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Synthesis and Characterization of Two of the Three Isomers of a
Germanium-Substituted Bicyclo[2.2.0]hexane Diradicaloid: Stretching

the Ge—Ge Bond**

Xinping Wang, Yang Peng, Zhongliang Zhu, James C. Fettinger, Philip P. Power,* Jingdong Guo,

and Shigeru Nagase

We recently showed that treatment of the digermyne
Ar'GeGeAr (Ar =C4H;-2,6-(C¢H;-2,6-iPr,),) (1) with
1 equivalent of nitrosotoluene ONC¢H,-2-CH; afforded an
unsymmetric oxo/imido bridged stable singlet diradicaloid
Ar'Ge(p-0)(p-NCgH,-2-CH;)GeAr.Y This species was the
newest member of a broad class of stable singlet diradicaloids
featuring four-membered ring core structures.? It was
distinguished by the fact that it featured oxygen as part of a
stable diradicaloid. We wished to explore the chemistry of
these species by the synthesis of further derivatives with use
of different nitrosoarenes as well as germanium substituents.
In sharp contrast to the earlier result, we now show that the
reactions of 1 or 3,5-iPr,-Ar*GeGeAr*-3,5-iPr, (3,5-iPr,-
Ar* = CH-2,6-(C¢H,-2,4,6-iPr3),-3,5-iPr,)  (2) with the
parent nitrosobezene PhNO, afford the polycyclic species
Ar'Ge(n'm':,-PhNO),GeAr  (3), 3,5-iPri-Ar*Ge(n',n':p,-
PhNO),GeAr*-3,5-iPr, (4), and Ar'Ge(n'n':u,-PhNO);,-
GeAr (6; Scheme 1). The compounds 3 and 4 feature
different Ge—Ge bond distances and represent two of the
three possible conformational isomeric structures of the
bicylic diradicaloid system. The weakness of the Ge—Ge
bond in 3 (or 4) is underlined by the fact that it reacts further
with PhNO to give 6.

The reaction of 1 or 2 with 2 equivalents of PhNO rapidly
resulted in a color change of the solution from red to purple-
red. UV/Vis spectroscopy in hexane indicated mixtures of the
inorganic bicyclo[2.2.0]hexane (1,,,.: 3 458 nm, 4 472 nm)
(Scheme 1a) and ArGe(p-O)(u-NPh)GeAr (A, Ar=Ar
542 nm, Ar=3,5-iPr,-Ar* 546 nm) based on the similarity of
the Ay, to that from the reaction of 1 with nitrosotoluene
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Scheme 1. Synthetic routes to 3, 4, and 6.

(Amax =554 nm).! Recrystallization afforded orange crystals
of 3 or 4. Reaction of 1 or 2 with 1 equivalent of PhNO gave 3
or 4 in reduced yields. Both 3 and 4 were characterized by
spectroscopy and X-ray crystallography.®l

X-ray crystallographic data for 3 and 4 (Figure 1) showed
that they have bicyclic structures in which the germaniums are
four-coordinated and linked by two n',n':u,-PhNO bridges as
well as a Ge—Ge single bond. The Ge—Ge bond (2.4731(7) A)
in 3 is longer than a normal Ge—Ge single bond (ca.
2.42 A).* The two GeNOGe rings, each of which is almost
planar, display a fold angle of 110° with respect to each other.
The bridgehead germaniums have extremely distorted tetra-
hedral coordination in which the C1, Gel, Ge2, and C31
atoms are arranged almost linearly (C1-Gel-Ge2 174.80(12)°,
C31-Ge2-Gel 171.88(12)°, C1-Ge2-Gel-C43 —25.12(11)°) in
contrast to the much more strongly bent skeletons of bicyclo-
[2.2.0]hexane and silicon or tin analogues (Scheme 2).F! The
Ge—N (avg. 1.87 A) and Ge—O bonds (avg. 1.82 A) are in the
normal range for Ge—N®l and Ge—O!" single bonds, as are the
N-O (avg. 1.45A)® single bonds of the linking PhNO
moieties. The structure of 4 (Figure 1, bottom) resembles that
of 3 with similar Ge—N (avg.1.89 A), Ge—O (avg. 1.83 A) and
N—O (avg. 1.44 A) bond lengths. However, 4 has a signifi-
cantly longer Ge—Ge bond (2.5403(3) A) and slightly wider
C—Ge—Ge angles (avg. 177.3(1)°) than 3. In addition, the
structures of 3 and 4 differ in the orientation of phenyl
substituents as shown in Figure 2, where in 3 one Ph group is
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Figure 1. Thermal ellipsoid (50%) plots of 3 and 4. H atoms and
flanking aryl rings (except ipso carbon atoms) are not shown. Selected
bond lengths [A] and bond angles [deg]: 3 Ge1-Ge2 2.4731(7), C1-Gel
1.933(4), Gel-N2 1.861(4), Ge1-O1 1.818(3), Ge2-C31 1.944(4), Ge2—
02 1.815(3), Ge2-N1 1.883(4), O1-N1 1.449(5), 02-N2 1.459(4); C1-
Gel-Ge2 174.80(12), C1-Ge1-O1 108.00(16), C1-Ge1-N2 110.48(16),
N2-Gel-O1 103.7(2), Gel-Ge2-O2 74.99(9), Gel-Ge2-N1 73.48(11),
C31-Ge2-Gel 171.88(12). 4 Gel-Ge2 2.5403(3), C1-Gel 1.9474(17),
Gel-N1 1.8947(16), Ge1-02 1.8236(13), Ge2—C43 1.9588(17), Ge2—
01 1.8371(13), Ge2-N2 1.8871(15), O1-N1 1.4366(19), O2-N2
1.4372(18); C1-Ge1-Ge2 177.60(5), C1-Ge1-0O2 108.78(6), C1-Gel-N1
107.71(7), N1-Ge1-O2 102.45(6), Ge2-Gel1-O2 73.35(4), Ge2-Gel-N1
72.62(5), C43-Ge2-Gel 177.05(5).
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Scheme 2. Selected Group 14 element bicyclo[2.2.0]hexane derivatives.
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Figure 2. Drawings of the cores of (R,R)-3 and (R,R)-4.
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axial and the other is equatorial whereas in 4 both Ph groups
are in equatorial positions.

DFT calculations were performed for the model com-
pound MeGe(n'n':u,-HNO),GeMe (5),” in which the aryl
substituents are replaced by H or Me groups. Selected
computational and experimental structural data for Sa—¢, 3,
and 4 are shown in Table 1. 5 was found to have three local
minima on the potential energy surface that correspond to
different orientations of the N hydrogens (5a—c, Figure 3).
The most stable, 5 ¢, has two equatorial H atoms (e,e). The
next in order of stability, Sb, has one equatorial and one axial
hydrogen (e,a), whereas the least stable, 5a, has two axial
hydrogens (a,a). Structures 5b and 5¢ correspond to 3 and 4,
respectively, and the calculated Ge—Ge distances for Sb
(2.440 A) and 5¢ (2.545 A) are in remarkably good agreement
with the observed 2.4731(7) A in 3 and the 2.5403(3) A in 4.
The data suggest that the reasons for different Ge—Ge
distances are due primarily to the different molecular
conformations (which could be induced by packing forces)
rather than steric effects. Calculations at a lower level of
theory (B3PW91//ECP < Ge > (3-21G)) on real molecules 3
and 4 also afford different Ge—Ge bond lengths (see
Supporting Information). The calculated occupancies of the
Ge—Ge bonding and antibonding orbitals is consistent with
increasing diradicaloid character as the Ge—Ge bond is
stretched (Table 1).

The calculated orbitals (HOMO-1, Figure 4) of Sa—c
offer a possible explanation for the changed Ge—Ge bond
lengths. In 5¢, the t* orbitals (of NO) are orientated in such a
way that they can interact with the antibonding orbital of the
Ge—Ge bond. This leads to multi-center bonding along the O-
Ge-N ridges (Figure 4, 5¢), which is antibonding with respect
to the Ge—Ge vector, hence lengthening the Ge—Ge bond. In
5a (a,a isomer), the above mentioned interaction becomes
unfavorable (Figure 4, 5a) and hence a shorter Ge—Ge bond
and a narrower C-Ge-Ge angle are expected. The N—O bond
lengths in Sa are slightly longer than those in the e,e isomer 5S¢
(1.471 A versus 1.424 A), consistent with the bonding picture.
5b (a,e isomer) has structural parameters that lie between
that of 5a and 5¢. The NBO (natural bond orbital) analysis
(Table 1) shows 5¢, which contains the most stretched Ge—Ge
bond, has least population and the largest bending angle o
(56.4°) of the Ge—Ge bonding orbital.

A number of long-bond isomers!'” for an inorganic-
[1.1.1.]propellane derivative (analogues of A; Scheme 3)1!
of Si or Sn and four-membered ring inorganic bicyclo-
[1.1.0]butane derivatives (analogues of B) involving
CPBPP?' in which the bond stretching is the result of
different substituent properties, are known. However, the
observation of different stretched bond lengths in 3 and 4
represents the first instance of this phenomenon for larger
rings or cages such as C for bicyclo[2.2.0] hexane in Scheme 3
and the first experimental evidence for its basis in conforma-
tional changes.

The strained Ge environments in 3 and 4 suggest
enhanced chemical reactivity, which is supported by the
reaction of 1 with 3 equivalents of PhNO or by the reaction of
3 with 1 equivalent of PhNO to give 6. X-ray crystallography
(Figure 5) showed that three molecules of PhNO are now
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Table 1: X-ray structural parameters for 3 and 4, and calculated results for 5a—c.

X

Rl/ r et h o
Tl | ey

NR
Compd. Position  r[A] N—O [A] N-Ge[A]  O[deg] AH NBO Analysis
of R (av) (av) (av)® [k} mol™ population of population of angular
Ge—Ge o-bond Ge—Ge 0* bond deviation [deg]"9

3 a, e 2.473 1.454 1.872 1733 - - - -

4 e e 2.540 1.437 1.891 177.3 - - - -

5a a,a 2.382 1.471 1.896 161.5 0 1.82 0.12 39.7

5b a, e 2.440 1.453 1.896 167.2 —6.7 1.77 0.20 45.1

5c e e 2.545 1.424 1.894 175.5 —-13.4 1.67 0.33 56.4

[a] a=axial, e=equatorial. [b] 8 = Ge-Ge-C angle (see table header). [c] See table header for angular deviation a.
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Figure 3. Energy diagram for isomeric transformations of the model
species 5a—c.

Figure 5. Thermal ellipsoid (50%) plot of 6. H atoms and flanking aryl
rings (except ipso carbon atoms) are not shown. Selected bond lengths
[A] and bond angles [deg] for 6: C1-Gel 1.9265(17), Gel-N1
1.8569(15), Ge1-N3 1.8601(15), Ge1-02 1.8071(12), Ge2-O1
1.7938(12), Ge2-N2 1.8399(15), Ge2-03 1.8083(12), O1-N1
1.4531(18), 02-N2 1.4519(19), O3-N3 1.4640(19), Gel--Ge2
2.9979(15); C1-Gel-N3 124.2(1), C1-Ge1-02 118.1(1), C1-Gel-N1
107.0(1).

1
1

included in the product to form a trinitrosobenzene-1,4-
digermabicyclo[2.2.2]octane structure, which features a Ge—

5b S¢

Figure 4. Representation of the HOMO—1 of 5a—c. Ge separation of ca. 3.0 A consistent with the absence of a
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Ge—Ge bond. One germanium (Gel) binds two N atoms (N1,
N3) and one oxygen (O2) while the other germanium (Ge2)
binds to one nitrogen (N2) and two oxygens (O1, O3).

A proposed reaction pathway for the formation of 3, 4,
and 6 is presented in Scheme 4. The initial step is the
interaction of the frontier orbitals of the digermyne 1 with
those of PhNO, which gives an intermediate 7 in which PhNO
is o-bonded through N to one germanium atom in the
C(ipso)GeGeC(ipso) plane. The intramolecular donor—
acceptor interaction leads to the [242] cycloaddition species
9. The purple color of the reaction solution implies a possible
equilibrium between 9 and the singlet diradicaloid Ar'Ge(u-
0)(u-NPh)GeAr (11).1 Addition of a further equivalent of
PhNO tends to form 3. 6 can be reasonably explained by the
formation of the diradical intermediate 101" resulting from
the cleavage of the strained central Ge—Ge bond in 3,
followed by an effective trapping reaction with 1 equivalent
of PhNO. An equilibrium between 3 and the hypothetical
singlet diradicaloid 10 in solution is anticipated.

Ph
Ph_ O Ph_ # Ph |
\N// /AI" o \?.l‘C\) /N\ Ar
\
Ge=Ge —= éie:Ge > Ge=Gg == Ge: Ge
/ ; Nz, 7 ~ rd \O
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Ar'= C5H3—2,6-(C3H3—2,6-1Pr2)2
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\‘o—Nﬁ o
O—N.
Ph
6

Scheme 4. Possible mechanism for the formation of 3, 4, and 6.

In summary, we have described reactions of digermynes
with PhNO, which led to the formation of three compounds 3,
4, and 6 that provide novel coordination modes of a nitro-
soarene to metals.®! The reaction products are quite different
from the previously reported reaction of the digermyne 1 with
the nitrosotoluene ON-C4H,-2-CHj3, in which the N=0O double
bond was cleaved to form a singlet diradicaloid Ar'Ge(u-
O)(u-NC¢H,-2-CH;)GeAr' ?! The different Ge—Ge bond
lengths in 3 and 4 are mainly a result of conformational
changes and calculations show that a third isomer with a
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shorter Ge—Ge bond is possible. The weakness of the Ge—Ge
bonds was confirmed by the further reaction of 3 with PhANO
to give 6.
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