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Transannular Ring Closure of a 1,8-Diazacyclotetradeca-3,5,10,12-tetrayne to
a Tricyclic System with a Central Cyclooctatetraene Ring
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The addition of two equivalents of hydrochloric acid to N,N�-
diisopropyl-1,8-diazacyclotetradeca-3,5,10,12-tetrayne (13)
afforded a tricyclic scaffold in which a central dichloro-sub-
stituted cyclooctatetraene ring is annelated by two N-iso-
propyl-2,5-dihydropyrrole rings (14). Three other minor
products were congeners of 14 in which one (15, 16) or both
(17) of the 2,5-dihydropyrrole rings are oxidized. In 16 the
chlorine atoms adopt different positions.The assignment of

Introduction

Some time ago we demonstrated that two alkyne units
oriented in close proximity in a 10-membered ring undergo
a transannular reaction to yield a bicyclic system as sche-
matically shown in Scheme 1 for a polar and radical ad-
dition.[1,2]

Scheme 1. Polar and radical additions to 1.

These results stimulated us to look at systems where two
1,3-butadiyne units are oriented parallel to each other in
a cyclic system. Earlier studies by various groups reported
transannular reactions of the 1,2:7,8-dibenzocyclododeca-
1,7-dien-3,5,7,11-tetrayne systems 4a and 4b which mainly
led to 6-5-6-5-6-fused ring systems as shown in
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the structures of 14–17 is based on the result of an X-ray
investigation on single crystals of 16 and NMR studies. The
structural assignments of 14 and 15 were corroborated by la-
beling experiments with DCl. The regiochemistry in the ad-
dition of the second equivalent of hydrochloric acid to 13 was
illuminated by DFT calculations.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Scheme 2.[3–5] When the ring size of the cyclic tetrayne sys-
tem was changed from 12 to 14,[6] 15 or 16,[7] other ring-
closing modes were observed. In the case of N-isopropyl-
1-azacyclotetradeca-3,5,10,12-tetrayne (10) we observed the
tricyclic species 11 with a central cyclooctatetraene ring
skeleton (Scheme 3).[6]

Scheme 2. Reduction-induced transannular ring closure of 4a and
reaction of 4b with iodine.

The structure of 11 was underpinned by its oxidation
product 12 whose structure was confirmed by an X-ray in-
vestigation on single crystals.[6] These results revealed that
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Scheme 3. Transannular reaction of 10 leading to 11 and 12.

the longer tethers in 10 as compared to 4 allowed a ring
closure at both termini of the 1,3-butadiyne units in 10.
This ring-closing mode was facilitated by the relative close
proximity of the termini in 10 (3.1 Å) as compared to the
distances of the inner sp-centers (3.4 Å). When the two
tethers connecting the 1,3-butadiyne units are of different
lengths only three of the four triple bonds are involved in
the ring-closing process.[7]

In connection with our studies on the addition of hydro-
chloric acid to 1a[2] and 10[6] we also studied the behavior
of N,N�-diisopropyl-1,8-diazacyclotetradeca-3,5,10,12-tet-
rayne (13)[8] towards concentrated hydrochloric acid. This
study was undertaken to find out more about the regioselec-
tivity of the HCl addition.

Results

A solution of 13 in concd. hydrochloric acid was stirred
under aerobic conditions at 50 °C for 48 h. After work-up
four products were separated by column chromatography.
The main product 14, a yellow oil, was isolated in 63%
yield. The yields for the other products, 15–17, were low
and in the order of 2% (15, 16) to 0.6% (17). The mass
spectrometric data revealed for 14 a molecular weight of
338, corresponding to a formula of C18H24Cl2N2. This
shows that two equivalents of HCl were added to 13
(Scheme 4).

Scheme 4. Generation of 14 by HCl addition to 13.

For 15 and 16 the masses recorded were m/z 336 corre-
sponding to formulae of C18H22Cl2N2. For 17 the mass was
334 corresponding to C18H20N2Cl2. We assume that the
side products 15–17 are due to an oxidation process of 14
under the aerobic condition that the reaction was carried
out in (Figure 1).
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Figure 1. Structures of the side products obtained from the ad-
dition of HCl to 13.

The NMR spectroscopic data of all four products re-
vealed rather simple and very similar patterns indicating
that the skeleton of all four molecules is very closely related.
The 13C NMR spectroscopic data reveal no signals for sp
carbon atoms but signals for aliphatic and olefinic carbons.
The 1H NMR spectroscopic data in the olefinic region re-
veal for 14 only one singlet, for 16 two singlets, for 15 two
singlets and two doublets, and for 17 one singlet and two
doublets. We start with our structural assignments with 16
because we were able to grow single crystals of this species
which allowed an X-ray diffraction study.[9] These investi-
gations revealed a tricyclic ring system with a central eight-
membered ring annelated to an N-isopropyl-2,5-dihy-
dropyrrole and an N-isopropylpyrrole ring (Figure 2).

Figure 2. Molecular structure of 16.

The molecular structure of 16 adopts a nearly Cs sym-
metry in the solid state and is reminiscent of 12. As antici-
pated the pyrrole ring is almost planar whereas the dihy-
dropyrrole ring adopts an envelope conformation with a
bonding angle at the nitrogen center of 105.6°. For the cen-
tral eight-membered ring a boat conformation was found.
The folding angle of the eight-membered ring amounts to
average 38.2° and 34.4° at the dihydropyrrole and the pyr-
role side, respectively, being close to that reported for di-
benzo[a,e]cyclooctatetraene (43.4°).[10] The knowledge of
the molecular structure of 16 allowed us to interpret the
NMR spectroscopic data of this molecule and the other
three products. In the 1H NMR spectrum of 16 the singlet
at δ = 3.61 ppm corresponds to the equivalent CH2 groups
of the dihydropyrrole ring, and the singlet at δ = 6.34 ppm
we assigned to the two equivalent protons of the pyrrole
ring. The singlet at δ = 6.52 ppm is due to the equivalent
CH groups of the eight-membered ring. These assignments
are fully in line with 13C NMR spectroscopic data and
HMBC experiments.

The spectroscopic data of the 1H NMR spectrum of 15
and the fact that the 13C NMR spectroscopic data reveal
sixteen signals, twice as many as found for 16, indicate no
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plane of symmetry or a C2 axis perpendicular to the molec-
ular plane for 15. The same molecular weight of 15 as 16
suggests to assign to 15 the other possible regioisomer (Fig-
ure 1). With this assumption we were able to assign all of
the NMR spectroscopic data of 15. The signals of the iso-
propyl groups (δ = 4.06 and 2.54 ppm) in the 1H NMR
spectrum are very close to those recorded for 16. The same
holds for the 13C NMR spectroscopic data of the isopropyl
group. This supports one pyrrole and one 2,5-dihydropyr-
role ring in 15. The 1H NMR signals of the CH2 groups of
the dihydropyrrole ring are found as multiplets at 3.57 to
3.60 ppm and at δ = 3.42 ppm. In the 13C NMR spectrum
of 15 the corresponding signals are found as triplets at δ =
62.3 and 61.0 ppm. The presence of the pyrrole ring is evi-
denced in the 1H NMR spectrum of 15 by two doublets at
δ = 6.67 and 6.28 ppm.The coupling constants of 4J =
2.48 Hz and 2.42 Hz are in line with those reported in the
literature.[2,11] The two singlets at δ = 6.51 and 5.94 ppm we
assign to the non-equivalent hydrogen atoms at the COT
ring.

The 1H NMR spectrum recorded for the main product
14 is rather simple. We found only one singlet for the sp2

CH groups, and the signals for the isopropyl groups (δ =
2.60 ppm) reveal their magnetic equivalence. Together with
the measured molecular weight and the presence of only
eight signals in the 13C NMR spectrum, the assignment of
the molecular structure of 14 is fully in line with the pro-
posed C2 symmetry.

The assignment of the analytical data obtained for the
most unsaturated product to 17 follows also from the spec-
troscopic data: only eight signals in the 13C NMR spec-
trum, one singlet for the sp2 CH protons (δ = 6.57 ppm) of
the eight-membered ring, two doublets for the pyrrole pro-
tons (δ = 6.76 and 6.34 ppm) and the magnetic equivalence
for the isopropyl protons (δ = 4.07 ppm) are fully in line
with the proposed C2-symmetrical structure in Figure 1.

The assignment of the 1H NMR spectra of 14 and 15
was corroborated by the spectra of 14-d2 and 15-d2, which
were obtained by the addition of concd. DCl (in D2O) to
13 (see Exp. Section).

Discussion
The discussion of the reaction mechanism of the HCl

addition to 13 is based on recent model calculations[12] car-
ried out on the diprotonated form of the tetrayne, 18, using
B3LYP/6-31G*. These calculations led us to postulate a
stepwise mechanism for the ring closure of 18 to 24
(Scheme 5).

Adding a proton to one of the triple bonds in 18 (C4)
causes a transannular ring closure affording the vinyl cation
19. Further ring closure leads to the tricyclic cation 20 to
which a Cl– is added consecutively. The resulting highly
strained cyclic 1,2,3-butatriene 21 can isomerize to 22 which
is more stable but still suffers from a highly strained triple
bond. Final HCl addition to the triple bond in 22 yields the
product 23 corresponding to 14 (Scheme 4) in the experi-
ment.
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Scheme 5. Proposed reaction mechanism for the addition of HCl
to 18.

We further addressed the question why there was such a
dominant regioselectivity to be observed in the HCl ad-
dition to 22. In the reaction of 13 (Scheme 4) three of the
four isolated products showed a 1,5-dichloro substitution
pattern in the eight-membered ring with a total yield of
66.7%. 16 having a 1,4-dichloro-substituted eight-mem-
bered ring was found in only 2%. As 16 must have been
formed by oxidation of a precursor corresponding to 24
and 15 and 17 are oxidation products of 14, which corre-
sponds to 23, we traced the question back to the regioselec-
tivity in the HCl addition to 22. To illuminate this matter
we compared the relative nucleophilicities of the sp-carbon
centers C11 and C12 in 22, as calculated from local soft-
nesses.[12] The addition of HCl to a triple bond usually fol-
lows an AdE2 mechanism, starting with the protonation of
one of the sp-carbon atoms. The carbon atom with the
greater nucleophilicity should have a stronger attraction to
the attacking proton. Our calculations showed that the rela-
tive nucleophilicity of C11 in 22 is larger than that of C12.
This means that the majority of 22 is converted to 23 which
confirms our experimental observation that 14 (Scheme 4)
was predominantly formed. Interestingly, the regioselectiv-
ity in the reaction of the monoaza system 10 (Scheme 3) is
the reverse. In the experiment only the regioisomer 11 could
be isolated[6] which we were also able to confirm by relative
nucleophilicity calculations.[12]

Conclusions

In contrast to the rather rigid 12-membered, cyclic tet-
raynes 4 (Scheme 2) which show ring-closing modes of the
central bis-diyne units to 5-6-5 tricyclic systems, our more
flexible 14-membered, cyclic tetrayne 13 yields a 5-8-5 pat-
terned system. We were able to elucidate the structures of
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four different isolated products by analytical methods. In
contrast to the monoaza congener 10 (Scheme 3) the main
cyclization product of 13, 14, reveals a 4,8-dichloro substi-
tution of the central cyclooctatetraene ring. The corre-
sponding 3,8-substituted product, 16, is only found in low
yields. This difference between the acid-induced reactions
of 10 and 13 can be traced back to the relative nucleophilic-
ity of the alkyne carbon atoms of the cycloocta-1,3,5-triene-
7-yne intermediates (Scheme 5).

Experimental Section
Preparation of 14–17: The reaction was carried out in a Schlenk
flask. A solution of 400 mg (1.5 mmol) of N,N�-diisopropyl-1,8-
diazacyclotetradeca-3,5,10,12-tetrayne (13) in 30 mL of concd. HCl
(36%) was heated to 50 °C for 48 h. After cooling the brown-col-
ored solution to room temperature, 100 mL of chloroform were
added, followed by 400 mL of 2  NaOH, saturated with NaCl at
0 °C. The alkaline phase was extracted with chloroform
(3�50 mL). The combined organic phases were dried with anhy-
drous Na2SO4 and in a rotary evaporator to get a brown-colored
solid as crude product. The crude product was absorbed on neutral
alumina and subjected to column chromatography on silica gel
with chloroform/methanol (30:1, v/v) as eluent obtaining pure 17
(3 mg, 0.008 mmol, 0.6%) and a mixture of 14–16. Further separa-
tion of the mixture 14–16 was achieved on silica gel with cyclohex-
ane/ethyl acetate (10:1, v/v) as eluent obtaining pure 14 (322 mg,
0.95 mmol, 63.3%), 15 (14 mg, 0.04 mmol, 2.8%), and 16 (10 mg,
0.03 mmol, 2%).

4,9-Dichloro-2,7-diisopropyl-1,2,3,6,7,8-hexahydrocycloocta[1,2-c:
5,6-c�]dipyrrole (14): Yellow oil. 1H NMR (CDCl3, 500 MHz): δ
= 5.90 (s, 2 H, CH, cyclooctatetraene), 3.67–3.61 (m, 2 H, CH2,
dihydropyrrole), 3.48–3.43 (m, 4 H, CH2, dihydropyrrole), 3.39–
3.35 (m, 2 H, CH2, dihydropyrrole), 2.60 (hept, 3J = 6.3 Hz, 2 H,
NCH, isopropyl), 1.06 (d, 3J = 6.3 Hz, 12 H, CH3) ppm. 13C NMR
(CDCl3, 125 MHz): δ = 139.3, 136.1, 131.0, 125.9, 61.2, 59.8, 54.2,
21.6 ppm. IR (KBr): ν̃ = 2973, 2767, 1621, 1530 cm–1. MS (EI):
m/z (%) = 342 (3) [M+Cl37Cl37], 340 (18) [M+Cl37Cl35], 338 (28)
[M+Cl35Cl35], 327 (11), 325 (65), 323 (100), 305 (93), 303 (24), 301
(39), 282 (21), 281 (18), 280 (15), 263 (2), 261 (14), 259 (24). HRMS
(EI): m/z: Calcd. for C18H24

35Cl2N2: 338.1317; found 338.1286.

4,9-Dichloro-2,7-diisopropyl-1,2,3,7-tetrahydrocycloocta[1,2-c:
5,6-c�]dipyrrole (15): Yellow wax-like solid. 1H NMR (CDCl3,
300 MHz): δ = 6.67 (d, 4J = 2.48 Hz, 1 H, CH, pyrrole), 6.51 (s, 1
H, CH, cyclooctatetraene), 6.28 (d, 4J = 2.42 Hz, 1 H, CH, pyr-
role), 5.94 (s, 1 H, CH, cyclooctatetraene), 4.08 [hept, 3J = 6.7 Hz,
1 H, NCH, isopropyl(pyrrole)], 3.60–3.57 (m, 2 H, CH2, dihy-
dropyrrole), 3.42 (m, 2 H, CH2, dihydropyrrole), 2.57 [hept, 3J =
6.3 Hz, 1 H, NCH, isopropyl(dihydropyrrole)], 1.41 (d, 3J = 6.8 Hz,
6 H, CH3), 1.08 (d, 3J = 6.3 Hz, 6 H, CH3) ppm. 13C NMR
(CDCl3, 75 MHz): δ = 137.8, 134.3, 131.3, 128.0, 125.4, 122.2,
121.8, 120.2, 119.3, 118.7, 62.3, 61.0, 54.7, 51.7, 24.0, 22.1 ppm. IR
(KBr): ν̃ = 2972, 2768, 1633, 1527, 1460 cm–1. MS (EI): m/z (%) =
340 (2) [M+Cl37Cl37], 338 (16) [M+Cl37Cl35], 336 (29) [M+Cl35Cl35],
325 (4), 323 (21), 321 (34), 303 (34), 301 (100), 261 (5), 259 (29),
257 (42), 219 (4), 217 (17), 215 (27). HRMS (EI): m/z: Calcd. for
C18H22N2

35Cl2: 336.1160; found 336.1143.

4,10-Dichloro-2,7-diisopropyl-1,2,3,7-tetrahydro-cycloocta[1,2-c:
5,6-c�]dipyrrole (16): Yellow liquid. 1H NMR (CDCl3, 500 MHz):
δ = 6.52 (s, 2 H, CH, cyclooctatetraene), 6.34 (s, 2 H, CH, pyrrole),
4.06 [hept, 3J = 6.7 Hz, 1 H, NCH, isopropyl(pyrrole)], 3.61 (s,
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4 H, CH2, dihydropyrrole), 2.59 [hept, 3J = 6.3 Hz, 1 H, NCH,
isopropyl(dihydropyrrole)], 1.39 (d, 3J = 6.7 Hz, 6 H, CH3), 1.08
(d, 3J = 6.3 Hz, 6 H, CH3) ppm. 13C NMR (CDCl3, 125 MHz): δ
= 137.3, 126.7, 126.6, 120.6, 118.3, 61.7, 55.2, 51.8, 24.3, 22.4 ppm.
IR (KBr): ν̃ = 2972, 2766, 1623, 1530 cm–1. MS (EI): m/z (%) =
340 (3) [M+Cl37Cl37], 338 (20) [M+Cl37Cl35], 336 (34) [M+Cl35Cl35],
325 (6), 323 (38), 301 (100), 259 (24), 257 (41), 219 (2), 217 (12),
215 (20). HRMS (EI): m/z: Calcd. for C18H22

35Cl2N2: 336.1160;
found 336.1173.

Analytical Data for 4,9-Dichloro-2,7-diisopropyl-2,7-dihydrocyclo-
octa[1,2-c:5,6-c�]dipyrrole (17): Brown wax-like solid. 1H NMR
(CDCl3, 300 MHz): δ = 6.76 (d, 4J = 2.6 Hz, 2 H, CH, pyrrole),
6.57 (s, 2 H, CH, cyclooctatetraene), 6.34 (d, 4J = 2.6 Hz, 2 H, CH,
pyrrole), 4.07 (hept, 3J = 6.7 Hz, 2 H, NCH, isopropyl), 1.39 (d,
3J = 6.7 Hz, 12 H, CH3) ppm. 13C NMR (CDCl3, 75 MHz): δ =
127.6, 122.1, 120.9, 120.0, 119.3, 118.6, 51.5, 23.9 ppm. IR (KBr):
ν̃ = 2963, 2930, 1635, 1602, 1517 cm–1. MS (EI): m/z (%) = 338
(12) [M+Cl37Cl37], 336 (63) [M+Cl37Cl35], 334 (100) [M+Cl35Cl35],
301 (9), 299 (24). HRMS (EI): m/z: Calcd. for C18H20N2

35Cl2:
334.1004; found 334.0984.

DCl-Addition to 13: The addition of DCl to 13 was carried out
analogously to the HCl addition. After chromatography of the
crude product on silica gel with chloroform/methanol (30:1, v/v) as
eluent a mixture of 14-d2 and 15-d2 (298 mg, 0.88 mmol, 58.4%)
was obtained. Further chromatography of the mixture was
achieved on silica gel with cyclohexane/ethyl acetate (3:1, v/v) as
eluent obtaining pure 14-d2 (136 mg, 0.40 mmol, 26.7%) and 15-d2

(62 mg, 0.18 mmol, 12.2%).

Analytical Data for 4,9-Dichloro-5,10-dideuterio-2,7-diisopropyl-
1,2,3,6,7,8-hexahydrocycloocta[1,2-c:5,6-c�]dipyrrole (14-d2): Yellow
oil. 1H NMR (CDCl3, 500 MHz): δ = 3.68–3.64 (m, 2 H, CH2,
dihydropyrrole), 3.50–3.45 (m, 4 H, CH2, dihydropyrrole), 3.40–
3.37 (m, 2 H, CH2, dihydropyrrole), 2.62 (hept, 3J = 6.3 Hz, 2 H,
NCH, isopropyl), 1.07 (d, 3J = 6.3 Hz, 12 H, CH3) ppm. 13C NMR
(CDCl3, 125 MHz): δ = 139.9, 136.8, 131.6, 61.8, 60.4, 54.9,
22.3 ppm. MS (EI): m/z (%) = 342 (40) [M+Cl37Cl37], 341 (19), 340
(52) [M+Cl37Cl35], 339 (11), 338 (10) [M+Cl35Cl35], 327 (62), 325
(100), 323 (10), 305 (49), 303 (45).

Analytical Data for 4,9-Dichloro-5,10-dideuterio-2,7-diisopropyl-
1,2,3,7-tetrahydrocycloocta[1,2-c:5,6-c�]dipyrrole (15-d2): Yellow
wax-like solid. 1H NMR (CDCl3, 500 MHz): δ = 6.67 (d, 4J =
2.45 Hz, 1 H, CHpyrrole), 6.28 (d, 4J = 2.45 Hz, 1 H, CH, pyrrole),
4.08 [hept, 3J = 6.7 Hz, 1 H, NCH, isopropyl(pyrrole)], 3.59 (t, 4J
= 3.8 Hz, 2 H, CH2, dihydropyrrole), 3.42 (t, 4J = 3.8 Hz, 2 H,
CH2, dihydropyrrole), 2.57 [hept, 3J = 6.3 Hz, 1 H, NCH, isoprop-
yl(dihydropyrrole)], 1.41 (d, 3J = 6.7 Hz, 6 H, CH3), 1.06 (d, 3J =
6.3 Hz, 6 H, CH3) ppm. 13C NMR (CDCl3, 75 MHz): δ = 138.0,
134.5, 131.5, 128.2, 122.5, 120.5, 119.6, 118.9, 62.6, 61.3, 55.0, 52.0,
24.4, 22.4 ppm. MS (EI): m/z (%) = 342 (40) [M+Cl37Cl37], 341 (19),
340 (52) [M+Cl37Cl35], 339 (11), 338 (10) [M+Cl35Cl35], 327 (62),
325 (100), 323 (10), 305 (49), 303 (45).
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