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X-ray investigations on the ten-membered heterocyclodiynes
1—4 reveal a chair-like conformation for all four compounds.
The triple bonds are oriented parallel to each other, the dis-
tances between them varying between 3.10 A (2) and 291 A (1).
All triple bonds are slightly bent, the deviation from 180° var-
ies between 6—10°. The photoelectron spectra of 1 and 3—6

have been recorded. The first six bands have been assigned
by comparing them with related species and MO calculations.
In the case of 3—6, the HOMO is predicted to be a lone pair
combination. The splitting between the in-plane =-linear com-
binations n;”, 7" ranges from 0.9 eV (5) up to 1.5 eV (4).

The reaction of 1,6-cyclodecadiyne and 1,6-dithia-3,8-cy-
clodecadiyne with CpCoL, (L = CO, L, = CgH,) resulted
in the formation of new cyclophanes'~?. This has prompted
us to examine the properties of ten-membered heterocyclic
diynes more systematically. In a recent communication we
have reported on a general route to some of these species?.
In this paper we describe our studies concerning the struc-
ture and photoelectron (PE) spectra. The compounds in
question are 1,6-dioxa-3,8-cyclodecadiyne (1), 1,6-dithia-3,8-
cyclodecadiyne (2), 1-oxa-6-thia-3,8-cyclodecadiyne (3),
1-thia-3,8-cyclodecadiyne (4), 1-thia-6-selena-3,8-cyclodeca-
diyne (5) and 1,6-diselena-3,8-cyclodecadiyne (6). For com-
parison, we also include the data obtained for 1,6-cyclode-
cadiyne (7).
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X-ray Structure Determination of the Heterocyclic Diynes
1-4

Compounds 1 and 2 have already been examined by
X-ray methods in the early sixties®”, but at that time the
molecular structures could not be determined. Our investi-
gations now permit a detailed description of the molecular
structures of 1 and 2 as well as of the newly synthesized
congeners 3 and 4. In the crystalline state all four cyclo-
diynes exhibit a chair-like conformation as demonstrated
for 4 in Figure 1. The analysis of the X-ray data of 3 reveals
a disorder in the crystalline state so that it is not possible
to distinguish between the sulfur and oxygen atoms.

Just as in 7, the two triple bonds are arranged parallel to
each other in all four hetero diynes. The transannular distance
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Figure 1. Side view and top view of the structure of 4 as obtained
by X-ray investigations

of the triple bonds depends systematically on the hetero-
atom (see Table 1). Thus, the ring with two sulfur atoms (2)
shows the larger distance (3.10 A), whereas the smallest dis-
tance (2.91 A) is encountered for the ring with two oxygen
atoms (1). As anticipated the unsymmetric substitution in 4
leads to two acetylenic units which diverge towards the sul-
fur side of the molecule. Here, the intramolecular distance
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between the triple bonds amounts to 3.07 A as compared to
2.98 A on the side with the trimethylene bridge.

Table 1. Transannular distances of triple bonds, bond angles at
C(sp) atoms, deformations and distances between the heteroatoms
and the corresponding carbon atoms, respectively, of 1 —4 and 7

1 2 3 4 7
Transannular dis-  2.909(2) 3.102(2) 3.014(4) 2976(3) 2991(2)
tances [A] 3.068(3)
Bond angles at 169.6(1) 174.22) 171433) 17272) 171.72)
C(sp) atoms 173.9(2)
Cisoid deforma- 10.4(1) 5.8(2) 8.6(3) 7.3(2) 8.3(2)
tions 6.1(2)
Distances between  4.935(2)  5.623(2) 5.244(4) 5.422(3) -

atoms 1 and 6

The repulsive transannular interaction of the triple bonds
results in a cisoid deformation of the bond angles at the sp
carbon atoms (see Table 1). The deviation from linearity
amounts to 6° in 2 and rises to 10.4° for 1. For 4 we en-
counter a deviation of 7.3° on the carbon side and 6.1° on
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the sulfur side, the average deviation for 3 is found to be
8.6°.
PE-Spectroscopic Investigations of 1 and 3—6

The PE spectra of 1 and 3—6 are illustrated in Figure 2.
Common to all of them is a group of three to five peaks
below 12 eV. From the size of the different bands we assign
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Figure 2. He(I) photoelectron spectra of 1, 3 and 4—6
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to these peaks five or six ionization events as indicated in
Figure 2. To interprete the PE spectra of 1—6 we proceed
in two ways: We correlate the first bands of 1 and 3—6 with
those of 2 which has already been the object of a detailed
investigation®. Furthermore, we assume that we can cor-
relate the vertical ionization energies, /,;, directly with the
calculated orbital energies, & (Koopmans’ theorem?), at least
for the first bands. The methods applied to the calculations
are the Hartree-Fock self-consistent field (HF-SCF) proce-
dure using a STO-3G basis'® and the semi-empirical
MNDO method.

To discuss the PE spectra of 4, 5 and 6 we first start with
that of 2®. The first intensive peak in the PE spectrum of 2
at 8.73 eV is due to three ionization events which have been
assigned to the symmetric and antisymmetric linear com-
binations of the 3 p lone pairs at the sulfur atoms (n,, n_)
and the antisymmetric linear combination of the “in-plane
n-MO” (z.”) as shown schematically below.

oGP
ag (n.) by (n.)

The second peak at 9.6 eV has been assigned to the two
“out-of-plane 1-MQs” (n, m;') which are very close in en-
ergy. The third peak at 10.31 eV finally is due to the ioni-
zation out of the bonding “in-plane -MO”, 1*.

o <o G

by (m,7) b, (m.*)

ay (m7)

ag (m*)

A comparison of the PE spectrum of 2 with that of 4
shows a great similarity (see Figure 3). In the latter we ob-
serve also three peaks at nearly the same ionization energies
as in 2 (see Table 2 and Figures 2 and 3) the only difference
is that the ratio of the peaks is 2:2: 1. A comparison between
the PE spectra of 2 and 4 suggests to assign the first peak
in the PE spectrum of 4 to n, and =", the second omne to
n; and m, and the third one to m*. In line with this as-
signment are also the results of the calculations (see Table
2), at least as far as the sequence of the bands is concerned.

The PE spectrum of 2 is also a suitable starting point to
discuss that of 5. The replacement of one sulfur atom by
selenium should affect the lone-pair combinations only. It
seems therefore logical to assign the first two peaks at 8.4,
8.7 and the shoulder at 8.9 eV to the three transitions from
nse, Ns and 7. The band at 9.5 and the shoulder at 9.8 eV
can be assigned to =, and n,, while the sixth band at 10.14
is due to the ionization from m;*. These assignments are in
line with the PE data of 4 and 6 (see Figure 3).

Concerning the PE spectrum of 6 the correlation shown
in Figure 3 suggests to assign the first peak to the two lone-
pair ionizations ng, and ng; which are very close in energy
(see also Table 2). This peak is followed by the bands which
correspond to the ionizations n;~, the pair s ,n5, and m*.
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Figure 3. Correlation between the first PE bands of 16

In line with this sequence are also the STO-3G calculations
carried out on 6 (Table 2).

Also the PE spectrum of 3 can be correlated with that of
2. Replacement of one sulfur atom by one oxygen atom
should leave one sulfur lone pair at around 9 eV. The
rnd,ms bands should remain slightly above 10 eV. This
leaves the lone pair at the oxygen at 10.79 eV, a value which
is somewhat higher in energy than that obtained for the
dimethyl ether (10.0 eV '?). We ascribe this difference to the
interaction between 13a’(x;") and 12a’(n,) which destabilizes
13a’ and stabilizes 12a’. This interpretation rationalizes not
only the high ionization energy for the oxygen lone pair,
but also the smaller splitting between n;~ and 7" in the case
of 3 (1.1 eV) as compared to the values found for 1 (1.4 eV)
and 2 (1.6 eV). If we accept this qualitative reasoning we
obtain for band @ the assignment ©;~ and for band @ w;*.
In line with this are the results of the calculations (see Table
2). For the PE spectrum of 1 the correlation diagram of
Figure 3 predicts m~ on top of three closely lying bands
assigned to n;',m, and n_, followed by two bands which
belong to ionizations from 7" and n . This correlation im-
plies a splitting between n_ and n, of about 0.9 eV. At the
first glimpse this splitting seems rather high in view of the
near degeneracy of the lone-pair combinations in the case
of 2 and 6. The reason for the large splitting is a relatively
strong n/c mixing between a,(n_) and a 6-MO of the same
symmetry as shown below.
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Table 2. Comparison between the recorded vertical ionization en-
ergies, I,; of 1 and 3—6 and the calculated orbital energies, ¢ (all
values in eV)

. —§; —&;
Comp. Band I,; Assignment (MNDJO) (STO-é G)

1 9.36 6a () 10.50 7.98

2 9.9 Tby(nd) 10.74 8.63

1 3 10.05 Sbe(ms) 10.90 8.70
4 1025 8an_) 11.37 9.42

5 10.73 Tagn) 11.66 9.96

6 1118 6by(n.) 11.94  10.03

1 8agmn_) 9.78 6.96

2 8.73 Tby(n,) 9.89 7.16

3 6ay(n) 10.58 1.57

2 4 } 0k 6bnt) 1072 807
5 ' Shy(mny) 11.01 8.41

6 10.31 Tagmt) 11.00 8.56

1 8.85  15a’(ng) 9.80 713

2 920  1a’(m) 10.66 7.77

3 3 970  14a’(n) 10.67 8.30
4 9.9 10a”(ny) 10.97 8.61

5 1032 13a'(m") 11.27 9.15

6 1079  12a’(n,) 1.7 9.80

1 } g71 1520y 9.65 6.92

2 ‘ 11a”(n") 10.33 7.45

4 3 945  10a(n;) 10.52 8.32
4 9.8 14a’(n}) 10.72 8.07

5 1023 13a'(m") 10.95 8.93

1 839  152'(ng) 6.90

2 874  14a'(ny) 7.13

5 3 8.9 11a”(n) 7.54
4 950  13a’(n) 8.16

5 9.8 10a”(n;) 8.48

6 1014  12a(m*) 8.58

1 } 8.4 Bag(n_) 6.93

2 Tb(n ) 7.04

6 3 90 6a,(m) 7.51
4 9.5 6b,(n) 8.21

5 9.75 Sby(ns) 8.48

6 10.1 Tagn") 8.50

This n/c mixing is much less pronounced in the case of
2 and 6 due to the large energy difference between the lone-
pair combinations and the o energies.

Conclusion

As anticipated from our previous studies on 7, the het-
erocyclic diynes 1—4 adopt a chair-like conformation. The
triple bonds are arranged parallel to each other and are
slightly bent (6 —10°), depending on the heteroatom.

The PE investigations reveal for the heterocyclodeca-
diynes 2 — 6 a very similar electronic structure for the valence
MO:s. In the case of 2—6 the HOMO is a lone pair or lone-
pair combination localized at the heteroatom(s). For 1 the
sequence of the first three bands is the same as in 7. Thus,
we also expect an electrophile to attack the © bonds in an
“in-plane” fashion as found for 7. The splitting between the
bands assigned to w;~,m;* varies considerably. It is large (1.4
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to 1.6 eV)in 1, 2, 4 and 7 and of medium size (0.9—1.1 eV)
for 3, 5 and 6. As anticipated the splitting between = and
n, is small in all compounds investigated due to the relative
large distance between (2.9 —3.1 A) the triple bonds.

We are grateful to the Deutsche Forschungsgemeinschaft (SFB
247), the Fonds der Chemischen Industrie and the BASF Aktienge-
sellschaft for financial support. We thank A. Flatow for recording
the PE spectra, and S. Gries and U. Huber-Patz for assistance in
X-ray structure analysis.

Table 3. Crystallographic data and refinement parameters of 1—4

1 2 3 4
Formula C3Hs0: CaHeS: CsHa08 CoH;00
Molec. mass 136.2 168.3 152.2 150.2
Crystal size [mm)] 05%05%05 055%x055%x04 04x05x03 05x0.5x0.35
Crystal system monoclinic monoclinic monoclinic orthorhombic
Space group P2, /c P2, /c P2 /c Pbca
a[A] 6.836(2) 4.359(1) 7.159(1) 11.665(3)
b [A] 7.707(1) 11.874(3) 7.820(2) 7.895(2)
c[A] 6.984(1) 7.889(2) 7.418(2) 17.846(3)
a[] 90 90 90 90
8] 113.83(2) 95.78(2) 113.81(2) 90
[ 90 90 90 90
VA3 336.6(2) 406.2(3) 379.9(3) 1643.5(11)
Daie. Mg - m™?] 1.3¢ 1.38 1.33 1.21
zZ 2 2 2 8
F(000) 144 176 160 640
(sin©/A)max 0.66 0.66 0.66 0.66
Abs. coeff. p [mm~!] 0.09 0.55 0.33 0.30
Refl. unique 808 975 909 1962
Refl. obs. * 661 848 729 1226
Variables 62 62 62 131
R 0.039 0.038 0.048 0.037
wR 0.049 0.050 0.077 0.045
Goodness of fit § 2.38 2.82 3.7¢ 1.92
max. Ag e A% 0.140 0.293 0,290 0.163

* Criteria; 1 (I > 30(I)}; 2,3, 4 [1 > 2.56(/)].

Table 4. Atomic coordinates and the equivalent atomic displace-
ment parameters { x 10°A% of 1 —4
Uy = 1/3ZZ Uyatataa
i

Atom H y 5 U, x 10447
1 0 0.1690(1) 0.1067(1) 0.2169(1) 437(3)
1 0.3384(2) 0.0044(1) 0.1485(2) 448(4)
c2 0.5498(2) 0.0031(1) 0.3248(2) 422(4)
c3 0.7033(1) 0.0835(1) 0.4853(2) 417(4)
c4 0.1305(2) -0.0499(2) 0.3049(2) 1439(4)
2 ] 0.1522(1) 0.08477(4) 0.83051(4) 147(2)
o1 0.2268(4) 0.1696(1) 0.6462(2) a12(7)
c2 0.0322(4) 0.1391(1) 0.4924(2) 414(7)
c3 0.1242(4) -0.1047(1) 0.6292(2) a17(7)
Cc4 0.3062(4) -0.0505(2) 0.7729(2) 497(8)
3 5/0 0.6834(1) 0.1396(1) 0.2041(1) 741(3)
c1 0.6360(3) -0.0323(4) 0.3086(3) 763(11)
c2 0.7893(3) -0,0642(3) 0.5100(3) 628(9)
c3 0.9296(3) -0.0797(3) 0.6642(3) 644(8)
c4 0.8767(5) 0.0887(3) 0.1594(3) 808(11)
4 st 0.42387(5) 0.15866(6) 0.08043(3) 610(3)
c2 0.5579(2) 0.2426(3) 0.0437(1) 680(12)
c3 0.6084(2) 0.3731(2) 0.0904(1) 522(10)
ce 0.6394(2) 0.4828(2) 0.1312(1) 529(10)
cs 0.6639(2) 0.6256(3) 0.1824(1) 698(12)
cs 0.5766(2) 0.7703(3) 0.1760(1) 732(13)
o7 0.4573(2) 0.7265(3) 0.2043(1) 778(13)
cs 0.3994(2) 0.5909(2) 0.1614(1) 556(10)
c9 0.3618(2) 0.4806(2) 0.1236(1) 515(10)
c1o 0.3295(2) 0.3417(2) 0.0740(1) 591(10)
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Experimental

The X-ray investigations have been carried out at room temper-
ature with an Enraf-Nonius CAD 4 diffractometer with Mo-K,, ir-
radiation, graphite monochromator and w-2® scanning in the re-
gion to sin ®/2 = 0.66 A~". The structures of 1 —4 have been solved
with Direct Methods. All calculations have been carried out with
a PDP-11/44 computer with the SDP program system '¥., Molecule
3 is disordered around a center of symmetry.

The crystallographic data and the refinement parameters are
listed in Table 3, the atomic coordinates of 1—4 and the averaged
anisotropic thermal parameters (U,,) are given in Table 4'%,

The PE spectra have been recorded with a Perkin-Elmer PS 18
instrument. All spectra were recorded at room temperature. The
spectra were calibrated with Xe and Ar.

CAS Registry Numbers

1: 6573-64-4 / 2: 53690-50-9 / 3: 127793-16-2 / 4: 115227-74-2 / 5:
127793-17-3 / 6: 127793-18-4

" R. Gleiter, M. Karcher, M. L. Ziegler, B. Nuber, Tetrahedron
Lett. 28 (1987) 195,

3 R. Gleiter, M. Karcher, B. Nuber, M. L. Ziegler, Angew. Chem.
99 (1987) 805; Angew. Chem. Int. Ed. Engl. 26 (1987) 763.

Chem. Ber. 124 (1991) 365 —369

369

Y R. Gleiter, M. Karcher, D. Kratz, S. Rittinger, V. Schehlmann
in Organometallics in Organic Synthesis, 2 (H. Werner, G. Erker,
Ed.), Springer, Berlin, Heidelberg 1989.

Y R. Gleiter, S. Rittinger, Tetrahedron Lett. 29 (1988) 4529,

3 R. Gleiter, M. Karcher, R. Jahn, H. Irngartinger, Chem. Ber. 121
(1988) 735.

6 g . Sondheimer, Y. Gaoni, J. Bregman, Tetrahedron Lett. 1960,

5.

" G. Eglinton, 1. A. Lardy, R. A. Raphael, G. A. Sim, J. Chem.
Soc. 1964, 1154,

® G. Bieri, E. Heilbronner, E. Kloster-Jensen, A. Schmelzer, I.
Wirz, Helv. Chim. Acta 57 (1974) 1265.

% T. Koopmans, Physica 1 (1934) 104.

9 W. J. Hehre, R. Ditchfield, R. F. Steward, I. A. Pople, J. Chem.
Phys. 52 (1970) 2769; W. I. Hehre, L. Radom, P. v. R. Schleyer,
J. A. Pople, ab initio Molecular Orbital Theory, J. Wiley & Sons,
New York 1986.

M M. I. S. Dewar, W. J. Thiel, J. Am. Chem. Soc. 99 (1977) 4899,
49077.

2 K. Kimura, S. Katsumata, Y. Achiba, T. Yamazaki, S. Iwaka,
Handbook of He(I) Photoelectron Spectra of Fundamental Or-
ganic Molecules, Japan Scientific Societies Press, Tokyo 1981.

9 B. A. Frenz, Ass. Inc. College Station, Texas, USA, and Enraf
Nonius, Delft, Holland (1982).

) Further details concerning the X-ray investigations are available
on request from Fachinformationszentrum Karlsruhe, Gesell-
schaft fiir wissenschaftlich-technische Information, D-7514 Eg-
genstein-Leopoldshafen 2 (FRG), on quoting the depository
number CSD-54 528, the names of the authors and the journal

citation.
[131/90]



