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Summary: Group 10 metal germylene complexes of gen-
eral formula (R3P)2MGeQ2 are found to be highly
photosensitive. Ambient fluoresent lighting causes com-
plete decomposition of nickel germylene species in less
than one minute in the presence of germylene traps. The
formation of metallacycle (Et3P)2Pt(µ-η2-H2CO)Ge[N-
(SiMe3)2]2 and the photochemical cycloreversion reaction
are also reported.

Introduction

The importance of photochemical reaction mecha-
nisms in the chemistry of M-ER2 (E ) Si, Ge, Sn)
complexes was clearly demonstrated by Pannell in
1974.1a Photolysis of CpFe(CO)2SiMe2SiMe3 was ob-
served to proceed with the apparent ejection of :SiMe2.
This result has attracted considerable attention, and a
great deal of effort has gone into understanding the
details of this mechanism.1-3 Turner et al. have pro-
posed a photoinitiated loss of CO, followed by migration
of -SiMe3 to the iron center, resulting in an intermedi-
ate, CpFe(CO)(SiMe2)(SiMe3), containing both silyl and
silylene ligands.3 Spectroscopic evidence indicated that
:SiMe2 is lost via a second photolytic event; however,
the :SiMe2 itself could not be directly trapped. The
proposal of the second photolytic event as the mecha-
nism for the loss of :SiMe2 provided new insight into
the mechanism for this process. In other respects,
Turner et al. concurred with the previous mechanisms
proposed by Pannell et al.1 and Tobita and Ogino et al.2
Quantitative trapping of the silylene complexes has
been difficult however, and rapid isomerization to
species such as 1-methylsilene has been proposed to
explain this apparent inconsistency. In a related germyl
system studied by Satgé et al., photolytic dissociation
of a proposed germylene intermediate was also observed
and quantitative trapping could be achieved by quinone
or dimethyl disulfide.4 Similar chemistry appears to be
operative in the transition metal catalyzed rearrange-

ment of oligosilanes observed by Pannell et al.1b We are
aware of one report of the photolytic dissociation of an
isolable, stable complex containing a germylene or
silylene ligand. Zybill et al. have isolated base-stabilized
silylene complexes of iron and chromium and found that
photolysis dissociates the silylene with the concomitant
formation of polysilane.5

The reactivity reported for M-ER2 systems upon
exposure to intense UV irradiation from high-pressure
mercury lamps raises the issue of the general sensitivity
of such complexes to ambient light and the effects of
this exposure on chemistry explored to date. For ex-
ample, over 25 years ago Kumada et al. reported
catalytic reactions using Ni and Pt closely related to
those observed by Pannell. Given the recent studies
discussed above, it now appears that this chemistry may
involve photochemical dissociation of silylenes.6 Another
area of endeavor that has invoked silylenes and ger-
mylenes as potential intermediates is the area of dehy-
drocoupling to form polysilanes and polygermanes.7
Other types of isomerizations and disproportionation
reactions that could have important photochemical steps
have also been observed.8 The following related ques-
tions arise: (1) in general, how sensitive are M-ER2
linkages to photolytic cleavage? (2) can and does this
process act as an important mechanistic step under
ambient light conditions? (3) how photosensitive are
metallacycles generated from L2M-ER2 complexes?

Experimental Section

All manipulations were performed using air-free technique
and dry, deoxygenated solvents. Toluene, pentane, and ben-
zene were degassed and dried over sodium benzophenone
ketyl. Acetonitrile was refluxed over P2O5 and distilled onto 4
Å molecular sieves. Paraformaldehyde and benzil were de-
gassed in vacuo and stored under dinitrogen in a drybox. The
following complexes were prepared according to previously
published procedures: (Et3P)2PtGe[N(SiMe3)2]2 (1),9 (Et3P)2-
NiGe[N(SiMe3)2]2 (2),10 and Ge[N(SiMe3)2]2.11 1H, 13C, and 31P
NMR spectra were obtained in the listed deuterated solvents

(1) (a) Pannell, K. H.; Rice, J. B. J. Organomet. Chem. 1974, 78,
C35. (b) Pannell, K. H.; Brun, M.-C.; Sharma, H.; Jones, K.; Sharma,
S. Organometallics 1994, 13, 1075. (c) Sharma, H.; Pannell, K. H.
Organometallics 1994, 13, 4946. (d) Pannell, K. H.; Sharma, H. K.;
Kapoor, R. N.; Cervantes-Lee, F. J. Am. Chem. Soc. 1997, 119, 9315.
(e) Zhang, Z.; Sanchez, R.; Pannell, K. H. Organometallics 1995, 14,
2605. (f) Sharma, H. K.; Pannell, K. H. Chem. Rev. 1995, 95, 1351.

(2) (a) Tobita, H.; Izumi, H.; Ohnuki, S.; Ellerby, M. C.; Kikuchi,
M.; Inomata, S.; Ogino, H. J. Am. Chem. Soc. 1995, 117, 7013. (b) El-
Maradny, A.; Tobita, H.; Ogino, H. Chem. Lett. 1996, 83. (c) Ueno, K.;
Nakano, K.; Ogino, H. Chem. Lett. 1996, 459. (d) Koe, J. R.; Tobita,
H.; Suzuki, T. Ogino, H. Organometallics 1992, 11, 150. (e) Koe, J. R.;
Tobita, H.; Ogino, H. Organometallics 1992, 11, 2479.

(3) Haynes, A.; George, M. W.; Haward, M. T.; Poliakoff, M.; Turner,
J. J.; Boag, N. M.; Green, M. J. Am. Chem. Soc. 1991, 113, 2011.

(4) Castel, A.; Rivière, P.; Ahbala, M.; Satgé, J.; Soufiaoui, M.;
Knouzi, N. J. Organomet. Chem. 1993, 447, 123.

(5) Zybill, C.; Wilkinson, D. L.; Leis, C.; Müller, G. Angew. Chem.,
Int. Ed. Engl. 1989, 28, 203.

(6) (a) Okinoshima, H.; Yamamota, K.; Kumada, M. J. Am. Chem.
Soc. 1972, 94, 9263. (b) Yamamoto, K.; Okinoshima, H.; Kumada, M.
J. Organomet. Chem. 1971, 27, C31.

(7) For reviews of this area see: (a) Tilley, T. D. Comments Inorg.
Chem. 1990, 10, 37. (b) Tilley, T. D. Acc. Chem. Res. 1993, 26, 22. (c)
Yamashita, H.; Tanaka, M. Bull. Chem. Soc. Jpn. 1995, 68, 403.

(8) Recent examples of papers that include germylene or silylene
ligands as important intermediates include: (a) Figge, L. K.; Carroll,
P. J.; Berry, D. H. Organometallics 1996, 15, 209. (b) Mitchell, G. P.;
Tilley, T. D. Organometallics 1996, 15, 3477. (c) Mitchell, G. P.; Tilley,
T. D.; Yap, G. P. A.; Rheingold, A. L. Organometallics 1995, 14, 5472.

(9) Litz, K. E.; Henderson, K.; Gourley, R. W.; Banaszak Holl, M.
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on a Bruker AM-360 spectrometer (360.1, 90.6, and 145.8
MHz) and referenced to residual protons, solvent carbons, and
external 85% H3PO4 in D2O, respectively. IR spectra were
recorded on a Nicolet 5DXB as Nujol mulls or KBr disks. All
compounds reported are moisture sensitive to hydrolysis
reactions of the Ge[N(SiMe3)2]2 ligand.

Ph2C2O2Ge[N(SiMe3)2]2 (2). Benzil (0.261 g, 0.1.24 mmol)
was added to a stirred solution of Ge[N(SiMe3)2]2 (0.489 g, 1.24
mmol) in 20 mL of benzene. After 2 h, the benzene was
removed in vacuo. The 1H NMR spectrum revealed quantita-
tive formation of 2. Analytically pure material of this highly
soluble compound was obtained by recrystallization from cold
pentane, resulting in 80 mg of off-white crystals (11% yield).
1H NMR (C6D6): δ 7.67 (d, 4H, o-C6H5), 7.07 (pseudo-t, 4H,
m-C6H5), 6.96 (t, 2H, p-C6H5), 0.37 (s, 36H, CH3). 13C{1H} NMR
(C6D6): δ 137.89 (PhC), 135.91 (i-C6H6), 128.89, 128.55, 127.85,
5.29 (CH3). MS (70 eV, EI): m/z (%) 604 (100) [M+]. Anal. Calcd
for C26H46GeN2O2Si4: C, 51.74; H, 7.68; N, 4.64. Found: C,
51.84; H, 7.54; N, 4.56.

(Et3P)2Pt(µ-η2-H2CO)Ge[N(SiMe3)2]2 (5). (Et3P)2PtGe-
[N(SiMe3)2]2 (250 mg, 0.30 mmol) and paraformaldehyde (11
mg, 0.37 mmol) were dissolved in 5 mL of benzene. After
stirring the solution for 4 h, the excess paraformaldehyde was
removed by filtration and all volatiles were removed in vacuo.
The solid was washed with two 0.5 mL portions of acetonitrile,
resulting in 179 mg of an off-white powder (69% yield). 1H
NMR (C6D6): δ 0.68 (s, 36H, Si(CH3)3), 0.74 (m, 9H, CH2CH3),
0.86 (m, 9H, CH2CH3), 1.21 (m, 6H, CH2CH3), 1.64 (m, 6H,
CH2CH3), 4.87 (dd w/ 195Pt satellites, 3JP-H ) 2.70 Hz, 3JP-H

) 4.20 Hz, 2JPt-H ) 39 Hz, 2H, H2CO). 13C{1H} NMR (C6D6):
δ 52.9 (dd w/195Pt satellites, 2JP-C ) 4.9 Hz, 2JP-C ) 81.0 Hz,
1JPt-C ) 800 Hz, Pt-CH2O), 21.1 (m, CH2CH3), 16.2 (m, CH2-
CH3), 9.10 (m, CH2CH3), 7.73 (m, CH2CH3), 7.20 (s, Si(CH3)3).
31P{1H} NMR (C6D6): δ 7.40 (d w/195Pt satellites, 2JP-P ) 9.3
Hz, 1JPt-P ) 2183 Hz), 4.80 (d w/195Pt satellites, 2JP-P ) 9.3
Hz, 1JPt-P ) 1687 Hz). Anal. Calcd for C25H68GeN2OP2PtSi4:
C, 35.13; H, 8.02; N, 3.28. Found: C, 34.85; H, 8.04; N, 3.22.

X-ray Crystal Structure Determination of 5. A yellow,
multifaceted crystal of dimensions 0.40 × 0.40 × 0.36 was
mounted on a standard Siemens SMART CCD-based X-ray
diffractometer equipped with a normal focus Mo-target X-ray
tube (λ ) 0.71073 A) operated at 2000 W power (50 kV, 40
mA). The X-ray intensities were measured at 153(2) K; the
detector was placed at a distance of 5.059 cm from the crystal.
A full sphere of data consisting of a total of 2132 frames were
collected with a scan width of 0.3° in ω and an exposure time
of 30 s/frame. The frames were integrated with the Siemens
SAINT software package with a narrow frame algorithm. The
integration of the data using a primitive monoclinic unit cell
yielded a total of 79 643 reflections to a maximum 2θ value of
58.9°, of which 20 336 were independent. The final cell
constants a ) 22.4453(2) Å, b ) 15.6770(2) Å, c ) 23.31870-
(10) Å, and â ) 110.84° were based on the xyz centroids of
8192 reflection above 10σ(I). Analysis of the data showed
negligible decay during data collection. The data were cor-
rected for absorption using SADABS. The structure was solved
and refined with the Siemens SHELXTL (version 5.03) soft-
ware package, using the space group P2(1)/n with Z ) 8 for
the formula C25H68N2O4P2Si4GePt. A check for additional
crystallographic symmetry was performed with the assistance
of the PLATON suite of programs. All non-hydrogen atoms
were refined anisotropically with the hydrogen atoms placed
in idealized positions. The final full matrix refinement based
on F2 converged at R1 ) 0.0227 and wR2 ) 0.0495 (based on
I > 2σ data); R1 ) 0.0292 and wR2 ) 0.0531 (based on all

data). The largest peak/hole in the final difference map was
+1.53/-1.05 e/Å3, associated with Pt.

General Conditions for UV Lamp Photolysis Reac-
tions. Samples in Pyrex glassware were placed 15 cm from a
long-wavelength UV lamp, model B-100 AP purchased from
UVP, Upland, CA. This lamps emits radiation between 320
and 400 nm with a maxima of emission at 365 nm.

Calculational Methods. Density functional calculations
were performed using standard routines included in Spartan
5.0 (BP86/DN**) and Jaguar 3.5 (pseudospectral BP86/
LACVP**).12,13 BP86 is a nonlocal functional that employs
Becke’s 1988 gradient correction14 to Slater’s exchange func-
tional,15 and Perdew’s 1986 gradient correction16 to the Per-
dew-Zunger local correlation functional.17 DN** is a numerical
all-electron basis set of split-valence + polarization quality (all
atoms). LACVP** is a split valence + polarization basis set
that employs an effective core potential for Ni (Ne core)18 and
Ge (Ar core)19 and uses the 6-31G** basis for all remaining
atoms.20

Results and Discussion

The syntheses of three-coordinate group 10 metal-
logermylene complexes of the general stoichiometry
(R3P)3-xM(GeR′2)x (x ) 1, 3) have been reported by a
number of research groups.21,22 Over the past several
years, we have expanded upon this foundation by
exploring the reaction chemistry of group 10 transition
metal germylenes of general formula (R3P)2MGeQ2 (R
) Et, Ph; Q ) N(SiMe3)2, CH(SiMe3)2, (2,4,6-(CF3)3-
C6H2); M ) Ni, Pd, Pt).9,10,23,24 (Et3P)2PtGe[N(SiMe3)2]2
(1) has been found to have a very versatile chemistry,
ranging from reversible additions of hydrogen and
carbon dioxide to dehydrocoupling reactions of ger-
manes. 1 is thermally stable in a wide variety of organic
solvents, including ethers, and is fairly stable to stoi-
chiometric equivalents of germylene traps such as
benzil,25 indicating that the germylene ligand is not
thermally labile at 20 °C. In the presence of 4 equiv of
benzil, a 0.24 mmol toluene solution of 1 in Pyrex
glassware carefully protected from light requires 113 h
before 50% of the germylene has been trapped as
Ph2C2O2Ge[N(SiMe3)2]2 (2) (eq 1). The observed thermal
reaction rate is dependent on the benzil concentration,
suggesting that the trapping is base-assisted and/or that

(10) Litz, K. E.; Bender, J. E.; Kampf, J. W.; Banaszak Holl, M. M.
Angew. Chem., Int. Ed. Engl. 1997, 36, 496.

(11) Gynane, M. J. S.; Harris, D. H.; Lappert, M. F.; Power, P. P.;
Riviere, P.; Riviere-Baudet, M. J. Chem. Soc., Dalton Trans. 1977,
2004.

(12) Spartan v5.0; Wavefunction, Inc.: 18401 Von Karman Avenue,
Suite 370, Irvine, CA 92612.

(13) Jaguar v3.5; Schrödinger, Inc.: Portland, OR, 1997.
(14) Becke, A. D. Phys. Rev. A 1988, 38, 3098.
(15) Slater, J. C. Quantum Theory of Molecules and Solids, Vol. 4:

The Self-Consistent Field for Molecules and Solids; McGraw-Hill: New
York, 1974.

(16) (a) Perdew, J. P. Phys. Rev. B 1986, 33, 8822. (b) Perdew, J. P.
Phys. Rev. B 1986, 34, 7406.

(17) Perdew, J. P.; Zunger, A. Phys. Rev. B 1981, 23, 5048.
(18) Hay, P. J.; Wadt, W. R. J. Chem. Phys. 1985, 82, 299.
(19) Hay, P. J.; Wadt, W. R. J. Chem. Phys. 1985, 82, 270.
(20) Hariharan, P. C.; Pople, J. A. Theor. Chim. Acta 1973, 28, 213.
(21) For reviews see: (a) Lappert, M. F.; Rowe, R. S. Coord. Chem.

Rev. 1990, 100, 267. (b) Petz, W. Chem. Rev. 1986, 86, 1019. (c)
Tandura, S. N.; Gurkova, S. N.; Gusev, A. I. Zh. Strukt. Khim. 1990,
31, 154.

(22) A closely related silyene complex has also recently been
synthesized: Feldman, J. D.; Mitchell, G. P.; Nolte, J.-O.; Tilley, T. D.
J. Am. Chem. Soc. 1998, 120, 11185.

(23) Bender, J. E.; Banaszak Holl, M. M.; Kampf, J. W. Organome-
tallics 1997, 16, 2743.

(24) Bender, J. E.; Litz, K. E.; Giarikos, D.; Wells, N. J.; Banaszak
Holl, M. M.; Kampf, J. W. Chem. Eur. J. 1997, 3, 1793.

(25) For analogous uses of benzil as a germylene trap see: (a)
Tokitoh, N.; Manmura, K.; Okazaki, R. Organometallics 1994, 13, 167.
(b) Weidenbruch, M.; Stürmann, M.; Kilian, H.; Pohl, S.; Saak, W.
Chem. Ber. Recl. 1997, 130, 735.
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the (Et3P)2Pt fragment and benzil compete for the free
germylene in solution. However, exposure of the reac-
tion to ambient light (34 W fluorescent laboratory
lighting) results in 91% conversion to trapped germylene
after 94 h. Photolysis using a long-wavelength UV lamp
did not increase the rate of reaction over that observed
from the ambient laboratory light.

The photosensitivity of analogous nickel germylene
complexes was also explored. A 0.24 mmol toluene
solution of (Et3P)2NiGe[N(SiMe3)2]2 (3) containing 4
equiv of benzil was stirred for 1 h while exposed to
ambient light; Quantitative conversion to 2 was ob-
served by 1H NMR. Over the same time period, a control
reaction protected from light showed a 40% conversion.
An NMR tube charged with the same ratio of reactants
and 0.5 mL of frozen toluene-d8 was thawed in a
darkened room and placed in an NMR spectrometer.
Under these conditions, a 40% conversion to trapped
germylene was also observed. Upon exposing the NMR
tube to room light (fluorescent lights) for 20 s, the
reaction immediately proceeded to completion.

The above experiment demonstrates that complex 3
is highly photosensitive. Even ambient room light can
set up a rapid equilibrium in which free germylene is
generated in solution (eq 2).

Recombination of the germylene with the metal center
occurs very rapidly, and no buildup of germylene is
observed by 1H NMR spectroscopy. The bis(trimethyl-
silyl)amide substitution stabilizes the germylene in the
free form, Ge[N(SiMe3)2]2 (4). Thus, in the absence of
germylene traps, complex 3 is stable in solution and can
be isolated by routine methods despite the presence of
the rapid equilibrium. However, the presence of the
rapid equilibrium dominates the observed chemistry of
3, and reactions of (Et3P)2Ni and Ge[N(SiMe3)2]2 occur
instead of chemistry at the Ni-Ge nexus when reactions
are run at 20 °C while exposed to ambient light.

UV-vis spectra of complexes 1 and 3 were obtained
to explore the origin of the photosensitivity. Three broad
transitions were observed for 1 at 290 nm (ε ) 7600),
329 nm (ε ) 6100), and 400 nm (ε ) 1600). Complex 3
exhibits a similar set of transitions, some of which are
shifted to lower energy, namely, 290 nm (ε ) 7800) and
384 nm (ε ) 8030). The peak at 384 nm is quite
asymmetric with a long tail extending to ∼500 nm.

Generally for D3h ML3 d10 complexes,26 the transitions
are assigned as n(d) to (n+1)p transitions. Electrons in
the filled metal d orbitals are excited into the metal pz
LUMO. The transitions observed for 1 are very similar
to those observed for the ML3 complex Pt(PPh3)3 in
terms of both energy and extinction coefficient. How-
ever, the LUMO calculated for 1 using PM3 level
semiempirical calculations or for the model complex
(H3P)2NiGe[N(SiH3)2]2 using density-functional calcula-
tions (pBP-DN**) is a π-antibonding hybrid of metal p
and d with the empty Ge p orbital.27 Transitions to the
LUMO likely arise from the filled, nonbonding metal d
orbitals, in analogy to the D3h ML3 d10 complexes,
weakening the M-Ge bond and increasing the likeli-
hood of dissociation. The greater sensitivity of the nickel
complex may be explained by the initially weaker M-Ge
bond strength of the first-row metal and the shift of the
transitions into the visible region.

Interestingly, the closely related silylene complexes,
(Cy3P)2PtdSiMes2 and (iPr3P)2PtdSiMes2, are gener-
ated via a photochemical reaction.22 Unlike Ge[N-
(SiMe3)2]2 present in 1 and 2, :SiMes2 is not itself a
stable compound. Thus, if the new platinum silylenes
are photochemically active and the Pt-Si bond is
broken, the recombination rate with the L2Pt fragment
must be much faster than other possible decomposition
reactions of the :SiMes2 fragment. The observed decom-
position of both silyene complexes over time in solution
is very similar to the behavior of the metal germylene
complexes in the presence of a germylene trap.

Elucidation of the photochemistry for complexes 1 and
3 shed considerable light on the binding and decomposi-
tion reactions of formaldehyde noted in this system.28

1 was found to react with 1/3 equiv of paraformaldehyde
to yield the four-membered metallacycle (Et3P)2Pt(µ-η2-
H2CO)Ge[N(SiMe3)2]2 (5) (Figure 1). This is a rare
example of a µ-η2-formaldehyde complex in which a
metal-metal bond exists and is the first example where

(26) (a) Caspar, J. V. J. Am. Chem. Soc. 1985, 107, 6718. (b) Harvey,
P. D.; Gray, H. B. J. Am. Chem. Soc. 1988, 110, 2145.

(27) Calculations were performed using the Spartan 5.0 suite of
programs on an HP200C workstation.

(28) For related formaldehyde chemistry of L2Pt systems see: Head,
R. A J. Chem. Soc., Dalton Trans. 1982, 1637.

Figure 1. ORTEP diagram for 5 showing 50% thermal
ellipsoids. Selected bond distances (Å) and angles (deg): Pt-
(1)-C(25), 2.109(2); Pt(1)-P(1), 2.3241(6); Pt(1)-P(2),
2.3032(6); Pt(1)-Ge(1) 2.4368(3); Ge(1)-O(1), 1.834(2);
C(25)-O(1), 1.445(3); Ge(1)-N(1), 1.894(2); Ge(1)-N(2),
1.889(2); Ge(1)-Pt(1)-C(25), 64.75(6); Pt(1)-C(25)-O(1),
109.3(2); C(25)-O(1)-Ge(1), 95.97(13); O(1)-Ge(1)-Pt(1),
85.22(5); P(1)-Pt(1)-Pt(2), 96.94(2); N(1)-Ge(1)-N(2),
108.44(9).

1188 Organometallics, Vol. 19, No. 6, 2000 Notes
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the metal bound to oxygen is not zirconium.29,30 5 was
observed to decompose very slowly in solution when
exposed to ambient light, yielding 1, (Et3P)2Pt(H)Ge-
(H)[N(SiMe3)2]2 (6), H2, and CO. However, upon expo-
sure to a long-wavelength UV lamp, 5 rapidly converted
to a mixture of 1, (Et3P)2Pt(H)Ge(H)[N(SiMe3)2]2 (6), H2,
and CO. The use of long-wavelength UV light does not
enhance the rate of Pt-Ge bond breaking in 1 over that
observed under ambient light, so the observed rate
enhancement must be related to greater sensitivity of
the metallacycle in 5. If 5 is photolyzed in a sealed
system, the CO partial pressure can rise high enough
to induce the formation of (Et3P)2Pt(CO)2 and H2Ge-
[N(SiMe3)2]2 from 6.10 When this experiment was per-
formed in the presence of the germylene trap benzil, 2
was observed in addition to 1 and 6, indicative of a
competition between formaldehyde and benzil for the
reactive fragments generated from the photodissociation
of the Pt-Ge bond. Scheme 1 summarizes the proposed
pathway for the photodecomposition of 5. The chemistry
observed is reminiscent of the photocleavage of 1,2-
digermacyclobutanes recently reported by Apeloig et
al.31

In summary, the first evidence that transition metal
germylenes can be highly photosensitive to fluorescent
laboratory light is reported. The implications for this
type of light sensitivity are wide ranging. For example,
isolation of transition metal complexes containing un-

stable ER2 (E ) Si, Ge) species would be impossible to
achieve under ambient light conditions if the M-ER2

are highly photosensitive. In addition, a variety of
transition metal catalyzed reactions of silanes and
germanes have been proposed to proceed via M-ER2

intermediates. Clearly, these intermediates could be
photosensitive, leading to loss of ER2 in key mechanistic
steps. Finally, attempts to use metal germylenes,32

silylenes,33 and stannylenes34 to activate and modify
organic substrates need to take into account, and ideally
exploit, the type of cycloreversion reactions demon-
strated for complex 5.
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