.1002/ange.201602310
http://dx.doi.org/10.1002/prac.19763180309
http://dx.doi.org/10.1016/S0022-328X(00)82786-2
http://dx.doi.org/10.1016/S0022-328X(00)82786-2
http://dx.doi.org/10.1016/S0022-328X(00)91631-0
http://dx.doi.org/10.1016/S0022-328X(00)91631-0
http://dx.doi.org/10.1016/S0022-328X(00)93816-6
http://dx.doi.org/10.1016/S0022-328X(00)93816-6
http://dx.doi.org/10.1016/S0022-328X(00)99270-2
http://dx.doi.org/10.1080/03086648408077644
http://dx.doi.org/10.1080/03086648408077644
http://dx.doi.org/10.1016/0022-328X(89)85023-5
http://dx.doi.org/10.1016/S0040-4039(01)87261-0
http://dx.doi.org/10.1080/03086648608083095
http://dx.doi.org/10.1080/03086648608083095
http://dx.doi.org/10.1002/anie.200704367
http://dx.doi.org/10.1002/anie.200704367
http://dx.doi.org/10.1002/ange.200704367
http://dx.doi.org/10.1002/anie.201302725
http://dx.doi.org/10.1002/ange.201302725
http://dx.doi.org/10.1002/1521-3773(20010601)40:11%3C2004::AID-ANIE2004%3E3.0.CO;2-5
http://dx.doi.org/10.1002/1521-3773(20010601)40:11%3C2004::AID-ANIE2004%3E3.0.CO;2-5
http://dx.doi.org/10.1002/1521-3757(20010601)113:11%3C2056::AID-ANGE2056%3E3.0.CO;2-W
http://dx.doi.org/10.1002/1521-3773(20020715)41:14%3C2596::AID-ANIE2596%3E3.0.CO;2-4
http://dx.doi.org/10.1002/1521-3757(20020715)114:14%3C2708::AID-ANGE2708%3E3.0.CO;2-0
http://dx.doi.org/10.1002/1521-3757(20020715)114:14%3C2708::AID-ANGE2708%3E3.0.CO;2-0
http://dx.doi.org/10.1021/jo011148j
http://dx.doi.org/10.1002/anie.198409001
http://dx.doi.org/10.1002/ange.19840961117
http://dx.doi.org/10.1002/anie.198602641
http://dx.doi.org/10.1002/anie.198602641
http://dx.doi.org/10.1002/ange.19860980332
http://dx.doi.org/10.1039/C39940002061
http://dx.doi.org/10.1039/C39940002061
http://dx.doi.org/10.1016/S0040-4039(00)83969-6
http://dx.doi.org/10.1080/10426507.2015.1119144
http://dx.doi.org/10.1080/10426507.2015.1119144
http://dx.doi.org/10.1016/j.ccr.2005.04.032
http://dx.doi.org/10.1002/chem.201500988
http://dx.doi.org/10.1021/om4010077
https://summary.ccdc.cam.ac.uk/structure-summary?doi=10.1002/anie.201605143
http://www.ccdc.cam.ac.uk/
http://www.angewandte.org

