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Overcoming the Insolubility of Carbon Nanotubes Through High Degrees of
Sidewall Functionalization
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Introduction


The highly interdisciplinary field of carbon nanotubes[1,2] has
seen progress on many fronts, driven by their extraordinary
electrical and mechanical properties.[3,4] For example, nano-
tubes can be either carbon-based metals or semiconduc-
tors,[5,6,7] and these have been used in the construction of
nanotube-based transistors[3,8] as well as serving as intercon-
nects in a small integrated circuit.[9] Furthermore, nanotube-
based composites show tremendous promise; the light-
weight yet strong, flexible,[10] and resilient[11] nanotubes can
add fortification to many polymeric structural materials.
Slowing the large-scale progression of the field, however,
has been the inherent lack of solubility of carbon nano-
tubes.[12] Single-wall carbon nanotubes (SWNTs), being
smooth-sided, highly polarizable compounds, have a report-
ed van der Waals attraction of 0.5 eV per nanometer of
tube±tube contact;[13,14] this causes them to exist as ropes (or
bundles) in their native state. To generate individually func-
tionalized SWNTs, the thermodynamic drive toward bun-
dling must be overcome. Some strategies employed thus far
are polymer wrapping[14] and coating of nanotubes with sur-
factants.[15±17] Another impediment to materials applications
is the poor compatibility between pristine carbon nanotubes
and polymer matrices; in many cases, addition of pristine
nanotube ropes to polymers causes weakening of the host
material.[18±20] Functionalization of SWNTs[21±26] can serve to
not only improve their solubility and, therefore, dispersion,
but also to create attractive van der Waals interactions be-
tween the polymer and nanotube addend.[27] This could be
further exploited by tailoring the organic moiety to the host
polymer matrix.[18, 27] Discussed here are two approaches to
the formation of highly functionalized carbon nanotubes:
first, a solvent-free process to generate functionalized nano-
tube ropes that is amenable to large-scale industrial process-
ing and, second, the functionalization of carbon nanotubes
dispersed as individuals in aqueous-based surfactants, exem-
plifying the ultimate in functionalization, whereby there re-
mains little propensity of the nanotubes to re-bundle.
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Abstract: The use of carbon nanotubes in materials ap-
plications has been slowed due to nanotube insolubility
and their incompatibility with polymers. We recently de-
veloped two protocols to overcome the insoluble nature
of carbon nanotubes by affixing large amounts of ad-
dends to the nanotube sidewalls. Both processes involve
reactions with aryl diazonium species. First, solvent-free
functionalization techniques remove the need for any
solvent during the functionalization step. This delivers
functionalized carbon nanotubes with increased solubili-
ty in organic solvents and processibility in polymeric
blends. Additionally, the solvent-free functionalization
process can be done on large scales, thereby paving the
way for use in bulk applications such as in structural
materials development. The second methodology in-
volves the functionalization of carbon nanotubes that
are first dispersed as individual tubes in surfactants
within aqueous media. The functionalization then
ensues to afford heavily functionalized nanotubes that
do not re-rope. They remain as individuals in organic
solvents giving enormous increases in solubility. This
protocol yields the highest degree of functionalization
we have obtained thus far–up to one in nine carbon
atoms on the nanotube has an organic addend. The
proper characterization and solubility determinations on
nanotubes are critical; therefore, this topic is discussed
in detail.


Keywords: carbon ¥ nanotubes ¥ scanning probe
microscopy ¥ single-wall carbon nanotubes (SWNTs) ¥
solubility
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Solvent-Free Functionalization


Prior to our work, the extraordinary amounts of solvent re-
quired for dissolution or dispersion of pristine carbon nano-
tubes limited the efficacy of functionalization reactions; the
chemistry was restricted to university laboratories with little
hope of becoming useful for industrial-scale processes. Typi-
cally, solution-based chemistry employs approximately two
liters of solvent per gram of nanotubes coupled with the
need for sonication. We recently overcame this restriction
by developing a solvent-free[28] functionalization techni-
que,[29] which dispenses with all solvent and sonication
needs, and the process is useful for both SWNTs and multi-
wall carbon nanotubes. Not only does this methodology
overcome reaction solubility concerns, but it also offers the
added advantages of being scalable, cost-effective, and envi-
ronmentally benign. The reaction has been conducted on
multi-gram scales of carbon nanotubes.


The solvent-free technique employs diazonium chemistry
for attaching the organic addends to the sidewalls. In a typi-
cal experiment (Scheme 1), purified SWNTs and an appro-


priate aniline are added to a flask equipped with a magnetic
stirring bar. Isoamyl nitrite, which reacts with anilines to
give the reactive arenediazonium species, is added to the
mixture of solids. As the diazonium salt begins to form and
react, a paste results, and the reaction mixture is heated to
60 8C and vigorously stirred. Heating reduces the viscosity
of the reaction mixture, and stirring causes de-roping and
possibly exfoliation of the larger ropes. Figure 1 shows sche-
matically a plausible mechanism for the reaction. A me-
chanical force, in this case a stirring bar, applied to a nano-
tube bundle, distorts the bundle causing bending, buckling,
and exfoliation. Exfoliation of the outermost nanotubes


from the distorted bundle places the liberated nanotube in
the presence of a reactive intermediate. The individual
nanotube is then covalently functionalized; this greatly re-
duces that nanotube×s ability to bundle and helps to over-
come some of the inherent van der Waals tube±tube attrac-
tions. Mechanochemical exfoliation obviates the need for
sonication-assisted exfoliation. The solvent-free functional-
ization methodology gives material as heavily functionalized
and soluble as material generated by using standard solu-
tion-based reaction protocols. The alkyl nitrite described in
Scheme 1 can be substituted with NaNO2 and H+ (such as
sulfuric, acetic, or hydrochloric acid), thereby making the
overall process even more industrially attractive. Further-
more, mixing pristine nanotubes/aniline/nitrite for short resi-
dence times in a polymer blender, followed by polymer ad-
dition, would permit in situ functionalization/blending
needed for bulk applications.


Although the solvent-free methodology probably gives
functionalized bundles, the degree of functionalization ob-
tained gives material with increased solubility (vide infra).
In addition, nanotubes with this extent of functionalization
disperse in polymers far more efficiently than the pristine
SWNTs.[18] Therefore, the solvent-free methodology paves
the way for large-scale functionalizations, which would be
necessary to generate the quantity of material required to
produce fortified structural materials.


Functionalization of Individual (Unbundled)
Nanotubes


Another strategy we have employed to overcome the insolu-
bility of carbon nanotubes is the functionalization of individ-
ualized SWNTs.[30] In the previous discussion, bundles of
nanotubes, treated with reactive reagents, were mechano-
chemically exfoliated. In that case, as well as in most other
functionalization reports, what results are functionalized
bundles or mixtures of nanotubes functionalized to various
degrees. However, dispersing carbon nanotubes as individu-
als before a reaction delivers individual functionalized
carbon nanotubes. Although not initially applicable to large-
scale transformations, it is of fundamental scientific signifi-
cance for the generation of SWNTs that are incapable of
tube±tube re-roping; they clearly overcome the inherent
thermodynamic intermolecular cohesive drive (0.5 eV per
nanometer)[13,14] to re-bundle.


We have recently demonstrated the individual functionali-
zation reaction by reacting HiPco-produced SWNTs
(HiPco=high-pressure carbon monoxide) that were wrap-
ped in sodium dodecylsulfate (SDS). The starting suspen-
sions were generated according to the published proce-
dure[15,30] by sonicating raw material in SDS then centrifug-
ing to sediment the more dense bundles. Decanting the
upper 75% of the supernatant gives suspensions, which pre-
dominately consisted of less-dense individualized SWNTs.
Functionalization of these stable suspensions of SDS-wrap-
ped SWNTs with diazonium salts gives heavily functional-
ized material with greatly increased solubility as detailed


Scheme 1. Solvent-free functionalization of carbon nanotubes. R can be
various groups including Cl, Br, NO2, CO2CH3, alkyl, OH, alkylhydroxy,
oligoethylene glycol, etc.


Figure 1. Schematic depiction of the functionalization of carbon nano-
tubes without solvent.
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below. Interestingly, this material disperses as individuals in
organic solvent after removal of the surfactant.


Characterization


There are several analytical techniques that must be used in
concert to confirm heavy degrees of functionalization. The
suite of protocols includes UV and Raman spectroscopy to
ensure that the nanotube sidewall is changed through chemi-
sorption (bond formation), and to assess the degree of
roping left in the nanotubes. In concert with UV and Raman
methods, thermogravimetric analysis (TGA) and X-ray pho-
toelectron spectroscopy (XPS) provide an indication of the
degree of functionalization. Transmission electron and
atomic force microscopy (TEM and AFM) show sidewall
modifications and roping interactions. Without ensuring co-
valent attachment by UV and Raman spectroscopy, the
nanotube could be merely wrapped in polymerized reagent,
or more frustratingly, simply mixed with byproducts of the
chemical reaction. The use of 1H NMR, XP, and IR spectro-
scopy alone will not confirm that the organic groups are ap-
pended to the sidewalls of the nanotubes, although they can
be useful complements to UV and Raman spectroscopy.
Note that NMR spectroscopy is usually not very informa-
tive, because traces of iron impurities (catalyst for the for-
mation of nanotubes) and the slow tumbling rates of the
nanotubes cause severe signal broadening.


After reaction and purification of the functionalized ma-
terial, the dried solid is characterized. Absorption spectros-
copy (Figure 2) confirms covalent sidewall functionalization.
Trace A shows the distinct van Hove singularities, which


have recently been spectroscopically assigned by nanotube
structure,[31,32] of individualized material. Upon covalent
functionalization (disruption of the electronic structure), the
electrons are localized and all of the transitions disappear
(trace B). This complete loss of singularities corresponds to
a high degree of covalent modification, which disrupts the
extended p-conjugation of nanotubes. Both functionalized
bundles and individuals demonstrate a compete loss of sin-
gularities, but aggregation or noncovalent functionalization
would still have structure albeit not as distinct.


Raman analysis (Figure 3) of functionalized material is
another confirmatory tool.[21,26] Highly functionalized carbon


nanotubes no longer have the radial breathing modes
(250 cm�1) unlike pristine SWNTs. In addition, the disorder
mode (1290 cm�1) is much larger for functionalized material
than pristine nanotubes. The disorder mode does not in-
crease upon noncovalent functionalization unless processing
causes new defect sites on the sidewalls of the nanotubes.
Since the resonance Raman enhancement is lost due to
functionalization, the intensity of the tangential mode is
greatly decreased upon covalent functionalization. Thermal-
ly treating (>300 8C) functionalized material regenerates
the pristine nanotube structure restoring the radial breath-
ing modes and resonance enhancement of the material, and
likewise, greatly decreasing the intensity of the disorder
mode. Therefore, the electronic properties can be restored if
desired. The Raman spectra shown (Figure 3) correspond to
individually functionalized material, which is the most
highly functionalized material we have generated thus far.


Once covalent functionalization is confirmed, characteri-
zation with TGA (Figure 4) accurately gives the degree of
functionalization if the material is free of impurities. This
thermal treatment removes the functional organic moieties
and the residue that remains is pristine SWNT material.


Figure 2. Absorption spectroscopy of A) SDS-coated SWNTs and B)
functionalized SWNTs that are SDS-free.


Figure 3. Raman (780 nm excitation) of A) pristine SWNTs, B) function-
alized nanotubes, and C) thermally regenerated nanotubes by heat-treat-
ing the tubes used in B) to 650 8C.


Figure 4. TGA under argon of heavily functionalized 4-chlorophenyl-sub-
stitued carbon nanotubes. The addends are removed leaving pristine
SWNTs.
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Suspending purified, individually functionalized material
in organic solvents, casting, drying, and imaging by AFM
proves that the SDS-free functionalized nanotubes are
either easily exfoliated in organic solvents or incapable of
bundling throughout their entire lengths (Figure 5A and B).


Once surfactant is removed from pristine micelle-coated
SWNTs, they re-bundle as expected (Figure 5C and D). In-
terestingly, sidewall addends with increased lengths gives
functionalized nanotubes with increased overall diameter,
which can be attributed to the increased lengths of the or-
ganic moieties appended to the sidewall of the SWNTs.[30]


There is a possibility that aryl oligomerization from a nano-
tube-bound arene can ensue. However, since the addend at-
tachment percentage proceeds to a similar extent even with
the 4-tert-butylphenyl pendant, polymerization could not be
extensive. This is further borne out in the TEM analyses.


Indeed, TEM also confirms the predominance of individu-
al SWNTs resulting from the micelle-based functionalization
reaction. Comparing unreacted (Figure 6) and reacted mate-
rial (Figure 7), the propensity for re-bundling is clear with
the surfactant-free pristine tubes; however, analysis of func-
tionalized material reveals the existence of predominately
individual nanotubes. Unlike the pristine nanotubes, func-
tionalized material no longer has a smooth-sided sidewall,
therefore, bundling is prevented. These have been referred
to as ™bumps on a log∫ that inhibit re-roping.


Solubility


Solubility numbers that appear in the literature are some-
what ambiguous. There is wide discrepancy between pub-
lished values; this is due to explainable variations in filtra-
tion methods. Without extreme care, this can result in re-
cording of mass inclusive of material that is not nanotube-
bound. Once sidewall functionalization is ensured (vide
supra), we determine solubility using our published proto-


Figure 5. AFM images on mica of the 4-chlorophenyl-substitued nano-
tubes that were prepared by the SDS/diazonium protocol. Nanotubes
were dispersed in DMF, cast, and then evaporated to dryness before
imaging. A) Height and B) amplitude of functionalized nanotubes (5 mm
per box edge) versus C) height and D) amplitude image of unreacted
nanotubes after removal of the surfactant (3 mm per box edge).


Figure 6. TEM image of unreacted nanotubes after removal of the surfac-
tant. Re-bundling (re-roping) of the nanotubes is clearly observed
throughout all imaged locations.


Figure 7. TEM of 4-tert-butylphenyl-functionalized carbon nanotubes by
the SDS/diazonium protocol. A predominance of individuals is observed
throughout the imaged regions. The insert is an expansion wherein the
addends are clearly visible and shown to occur at large numbers of loca-
tions across the nanotube length. The addends do not appear to be poly-
meric, but they are individual arenes or short oligomers at most.
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cols[12] by suspending an excess of the material in an exact
amount of the solvent of interest. Typical solvents we use to
determine solubility are o-dichlorobenzene (ODCB), DMF,
chloroform, and THF. Suspensions are obtained by sonicat-
ing the material for 30 min, although individually functional-
ized nanotubes are completely suspended after sonication
for 1 min. The material is then gravity filtered through tight-
ly packed fine glass wool. The solution that passes through
the glass wool is then further filtered through a 0.2 mm
PTFE membrane. The collected solid is removed from the
membrane and dried in a vacuum oven at 65 8C overnight.
The weight of the dried, filtered material is used to calculate
the solubility. Employing this protocol gives solubility values
of 0.4 mgmL�1 in ODCB in one solvent-free functionaliza-
tion case compared to 0.095 mgmL�1 solubility in ODCB
for unfunctionalized SWNTs. This same material had solu-
bility values of 0.03 mgmL�1 in THF compared to
0.005 mgmL�1 in THF for pristine material. We find that
functionalized individual nanotubes (from the SDS proto-
col) have drastic increases in solubility, whereby one such
material had solubility values of 0.7 mgmL�1 in ODCB,
0.8 mgmL�1 in DMF, and 0.6 mgmL�1 in chloroform and
THF. Knowing that this material is dispersed as individuals
in organic solvent, extreme increases in solubility are ob-
served.[30] Moreover, the solubility in polymers is greatly en-
hanced for the functionalized materials.[18]


Conclusion


The insolubility and polymer incompatibility of carbon
nanotubes has hindered there transitions to bona fide indus-
trial materials applications. Solvent-free functionalization of
carbon nanotubes allows for the introduction of organic
sidewall addends, which yields material with increased solu-
bility and better dispersion in polymers, and at the same
time avoiding the use of the tremendous amounts of solvent
typically required. In addition, the solvent-free protocol is
capable of functionalizations on a large scale; this should ex-
pedite the formation of carbon nanotube-based structural
materials. The second protocol described, functionalization
of carbon nanotubes dispersed as individuals in surfactants,
exemplifies the ultimate in functionalization whereby there
remains little propensity to re-bundle. Therefore, the utility
of carbon nanotubes may be hastened through high degrees
of sidewall functionalizations.


Acknowledgement


Support for this work came from NASA: JSC-NCC-9±77 & URETI
NCC-01±0203, NSF: NSR-DMR-0073046, AFOSR: F49620±01±1±0364
and ONR: N00014±02±0752. Wenh Guo helped with the TEM imaging.


[1] S. Iijima, Nature 1991, 354, 56.
[2] M. S. Dresselhaus, G. Dresselhaus, P. Avouris, Carbon Nanotubes


Synthesis, Structure, Properties, and Applications, Springer, Berlin,
2001.


[3] A. Javey, J. Guo, Q. Wang, M. Lundstrom, H. Dai, Nature 2003, 424,
654.


[4] R. Saito, G. Dresselhaus, M. S. Dresselhaus, Physical Properties of
Carbon Nanotubes, Imperial College, London, 1998.


[5] M. Zheng, A. Jagota, E. D. Semke, B. A. Diner, R. S. Mclean, S. R.
Lustig, R. E. Richardson, N. G. Tassi, Nat. Mater. 2003, 2, 338.


[6] R. Krupke, F. Hennrich, H. von Lohneysen, M. M. Kappes, Science
2003, 301, 344.


[7] D. Chattopadhyay, I. Galeska, F. Papdimitrakopoulos, J. Am. Chem.
Soc. 2003, 125, 3370.


[8] J. A. Misewich, P. Avouris, R. Martel, J. C. Tsang, S. Heinz, J. Ters-
off, Science 2003, 300, 783.


[9] J. Li, Q. Ye, A. Cassell, H. T. Ng, R. Stevens, J. Han, Appl. Phys.
Lett. 2003, 82, 2491.


[10] M.-F. Yu, M. J. Dyer, R. S. Ruoff, J. Appl. Phys. 2001, 89, 4554.
[11] M. B. Nardelli, B. I. Yakobson, J. Bernholc, Phys. Rev. B 1998, 57,


R4277.
[12] J. L. Bahr, E. T. Mickelson, M. J. Bronikowski, R. E. Smalley, J. M.


Tour, Chem. Commun. 2001, 193.
[13] A. Thess, R. Lee, P. Nikolaev, H. J. Dai, P. Petit, J. Robert, C. H.


Xu, Y. H. Lee, S. G. Kim, A. G. Rinzler, D. T. Colbert, G. E. Scuse-
ria, D. Tomanek, J. E. Fischer, R. E. Smalley, Science 1996, 273, 483.


[14] M. J. O×Connell, P. Boul, L. M. Ericson, C. B. Huffman, Y. H. Wang,
E. Haroz, C. Kuper, J. M. Tour, K. D. Ausman, R. E. Smalley, Chem.
Phys. Lett. 2001, 342, 265.


[15] M. J. O×Connell, S. M. Bachilo, C. B. Huffman, V. C. Moore, M. S.
Strano, E. H. Haroz, K. L. Rialon, P. J. Boul, W. H. Noon, C. Kit-
trell, J. Ma, R. H. Hauge, R. B. Weisman, R. E. Smalley, Science
2002, 297, 593.


[16] M. F. Islam, E. Rojas, D. M. Bergey, A. T. Johnson, A. G. Yodh,
Nano Lett. 2003, 3, 269.


[17] M. S. Strano, V. C. Moore, M. K. Miller, M. J. Allen, E. H. Haroz, C.
Kittrell, R. H. Hauge, R. E. Smalley, J. Nanosci. Nanotechnol. 2003,
3, 81.


[18] C. A. Mitchell, J. L. Bahr, S. Arepalli, J. M. Tour, R. Krishnamoorti,
Macromolecules 2002, 35, 8825.


[19] A. Peigney, E. Flahaut, C. Laurent, F. Chastel, A. Rousset, Chem.
Phys. Lett. 2002, 352, 20.


[20] V. G. Hadjiev, M. N. Iliev, S. Arepalli, P. Nikolaev, B. S. Files, Appl.
Phys. Lett. 2001, 78, 3193.


[21] J. L. Bahr, J. M. Tour, J. Mater. Chem. 2002, 12, 1952.
[22] S. Banerjee, M. G. C. Kahn, S. S. Wong, Chem. Eur. J. 2003, 9, 1898.
[23] S. Niyogi, M. A. Hamon, H. Hu, B. Zhao, P. Bhowmik, R. Sen,


M. E. Itkis, R. C. Haddon, Acc. Chem. Res. 2002, 35, 1105.
[24] A. Hirsch, Angew. Chem. 2002, 114, 1933; Angew. Chem. Int. Ed.


2002, 41, 1853.
[25] J. L. Bahr, J. M. Tour, Chem. Mater. 2001, 13, 3823.
[26] J. L. Bahr, J. Yang, D. V. Kosynkin, M. J. Bronikowski, R. E. Small-


ey, J. M. Tour, J. Am. Chem. Soc. 2001, 123, 6536.
[27] J. Zhu, J. D. Kim, H. Peng, J. L. Margrave, Khabashesku, V. N. E. V.


Barrera, Nano Lett. 2003, 3, 1107.
[28] K. Tanaka, F. Toda, Chem. Rev. 2000, 100, 1025.
[29] C. A. Dyke, J. M. Tour, J. Am. Chem. Soc. 2003, 125, 1156.
[30] C. A. Dyke, J. M. Tour, Nano Lett. 2003, 3, 1215.
[31] S. M. Bachilo, M. S. Strano, C. Kittrell, R. H. Hauge, R. E. Smalley,


R. B. Weisman, Science 2002, 298, 2361.
[32] M. S. Strano, S. K. Doorn, E. H. Haroz, C. Kittrell, R. H. Hauge,


R. E. Smalley, Nano Lett. 2003, 3, 1091.


Chem. Eur. J. 2004, 10, 812 ± 817 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 817


Solubility of Carbon Nanotubes 812 ± 817



www.chemeurj.org






Chem. Eur. J. 2004, 10, 819 ± 830 DOI: 10.1002/chem.200305499 ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 819


A.Hille et al.







Binding N2, N2H2, N2H4, and NH3 to Transition-Metal Sulfur Sites: Modeling
Potential Intermediates of Biological N2 Fixation�


Dieter Sellmann,≤[a] A. Hille,*[a] A. Rˆsler,[a] F. W. Heinemann,[a] M. Moll,[a] G. Brehm,[b]


S. Schneider,[b] M. Reiher,[c] B. A. Hess,[c] and W. Bauer[d]


Introduction


In spite of long-lasting efforts, including the X-ray crystal
structure determination of FeMo nitrogenase and its metal
sulfur cofactors (FeMoco), the mechanism of biological N2


fixation has remained poorly understood.[1] In the search for
model complexes for nitrogenase, transition-metal species
with ancillary sulfur ligands that can bind molecular nitro-
gen to give N2 complexes are a primary target, because the
first step of biological N2 fixation is agreed to involve coor-
dination of N2 to the FeMo cofactors resulting in adducts
that represent mono-, di-, or polynuclear transition-metal
sulfur complexes.[2] Model complexes which catalyze the re-
duction of N2 under nitrogenase-relevant conditions are still
unknown.[3] Numerous findings indicate that the N2 ligand
of these complexes is subsequently reduced by coupled
[2H+/2e�] reduction steps via diazene and hydrazine species
to ammonia.[4]


Abstract: In the quest for low-molecu-
lar-weight metal sulfur complexes that
bind nitrogenase-relevant small mole-
cules and can serve as model com-
plexes for nitrogenase, compounds with
the [Ru(PiPr3)(−N2Me2S2×)] fragment
were found (−N2Me2S2×


2�=1,2-ethane-
diamine-N,N’-dimethyl-N,N’-bis(2-ben-
zenethiolate)2�). This fragment enabled
the synthesis of a first series of chiral
metal sulfur complexes, [Ru(L)-
(PiPr3)(−N2Me2S2×)] with L=N2, N2H2,
N2H4, and NH3, that meet the biologi-
cal constraint of forming under mild
conditions. The reaction of [Ru-
(NCCH3)(PiPr3)(−N2Me2S2×)] (1) with
NH3 gave the ammonia complex [Ru-
(NH3)(PiPr3)(−N2Me2S2×)] (4), which
readily exchanged NH3 for N2 to yield
the mononuclear dinitrogen complex
[Ru(N2)(PiPr3)(−N2Me2S2×)] (2) in


almost quantitative yield. Complex 2,
obtained by this new efficient synthesis,
was the starting material for the syn-
thesis of dinuclear (R,R)- and (S,S)-[m-
N2{Ru(PiPr3)(−N2Me2S2×)}2] ((R,R)-/
(S,S)-3). (Both 2 and 3 have been re-
ported previously.) The as-yet inexpli-
cable behavior of complex 3 to form
also the R,S isomer in solution has
been revealed by DFT calculations and
2D NMR spectroscopy studies. The re-
action of 1 or 2 with anhydrous hydra-
zine yielded the hydrazine complex
[Ru(N2H4)(PiPr3)(−N2Me2S2×)] (6),
which is a highly reactive intermediate.
Disproportionation of 6 resulted in the
formation of mononuclear diazene


complexes, the ammonia complex 4,
and finally the dinuclear diazene com-
plex [m-N2H2{Ru(PiPr3)(−N2Me2S2×)}2]
(5). Dinuclear complex 5 could also be
obtained directly in an independent
synthesis from 1 and N2H2, which was
generated in situ by acidolysis of
K2N2(CO2)2. Treatment of 6 with
CH2Cl2, however, formed a chloro-
methylated diazene species [{Ru-
(PiPr3)(−N2Me2S2×)}-m-N2H2{Ru(Cl)(−N2-
Me2S2CH2Cl×)}] (9) (−N2Me2S2CH2Cl×


2�


=1,2-ethanediamine-N,N’-dimethyl-N-
(2-benzenethiolate)1�-N’-(2-benzene-
chloromethylthioether)1�]. The molec-
ular structures of 4, 5, and 9 were de-
termined by X-ray crystal structure
analysis, and the labile N2H4 complex 6
was characterized by NMR spectros-
copy.


Keywords: enzyme models ¥ nitro-
gen fixation ¥ ruthenium ¥ S ligands
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In order to investigate the nature of this reduction pro-
cess, N2 complexes with transition-metal sulfur cores that
form from N2 and metal sulfur complex precursors without
the use of abiologically strong reductants (for example, alka-
line metals) are indispensable prerequisites. However, the
only complexes known so far that meet the aforementioned
requirements are the ruthenium complexes [Ru(N2)-
(PiPr3)(−N2Me2S2×)] and [m-N2{Ru(PiPr3)(−N2Me2S2×)}2]
(−N2Me2S2×


2�=1,2-ethanediamine-N,N’-dimethyl-N,N’-bis(2-
benzenethiolate)2�).[5,6] Their as-yet hypothetical reduction
by [2H+/2e�] transfer steps is anticipated to give the corre-
sponding diazene, hydrazine, and finally ammonia com-
plexes. In order to explore the viability of these potential re-
duction intermediates, attempts were made for their synthe-
sis, starting from hydrazine, ammonia, and other nitrogenous
compounds. This paper describes, inter alia, the first series
of complexes in which N2, N2H2, N2H4, and NH3 bind to
identical transition-metal sulfur complex fragments.


Results and Discussion


N2 and NH3 complexes : In a previously reported synthesis
the mononuclear N2 complex [Ru(N2)(PiPr3)(−N2Me2S2×)] (2)
was obtained by replacing the labile CH3CN ligand in
[Ru(NCCH3)(PiPr3)(−N2Me2S2×)] (1) by molecular nitrogen
under ambient conditions according to Scheme 1.[5,6] Lower-


ing the N2 pressure by passing a stream of argon through a
solution of mononuclear 2 resulted in partial removal of the
N2 ligand and subsequent formation of dinuclear [m-N2{Ru-
(PiPr3)(−N2Me2S2×)}2] (3). As indicated, the reactions were
reversible. The N2 complexes 2 and 3 could be completely
characterized.
As a consequence of the reversibility of the first exchange


step the isolation of pure 2 was difficult. The CH3CN/N2 ex-
change could never be driven to completeness, and the re-
maining acetonitrile complex 1 had to be separated from the
N2 complex 2 by elaborate washing and recrystallization
procedures. Therefore, a better precursor for the synthesis
of 2 (and 3) was desirable and was finally found in the cor-
responding ammonia complex [Ru(NH3)(PiPr3)(−N2Me2S2×)]
(4). Beyond that, the NH3 complex represents the final
product in the as-yet hypothetical reduction of either 2 or 3.
The NH3 complex 4 was obtained by passing a stream of
gaseous NH3 through a tetrahydrofuran (THF) solution of
[Ru(NCCH3)(PiPr3)(−N2Me2S2×)] (1) at slightly elevated tem-
perature [Eq. (1)].


By use of 4 as a precursor, the reaction could now be
driven to completeness and monitored by IR spectroscopy,
which indicated a decrease of the n(C�N) band of 1 at
2246 cm�1. [Ru(NH3)(PiPr3)(−N2Me2S2×)] (4) was isolated in
approximately quantitative yield and forms dark orange
crystals. The IR spectrum of complex 4 exhibits characteris-
tic n(N�H) bands at 3350, 3306, 3240, and 3166 cm�1. A 31P
signal at d=56.94 ppm and the NH3 proton signals at d=


1.39 ppm are observed in the 31P and 1H NMR spectra, re-
spectively. The molecular structure of 4 was determined by
X-ray crystal structure analysis. The NH3 ligand in 4 proved
much more labile than the CH3CN ligand in [Ru-
(NCCH3)(PiPr3)(−N2Me2S2×)] (1). Monitoring NH3/N2 ex-
change of 4 in toluene by IR spectroscopy revealed a con-
siderably faster increase of the n(N2) band of 2 at 2115 cm�1,
and the reaction could be driven to completeness with a
nearly quantitative yield of 2, which could be obtained in
only 46% yield when starting from 1.


N2H4 and N2H2 complexes : Addition of excess anhydrous
N2H4 to a light-green THF solution of [Ru-
(NCCH3)(PiPr3)(−N2Me2S2×)] (1) resulted in a color change
to deep yellow within a few minutes. Within the course of
4±6 h the solution turned deep blue and a blue solid started
to precipitate. Addition of MeOH completed the precipita-
tion of the solid, which was isolated in 68% yield (based on
1) and characterized as the diazene complex [m-N2H2{Ru-
(PiPr3)(−N2Me2S2×)}2] (5 ; see below) [Eq. (2)].


The blue color of 5 is characteristic for [Ru�NH=
NH�Ru] chromophores.[7] A singlet at d=�13.61 ppm in
the 1H NMR spectrum indicated the presence of the diazene
ligand and a two-fold symmetry of 5.[8] Its molecular struc-
ture could be determined by X-ray crystal structure analysis.
This unexpected result prompted us to look for a more


direct and rational synthesis of 5. The diazene complex 5
also formed when [Ru(NCCH3)(PiPr3)(−N2Me2S2×)] (1) was
treated with diazene that was generated in situ by acidolysis
of K2N2(CO2)2 with acetic acid [Eq. (3)].[9] Dropwise addi-
tion of a dilute aqueous solution of acetic acid to a solution
of 1 and suspended solid K2N2(CO2)2 in THF liberated the
highly reactive diazene molecule HN=NH[10] (DHf=


+212 kJmol�1), which reacted with 1 to give [m-N2H2{Ru-
(PiPr3)(−N2Me2S2×)}2] (5). Removal of the aqueous phase and


Scheme 1. Synthesis of [Ru(N2)(PiPr3)(−N2Me2S2×)] (2) and [m-N2{Ru-
(PiPr3)(−N2Me2S2×)}2] (3) from [Ru(NCCH3)(PiPr3)(−N2Me2S2×)] (1). a) + /
� N2, + /� CH3CN, toluene, 50±60 8C; b) + /� N2, toluene, 50 8C.
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addition of MeOH to the THF phase led to the precipitation
of blue microcrystals of 5, which were obtained in yields of
approximately 46% (based on 1).
The diazene complex 5 also formed when the N2 complex


2 was treated with N2H4 in [D8]THF. Monitoring this reac-
tion by 31P and 1H NMR spectroscopy (Figure 1) provided


deeper insight into the reaction pathways leading to 5. Fig-
ure 1a shows the 31P NMR spectrum of the N2 complex 2.
After addition of 6±8 equivalents of N2H4, the 31P NMR
signal of 2 disappeared and three new signals at d=56.92,
53.09, and 43.95 ppm resulted (Figure 1b). The assignment
of the signals shown in the figure is based on the 1H NMR
spectroscopic experiments (see below). After 4 h, the
31P NMR spectrum showed additional signals, including li-
berated PiPr3 (Figure 1c). The assignment is again based on
detailed analysis by 1H NMR spectroscopy (see below).
The formation of the hydrazine complex [Ru-


(N2H4)(PiPr3)(−N2Me2S2×)] (6 ; Figure 2) is indicated in the
1H NMR spectrum by the two characteristic doublets at d=
4.41 ppm (2J(H,H)=10.8 Hz, 1H, RuNH2NH2) and d=


4.18 ppm (2J(H,H)=10.8 Hz, 1H, RuNH2NH2) for the
metal-bound NH2 group. A broad signal, which was assigned
to the terminal NH2 group, appeared at d=3.58 ppm and
was superimposed with the solvent signal. At �20 8C, this
signal was shifted low-field to d=3.63 ppm. Weak cross-
peaks to the metal-bound NH2 group were found in the 1H-
COSY spectrum and clearly defined the formation of
[Ru(N2H4)(PiPr3)(−N2Me2S2×)] (6).
In agreement with the 31P NMR spectrum (Figure 1b), the


1H NMR spectrum of the products obtained indicated the


formation of two additional complexes. A singlet at d=


1.39 ppm was assigned to the protons of coordinated NH3


and indicated the ammonia complex [Ru(NH3)-
(PiPr3)(−N2Me2S2×)] (4) as another product. The low-field
shift and coupling constants of two doublets at d=16.82 and
16.15 ppm (3J(H,H)=28.0 Hz) were indicative for the for-
mation of a mononuclear diazene complex cis,trans-[Ru-
(N2H2)(PiPr3)(−N2Me2S2×)] (7) with a trans diazene
ligand.[8,11] The splitting into doublets is due to coupling of
the inequivalent protons of the terminal diazene ligand
in the Ru�NH=NH entity. Comparable shifts and cou-
pling constants were found in heterodinuclear
[(OC)5Cr�N2H2�Mn(CO)2Cp] and mononuclear complexes
of the type [M(N2H2)(CO)2(PPh3)2Br]SO3CF3 (Cp=cyclo-
pentyl, M=Ru, Os).[12] In addition, the 1H NMR spectrum
indicated that the −N2Me2S2× ligand in 7 adopted a regular
cis,trans arrangement (see below).
Since no additional oxidants or reductants were present,


the formation of mononuclear NH3 and N2H2 complexes is
rationalized best by a disproportionation (2N2H4!N2H2+


2NH3) of the hydrazine complex [Ru(N2H4)-
(PiPr3)(−N2Me2S2×)] (6) into mononuclear N2H2 and NH3


complexes 7 and 4 [Eq. (4)]. Upon coordination to the elec-


tron-rich [Ru(PiPr3)(−N2Me2S2×)] fragment, the N2H4 ligand
in 6 is highly activated, a fact resulting in the described dis-
proportionation.
In the course of 4±6 h, 4 additional low-field-shifted sig-


nals showing a splitting pattern similar to the mononuclear
diazene complex 7 were observed. These doublets were as-
signed to the formation of further mononuclear diazene
complexes 8 (Figure 3). Finally, a low-field-shifted singlet at
d=13.61 ppm indicated the formation of the C2-symmetric
dinuclear diazene complex [m-N2H2{Ru(PiPr3)(−N2Me2S2×)}2]


Figure 1. Monitoring the formation of [m-N2H2{Ru(PiPr3)(−N2Me2S2×)}2]
(5) by 31P NMR spectroscopy in [D8]THF. a) [Ru(N2)(PiPr3)(−N2Me2S2×)]
(2); b) + excess N2H4 after 10 min; c) + excess N2H4 after 4 h.


Figure 2. 1H NMR spectrum of [Ru(N2H4)(PiPr3)(−N2Me2S2×)] (6) in
[D8]THF, ^= [D8]THF signals.
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(5). In addition, the formation of free H2 was observed, indi-
cated by a strong signal at d=4.54 ppm. This free H2 possi-
bly results from the decomposition of either free N2H4 or
coordinated N2H2 into N2 and H2.
The appearance of at least four different mononuclear di-


azene complexes 8, presumably with the identical formula
[Ru(N2H2)(PiPr3)(−N2Me2S2×)], is rationalized by the fact
that 1) N2H2 ligands in transition-metal thiolate complexes
form comparably strong hydrogen bonds to the thiolate
donors, which can result in a total hydrogen-bond energy of
up to 21 kJmol�1,[13] 2) chiral cis,trans-[Ru(N2H2)-
(PiPr3)(−N2Me2S2×)] can form two different hydrogen-bond
species I and II, which are diastereomers because the Ru
center is stereogenic,[14] and 3) the [Ru(PiPr3)(−N2Me2S2×)]
fragment itself can also exist in the cis,cis configurations III
and IV, which are diastereomeric both to each other and to
the fragments in I and II (Scheme 2).[15] The two diastereom-


ers III and IV can again each give rise to two hydrogen-
bond diastereomers when diazene ligands are present.
The formation of cis,cis isomers requires the rearrange-


ment of the −N2Me2S2×
2� ligand within the [Ru(−N2Me2S2×)]


core. This can only take place when five-coordinate inter-
mediates are involved, for example, fragments of the
[Ru(L)(−N2Me2S2×)] type that have lost either the phosphane
or the nitrogenous co-ligand. The occurrence of free PiPr3
(Figure 1c) is indicative for the formation of such five-coor-
dinate fragments, which can give rise to cis,cis-[Ru(L)-
(PiPr3)(−N2Me2S2×)] complexes [Eq. (5)] with ligands like
NCCH3, NH3, N2H2, or N2H4.
However, cis,cis configuration of the −N2Me2S2×


2� ligand is
usually not favored, unless sterical constraints enforce this
less-common coordination mode. Diazene ligands, which are


capable of forming strong hydrogen bridges to neighboring
S(thiolate) functions (see above), can impose such steric
constraints and therefore promote the formation of cis,cis-
[Ru(N2H2)(PiPr3)(−N2Me2S2×)] (8) complexes. Similar to the
findings for the mononuclear hydrazine complex 6, the mon-
onuclear diazene complexes 7 and 8 also turned out to be
short-lived species. 31P and 1H NMR spectra that were re-
corded from the reaction solutions of 1 with N2H4 after one
week indicated that practically all mononuclear diazene
complexes and the hydrazine complex had disappeared. This
may explain why all attempts to crystallize the complexes 6,
7, and 8, were unsuccessful.
The final formation of the dinuclear diazene complex 5,


which is probably the least soluble and most stable one of
all these complexes, is rationalized by the reaction of, most
probably, the cis,trans-configured N2H2 complex
[Ru(N2H2)(PiPr3)(−N2Me2S2×)] (7) with [Ru(NH3)-
(PiPr3)(−N2Me2S2×)] (4), whose NH3 ligand is, as described
above, extremely labile and can easily be replaced by the
terminal NH group of the mononuclear diazene species.
This reaction pathway is shown in Equation (6).


Formation of thiolate-bridged dimeric complexes : Upon de-
coordination of the PiPr3 co-ligand, five-coordinate frag-
ments [Ru(L)(−N2Me2S2×)] form, which can also give rise to
dimerization reactions. As a consequence of the loss of the
bulky phosphane co-ligand, the formation of sparingly solu-
ble, thiolate-bridged complexes of the general formula
[{Ru(L)(−N2Me2S2×)}2] can be expected [Eq. (7)].


The viability of these thiolate-bridged complexes is dem-
onstrated by the isolation of [{Ru(NCCH3)0.8-
(NH3)0.2(−N2Me2S2×)}2] (10), which precipitated from mother
liquors of the reaction of 1 with N2H4 within two months.
The exclusive formation and the unusual stoichiometry
found for complex 10 may be rationalized as follows. The
dimerization of five-coordinate [Ru(L)(−N2Me2S2×)] frag-
ments with terminal N2H2, N2H4, and NH3 ligands (L)
can, in general, result in all possible combinations of
these ligands in the dinuclear, thiolate-bridged
[{Ru(L)(−N2Me2S2×)}2] complexes, for example, in [{Ru-


Figure 3. Diazene and hydrazine NH signals of 5, 6, 7, and 8 in the
1H NMR spectrum.


Scheme 2. Hydrogen-bond cis,trans and cis,cis stereoisomers of [Ru-
(N2H2)(PiPr3)(−N2Me2S2×)].
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(N2H2)(−N2Me2S2×)}{Ru(N2H4)(−N2Me2S2×)}] or [{Ru(N2H2)-
(−N2Me2S2×)}{Ru(NH3)(−N2Me2S2×)}]. With regard to the li-
gands mentioned above, only NH3 is stable. The decomposi-
tion of the N2H2 and N2H4 ligands (see above) generates
free coordination sites which can be occupied by CH3CN li-
gands. At this point, it has to be stressed that the mother liq-
uors from the reaction of the acetonitrile complex [Ru-
(NCCH3)(PiPr3)(−N2Me2S2×)] (1) with hydrazine contain
comparably high quantities of liberated CH3CN.


Chloromethylation of [m-N2H2{Ru(PiPr3)(−N2Me2S2×)}2] (5):
The high reactivity of all the species described above also
became evident when recrystallization of the diazene com-
plex [m-N2H2{Ru(PiPr3)(−N2Me2S2×)}2] (5) was attempted
with CH2Cl2 instead of a MeOH/THF mixture. This prece-
dure resulted in the formation of a chloromethylated di-
azene complex, namely [{Ru(PiPr3)(−N2Me2S2×)}-m-
N2H2{Ru(Cl)(−N2Me2S2CH2Cl×)}] (9) [Eq. (8)].


In order to elucidate the reaction pathway leading to the
formation of 9, the reaction was monitored by NMR spec-
troscopy in CD2Cl2. The


1H and 31P NMR spectra both indi-
cated the complete conversion of 5 into the chloromethylat-
ed diazene complex [{Ru(PiPr3)(−N2Me2S2×)}-m-
N2D2{Ru(Cl)(−N2Me2S2CH2Cl×)}] (deuterated 9) within three
days. A singlet for the N2H2 protons, which are isochronic,
at d=15.54 ppm in the 1H NMR spectra and a singlet for
the remaining PiPr3 substituent at d=43.00 ppm in the
31P NMR spectra were indicative for the formation of com-
plex 9. Other chloromethylated species were not observed.
It was of considerable interest that the 31P NMR spectrum


of complex 5 in [D8]THF also indicated liberated PiPr3. This
demonstrated that the dissociation of PiPr3 ligands is not ex-
clusively limited to mononuclear [Ru(L)(PiPr3)(−N2Me2S2×)]
complexes but can also take place with dinuclear species
like 5. The interaction of CH2Cl2 (or CD2Cl2) with the five-
coordinate entity in complex 5 results in the splitting of one
C�Cl bond. The chloro ligand binds to the ruthenium center
and one thiolate donor is chloromethylated. This reaction
pathway rationalizes the formation of complex 9 and like-
wise explains the instability of other mononuclear [Ru(L)-
(PiPr3)(−N2Me2S2×)] complexes towards CH2Cl2. Further
chloromethylation of the intact [Ru(PiPr3)(−N2Me2S2×)]
entity in complex 9 was not observed.


X-ray crystal structure analysis : The crystal structures of the
diazene and ammonia complexes 4, 5, and 9, and of dinu-
clear [{Ru(NCCH3)0.8(NH3)0.2(−N2Me2S2×)}2] (10) could be
elucidated by X-ray crystal structure analysis and compared
with the structure of [m-N2{Ru(PiPr3)(−N2Me2S2×)}2] (3),


which has been previously published and is included here
for the sake of completeness.[6] Figure 4 depicts the molecu-
lar structures of the complexes 3, 4, 5, 9, and 10. The ruthe-


nium centers of all [Ru(L)(PiPr3)(−N2Me2S2×)] complexes ex-
hibit pseudo-octahedral coordination and trans thiolate
donors. Dinuclear 3 and 5 exhibit crystallographically re-
quired C2 symmetry, 4 and 9 are C1 symmetric, and 10 has
Ci symmetry.
Table 1 lists selected bond distances and angles. All bond


distances within the [Ru(−N2Me2S2×)] cores of the complexes
3, 4, 5, 9, and 10 lie in the usual range. It is worth noting
that the Ru1�N3 distances indicate multiple Ru�N bond
character in 3 (195.7(3) pm), 5 (199.4(5) pm), and 9
(198.0(4) pm, for Ru1�N5) but single bond character in 4
(213.2(5) pm); this corresponds with the fact that N2 and
N2H2 are s-donor±p-acceptor ligands, while NH3 is a s


donor only.
These different ligand properties of N2 and N2H2 versus


those of NH3 are also observed in the Ru1�N2 bonds trans
to either the N2, N2H2, or NH3 ligands. The Ru1�N2 bond is
shortest in 4 (221.4(2) pm) and longest in 5 (225.7(6) pm).
The observation that in these complexes the Ru1�N1 dis-


tances are longer than the Ru�N2 distances reflects the fact


Figure 4. Molecular structures of (R,R)-[m-N2{Ru(PiPr3)(−N2Me2S2×)}2]
((R,R)-3), (R)-[Ru(NH3)(PiPr3)(−N2Me2S2×)] ((R)-4), (S,S)-[m-N2H2{Ru-
(PiPr3)(−N2Me2S2×)}2] ((S,S)-5), (R,R)-[{Ru(PiPr3)(−N2Me2S2×)}-m-
N2H2{Ru(Cl)(−N2Me2S2CH2Cl×)}]¥1.5CH2Cl2 ((R,R)-9¥1.5CH2Cl2), and
[{Ru(NCCH3)0.8(NH3)0.2(−N2Me2S2×)}2] (10) (50% probability ellipsoids;
C-bound hydrogen atoms and solvent molecules omitted for clarity).
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that PiPr3 has a stronger trans influence than N2, N2H2, or
NH3. The N�N distance in the diazene ligands of 5
(127(1) pm) and 9 (127.9(5) pm) is nearly identical to that
calculated for free N2H2 (124.7 pm).[16] This is typical for the
4c±6e� bonding system of the [M�NH=NH�M] chromo-
phore of dinuclear diazene complexes.[17]


General properties and spectroscopic characterization of
complexes 3±10 : All isolated complexes have been charac-
terized by standard spectroscopic methods and by elemental
analysis. No accurate elemental analysis of [Ru(N2)-
(PiPr3)(−N2Me2S2×)] (2) could be obtained, since solid 2
always contains impurities of dinuclear complex 3. The hy-
drazine complex [Ru(N2H4)(PiPr3)(−N2Me2S2×)] (6) which
proved stable only for a limited time in the presence of ex-
cessive hydrazine could be characterized only in solution
by NMR spectroscopy. The dinuclear diazene complexes 5
and 9 exhibit a characteristic blue color that is due to
their [Ru�NH=NH�Ru] chromophore.[17] As observed
for the related [m-N2H2{Ru(PPr3)(−S4×)}2] and [m-
N2H2{Ru(PPh3)(−tpS4×)}2] complexes,[18,19] two characteristic
absorptions are found at l=502 nm (e=14348 Lmol�1 cm�1)
and l=650 nm (e=14493 Lmol�1 cm�1).
All the other [Ru(L)(PiPr3)(−N2Me2S2×)] complexes are


yellow. The dinuclear N2 and N2H2 complexes [m-N2{Ru-
(PiPr3)(−N2Me2S2×)}2] (3), [m-N2H2{Ru(PiPr3)(−N2Me2S2×)}2]
(5), and [{Ru(PiPr3)(−N2Me2S2×)}-m-N2H2{Ru(Cl)(−N2Me2S2-
CH2Cl×)}] (9) exhibit moderate to low solubility in organic
solvents, while all mononuclear [Ru(L)(PiPr3)(−N2Me2S2×)]
complexes are well soluble, for example, in benzene, tolu-
ene, or THF. CH2Cl2 is not suitable as a solvent because it
slowly chloromethylates the complexes at the thiolate
donors to give (S�CH2Cl) complexes as described above.
The dinuclear complex [{Ru(NCCH3)0.8(NH3)0.2(−N2Me2S2×)}2]
(10) is practically insoluble in all common solvents. There-
fore, no solution spectra of complex 10 could be obtained.
The field-desorption (FD) mass spectra of all complexes


exhibited the peak for the [Ru(PiPr3)(−N2Me2S2×)] fragment
at m/z=564. The IR spectra in KBr featured the typical
bands attributable to the [Ru(PiPr3)(−N2Me2S2×)] fragment
besides the specific bands for the co-ligands. Characteristic


n(N�H) absorptions were observed for the ammonia com-
plex 4 (3350, 3306, 3240, and 3166 cm�1) and for the dinu-
clear diazene complex 5 (3222 cm�1). A strong n(N�N) band
at 2047 cm�1 in solid state and at 2042 cm�1 in toluene solu-
tion is observed in the Raman spectra of the C2-symmetric
dinuclear dinitrogen complex 3. The 13C NMR spectra of the
C1-symmetric ammonia and hydrazine complexes 4 and 6
and of the C2-symmetric dinuclear diazene complex 5 exhib-
it 12 signals for the aromatic C atoms and 4 signals for the
aliphatic C atoms of the N-methyl groups and the ethylene
bridge. Three additional signals are found for the PiPr3 co-li-
gands. The C1-symmetric complex 9 exhibits 32 signals for
the −N2Me2S2× ligands, 3 signals for the PiPr3 co-ligand, and 1
signal for the (S-CH2Cl) group. The


31P{1H,13C} NMR spec-
tra of 4, 5, and 6 always show one signal. The 1H NMR spec-
tra exhibit multiplets for the aromatic protons of 4, 5, 6, and
9, singlets for the N-methyl groups, a multiplet for the pro-
tons of the ethylene bridge, and multiplets for the PiPr3 co-
ligands. Characteristic low-field-shifted singlets at d=13.61
and 15.54 ppm are found for the NH protons in the dinu-
clear diazene complexes 5 and 9. Doublets at d=4.41 and
4.18 ppm and a singlet at d=3.58 ppm are observed for the
N2H4 ligand in 6, whereas a singlet is observed at d=


1.39 ppm for the NH3 ligand in the ammonia complex 4.


Stereoisomers of the dinuclear N2 complex 3 : Due to the
chirality of [Ru(PiPr3)(−N2Me2S2×)] fragments, the dinuclear
complex [m-N2[Ru(PiPr3)(−N2Me2S2×)}2] (3) can form three
stereoisomers: (R,R)-3, (S,S)-3, and (R,S)-3. The R,R and
S,S isomers could both be characterized by X-ray crystal
structure determination. This gave rise to the question of
whether the R,S diastereomer exists in either the solid state
or in solution.
For this purpose, an X-ray powder diffractogram of solid


3 was recorded. The experimental diffractogram almost per-
fectly matched the one calculated for the molecular struc-
tures of (R,R)-3 and (S,S)-3, thus confirming that the forma-
tion of solid [m-N2[Ru(PiPr3)(−N2Me2S2×)}2] (3) was exclusive-
ly limited to the R,R and S,S enantiomers.
Since (R,R)-3 and (S,S)-3 exhibit C2 symmetry, the


31P NMR spectrum should therefore display only one signal
for both enantiomers. However, suspensions of sparingly
soluble 3, for example, in THF, afforded 31P NMR spectra
that exhibited three signals at d=42.06, 40.23, and at
37.89 ppm (Figure 5).
An additional signal at d=46.09 ppm was assigned to


mononuclear 2. At this point it must be mentioned that due
to the weak solubility of the dinuclear N2 complex, the main
part of solid 3 remains undissolved.
The observation that the signals at d=42.06, 40.23, and


37.89 ppm always occurred in a 1:1:1.7 ratio gave rise to the
question of whether a dynamic behavior of 3 in THF solu-
tion had to be considered. In order to solve this problem,
NMR studies and DFT calculations, with the BP86 density
function[20] and the split-valence basis set of Ahlrichs and
co-workers[21] (see the Supporting Information for additional
information), were performed. The DFT calculations were
carried out with simplified models for (S,S)- and (R,S)-3,
where the phosphane has been replaced by PH3 and PMe3


Table 1. Selected bond lengths [pm] and angles [8] in 3, 4, 5,
9¥1.5CH2Cl2, and 10.


3 4 5 9[a] 10


Ru1�N1 228.7(4) 229.3(5) 232.0(6) 228.5(4) 219.6(2)
Ru1�N2 223.2(4) 221.4(5) 225.7(6) 223.6(4) 217.9(2)
Ru1�S1 238.5(2) 237.3(2) 236.6(2) 238.1(2) 236.0(1)
Ru1�S2 239.5(2) 238.5(2) 239.2(2) 236.0(2) 237.0(1)
Ru1�P1/S2A 237.9(2) 230.3(2) 236.1(2) 234.6(2) 241.8(1)
Ru1�N3 195.7(3) 213.2(5) 199.4(5) 198.0(4) 202.0(2)
N3�N3A/N4/C1 112.5(7) ± 127.0(1) 127.9(5) 112.6(3)


S1�Ru1�S2 170.5(1) 171.5(1) 170.3(1) 171.2(1) 173.9(1)
N1�Ru1�N2 81.4(2) 82.0(2) 80.1(2) 81.8(2) 83.2(1)
P1/S2A�Ru1�N3 90.6(2) 92.1(1) 89.2(2) 89.0(2) 93.5(1)
N1�Ru1�S1 82.6(1) 82.1(2) 82.2(2) 82.4(1) 84.4(1)
N1�Ru1�S2 88.5(2) 89.4(2) 88.4(2) 89.3(1) 100.7(1)
Ru1�N3�N3A/N4 173.5(2) ± 131.7(6) 130.1(3) ±


[a] 9¥1.5CH2Cl2.
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model ligands. These calculations indicated that rotation of
one [Ru(PMe3)(−N2Me2S2×)] fragment along the [Ru�N�
N�Ru] axis always results in two minimum structures for
each diastereomer.
Since the rotation barriers calculated were lower than ap-


proximately 55 kJmol�1, thermal equilibria between these
two minimum structures may be assumed. For both (S,S)-
and (R,S)-[m-N2[Ru(PMe3)(−N2Me2S2×)}2] minimum struc-
tures were found when the phosphane co-ligands adopted
an orthogonal dihedral angle. With respect to these DFT
calculations, the orthogonal arrangement of the phosphane
ligands, as was found in the crystal structures of (R,R)- and
(S,S)-3, may therefore be attributed to thermodynamic rea-
sons.
In contrast to the R,R and S,S isomers of complex 3,


where the orthogonal order of the phosphane co-ligands re-
sults in C2 symmetry, the hypothetical diastereomer (R,S)-
[m-N2[Ru(PiPr3)(−N2Me2S2×)}2] ((R,S)-3) is expected to exhib-
it C1 symmetry if the phosphane co-ligands adopt an orthog-
onal dihedral angle of 908. As a consequence, the PiPr3 sub-
stituents in (R,S)-3 become magnetically inequivalent.
These findings therefore supported the speculation that


two of the three observed 31P NMR signals have to be as-
signed to the formation of the C1-symmetric diastereomer
(R,S)-[m-N2[Ru(PiPr3)(−N2Me2S2×)}2] ((R,S)-3).


31P-EXSY spectra finally confirmed that the formation of
(R,S)-[m-N2[Ru(PiPr3)(−N2Me2S2×)}2] ((R,S)-3) occurred due
to a dynamic process in solution. Upon dissolution, dinu-
clear (R,R)- and (S,S)-3 dissociate, forming racemic
mononuclear 2 and the coordinatively unsaturated [Ru-
(PiPr3)(−N2Me2S2×)] fragment, which is highly reactive and
cannot be detected. Upon reaction with traces of N2, it can
form mononuclear 2. Recombination of [Ru-
(PiPr3)(−N2Me2S2×)] fragments with mononuclear (R)- or (S)-
2 leads to the formation of dinuclear (R,R)- and (S,S)-3,
which give rise to one singlet, and to (R,S)-3 which gives
rise to two further signals in a 1:1 ratio.


Experiments to reduce the mono- and dinuclear N2 com-
plexes 2 and 3 : The isolation of the N2 complexes 2 and 3
prompted experiments to reduce them to the corresponding
N2H2, N2H4, and NH3 compounds. Since the unstable N2H2


molecule could be stabilized by steric shielding and the for-


mation of strong S¥¥¥H¥¥¥S bridges within dinuclear N2H2


complexes of the type [SnM�N2H2�MSn], where SnM de-
notes a metal sulfur complex fragment,[22] the dinuclear N2


complex [m-N2[Ru(PiPr3)(−N2Me2S2×)}2] (3) seemed to be a
favorable candidate for reduction experiments. However,
the high tendency of 3 to form the mononuclear N2 complex
2 and the coordinatively unsaturated [Ru(PiPr3)(−N2Me2S2×)]
fragment in solution represented a serious obstacle with re-
spect to the reduction of the N2 ligand in 3. But even with
the mononuclear N2 complex 2, no reduction of the N2


ligand could be achieved. Until now, all attempts to reduce
the N2 ligand by using common reducing reagents like Zn,
CoCp2, or H2 and subsequent protonation with HBF4, H2O,
or ammonium salts as the proton sources have failed.


Conclusions


This paper describes the first series of complexes where N2,
N2H2, N2H4, and NH3 bind to an identical transition-metal
sulfur complex fragment under ambient conditions. Al-
though biological N2 fixation takes place at the FeMo sites
of the FeMo cofactor, the ruthenium complexes 2±7 are of
relevance for determining the mechanism of this important
reaction. Unfortunately, the original idea that the dinuclear
nitrogen complex 3 may be reduced to the corresponding di-
azene complex 5 could not be verified. This failure may
arise from the fact that 3 undergoes an efficient dissociation
into the mononuclear N2 complex 2 in solution. Although
efforts to reduce 2 have not yet been successful, the high
electron density at the metal center of the [Ru-
(PiPr3)(−N2Me2S2×)] fragment is most likely responsible for
the smooth reaction with hydrazine. In this reaction, the
first step is the formation of the hydrazine complex 6 that
disproportionates to give the corresponding diazene com-
plex 7 and the ammonia complex 4. Since the ammonia
ligand in 4 is easily replaced by N2, a catalytic cycle becomes
feasible (Figure 6).


The mononuclear diazene complex 7 could not be isolated
because of its high tendency to form the bridged complex 5.
The driving force of this reaction may be rationalized as the
stabilization of the unstable N2H2 molecule by steric shield-
ing of the NH protons through strong S¥¥¥H¥¥¥S bridges
within the metal sulfur complex fragments.[22]


Figure 5. 31P NMR spectrum of [m-N2[Ru(PiPr3)(−N2Me2S2×)}2] (3) in
[D8]THF.


Figure 6. Overview of the reactions reported. [Ru]= [Ru-
(PiPr3)(−N2Me2S2×)].
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Having these complexes in hand, we are hopeful that the
N2 complex 2 or a more stable derivative of the dinuclear
N2 complex 3 can be transformed by coupled [2H+/2e�] re-
duction steps into the corresponding N2H2, N2H4, and NH3


complexes. With this goal in mind, further investigations will
be carried out to find the appropriate conditions.


Experimental Section


General : Unless noted otherwise, all reactions and spectroscopic meas-
urements were carried out at room temperature under argon or nitrogen
by using standard Schlenk techniques in absolute solvents derived from
Fluka or Acros Chemicals. As far as possible, all reactions were moni-
tored by IR and NMR spectroscopy. IR spectra in solution were recorded
in CaF2 cuvettes with compensation of the solvent bands, solids were
measured as KBr pellets. NMR spectra were recorded, unless otherwise
specified, at room temperature (20 8C) in the solvents indicated. Chemi-
cal shifts are given in ppm and reported relative to residual protonated
solvent resonances (1H, 13C) or external standards: BF3¥Et2O (11B),
H3PO4 (31P). EXSY spectra were measured by the phase-sensitive
NOESY method. Mass spectra were measured in the field-desorption
(FD) mode. Solid-state X-ray powder diffractograms were measured in a
5 mm Mark tube. The physical measurements were carried out with the
following instruments: IR spectroscopy: Perkin±Elmer 983, Perkin±
Elmer 1600 FTIR, and Perkin±Elmer 16PC FTIR; NMR spectroscopy:
JEOL FT-JNM-GX 270, Lambda LA 400, JEOL Alpha 500; mass spec-
trometry: Jeol MSTATION 700; UV/Vis/NIR spectroscopy: Shimadzu
UV-3101 PC; Raman spectroscopy: Bruker FT-Raman RFS100/S; X-ray
powder diffractometry: Guinier diffractometer, type Huber 601 with
counting tube.


[Ru(NCCH3)(PiPr3)(−N2Me2S2×)]
[5] (1), [Ru(N2)(PiPr3)(−N2Me2S2×)]


[5] (2),
[m-N2{Ru(PiPr3)(−N2Me2S2×)}2]


[6] (3), and K2N2(CO2)2
[23] were prepared as


described in the literature. Anhydrous N2H4 was obtained by double dis-
tillation of N2H4¥H2O over KOH. Caution: Anhydrous N2H4 is an explo-
sive substance and should always be handled behind a protection shield!


Improved synthesis of [Ru(N2)(PiPr3)(−N2Me2S2×)] (2): An intense stream
of N2 was passed through a solution of 4 (850 mg, 1.46 mmol) in toluene
(200 mL) at 55 8C for 2 h. The solvent was replaced every 20 min. The re-
action was terminated when IR monitoring of the reaction showed no
further increase of the n(N�N) band of 2. The yellow reaction solution
was filtered and reduced in volume to 1 mL by a stream of nitrogen. Ad-
dition of n-pentane (30 mL) yielded a yellow solid, which was separated
after 1 h, washed with n-pentane (15 mL), and dried in a stream of nitro-
gen for 2 h. Yield: 760 mg (88%); 1H NMR (399.65 MHz, [D8]THF): d=
7.48 (d, 3J(H,H)=8.2 Hz, 1H, C6H4), 7.40 (d, 3J(H,H)=8.0 Hz, 1H,
C6H4), 7.37 (d, 3J(H,H)=7.2 Hz, 1H, C6H4), 7.23 (d, 3J(H,H)=8.2 Hz,
1H, C6H4), 6.91±6.75 (m, 4H, C6H4), 3.42 (s, 3H, CH3), 3.38 (s, 3H,
CH3), 3.30±2.40 (m, 4H, C2H4), 2.30±2.23 (m, 3H, P[CH(CH3)2]3), 1.37±
1.30 ppm (m, 18H, P[CH(CH3)2]3);


13C{1H} NMR (100.40 MHz, [D8]tolu-
ene): d=152.2, 151.8, 150.5, 150.0, 131.2, 131.1, 126.0, 125.7, 120.7, 120.5,
120.1, 119.2 (C6H4), 67.1, 60.8 (CH3), 50.8, 46.9 (C2H4), 27.1 (d, 1J(P,C)=
18 Hz, P[CH(CH3)2]3), 21.8, 20.5 ppm (P[CH(CH3)2]3);


31P{1H} NMR
(161.70 MHz, [D8]THF): d=46.07 ppm (P[C3H7]3); IR (KBr): ñ=


2113 cm�1 (N�N); MS (102Ru, toluene): m/z=564 [M+�N2]
+ ; elemental


analysis: calcd (%) for C25H39N4S2RuP (591.83): C 50.73, H 6.66, N 9.46,
S 10.83; found: C 51.68, H 7.40, N 6.95, S 10.77.


[Ru(NH3)(PiPr3)(−N2Me2S2×)] (4): NH3 was passed through a solution of
1 (1.06 g, 1.67 mmol) in THF (60 mL) at 50 8C for 1 h. The solvent was
replaced every 10 min. The reaction was terminated when IR monitoring
of the reaction no showed longer the n(CN) band of 1. The yellow reac-
tion solution was filtered and reduced to 2 mL in volume. Addition of
MeOH (30 mL) yielded a yellow solid, which was separated after 1 h,
washed with MeOH (10 mL) and n-pentane (15 mL), and dried in vacuo.
Yield: 850 mg (87%); 1H NMR (399.65 MHz, [D8]THF): d=7.53 (d,
3J(H,H)=7.6 Hz, 1H, C6H4), 7.42 (d, 3J(H,H)=7.8 Hz, 1H, C6H4), 7.32
(d, 3J(H,H)=8.2 Hz, 1H, C6H4), 7.06 (d, 3J(H,H)=8.4 Hz, 1H, C6H4),
6.81±6.60 (m, 4H, C6H4), 3.27 (s, 3H, CH3), 3.27 (s, 3H, CH3), 2.89±2.19
(m, 4H, C2H4), 2.10±2.04 (m, 3H, P[CH(CH3)2]3), 1.39 (s, 3H, NH3),


1.40±1.10 ppm (m, 18H, P[CH(CH3)2]3);
13C{1H} NMR (100.40 MHz,


[D8]THF): d=156.3, 156.2, 154.6, 152.0, 132.6, 132.1, 125.7, 125.4, 122.2,
120.1, 119.8, 119.6 (C6H4), 69.3, 62.8 (CH3), 54.4, 46.6 (C2H4), 28.4 (d,
1J(P,C)=16.5 Hz, P[CH(CH3)2]3), 21.1, 19.7 ppm (P[CH(CH3)2]3);
31P{1H} NMR (161.70 MHz, [D8]THF): d=56.94 ppm (P[C3H7]3); IR
(KBr): ñ=3350, 3306, 3240, 3166 cm�1 (N�H); MS (102Ru, THF): m/z=
564 [M+�NH3]


+ ; elemental analysis: calcd (%) for C25H42N3S2RuP
(580.85): C 51.70, H 7.29, N 7.23, S 11.04; found: C 51.50, H 7.55, N 7.23,
S 11.35.


[m-N2H2{Ru(PiPr3)(−N2Me2S2×)}2] (5): Method A with N2H4 : N2H4 (1n
solution in THF, 5 mL, 5 mmol) was added to solid 1 (360 mg, 0.6 mmol).
Within 6 h the color of the solution changed from yellow to orange-red
and finally to deep blue. The solution was filtered and MeOH (40 mL)
was added dropwise. Within 12 h, grey-blue microcrystals were formed,
which were separated, washed with MeOH (27 mL) and Et2O (10 mL),
and dried in vacuo. Yield: 250 mg (68%); 1H NMR (399.65 MHz,
[D8]THF): d=13.61 (s, 2H, N2H2), 7.56 (d, 3J(H,H)=7.9 Hz, 2H, C6H4),
7.38 (d, 3J(H,H)=8.2 Hz, 2H, C6H4), 7.35 (d, 3J(H,H)=8.2 Hz, 2H,
C6H4), 7.06 (d, 3J(H,H)=8.2 Hz, 2H, C6H4), 6.99±6.66 (m, 8H, C6H4),
3.16 (s, 6H, CH3), 3.08 (s, 6H, CH3), 3.25±2.23 (m, 8H, C2H4), 2.07±1.89
(m, 6H, P[CH(CH3)2]3), 1.34±0.89 ppm (m, 36H, P[CH(CH3)2]3);
13C{1H} NMR (100.40 MHz, [D8]THF): d=159.5, 159.0, 157.3, 154.4,
136.6, 136.3, 131.6, 130.0, 127.2, 126.7, 125.1, 123.6 (C6H4), 73.1, 67.2
(C2H4), 57.5, 50.5 (CH3), 26.3 (d, 1J(P,C)=18 Hz, P[CH(CH3)2]3), 25.0,
24.9 ppm (P[CH(CH3)2]3);


31P{1H} NMR (161.70 MHz, [D8]THF): d=


40.62 ppm (P[C3H7]3); IR (KBr): ñ=3222 cm�1 (N�H); UV/Vis (THF):
lmax (e)=325 (39856), 502 (14348), 650 nm (14493 Lmol�1 cm�1); MS
(102Ru, toluene): m/z=564 [Ru(PiPr3)(−N2Me2S2×)]


+ ; elemental analysis:
calcd (%) for C50H80N6P2Ru2S4 (1157.52): C 51.48, H 7.11, N 7.06, S
10.78; found: C 51.88, H 6.97, N 7.26, S 11.11.


[m-N2H2{Ru(PiPr3)(−N2Me2S2×)}2] (5): Method B with K2N2(CO2)2 and
acetic acid : Acetic acid (12.5 mL, 2.5 mmol, 0.2m in H2O) was added to a
yellow suspension of K2N2(CO2)2 (498 mg, 2.7 mmol) and 1 (310 mg,
0.49 mmol) in THF (20 mL). Upon gas evolution the solution changed
color to deep blue within 1.5 h and grey-blue microcrystals precipitated.
The aqueous layer was removed and the crystallization was driven to
completeness by adding MeOH (70 mL) dropwise to the THF layer.
After 12 h, the grey-blue microcrystals were separated, washed with
MeOH (15 mL) and Et2O (6 mL), and dried in vacuo. Yield: 130 mg (46%).


[Ru(N2H4)(PiPr3)(−N2Me2S2×)] (6): Anhydrous N2H4 (8 mL, 0.28 mmol)
was injected into a 5 mm NMR tube containing a yellow-green solution
of 1 (25 mg, 0.042 mmol) in [D8]THF (0.8 mL). Upon gas evolution, a
deep yellow solution of 6 formed; this was immediately characterized by
NMR spectroscopy. 1H NMR (399.65 MHz, [D8]THF): d=7.54 (d,
3J(H,H)=7.6 Hz, 1H, C6H4), 7.42 (d, 3J(H,H)=7.6 Hz, 1H, C6H4), 7.38
(d, 3J(H,H)=8.2 Hz, 1H, C6H4), 7.06 (d, 3J(H,H)=8.2 Hz, 1H, C6H4),
6.82±6.61 (m, 4H, C6H4), 4.41 (d, 2J(H,H)=10.8 Hz, 1H, RuNH2NH2),
4.18 (d, 2J(H,H)=10.8 Hz, 1H, RuNH2NH2), 3.58 (s, 2H, RuNH2NH2),
3.45 (s, 3H, CH3), 3.24 (s, 3H, CH3), 3.28±2.30 (m, 4H, C2H4), 2.20±2.12
(m, 3H, P[CH(CH3)2]3), 1.41±1.25 ppm (m, 18H, P[CH(CH3)2]3);
13C{1H} NMR (100.40 MHz, [D8]THF): d=155.5, 155.1, 155.0, 152.5,
132.3, 132.0, 125.8, 125.5, 122.3, 120.5, 120.2, 120.1, 119.4 (C6H4), 69.3,
63.0 (CH3), 54.0, 47.0 (C2H4), 28.7 (d, 1J(P,C)=21 Hz, P[CH(CH3)2]3),
21.2, 20.0 ppm (P[CH(CH3)2]3);


31P{1H} NMR (161.70 MHz, [D8]THF):
d=53.07 ppm (P[C3H7]3).


[{Ru(PiPr3)(−N2Me2S2×)}-m-N2H2{Ru(Cl)(−N2Me2S2CH2Cl×)}] (9): A blue
solution of 5 (250 mg, 0.21 mmol) in CH2Cl2 (25 mL) was stirred for
three days. A violet solution formed, which was filtered over Al2O3


(Act. II). The Al2O3 was washed with CH2Cl2 (40 mL) and the filtrate
was evaporated to dryness. The residue was dissolved in CH2Cl2 (20 mL)
and n-hexane (40 mL) was added. Reduction of the solution by volume
to 20 mL yielded a violet solid, which was separated, washed with n-
hexane (10 mL), and dried in vacuo. Yield: 110 mg (50%); 1H NMR
(269.7 MHz, CD2Cl2): d=15.40 (s, 2H, N2H2), 8.25±6.65 (m, 16H, C6H4),
5.16±4.95 (m, 2H, CH2Cl), 3.49 (s, 3H, CH3), 3.28 (s, 3H, CH3), 3.93±1.94
(m, 8H, C2H4), 2.35±2.05 (m, 3H, P[CH(CH3)2]3), 2.22 (s, 3H, CH3), 2.12
(s, 3H, CH3), 1.50±1.00 ppm (m, 18H, P[CH(CH3)2]3);


13C{1H} NMR
(100.4 MHz, CD2Cl2): d=154.8, 153.4, 153.1, 153.0, 152.9, 151.9, 150.3,
134.7, 132.6, 131.9, 131.8, 131.7, 131.1, 128.8, 127.1, 126.6, 126.2, 124.0,
123.2, 122.9, 121.4, 120.8, 120.4, 120.1 (C6H4), 68.0, 67.1, 65.0, 62.6 (C2H4),
56.6 (CH2), 54.4, 52.4, 51.8, 46.2 (CH3), 28.0 (P[CH(CH3)2]3), 21.4 ppm
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(P[CH(CH3)2]3);
31P{1H} NMR (161.7 MHz, CD2Cl2): d=43.00 ppm


(P[C3H7]3); IR (KBr): ñ=3188 cm�1 (N�H); MS (102Ru, CH2Cl2): m/z=
564 [Ru(PiPr3)(−N2Me2S2×)]


+ ; elemental analysis: calcd (%) for
C42.33H61.66Cl2.66N6PRu2S4 (1110.30): C 45.76, H 5.60, N 7.57, S 11.55;
found: C 45.79, H 5.99, N 7.28, S 11.12.


[{Ru(NCCH3)0.8(NH3)0.2(−N2Me2S2×)}2] (10): N2H4 (1n solution in THF,
5 mL, 5 mmol) was added to solid 1 (360 mg, 0.6 mmol). Within 6 h the
color of the solution changed from yellow to orange-red and finally to
deep blue. The solution was filtered and MeOH (40 mL) was added drop-
wise. Within 12 h, grey-blue microcrystals of complex 5 formed, which
were removed. Within eight weeks, orange-brown microcrystals precipi-
tated from the mother liquor. They were removed and dried in vacuo
without any further washing. Yield: 40 mg (13%); IR (KBr): ñ=


2238 cm�1 (N�C); MS (102Ru, toluene): m/z=807 [{Ru(−N2Me2S2×)}2]
+ ; el-


emental analysis: calcd (%) for C37.6H51.6N6O2.4Ru2S4 (956.43): C 47.22, H
5.44, N 8.88, S 13.41; found: C 46.96, H 5.48, N 8.96, S 13.57.


X-ray crystal structure analysis of 3, 4, 5, 9¥1.5CH2Cl2, and 10 : Yellow-
green blocks of 3 were formed upon layering a saturated toluene solution
of 3 with n-pentane at 20 8C. Yellow prisms of 4 were grown by slow cool-
ing of a hot saturated THF/MeOH solution of 4 to room temperature.
Black blocks of 5 were obtained within five weeks upon layering a satu-
rated THF solution of 5 with MeOH at �34 8C. Black plates of
9¥1.5CH2Cl2 were grown within four weeks upon layering a CH2Cl2/THF
solution of 9 with acetone at �30 8C. Brown blocks of 10 precipitated
within two months from filtered THF/MeOH mother liquors from the re-
action of 1 with N2H4. Suitable single crystals were coated with inert per-
fluoropolyalkyl ether. The data for 3, 4, and 9 were collected on a Sie-
mens P4 diffractometer and those for 5 and 10 on a Nonius Kappa CCD
diffractometer. The radiation used was MoKa with l=71.073 pm, and the
scan technique was w scans in each case. Data were corrected for Lorentz
and polarization effects. Absorption effects were corrected by using
either Psi scans[24] (3, 4, 9¥1.5CH2Cl2) or multiscans from symmetry equiv-
alents (5 : SORTAV,[25] 10 : SABABS[26]). The structures were solved by
direct methods and refined by using full-matrix least-squares procedures
on F2 (SHELXTL NT 5.10). All non-hydrogen atoms were refined aniso-
tropically. Treatment of hydrogen atoms: Hydrogen atoms for 3, 5, and
10 are geometrically positioned and allowed to ride on their carrier
atoms. Their isotropic displacement parameters have been tied to the cor-


responding Ueq. parameters of their carrier atoms by a factor of 1.2 or
1.5. Hydrogen atoms for 4 and 9 have been derived from a difference
Fourier synthesis. Their positional parameters and a common isotropic
displacement parameter have been kept fixed during the refinement. The
unit cell of 9 contains a total of three CH2Cl2 solvate molecules, two of
which are disordered. No hydrogen atoms have been included for the sol-
vate molecules. The unit cell of 10 contains a total of 2.4 molecules of
MeOH per formula unit. The fractional amount of 0.4 MeOH is due to
the fact that a MeOH is present when NH3 is the co-ligand, while no
MeOH can be found when CH3CN acts as co-ligand. Table 2 lists selected
crystallographical data for compounds 3, 4, 5, 9¥1.5CH2Cl2, and 10.


CCDC-188834 and 188835 (3 ; two crystals of different polarity), CCDC-
223492 (4), CCDC-223493 (5), CCDC-223494 (9), and CCDC-223495
(10) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB21EZ, UK; fax: (+44)1223-336-033; or
deposit@ccdc.cam.uk).


X-ray powder diffractometry : A sample of solid [m-N2{Ru-
(PiPr3)(−N2Me2S2×)}2] (3) was filled into a 5 mm Mark tube and measured
on a Guinier diffractometer, type Huber 601 with counting tube. The
Mark tube was rotated during the measurement. The diffractogram was
then compared to an X-ray powder diffractogram that was calculated on
the basis of the X-ray crystal structure data of (R,R)-3. The measured
powder diffractogram of 3 was found to correspond to the calculated
one. Solid [m-N2{Ru(PiPr3)(−N2Me2S2×)}2] (3) consists of more than 98%
of (R,R)- and (S,S)-3.


The powder diffractogram showed additional peaks of very low intensity
(below 2%) which indicated a second crystalline solid. These peaks
could be caused by a second polymorph form of (R,R)-3 or by a further
crystalline substance. It was impossible to define these additional peaks
as a second isomer of (R,R)- or (S,S)-3 because the (hypothetical or
actual) crystal structure of this second isomer is unknown, and the addi-
tional reflexes are too low in intensity for a calculation of the crystal
structure of this component with respect to the powder diffractogram.
The sample of solid 3 did not contain the mononuclear complex 2. All
percentages referred to crystalline substances. Amorphous substances
cannot be detected by X-ray powder diffractometry.


Table 2. Selected crystallographic data for 3, 4, 5, 9¥1.5CH2Cl2, and 10¥2.4MeOH.


3 4 5 9¥1.5CH2Cl2 10¥2.4MeOH


formula C50H78N6P2Ru2S4 C25H42N3PRuS2 C50H80N6P2Ru2S4 C43.5H64Cl5N6PRu2S4 C37.6H51.6N6O2.4Ru2S4
Mr 1155.50 580.78 1157.52 1209.61 956.43
crystal size [mm] 0.60î0.26î0.18 0.34î0.24î0.16 0.34î0.07î0.07 0.60î0.50î0.20 0.37î0.28î0.09
F(000) 4816 608 4832 2476 981
crystal system orthorhombic triclinic orthorhombic triclinic monoclinic
space group Fdd2 P1≈ Fdd2 P1≈ P21/c
a [pm] 2943.3(3) 1034.8(1) 2959.8(2) 1527.2(1) 1324.3(2)
b [pm] 3662.8(4) 1161.4(1) 3662.3(4) 1585.5(2) 1099.1(3)
c [pm] 960.6(2) 1233.2(1) 956.9(1) 2249.5(2) 1362.1(2)
a [8] 90.0 69.385(7) 90.0 80.87(1) 90.0
b [8] 90.0 77.708(8) 90.0 74.28(1) 94.0(7)
g [8] 90.0 76.617(9) 90.0 88.66(1) 90.0
V [nm3] 10.356(3) 1.3354(2) 10.372(2) 5.1756(9) 1.9777(4)
Z 8 2 8 4 2
1calcd [g cm


�3] 1.482 1.444 1.482 1.552 1.606
m [mm�1] 0.847 0.822 0.846 1.072 1.018
T [K] 200 210 100 200 100
2q range [8] 3.5±56.0 3.5±54.0 6.8±52.0 3.7±54.0 6.5±56.6
Tmin/Tmax 0.417/0.456 0.727/0.845 0.702/0.996 0.272/0.334 0.820/1.000
measured reflections 6625 6647 21238 25130 38260
independent reflections 6256 5675 5065 22521 4891
Rint 0.0325 0.0461 0.0954 0.0295 0.0527
observed reflections[a] 5057 3981 4270 15782 4018
R1


[a]/wR2 0.0433/0.0881 0.0501/0.1319 0.0521/0.1234 0.0492/0.1214 0.0275/0.0563
refinement parameters 297 289 297 1162 261
Ddmax/min 0.580/�0.463 0.687/�0.687 1.116/�0.566 1.091/�0.878 0.465/�0.633
absolute structure parameters �0.03(4) � 0.00(5) ± ±


[a] Fo�4.0s(F).
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EXSY spectra : EXSY spectra were measured on a JEOL Alpha 500 ap-
paratus by the phase-sensitive NOESY method (908�t1�tmix�908�FID,
tmix=1000 ms; 908�pulse, 12.5 ms, spectral width=3400 Hz; 256 data
points in f2; 64 data points in f1, zero-filled to 128 data points; relaxation
delay=2.0 s.


DFT calculations : For all calculations, the density functional programs
provided by the TURBOMOLE 5.1 suite were used.[27] All results are ob-
tained from Kohn±Sham calculations by using effective core potentials
for Ru from the Stuttgart±Cologne groups as implemented in TURBO-
MOLE. We employ the Becke±Perdew functional dubbed BP86.[20] In
combination with the BP86 functional we use the resolution of the identi-
ty (RI) technique.[28,29] The split-valence basis set of Ahlrichs and co-
workers,[21] which features polarization functions on all atoms except hy-
drogen atoms, was employed. Structure optimizations of the R,S and S,S
isomer models of 3 were carried out. In these calculations, the phos-
phanes were modelled by PH3 (carried out in Ci symmetry) and by PMe3
(carried out in C1 symmetry). Consequently, the rotational energy curve
of the S,S model system with PMe3 as the phosphane ligand shows two
minima separated by two potential energy wells of different magnitude.
This different magnitude is a result of the steric repulsions of the methyl
groups at the nitrogen atoms (of the chelate ligands) and of the hydrogen
atoms of the phosphane ligands. While we observe a weak repulsion if
the methyl group interacts with the phosphane, the repulsion is larger in
the case of the conformation, which shows phosphane±phosphane and
methyl±methyl interactions.


Figure 7 shows the rotational energy curve of a rotation about the
Ru�N�N�Ru axis in (S,S)-[m-N2{Ru(PMe3)(−N2Me2S2×)}2], which produ-
ces two stable conformers with two phosphanes in orthogonal positions.


These conformers are separated by barriers of approximately 55 kJmol�1,
which result from a steric hindrance of the phosphanes and the methyl
groups of the amine nitrogen atoms in the chelate ligand. The steric hin-
drance is small if two phosphane±methyl-group repulsions occur, when
compared with the phosphane±phosphane and methyl±methyl repulsions
in the maximum-rotation-energy structure. Particularly for this maxi-
mum-energy structure, a finer rotational structure was found around the
maximum, which can induce local maxima and minima owing to the hin-
dered rotation of the phosphane×s methyl groups.
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Aided Self-Assembly of Porphyrin Nanoaggregates into Ring-Shaped
Architectures


Marga C. Lensen,[a] Ken Takazawa,[b, c] Johannes A. A. W. Elemans,[a]


Cecile R. L. P. N. Jeukens,[b] Peter C. M. Christianen,*[b] Jan C. Maan,[b]


Alan E. Rowan,*[a] and Roeland J. M. Nolte[a]


Introduction


The design and construction of multi-chromophoric arrays is
currently a topic of great interest. Circular porphyrin arrays
are of particular interest because of their resemblance to the
light-harvesting complexes (LH1 and LH2) of the natural
photosynthetic system.[1±3] In these pigment±protein com-
plexes the constituting porphyrins are arranged in a precise
orientation in which the energy gradient is ideal for its light-
harvesting function. In many functional architectures in
nature, the complex superstructure is the result of the self-


assembly and self-organization of the smaller building
blocks.[4] Since the advent of supramolecular chemistry,
chemists have been attempting to fabricate functional devi-
ces from simple molecular components that are program-
med to self-organize into hierarchical structures, in an analo-
gous fashion to biological systems.[5] To succeed in this goal,
it is very important to have control over the self-organiza-
tion process at different hierarchical levels. First, the consti-
tuting molecules with desired (photo)catalytic, electronic,
magnetic or optical properties must be equipped with han-
dles for intermolecular recognition.[6,7] Second, the building
blocks need to self-assemble into larger structures with a
predictable morphology. Third, it is a challenge to control
the self-organization of these, often discrete, self-assembled
supermolecules into functional nanoarchitectures. As a last
step, the collection of these structures should result in a
functional device or material.[8,9]


In this paper the fabrication of micrometer-sized porphyr-
in rings with pronounced polarized optical properties is de-
scribed. The formation of these ordered circular porphyrin
structures is governed by tandem self-assembly processes
and constitutes a further step towards the construction of
functional nanoscale architectures in the field of catalysis
and molecular electronics. In view of potential optical appli-
cations, it is of particular importance to control the desired
arrangement of the porphyrins with respect to each other
since the communication between chromophores depends
heavily on their relative orientation.[10] In recent years, the
accessibility and resolution of optical and mechanical techni-
ques on the nanometer scale has increased to an extent that
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Abstract: The formation of microme-
ter-sized, highly ordered porphyrin
rings on surfaces has been investigated.
The porphyrin-based nanoarchitectures
are formed by deposition from evapo-
rating solutions through a surface dew-
etting process which can be tuned by
variations in the substitution pattern of
the molecules used, the coating of the


surface and the conditions under which
the evaporation takes place. Control
over the combined self-assembly and
surface dewetting results in nanorings


possessing a defined internal architec-
ture. The ordering of the molecules
within the rings has been studied by a
variety of microscopy techniques
(TEM, AFM, fluorescence microscopy)
and the exact ordering of the porphyr-
ins within the rings has been quanti-
fied.


Keywords: fluorescence ¥
nanostructures ¥ porphyrinoids ¥
self-assembly ¥ surface chemistry
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single chromophoric units can be characterized.[11±13] De-
tailed studies of the ring-shaped porphyrin assemblies using
these techniques will lead to a fundamental understanding
on their internal structure, the exciton coupling between the
chromophores and hence the possibility to construct nano-
sized rings that can mimic the natural LH2 systems and
transfer excitation energy within the ring.


As part of our efforts to construct functional architec-
tures, we have synthesized oligomeric porphyrin arrays 1
and 2 (Figure 1), which can form large rings on solid sub-
strates as we have previously reported[14] and are able to
form stable p-stacked columnar arrays at an air±water inter-
face.[15] The extended p-surface in combination with their
disk-like shape makes them self-assemble in solution into
columnar stacks. In addition, the alkyl tails provide the mo-
lecular aggregates with affinity to adsorb on a carbon sur-
face.[16] In the case of hexamer 1a, the formation of long col-
umnar stacks was directly observed by scanning tunneling
microscopy (STM) at a solution±graphite interface.[17] Hex-
amer 1b was designed to aggregate more strongly than 1a
due to stronger p±p interactions,[18] whilst hexamer 2 was in-
vestigated to study a nonlinear optical behavior effect that
might be expected to result from the chirality of the mole-
cule.


The formation of the ring-shaped architectures is related
to the physical processes of dewetting, surface tension and
solvent and solute dynamics.[19±21] Consequently this phe-
nomenon is not restricted to porphyrins but can be applied
to other materials as well.[22,23] It has for example been
shown that rings can be formed from inorganic colloidal par-
ticles.[24±28]


There are two distinct mechanisms which describe ring-
formation processes, the ™coffee-stain mechanism∫ and the
™pinhole mechanism∫ (Figure 2). The coffee-stain mecha-


nism, which was introduced and later elaborated by
Deegan,[29,30] explains the formation of ring-like stains from
solution droplets. During evaporation of the solvent the
solute is concentrated at the perimeter of the droplet pro-
vided that the contact line of the solution with the solid sub-
strate is pinned. To compensate for the evaporative losses,
an outward flow of fluid carries the dispersed material from
the interior to the edge of the drop and deposits it as a solid
ring. If the solute is not transferred completely, a fraction of
the material remains inside the resulting ring. In the case of
porphyrin rings formed by 1 and 2 it is observed that there


Figure 1. Hexa-porphyrin molecules 1 and 2 and their proposed 3D structure in solution as was determined from 1H NMR measurements. Alkyl tails
have been omitted for clarity.


Figure 2. Schematic representation of the ring-formation process accord-
ing to the coffee-stain mechanism (left) and the pinhole mechanism
(right).
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is no detectable fluorescence coming from the inside of the
rings (see below). This indicates that the mechanism by
which these porphyrin rings are formed is different from
that of the coffee-stain mechanism. It is proposed that in
this case a so-called pinhole mechanism occurs in which the
formation of holes in the thinning liquid films account for
the ring-formation.[28,31,32]


Upon evaporation of a solution film on a wetted sub-
strate, the film thins to a thickness at which holes nucleate.
At this equilibrium thickness there is a balance between
thinning (by evaporation) and wetting of the surface. The
holes open while the self-assembling particles are collected
in the growing inner perimeter. The spherical nucleation
sites grow in size while the evaporation continues and the
solution becomes more and more concentrated. The evapo-
ration speed is higher at the edge of the pinhole than in the
bulk of the solution film.[29,30,33] To compensate for this loss
of liquid, an inward flow of solute occurs, resulting in a fur-
ther concentration at the inner edge of the ring structure.
This process continues until the solvent has evaporated com-
pletely and the collected material is deposited as rings. Ac-
cording to this mechanism, material can be found on the
outside of the rings, which is for
1 and 2 indeed the case when
very concentrated solutions are
applied.[20]


The rupture of the solution
film is due to surface instability
and can occur via two possible
mechanisms, by dewetting at
heterogeneous nucleation sites
and by spinodal dewetting.[34±36]


Heterogeneously nucleated
holes form at the early stage
during evaporating and can
grow continuously. As a result, the rings are randomly dis-
tributed over the sample and will have different diameters.
On homogeneous surfaces, spinodal dewetting can occur,
generally at a later stage where the film is thinner. In this
case the dewetting is due to surface undulations with a pe-
riodicity that is correlated to the spinodal length scale and
can be derived from linear analysis.[37±39] The rings formed
via this mechanism are expected to be smaller in diameter,
more monodisperse in size and are found at a certain mean
distance.


The porphyrin rings have been investigated before by a
variety of techniques such as confocal fluorescence micro-
scopy (CFM), atomic force microscopy (AFM) and near-
field scanning optical microscopy (NSOM). Initial studies
have suggested that the porphyrin molecules are randomly
oriented within the rings.[14,40,41] Annealing of the rings al-
lowed the molecules to order to some extent, however, the
precise ordering within the rings has not yet been deter-
mined. In order to achieve complete understanding of the
ring-formation process and of the ordering within the rings
more extensive combined microscopy and spectroscopy
studies have been carried out. The different dewetting
mechanisms that play a role during the ring-formation pro-
cess will be discussed and correlated to ring sizes and inter-


nal order. Moreover, the ordering on a molecular scale will
be quantified in addition to the microscopic ordering
throughout the ring structures. Finally, this report will dem-
onstrate that we can achieve control of these supramolecular
architectures on different levels in the formation process, re-
sulting in control over size and shape of the rings and their
internal ordering.


Results


The porphyrin rings were prepared by depositing a droplet
of a porphyrin hexamer solution in chloroform on a solid
substrate and allowing the solvent to evaporate. Figure 3
shows a typical AFM image of porphyrin rings on a hydro-
philic, carbon-coated glass substrate (a) together with the
cross-section through a representative ring (b), which shows
that the rim of this ring, which is 2 mm in diameter, is 15 nm
high and 0.2 mm wide. Analysis of many (60) rings on a typi-
cal area of the sample revealed that the rings were on an
average 1.4 mm in diameter (Figure 3c), all had a typical
thickness of 200 nm and were 15±20 nm high.


Samples of rings formed from hexamers 1 and 2 were pre-
pared on four different substrates at room temperature and
analyzed by fluorescence microscopy. Table 1 summarizes


Figure 3. a) AFM image of rings of hexa-porphyrin 1a on hydrophilic carbon-coated glass. b) Cross section
along the dotted line in a). c) Number of rings with diameters as measured by AFM.


Table 1. Ring sizes and polarization effects as observed by fluorescence
microscopy for rings formed on various substrates.


Molecule Substrate Ring size [mm] Polarized fluorescence


hydrophobic 1±20 no[a]


carbon-coated grid
untreated glass no rings[b] ±


1 hydrophobic 2±20 no
carbon-coated glass
hydrophilic 1±4 strong
carbon-coated glass


hydrophobic 1±20 weak[c]


carbon-coated grid
untreated glass no rings[b] ±


2 hydrophobic 1±5 weak
carbon-coated glass
hydrophilic 1±4 strong
carbon-coated glass


[a] After annealing the sample for 48 h at 90 8C, rings smaller than 5 mm
were observed to possess weakly polarized emission. [b] Ill-defined ring-
shaped aggregates were observed. [c] Only rings smaller than 5 mm were
observed to give weakly polarized emission.
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the ring size distributions and the occurrence of polarization
effects (see below) within the rings.


In order to investigate the influence of the surface on the
ring-formation process, in Figure 4 the real-space fluores-
cence microscopy images of ring samples of 1a on a (hydro-
phobic) carbon-coated copper grid (a), untreated glass (b),
hydrophobic carbon-coated glass (c), and hydrophilic
carbon-coated glass (d) are compared.


The rings formed by 1a were similar to those observed
before.[14] The size, the distribution of ring sizes and the
number of rings formed in a certain area was strongly de-
pendent on the substrate used, which indicates that the sur-
face characteristics considerably influence the ring-forma-
tion process. The rings on the hydrophilic carbon-coated
glass were observed to have a highly monodisperse size dis-
tribution (Figure 4d). The fluorescence microscopy images
of the rings formed from hexamer 1b did not differ signifi-
cantly from those formed from 1a and also molecules of
hexamer 2 formed well-defined rings on carbon-coated
copper grids and on hydrophobic or hydrophilic carbon-
coated glass (images not shown).


The fluorescence microscopy of the rings using polarized
excitation light and polarized detection of the emission re-
vealed that only the small rings (up to 5 mm) of 1a and 2
showed fluorescence anisotropy. The polarized fluorescence
microscopy images of the rings of 1a on hydrophilic carbon-
coated glass are depicted in Figure 5. When the excitation
and the detection polarization are both oriented vertically
(Figure 5a), the left and right parts of the rings display
higher fluorescence intensity than the upper and lower
parts, respectively. Turning both the excitation and the de-
tection polarization 90 8 (Figure 5b) results in higher fluores-
cence intensity of the upper and lower parts of the rings.
The expression of polarization is directly related to the mo-
lecular ordering and the observation of these strong polari-
zation effects indicates that the molecules within a ring are
ordered. On this hydrophilic carbon-coated glass substrate,
no additional annealing was needed as was reported to be
necessary on glass surfaces.[40] The fluorescence microscopy
images were also recorded with orthogonally polarized exci-
tation and detection (Figure 5c and d), which resulted in a
>80% reduction of the overall fluorescence intensity of the
rings.


The degree of polarization can be easily assessed qualita-
tively from the polarized fluorescence images as shown in
Figure 5. Since we propose that the degree of internal order
is correlated to the contrast of the fluorescence anisotropy


throughout the rings we evaluated the fluorescence intensity
of the rings of 1a and 2 on hydrophilic carbon-coated glass
as a function of the center angle f (Figure 6).


The curves clearly show the modulations with a period of
1808, reflecting the distinct orientations of the transition
dipole moments at different segments of the ring. However,
the fluorescence intensities at their minima are not zero but
have a considerably higher value in rings of both 1a and 2.
Similar findings were reported for a different supramolec-
ular system.[42] To investigate whether excitation energy is
transported within a ring, a fluorescence image was record-


Figure 4. Fluorescence images (false colors) of rings formed from 1a on
various substrates prepared under ambient conditions on a) (hydropho-
bic) carbon-coated copper grid, b) untreated glass, c) hydrophobic
carbon-coated glass, and d) hydrophilic carbon-coated glass.


Figure 5. Polarized fluorescence microscopy images of 1a on hydrophilic
carbon-coated glass. Arrows indicate the direction of the excitation and
detection polarization.


Figure 6. a) Definition of axes and angle f. b) Normalized fluorescence
intensity of a ring of hexa-porphyrin 1a along the x axis. c), d) Normal-
ized fluorescence intensity as a function of the angle f through the rings
of 1a and 2, respectively. Solid points represent the fluorescence intensity
at different positions in the ring as measured with horizontal excitation
and detection polarization. Solid lines are curves fitted to the solid data
points by a cosine function with a period of 180 8. Open points represent
the fluorescence intensity at different positions in the ring as measured
with vertical excitation and detection polarization. Dashed lines are
curves fitted to the open data points by a cosine function with a period
of 180 8.
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ed by exciting the ring by a laser tightly focused down to
the diffraction limit (~1 mm in diameter). However, al-
though fluorescence was observed from a slightly larger
area than the laser spot, this observation indicates that
energy transport in the ring is minimal and not efficient
enough to cause the considerable fluorescence intensity at
the minima. Therefore, it is more likely that the fluores-
cence at the intensity minima is due to the conformation of
the porphyrin hexamer molecules as represented in
Figure 1. Although the hexamers are proposed to be orient-
ed tangentially to the ring, the six individual porphyrin moi-
eties within the molecules are tilted at a slight displacement
angle with respect to the central benzene core. The transi-
tion dipole moments of absorption and emission are as-
sumed to be both in the porphyrin plane.[10] As a result, at
every instance there is a vector component of the transition
dipole moment in the polarization direction. Apart from
this fundamental argument, it is also not realistic to assume
that all molecules are perfectly oriented; there will always
be defects in the self-assembled structures.


To evaluate the degree of order of molecules quantitative-
ly, the ordering parameter D was defined as follows:


D ¼ jðI¼ � Ik = I¼ þ IkÞj


where I= is the fluorescence intensity at f=0, 90, 180 or
270 8 (Figure 6c and d) measured with horizontal excitation
and detection polarization and Ik is the intensity measured
with vertical excitation and detection polarization, respec-
tively. At every position the measured fluorescence intensity
originates from many chromophores with varying orienta-
tions with respect to the tangent of the ring. When a is de-
fined as the displacement angle of the dipole moment with
respect to the tangential orientation and n is the number of
dipole moments that contribute to the fluorescence intensity,
I= and Ik satisfy the following relations:


I¼ /
X


n


jM cosanj2


Ik /
X


n


jM sinanj2


where M is the transition dipole moment. Using these rela-
tions, D can be expressed as:


D ¼
X


n


jcos2 an � sin2 anj =n ¼
X


n


jcos 2anj =n


This equation implies that D is an average of jcos2a j .
Therefore, D=1 when all dipole moments are oriented tan-
gentially and D=0 when the dipole moments are randomly
oriented. Thus, D is appropriate to indicate the degree of
order of the molecules. The fit yields D=0.26	0.087 for
rings formed from 1a (Figure 6c) and D=0.41	0.050 for
rings of 2 (Figure 6d), indicating that the molecules of 2 are
ordered slightly better within the rings than the molecules
of 1a.


In order to determine the precise arrangement of mole-
cules of 1a and 2 within the rings, the optical properties of
the rings were further characterized. The absorption spec-
trum of rings of 1a is shown in Figure 7a together with the
spectrum of a solution of 1a in chloroform. Since the diame-
ter of the illumination spot was 4 mm, approximately
500 rings contributed to the spectrum. The spectra show the
characteristic features of porphyrins, the Soret band at
432 nm and the Q-bands between 500 nm and 700 nm.[10]


The spectroscopic features of the porphyrin rings are dif-
ferent from those in solution. Since there are many chromo-
phores that can interact, it is quite complicated to determine
which changes should be addressed to excitonic interactions
between chromophores within the molecules (intramolecu-
lar) or within aggregates (intermolecular).[43,44] The spectral
changes include a red-shifted component in the Soret band
from solution (423 nm) to the ring (432 nm) indicative of in-
teractions between the porphyrins in a head-to-tail arrange-
ment. This arrangement applies to the overall orientation of
the porphyrin moieties within the molecular aggregates but
probably also within each hexamer molecule. Thus, we pro-
pose that the hexamers aggregate into columnar stacks in
which the hexamers are slightly rotated with respect to the
neighboring hexamer, as was evidenced by the helicity of
the columnar aggregates of chiral hexamer 2.[45]


Spatially resolved fluorescence spectroscopy was per-
formed to measure the fluorescence spectrum of a single
ring on hydrophilic carbon-coated glass. Figure 7b shows the
fluorescence spectrum of the upper part of the ring of 1a
measured with horizontally polarized excitation and detec-
tion. After excitation of the Soret band at 432 nm, the fluo-
rescence spectrum displays two bands at 668 and 725 nm, re-


Figure 7. a) Absorption spectra of a chloroform solution of 1a (3î10�7
m ;


g) and of a ring (c) of 1a on a hydrophilic, carbon-coated glass sur-
face. b) Fluorescence spectrum of a single ring of 1a on hydrophilic
carbon-coated glass.
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spectively. The fluorescence spectrum of the left part of the
same ring was recorded with vertical excitation and detec-
tion polarization and appeared to be identical to that of the
upper part of the ring.


Discussion


Ordering of porphyrin hexamers within the rings : After
combining the information from all microscopy and spectro-
scopy experiments, the precise internal ordering of the mol-
ecules in the rings can be derived. We propose that the por-
phyrin hexamers aggregate in solution into columnar stacks
(Figure 8c), which are eventually aligned by the action of
dewetting and the consequent solution flow. Once the sol-
vent has completely evaporated, the columnar stacks are de-
posited around the pinholes as is depicted in Figure 8d. In
the following section, the experimental evidence that sup-
port this hypothesis will be discussed.


The observed fluorescence intensity reduction over the
rings with orthogonally directed excitation and detection
(Figure 5c and d) indicates that in the molecules the transi-
tion dipole moments of both absorption and emission are
oriented parallel with respect to each other. In addition,
from the polarized fluorescence images (Figure 5a and b) it
can be derived that the transition dipole moments of the
molecules must be oriented tangentially to the ring (Fig-
ure 8a), in contrast to what has been concluded before.[14]


In Figure 8b the spectroscopic changes that can be expect-
ed due to interactions between chromophores are depicted.
The red-shifted component in the absorption spectrum of a
ring of 1a as compared to the solution spectrum (Figure 7a)
supports the observation that the porphyrin hexamers self-
assemble into columnar stacks in a preferred head-to-tail ar-
rangement (Figure 8c). Based on the orientation of the tran-
sition dipoles of the molecules, we propose that the stacks
are oriented parallel to the radius of the rings (Figure 8d).
The cross-section taken from the AFM image (Figure 3b)
shows that a typical ring is about 15 nm high. Taking into ac-
count the dimensions of the molecules (Figure 1) including
the alkyl tails, each columnar aggregate is up to 7 nm in di-
ameter if the tails are fully stretched. This implies that, in
order to match the 15 nm height the rings must be built up
from no more than three or four aggregates assuming that
they are arranged in a hexagonal packing. Likewise, the
width of the ring is supposedly related to the length of the
columnar stacks. A typical value of 200 nm for a ring of 2 to
5 mm in diameter (as measured by AFM and TEM) corre-
sponds to a stack of about 300 molecules. The individual col-
umnar stacks could not be resolved by AFM but were di-
rectly observed by STM.[17]


Factors determining the formation of rings : According to
the pinhole mechanism, the ring formation is influenced by
the properties of both the solvent and the substrate and to-
gether they determine the dewetting process. The ease by


which the solution flow carries
the molecular aggregates to the
inner edge of the growing hole
(see Figure 2) is determined by
the specific interaction between
solvent and substrate. Chloro-
form is an apolar solvent and is
well capable of wetting a hydro-
phobic (carbon-coated) surface.
Also the hydrophilic carbon-
coated glass substrate is expect-
ed to be wetted by the chloro-
form solution, but to a lesser
extent. Dewetting of the solu-
tion films occurs at heterogene-
ous nucleation sites and via spi-
nodal dewetting when the film
is sufficiently thin[23,34,46] and
the material is deposited at the
edges of the growing holes
during the dewetting process.


However, besides dewetting
also the simultaneous aggrega-
tion processes in solution play
an important role in the forma-
tion of these rings. The thermo-
dynamically controlled process
of intermolecular self-assembly
and the rearrangement of the
individual molecules within the
molecular aggregates in solu-


Figure 8. a) Orientation of transition dipole moments of absorption and emission within the ring. b) Schematic
diagram of the chromophore interactions and the corresponding spectral changes in the absorption spectrum.
c) Schematic representation of a hexamer molecule and molecular orientation of these hexamers in columnar
stacks. d) Proposed alignment of columnar stacks within the ring.
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tion competes with the kinetically favored adsorption to the
surface. These tandem processes depend on the molecular
properties (solubility, stackability and adsorption) and the
surface characteristics (wettability). During the evaporation
of the solvent, a subtle balance between solution flow and
adsorption of molecular aggregates can be expected. If both
processes are out of sequence during the evaporation stage,
less well-defined rings result which lack internal order. This
was observed in the case of rings formed on untreated glass
(Table 1). It should be noted that at low relative humidity
(RH ~40±45%), no rings are formed. It is feasible that
during the substrate- and sample preparation, water mole-
cules from the atmosphere are physisorbed on the surface
and that the properties of the layer of adsorbed water mole-
cules depend on the relative humidity of the surrounding
air. Possibly, the wettability of the carbon-coated substrates
is influenced by the coverage of the surface with water mol-
ecules. We are currently investigating this effect in more
detail.


As far as the molecular properties are concerned, the mo-
lecular aggregates need to be sufficiently soluble to prevent
precipitation and consequent adsorption to the surface at a
too early stage. Hexamers 2 and 1b were found to aggregate
at a slightly lower concentration than 1a.[47] In the case of
1b this can be ascribed to the enhanced intermolecular in-
teractions due to the metal centers. However, the lower sol-
ubility of hexamers 2 is probably due to the chiral, branched
tails that are shorter than the hexadecoxytails of 1 and
thereby less capable to solubilize the aromatic porphyrin
cores. In this study it was observed that rings formed by 1b
are quite comparable to those formed by 1a, as could be ex-
pected from the similarity of the molecules. The only signifi-
cant difference is revealed when the degree of fluorescence
anisotropy is evaluated for rings formed by 1a as compared
to rings of 2. The chiral hexamer 2 forms small rings with
pronounced polarization effects on both hydrophobic and
hydrophilic carbon-coated surfaces, whereas 1a forms polar-
ized rings only on hydrophophilic carbon-coated glass
(Table 1). Furthermore, the measurement of the fluores-
cence anisotropy throughout the rings confirmed quantita-
tively that molecules of the chiral hexamer 2 are better or-
dered within the rings than those of 1a. It is reasonable to
assume that because of the chiral, branched tails, the mole-
cules of 2 are less flexible to fit into columnar stacks. There-
fore, during the aggregation of 2 in solution the molecules
will rearrange until they are optimally organized in the col-
umnar stacks, which eventually adsorb to the surface. In
other words, we propose that the ordering within the ring is
determined to a large extent by the intermolecular aggrega-
tion processes in solution during the formation of the rings.


On carbon-coated glass surfaces better-defined rings are
formed than on untreated glass (Table 1). Especially on a
hydrophilic carbon-coated glass surface, rings of either 1a or
2 are not only more monodisperse in size but also much
smaller. This appears to relate to the observed polarization
effect, since surprisingly, only small rings (5 mm or smaller)
displayed fluorescence anisotropy, indicative of a high
degree of internal order. Previous studies have reported that
additional treatment of the rings such as annealing could


provide the molecules with sufficient energy to rearrange
into the right orientation after formation of the rings.[41] It is
interesting to note that in the present study, most of the
small rings are already polarized and no additional anneal-
ing is needed.


It is clear that only small rings are ordered internally and
all large rings are not ordered. Nevertheless, not all small
rings are ordered. This observation suggests that whether a
ring is ordered or not is not simply determined by thermo-
dynamics but that other processes play a role. It can be ex-
plained by the way in which the (small) rings are formed,
that is, via heterogeneous nucleation of holes or via spinodal
dewetting. The first way of dewetting would lead to unor-
dered rings that are randomly distributed and can have dif-
ferent ring sizes; the resulting rings can be small by coinci-
dence. The latter way of dewetting takes place at a later
stage when the solution is already concentrated and inter-
molecular aggregation processes have already taken place.
Therefore, the columnar stacks that are aligned via spinodal
dewetting would be more organized before they are deposit-
ed around the pinhole as depicted in Figure 8d. The result-
ing rings would all have similar sizes which would be smaller
on an average and possess a high degree of internal order.
The hydrophilic carbon-coated glass appears to promote the
spinodal dewetting to take place and suppress dewetting via
heterogeneous nucleation, while on the hydrophobic
carbon-coated surfaces more heterogeneously formed rings
are observed. Spinodal dewetting is generally reported to
occur on homogeneous surfaces. This implies that the hydro-
philic carbon-coated surface is more homogeneous than the
hydrophobic carbon-coated glass substrate. The hydrophilic
carbon coating which is applied on top of the hydrophobic
carbon-coated glass is assumed to be very thin (only a few
nm thick) and is therefore not expected to be able to make
the surface more homogeneous in a topological way, but it
may very well be able to make it chemically more homoge-
neous.


Conclusion


We have shown that we are able to construct well-defined,
circular porphyrin architectures with a high degree of inter-
nal order on a molecular level. The porphyrin rings are
readily formed on several substrates by depositing a solution
droplet on a surface and allowing the solvent to evaporate.
Since there is no material in the interior of the rings, they
must be formed according to a pinhole mechanism rather
than via a coffee-stain mechanism. During the ring-forma-
tion process, two tandem processes of dewetting and self-as-
sembly of the molecules in solution take place simultaneous-
ly. The porphyrin hexamer molecules self-assemble into col-
umnar stacks while in a tandem precipitation process, the
aggregates are aligned radially around the pinhole. The size
and shape of the resulting rings and their internal ordering
depend heavily on several parameters, namely wettability of
the surface and solubility, stackability and adsorption prop-
erties of the molecules. By balancing these parameters, we
can construct rings with control over dimensions and inter-
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nal ordering. A hydrophilic carbon coating on glass sub-
strates has proven to be the best suitable surface to fabricate
small, very well-defined rings that are relatively monodis-
perse in size (1±4 mm) and display a high degree of fluores-
cence anisotropy. The investigation of the polarized fluores-
cence microscopy images has enabled us to derive the pre-
cise orientation of the molecules and to quantify the degree
of order of the molecules within the rings.


Since we can design and construct rings with desired mor-
phology and internal molecular order we intend to make
rings composed of different porphyrin derivatives, such as
porphyrins containing catalytic transition metals. We are
currently developing these rings as heterogeneous catalysts
by using manganese porphyrin hexamers. In addition, con-
cerning the orientation of the molecules within the rings, we
will study energy transfer from the interior of the rings to
the outside and vice versa and apply these ring-shaped ar-
chitectures in molecular electronics.


Experimental Section


Synthesis : Compound 1 was synthesized according to a literature proce-
dure.[14] The chiral hexamer 2 was synthesized in an analogues fashion
from the chiral tail substituted benzaldehyde. Full details concerning the
synthesis of 2 will be described elsewhere.


Surface preparation : In order to assess the ring-forming capability of the
molecules and to determine ring sizes and shapes the ring samples were
first prepared on carbon-coated copper grids and studied by transmission
electron microscopy (TEM). However, for fluorescence microscopy these
substrates are not sufficiently flat. To prepare flat hydrophobic substrates,
round cover glasses (diameter 10 mm) were coated with a carbon film.
The cover glasses were first rinsed with boiling ethanol and blow-dried
with a heat gun and were subsequently put in an Edwards 306 apparatus.
The carbon film was created in vacuum by putting an electric current
(three times during 3 s) through carbon electrodes consisting of chalk
coal pencils placed 20 cm above the cover glasses. The carbon is presum-
ably deposited as an amorphous layer (~100 nm thick) on the glass sub-
strates. The hydrophilic carbon-coated surfaces were made by depositing
a second carbon film containing electrostatic charges on top of the hydro-
phobic carbon-coated cover glasses. The carbon-coated cover glasses
were placed on a round electrode (10 cm in diameter) in a Balzers BSV
apparatus. The chamber was evacuated and at reduced pressure, benzene
vapor was led in. The carbon-coating was then applied by putting an elec-
tric current over the electrodes (10 cm apart), thereby discharging the
benzene vapor. The benzene fragments are deposited on the substrates
to form a thin hydrophilic carbon layer (estimated thickness ~4 nm).


Sample preparation : The samples were prepared by depositing 3 mL
droplets of 2mm solutions of 1 and 2 in chloroform on a substrate and al-
lowing the solvent to evaporate completely (during about 10 s) under am-
bient conditions.


Fluorescence microscopy and spatially resolved fluorescence spectra : The
output of an Argon ion laser (460 or 514 nm) was focused on the sample
by a 50î microscope objective to a 50 mm diameter spot. The polariza-
tion of the excitation laser beam could be changed without affecting the
excitation volume, by using a combination of a Glan±Taylor polarizer
and a Babinet±Soleil compensator. The fluorescence from the sample
was collected by the same objective and guided through a dichroic mirror
and a long-pass filter, in order to eliminate the laser light reflected by the
sample. In the fluorescence microscope measurements, the fluorescence
was directly imaged on a nitrogen cooled, back illuminated CCD camera
(Princeton Instruments, 512î512 pixels) through a Glan±Taylor polariz-
er. In the spatially and spectrally resolved fluorescence measurements,
the fluorescence was imaged on the entrance slit (slit width: 200 mm) of
an imaging monochromator (HR 640, Jobin-Yvon) through a polarizer
and recorded by a nitrogen cooled, back illuminated CCD camera


(Princeton Instruments, 1300î100 pixels). The picture recorded by the
CCD camera is spectrally and spatially resolved along its orthogonal
axes, with resolutions of 0,1 nm and ~1 mm, respectively.


Absorption spectra : The absorption spectra of solutions and rings on
glass substrates were measured by a single grating spectrometer and a
linear diode array (Ocean Optics). A halogen lamp and a deuterium
lamp coupled into an optical fiber were used for excitation.


Atomic force microscopy : The atomic force microscopy image was re-
corded using a Digital Instruments AFM equipped with a Nanoscope
IIIa controller (DI) in the tapping mode at room temperature in air.
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The Diphosphate Monoanion in the Gas Phase: A Joint Mass Spectrometric
and Theoretical Study


Andreina Ricci,*[a] Federico Pepi,[a] Marco Di Stefano,[b] and Marzio Rosi[b]


Introduction


The hydrolysis of phosphate esters plays an essential role in
biochemistry since the breaking of the P�O�P linkage rep-
resents the main energy resource of biosynthetic processes
occurring within living cells.[1] Phosphate esters are an inte-
gral part of compounds that are fundamental to the mainte-
nance of the life, ranging from genetic material and coen-
zymes to energy-storing compounds and signalling agents.


The inorganic diphosphate or pyrophosphate anion,
H3P2O7


� , is the simplest compound containing the P-O�P
bond and, in spite of the differences between the chemistry
of pyrophosphate and that of these ™high-energy∫ molecules,
it might represent a prototype for the understanding of fac-
tors controlling the hydrolysis of phosphate linkage esters in
living organisms.


However, despite the importance of these processes and
the enormous number of studies carried out on this subject,
numerous questions regarding the hydrolysis mechanism of
phosphate esters are still open and a detailed understanding
of the factors contributing to the resulting release of energy
has still not been achieved.


It has long been known that condensed phosphates react
with water to form simpler polyphosphates and, ultimately,
orthophosphates.[2] The hydrolysis rate increases at higher
temperatures, higher hydrogen ion concentrations and in the
presence of cations and enzymes. However, one of the
longer-standing questions is whether phosphate ester hydrol-
ysis proceeds through an associative or a dissociative mecha-
nism. In principle, two limiting mechanistic pathways can be
envisaged to lead to the cleavage of the phosphoester bond
of methylphosphate.[3±7]


The dissociative mechanism [Eq. (1)] proceeds via the hy-
drated metaphosphate ion PO3


� , and the associative mecha-
nism [Eq. (2)] requires the formation of an intermediate or
transition state with a pentacovalent phosphorus.
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Abstract: H3P2O7
� ions were obtained


in an electrospray ion source of a Four-
ier transform ion cyclotron resonance
(ESI/FTICR) mass spectrometer from
a CH3CN/H2O (1:1) pyrophosphoric
acid solution and in the ionic source of
a triple quadrupole (TQ) mass spec-
trometer from the chemical ionisation
(CI) of pyrophosphoric acid introduced
by a thermostatically controlled direct
insertion probe. The ions were structur-
ally characterised by mass spectromet-
ric techniques and theoretical calcula-


tions. Consistent with collisionally acti-
vated dissociation (CAD) mass spec-
trometric results, theoretical calcula-
tions identified the linear diphosphate
anion (I) as the most stable isomer on
the H3P2O7


� potential energy surface.
The joint application of mass spectro-


metric techniques and theoretical
methods provided information on the
dissociative processes of diphosphate
anions in the gas phase. Finally, this
study provides an insight into the struc-
tures and stabilities of the
[H3PO4¥¥¥PO3]


� , [HP2O6¥¥¥H2O]� and
[H2PO4¥¥¥HPO3]


� clusters and allows
the stability and structure of the dime-
taphosphate anion, HP2O6


� , to be in-
vestigated at the B3LYP6-31+G* and
CCSD(T) levels of theory.


Keywords: ab initio calculations ¥
diphosphate anion ¥ gas-phase
chemistry ¥ mass spectrometry ¥
phosphate esters
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The only experimental information on the anionic poly-
phosphate species in the gas phase refers to the hydration
free energies of singly and doubly charged anions,[8] the elec-
tron-detachment energies of H2PO4


� , H2P2O7
�2 and


H3P3O10
�2[9] as well as their quantitative analysis by electro-


spray mass spectrometry (ESI/MS).[10] The reactivity of tri-
methyl phosphate and of the conjugate base of dimethyl
methyl phosphonate, (CH3O)2POCH2


� , has been examined
in the gas phase by the flowing afterglow technique.[11]


Furthermore, all the theoretical studies on H4P2O7 and its
anions have focused on their structures and on the struc-
tures of their complexes with singly and doubly charged
metal ions.[12±17] The aim of these studies is to provide in-
sights into the thermochemistry of the hydrolysis reaction,
into the involvement of a metaphosphate intermediate, into
the catalytic role of a Mg2+ cation and into solvation effects.
However, all in-depth theoretical investigations of the mech-
anism of hydrolysis only addressed the methyl phosphate
anion[3±5,18] and not the polyphosphate anions.


The present paper describes the preparation and structur-
al characterisation of H3P2O7


� ions by the joint application
of mass spectrometric techniques, electrospray ionisation
Fourier transform ion cyclotron resonance and triple quad-
rupole mass spectrometry (ESI-FTICR/MS and TQ-MS) as
well as theoretical methods. Furthermore, the study of gas-
phase ion chemistry of H3P2O7


� ions is aimed at clarifying
the factors affecting the stability and reactivity of polyphos-
phate species and at providing benchmarks for an enhanced
comprehension of their liquid-phase chemical behaviour.


Results


Generation of the H3P2O7
� ions : The H3P2O7


� ion at m/z
177 is the most abundant species in the ESI spectrum of a
CH3CN/H2O (1:1) pyrophosphoric acid solution (Figure 1a).
A similar spectrum was obtained from CH3OH/H2O (1:1) or
CH3CN/H2O(3% CH3COOH) (1:1) solutions.


Besides the ion at m/z 177, the ESI spectrum of H4P2O7


shows two kinds of ions which differ in their water content:
the ions corresponding to the formal addition of one, two
and three phosphoric acid molecules (m/z 275, 373, 471, re-
spectively) and the ions arising by the loss of one water mol-
ecule from each of these species (m/z 257, 355, 453, respec-
tively). When H2


18O was added to the ESI solutions, no la-
belled water was incorporated, thus confirming the purely
dehydration nature of the formation process of the latter
species.


Interestingly, H3P2O7
� ions at m/z 177 were also obtained


at lower intensities from the ESI of phosphoric acid
CH3CN/H2O solution (Figure 1b).


The spectrum shows the ions at m/z 195, 293, 391 and 489
corresponding to the addition of 1, 2, 3, and 4 phosphoric
acid units, respectively, to the H2PO4


� ion (m/z 97). The lack
of corresponding dehydrated ionic species suggests a possi-
ble structural difference between these H3PO4 addition
products and the species observed in the H4P2O7 ESI spec-
trum resulting in a different ability to loose water. In all the
solutions, the increase in the pyrophosphoric or phosphoric


acid concentration leads to higher intensities of these ionic
species.


In the triple quadrupole mass spectrometric experiments,
H4P2O7 or H3PO4 were introduced into the ionic source by a
direct insertion probe thermostated at 200 8C. The H3P2O7


�


ions were generated by chemical ionisation with CH4 or
N2O/CH4 (1:1) as the bath gas. The CI spectra of H4P2O7


and H3PO4 (Figure 2) display the same peaks but differ in
their ionic intensities.


It is worth noting that the spectrum of H3PO4 exhibits the
H3P2O7


� ion at m/z 177, besides the ion at m/z 97, H2PO4
� ,


which is present at high intensities. Among all other ions,
the peaks at m/z 239 and at m/z 319 could correspond to
condensed inorganic phosphates, such as trimetaphosphate,
H2P3O9


� , and tetrametaphosphate, H3P4O12
� ions, respecti-


vely.[2c]


Structural characterisation of the H3P2O7
� ions : Collisional-


ly activated dissociation (CAD) mass spectrometry carried
out with both the FT-ICR and TQ mass spectrometers was
used to obtain information on the structure of H3P2O7


� ions.
Taking into account the experimental and theoretical re-


sults (vide infra), we examined four groups I±IV of structur-
al isomers that have the H3P2O7


� formula.
Group (I) comprises the linear H3P2O7


� ions arising from
direct deprotonation of diphosphoric acid. All the other


Figure 1. a) ESI spectrum of CH3CN/H2O (1:1) solution of H4P2O7;
b) ESI spectrum of CH3CN/H2O (1:1) solution of H3PO4
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groups include species characterised by cluster structures in
which electrostatic interactions hold together the PO3


� ion
and phosphoric acid (II), the HP2O6


� ion and a water mole-
cule (III) and the H2PO4


� ion
and metaphosphoric acid (IV)


In the FT-ICR CAD experi-
ments, the H3P2O7


� ions gener-
ated by the ESI process were
transferred to the cell, isolated
by soft ejection techniques and
allowed to collide with argon
after translational excitation
with a suitable radio-frequency
pulse. At low radio-frequency
pulse intensity, the CAD spec-
trum of H3P2O7


� ions displayed
only the PO3


� fragment ion at
m/z 79, corresponding to the
loss of an H3PO4 molecule. If
radio-frequency pulses of
higher intensity were used, the
abundance of the ion at m/z 79
increased and small amounts of
the ion at m/z 159 were ob-
served.


The same CAD spectrum
was achieved for the ion at m/z


177 formed in the electrospray ionisation of phosphoric acid
solution.


The energy-resolved TQ/CAD spectrum of the H3P2O7
�


ions recorded at nominal collision energies ranging from 0±
50 eV (laboratory frame) is reported in Figure 3.


Under low collision-energy conditions, the spectrum dis-
played the fragment at m/z 159, HP2O6


� , corresponding to
the loss of a water molecule. At slightly higher collision en-
ergies, it displayed the ion at m/z 79, PO3


� , corresponding
to the loss of H3PO4. As the collision energies were in-
creased, this ion became the most important fragmentation
channel with a relative intensity of 62.4% at 30 eV. The ion
at m/z 97, H2PO4


� , corresponding to the loss of HPO3, ap-
pears only at collision energies above 20 eV. It is worth
noting that the CAD spectra of the ions at m/z 177 obtained
from pyrophosphoric and phosphoric acid are absolutely
identical.


The reactivity of H3P2O7
� ions : The reactivity of H3P2O7


�


ions toward different substrates is reported in Table 1, which
shows also the substrate acidity value and the relative effi-
ciencies of the observed reactions.


Under the low-pressure conditions of the FT-ICR experi-
ments (10�7±10�8 mbar), H3P2O7


� ions are inert toward com-
pounds such as H2O, alcohols (CH3OH, C2H5OH,
CF3CH2OH) and ketones (CH3COCH3). Traces of the
CF3COCH2


� ion are detected from the reaction between
H3P2O7


� ions and CF3COCH3. Besides the proton transfer
reaction, an addition product is formed from the reaction
between H3P2O7


� ions and CF3COOH. The reactivity of py-
rophosphate monoanion was also tested toward H2


18O,
Si(CH3)3N3 and Si(CH3)3Cl, to gather additional information
on its structure. The chemical inertness of H3P2O7


� ion
toward water in the gas phase at the low pressure conditions
of FTICR experiments was confirmed by the absence of any


Figure 2. a) CI/CH4 spectrum of H4P2O7; b) CI/CH4 spectrum of H3PO4


Figure 3. Energy-resolved TQ/CAD spectrum of the H3P2O7
� ions from H4P2O7/CH4/CI


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 840 ± 850842


FULL PAPER A. Ricci et al.



www.chemeurj.org





product incorporating heavy oxygen when H2
18O was intro-


duced in the cell.
The reaction with Si(CH3)3N3 and Si(CH3)3Cl leads to the


formation of an ion at m/z 249 arising from the addition of
the trimethylsilyl group and the elimination of an HN3 or
HCl molecule, respectively.


Theoretical calculations : At the B3LYP/6-31+G* level of
theory, the analysis of the H3P2O7


� potential energy surface
led to the characterisation of numerous structural isomers of
the species of interest. In particular, in accordance with the
experimental hypothesis, we were able to optimise four dif-
ferent groups of structures (I±IV) showing either a linear or
a cluster geometry and each one of them will be described
separately. Inside every group, each isomer was been named
with the group number followed by a letter: the lowest
energy species was labelled as a, while all the other isomers
investigated were labelled as b, c, etc.


Table 2 gives the thermochemical parameters for the iso-
merisation processes among the investigated species. Table 3
gives the dissociation energies of all investigated clusters.


The H3P2O7
� ions, group I : In Figure 4, we report the opti-


mised geometries at the B3LYP/6-31+G* level of theory of
the linear H3P2O7


� ions arising from direct deprotonation of
pyrophosphoric acid.


The structure of the species lowest in energy, Ia, is in
good agreement with previous investigations,[12±15] although
some slight differences can be observed in bond lengths and
angles owing to the choice of the basis set and theoretical
methods. It is worth noting that this isomer presents two
electrostatic interactions between the OH hydrogens and
two oxygen atoms. By shifting one hydrogen, Ia can evolve
into Ib or I c. While the first transformation is practically
thermoneutral, the isomerisation of Ia to Ic is endothermic
by 13.7 kcalmol�1 (Table 2). The activation enthalpy for


Table 1. Observed pathways and relative efficiencies for reactions of se-
lected compounds with H3P2O7


� ions.


Reference
compound


Product
anion


Reaction
type


DH8acid
(AH)


Reaction
efficiency [%]


(AH) [kcalmol�1]


H2O ± no reaction 390.7 ±
CH3OH ± no reaction 382.0 ±
C2H5OH ± no reaction 378.3 ±
CF3CH2OH ± no reaction 361.7 ±
CH3COCH3 ± no reaction 367.6 ±
CF3COCH3 traces of


CF3COCH2
�


PT[a] 350.3 ±


CH3COOH ± no reaction 348.1 ±
CF3COOH [CF3COOH,


H3P2O7]
�


CL, PT[a] 323.8 �10%


SiMe3N3 [SiMe3H2P2O7]
� addition/


HN3 elimi-
nation


± �0.5%


SiMe3Cl [SiMe3H2P2O7]
� addition/


HCl elimi-
nation


± �0.5%


[a] PT = proton transfer, CL = clustering. [b] Values from ref. [28].


Table 2. Thermochemical parameters [kcalmol�1] for the isomerisation
processes of the investigated anions. We report both the B3LYP and the
CCSD(T) values calculated with the 6-31+G* basis set.


Reaction B3LYP CCSD(T)
DH DH� DH DH�


Ia!Ib 0.3 28.7 0.3 31.2
Ia!I c 12.7 26.9 13.7 35.8
Ia!IIa 13.7 32.6 18.1 36.9
Ia!IIIa 17.4 41.8 16.8 42.1
Ia!IVa 26.7 39.2 28.2 42.5
Ib!IIId 37.3 44.7 39.2 49.8
IIa!IIb 1.1 29.9 1.3 33.5
IIb!II c 2.1 34.8 0.7 43.0
IIIa!IIIb �0.8 ± �0.8 ±
IIIb!III c 1.8 ± 1.9 ±
IIId!IIIe �3.3 ± �3.7 ±
IIIe!III f 2.8 ± 2.7 ±
IVa!IVb 10.0 ± 13.7 ±
IVb!IVc 0.00 ± 0.00 ±


Table 3. Thermochemical parameters [kcalmol�1] for the barrierless frag-
mentation processes of interest. We report both the B3LYP and the
CCSD(T) values calculated with the 6-31+G* basis set.


Reaction B3LYP CCSD(T)
DH DH


IIa!PO3
� + H3PO4 34.1 36.5


Ic!HP2O6
� + H2O 36.1 38.9


IIIa!HP2O6
�
(a) + H2O 10.1 11.4


IIId!HP2O6
�
(b) + H2O 11.2 13.1


IVa!H2PO4
� + HPO3 37.0 41.4


Figure 4. Optimised geometry (bond lengths [ä] and angles [8]) of the H3P2O7
� ions at the B3LYP/6-31+G* level of theory.
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these two processes are, however, comparable: the calculat-
ed values are 31.2 and 35.8 kcalmol�1, respectively.


The [H3PO4¥¥¥PO3]
� clusters, group II : In Figure 5, we


report the optimised geometries at B3LYP/6-31+G* level of
theory for the investigated clusters showing both fragments
connected to each other by electrostatic interactions. More-
over, they are all isoenergetic (Table 2). The species lowest
in energy, labelled IIa, differs from cluster IIb for a differ-
ent coordination of the hydrogen atom. In the third struc-
ture, IIc, we note three electrostatic interactions involving
the same oxygen atom of PO3


� .


The [HP2O6¥¥¥H2O]� clusters, group III : Figure 6 shows two
isomeric forms of the anion HP2O6


� . In the structure label-
led HP2O6


�
(b) we can still observe the pyrophosphate linkage


P�O�P, whose bond angle is 131.48.
Of particular interest is the second structure labelled as


HP2O6
�
(a). An analysis of its geometry shows that it has a


four-membered ring structure in which both P atoms are
connected to each other by two O�P bonds. The P-O-P
angle is bent to 92.58and a weak H�O interaction is calcu-
lated (2.383 ä). From the energetic point of view, at
CCSD(T)/6-31+G* level of theory, the energy of the latter
species lies 24.4 kcalmol�1 below that of the first structure.
However, in the search for a possible clustering with H2O,
we focussed on both fragments: the first one appeared to be
a likely candidate because it allowed the general pyrophos-
phate structure to be preserved; conversely, the second
anion would allow us to investigate less energetic clusters
and fragmentation pathways. Actually, considering the po-
tential energy surface of interest, we were able to optimise
and characterise numerous clusters that have both fragments
coordinated to H2O.


Before considering them separately, it is worth mention-
ing that, whatever the coordination, we never observed any
strong energetic variation. This means that the total energy
of the cluster does not change with the coordination of H2O.
Moreover, the clusters containing HP2O6


�
(a) as a central


skeleton, that is IIIa, IIIb and III c, are more stable by
nearly 25.0 kcalmol�1 than the clusters IIId, IIIe and III f,
which contain the HP2O6


�
(b) moiety. Thus, the same behav-


iour as the separate anions is observed. Figure 7 shows the
optimised geometries at the B3LYP/6-31+G* level of theory
for all clusters investigated. It is quite apparent that the co-
ordination of the water molecule does not lead to substan-
tial changes in the fragment×s geometry and, in all cases, the


interactions are rather weak and involve the H2O hydrogens
and the oxygens of the central anion. Such an electrostatic
interaction can easily be broken in barrierless processes.


The [H2PO4¥¥¥HPO3]
� cluster, group IV: We investigated


three clusters, whose geometries at the B3LYP/6-31+G*
level of theory are drawn in Figure 8. In all of them, we ob-
served electrostatic interactions linking both fragments, al-
though their spatial orientation is different. Structure IVa,
the most stable of the group, is characterised by three elec-
trostatic interactions. Isomers IVb and IVc show only one
electrostatic interaction which involves the HPO3 hydrogen
and one OH group of H2PO4


� .
The energetic and structural information provided by the


theoretically investigated species are summarised in the po-
tential energy profile illustrated in Figure 9, the transition
structures for clusters formation from linear anions are re-
ported in Figure 10.


First, we consider the dissociation of H3P2O7
� ions, Ia,


into the PO3
� ions. This pathway is important because, in


principle, the reactions of the singly charged diphosphate
anion resulting in hydrolysis or transfer of the phosphoryl


Figure 5. Optimised geometries (bond lengths [ä] and angles [8]) of the [H3PO4±-PO3]
� clusters, group II at the B3LYP/6-31+G* level of theory.


Figure 6. Optimised geometries (bond lengths [ä] and angles [8]) of the
HP2O6


� isomers at the B3LYP/6-31+G* level of theory.
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group can occur, analogously to phosphate monoesters, by a
dissociative mechanism [Eq. (1)]. The simplest possible re-
action mechanism leading to the dissociation of the diphos-
phate anion to PO3


� and phosphoric acid involves an intra-


molecular proton-transfer proc-
ess proceeding via the four-
membered transition state TS1
(Figure 10). The isomerisation
of H3P2O7


� ions, Ia, into the
[H3PO4¥¥¥PO3]


� cluster, IIa, was
computed to be endothermic by
18.1 kcalmol�1 with a barrier
height of 36.9 kcalmol�1 at the
CCSD(T)/6-31+G* level of
theory. From the dissociation
energy of IIa, reported in
Table 3 and amounting to
36.5 kcalmol�1, the overall dis-
sociation process is found to be
endothermic by 54.6 kcalmol�1.


As in the previous case, the
isomerisation of Ia ions to
[H2PO4¥¥¥HPO3]


� cluster, IVa,
proceeds via a proton transfer
to the bridging oxygen but in-


volves the shift of a different H atom. This process is endo-
thermic by 28.2 kcalmol�1 and has an activation barrier, re-
ferred to as the TS4 transition state (Figure 10), of
42.5 kcalmol�1. Considering that the release of H2PO4


� from


Figure 7. Optimised geometries (bond lengths [ä] and angles [8])of the [HP2O6±-H2O]� clusters, group III, at the B3LYP6-31+G* level of theory.


Figure 8. Optimised geometries (bond lengths [ä] and angles [8]) of the [H2PO4±-HPO3]
� clusters, group IV at


B3LYP/6-31+G* level of theory.
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IVa requires 41.4 kcalmol�1, the overall dissociation is
found to be endothermic by 69.6 kcalmol�1.


The cyclisation of the diphosphate anion as a result of the
internal nucleophilic attack of an oxygen on the opposite
phosphorus atom and by a proton shift between the OH
groups bound to this phosphorus, leads to the isomerisation
of Ia into the cluster [HP2O6(a)¥¥¥H2O]� , IIIa, through the
transition state TS2 (Figure 10). This process is endothermic
by 16.8 kcalmol�1 and has an activation barrier of 42.1 kcal -


mol�1. From the dissociation energy of the cluster, 11.4 kcal -
mol�1, the overall process requires 28.2 kcalmol�1.


It should be noted that a cluster between the linear
HP2O6


�
(b) and H2O, IIId, could also be formed from the


H3P2O7
� ion, Ib. This isomerisation is computed to be endo-


thermic by 39.2 kcalmol�1 and characterised by an activation
barrier of 49.8 kcalmol�1. As can be seen from Table 3, the
dissociation energy of cluster IIId amounts to 13.1 kcal -
mol�1 and the overall endothermicity is found to be
52.3 kcalmol�1.


Finally, I c can dissociate into the HP2O6
�
(b) ion and H2O,


by a process, computed to be endothermic by 38.9 kcal -
mol�1.


Discussion


The mechanistic and energetic picture of gas-phase ion
chemistry of H3P2O7


� ions emerging from theoretical calcu-
lations is consistent with the experimental results and allows
them to be rationalised.


Electrospray ionisation is a choice method for accomplish-
ing the mass determination of biomolecules[20] in that the
soft nature of this process allows the analyte to be observed
as intact molecular ions with minimum fragmentation. On
the basis of these considerations, it can reasonably be as-
sumed that the H3P2O7


� ions generated from electrospray
ionisation of pyrophosphoric acid solution and investigated
by FTICR mass spectrometry maintain the structure of their
precursor and hence are characterised by the structure label-
led as I. However, although isomerisation processes leading


Figure 9. Schematic representation at the CCSD(T)/6-31+G* level of
theory of the relative stabilities of the investigated species. All thermo-
chemical parameters are in kcalmol�1.


Figure 10. Optimised geometries (bond lengths [ä] and angles [8]) of the transition states (TS1±4) at B3LYP6-31+G* level of theory.
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to ion±molecule adducts are an unlikely event, the ability of
the electrospray ionisation process to generate solvated ions
necessitates a thorough structural characterisation of the
ionic species of interest.


In the absence of model ions of known connectivity, we
were able to characterise the H3P2O7


� structure on the basis
of energetic considerations utilising energy-resolved CAD
spectra. By considering the dissociation energies reported
we actually observed that the most favoured decomposition
channel of the H3P2O7


� clusters is represented by slight en-
dothermic fragmentation into the HP2O6


� ions at m/z 159
(11.4 kcalmol�1), followed by fragmentation into the PO3


�


ions at m/z 79 (36.5 kcalmol�1) and finally by the formation
of the H2PO4


� ion at m/z 97 (41.4 kcalmol�1). The dissocia-
tion sequence of the H3P2O7


� ions, I, exactly follows the
same order requiring 42.1, 54.6 and 69.6 kcalmol�1 for the
fragmentation into HP2O6


� , PO3
� and H2PO4


� ions, respec-
tively. Fortunately, even if the dissociation order for cluster
and linear ions is the same, the dissociation energies of the
[HP2O6¥¥¥H2O]� clusters, III, are far lower than those of the
[H3PO4¥¥¥PO3]


� isomers of group II. In the FT-ICR CAD
mass spectra, the appearance of the HP2O6


� ion (m/z 159)
at energies higher than that of the PO3


� fragment suggests
the presence of the H3P2O7


� ions, I. This allows the exis-
tence of the [HP2O6¥¥¥H2O]� cluster to be ruled out.


However, the formation of the PO3
� fragment at low


radio-frequency pulse intensity and its appearance during
the first few seconds of reaction time, together with the
drastic decrease in ionic signal during the isolation proce-
dure could reasonably account for the endothermic dissocia-
tion of the [H3PO4¥¥¥PO3]


� cluster, (II).
With regard to the TQ/MS CAD experiments, it should


be noted that the H3P2O7
� ions generated from CI of pyro-


phosphoric or phosphoric acid in the source of the triple
quadrupole mass spectrometer are characterised by the
same structure since their CAD mass spectra are identical.


To answer the question regarding the existence and the
nature of the ions at m/z 177 in the chemical ionisation
plasma containing H3PO4 we need to consider reaction (3),
which, in the opposite direction, represents the long-debated
hydrolysis of the diphosphate ion.


H3PO4 þ H2PO
�
4 ! H3P2O


�
7 þ H2O ð3Þ


The H2PO4
� ions formed through dissociative electron de-


tachment process in the CI/CH4 of H3PO4 can lead to the
formation of the H3P2O7


� by the highly exothermic reaction
[Eq. (3)] considering that the enthalpy change of the hydrol-
ysis reaction (vide infra) was computed to be endothermic
by nearly 23 kcalmol�1.[12±15] Under low collision-energy con-
ditions, the CAD spectra of H3P2O7


� ions display HP2O6
�


ions at m/z 159, which corresponds to the loss of a water
molecule, and at slightly higher collision energies, the PO3


�


ion at m/z 79, which corresponds to the loss of H3PO4. Only
at higher collision energies (>20 eV) does the H2PO4


� ion
appear (m/z 97), which corresponds to the loss of the HPO3


molecule.


These results suggest that H3P2O7
� ions investigated by


TQ/MS have the structure of the linear pyrophosphate


anion I, the only structure which is consistent with the high-
energy loss of the H2PO4


� fragment. Furthermore, the ap-
pearance of both the ions at m/z 159 and m/z 79 at compara-
ble energy thresholds allows the presence of the
[HP2O6¥¥¥H2O]� cluster III to be excluded.


Moreover, accurate measurements and carefully calibrat-
ed empirical fitting procedures[21] were required to obtain
predictive values to the bonding energies from threshold
curves. In the present research we obtained structural and
energetic information from a qualitative analysis of the
energy-resolved CAD spectra and hence we cannot discrimi-
nate between the ions I and the cluster III which decompose
at similar energies.


These considerations allow us to assign to the ions at m/z
177, resulting from the CI plasma of TQ/MS and from the
ESI process in the FT-ICR experiments, the linear structure
I of the pyrophosphate anion, and points to the existence of
the cluster species II, certainly in the latter conditions.


The low reactivity observed in the FT-ICR experiments
characterises the pyrophosphate anion in the gas phase as a
very stable inorganic species in accordance with its comput-
ed structure, which is found to be strongly stabilised by two
internal hydrogen bonds.


Examination of the reaction efficiencies reported in
Table 1 reveals that all the reactions of H3P2O7


� ions are
generally inefficient. Clustering and proton transfer products
have been observed with substrates characterised by a gas-
phase acidity value close to that of H4P2O7 and amounting
to 323 kcalmol�1.[12,15]


The H3P2O7
� ions react with (CH3)3SiCl and (CH3)3SiN3


yielding [H2P2O7-(CH3)3Si]
� ions, in agreement with previ-


ous observations[22] showing that nucleophiles with a proton
affinity lower than that of Cl� (DH8acid HCl = 333.4 kcal -
mol�1) react with (CH3)SiCl by an addition/HCl elimination
process that is more strongly energetically favoured than an
SN2 mechanism. This reaction, which is analogous to the re-
action of hydroxide ion with tetramethylsilane,[23] was also
observed for singly charged phosphorylated oligonucleoti-
des.[22] A pentacoordinate adduct, arising from the nucleo-
philic attack of an oxygen on the Si atom, is probably in-
volved. It decomposes by elimination of a Cl� anion and
subsequent deprotonation of the incipient trimethylsilyldi-
phosphoric acid. The absence of products arising from the
reaction between the H3P2O7


� anions and H2O confirms the
previous theoretical estimates on the endothermicity of the
hydrolysis reaction and strengthens George×s hypothesis[24]


as to why compounds such as pyrophosphate and ATP are
rich in energy. On the basis of calorimetric measurements in
aqueous solution, George[24] was the first to suggest that the
free energy of the hydrolysis of various pyrophosphate spe-
cies almost entirely results from different heats of solution
of reagents and products involved in the reaction and not to
the relative energies of isolated molecules in vacuo. Indeed,
whereas in the gas phase the hydrolysis of diphosphate mon-
oanion was computed to be endothermic,[12±15] in solution
the reaction was measured to be exothermic by �7.5 kcal -
mol�1.[24]


It is known that condensed phosphates fall into the fol-
lowing three groups[2c]: 1) metaphosphates MI


n(PO3)n with
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cyclic anions, 2) polyphosphate MI
n+2(PnO3n+1) or MI


n-


H2(PnO3n+1) with open-chain anions in which each of the n
tetrahedral PO4 units (except those at the chain ends) is
linked to each of its neighbours by an oxygen atom and
3) cross-linked phosphates or ultra phosphates containing
™tertiary∫ P atoms that are linked to three other P atoms by
three O atoms.


Polyphosphates are stable in aqueous solution at pH�7
and 25 8C, but they are degraded at higher temperatures,
higher hydrogen ion concentrations and in the presence of
cations. The degradation leads to the formation of oligomers
from the removal of monophosphate units, one at a time,
from the chain ends or else yields cyclic metaphosphates,
particularly trimetaphosphate, by the rearrangement of the
folded polyphosphate chains. This second degradation route
becomes more important as the polyphosphate chain-length
increases.


In the gas phase, the induced dissociation of the diphos-
phate anion seems to occur through both degradation path-
ways leading to the formation of PO3


� and cyclic HP2O6
� ,


which suggests that there is already a tendency for dimeric
phosphates to cyclise.


Whereas the first member of the metaphosphates group,
the monomeric PO3


� ion, has been the subject of many ex-
perimental and theoretical studies owing to its role in bio-
logical systems[25] little is known about the dimeric P2O6


�2


ion.
The dimetaphosphate or cyclo-diphosphate dianion,


P2O6
�2, was cited as an intermediate in the hydrolysis of ad-


enosine 5’-o-(S-methyl-1-thiotriphosphate)[26a] and, recently,
as an ionic fragment of CAD spectra of phosphorylated spe-
cies.[26b] In the present study, we first used theoretical meth-
ods to study the structure of the HP2O6


� ion, the ionic prod-
uct of the gas-phase-induced dehydration of diphosphate
anion. We found that a four-membered ring structure, in
which both P atoms are connected to each other by two
P�O bonds, makes the cyclic HP2O6


�
(a) ion 24.4 kcalmol�1


more stable than the linear HP2O6
�
(b).


As far as the isomerisation of linear ion Ia into the
[PO3¥¥¥H3PO4]


� cluster IIa is concerned, in agreement with
the correlation between acidity and solvation energy,[27]


which indicates that the bond strength in hydrogen-bonded
complexes (XH¥¥¥A�) increases with the gas-phase acidity of
XH and the gas-phase basicity of A� , the dissociation
energy of the [PO3¥¥¥H3PO4]


� cluster (DH8acid (H3PO4)=
344 kcalmol�1)[19] reported in this work is found to be
almost three times higher than the dissociation energy of
the [PO3¥¥¥H2O]� cluster (DH8acid (H2O)= 390 kcalmol�1),[19]


which was estimated to be 12.9 kcalmol�1.[25] Theoretical cal-
culations on the gas-phase dissociative hydrolysis of the
methyl phosphate monoanion[3] computed the isomerisation
of CH3OPO3H


� to [CH3OH¥¥¥PO3]
� to be endothermic by


10.7 kcalmol�1 and to have an activation enthalpy of
28.3 kcalmol�1. The higher activation enthalpy and the en-
dothermicity of the Ia isomerisation probably reflect the
presence of hydrogen bonds in the H3P2O7


� ions as well as
the different stability of solvated PO3


� ions.
The tendency of polyphosphate ions to cyclise together


with the higher stability of cyclic metaphosphate anions as


the number of the ring atoms increases, is revealed in the CI
spectra of phosphoric and diphosphoric acid by the presence
of ions at m/z 239 and 319, probably corresponding to the
monoanionic form of trimetaphosphate A and tetrameta-
phosphate B ions.


The orthophosphate and diphosphate anions, H2PO4
� and


H3P2O7
� , belong to the second group of condensed phos-


phates, the linear polyphosphates.
The ability of phosphoric acid to form stable adducts and


to undergo condensation reactions could explain the pres-
ence of anions of formula [H3n�1PnO4n]


� , [Hn+1PnO3n+1]
� and


[H3n�3PnO4n�1]
� in the ESI spectra of phosphoric and pyro-


phosphoric acid.
Cross-linked phosphates, the third group of condensed


phosphates, can be obtained by thermal dehydration of di-
hydrogen monophosphates and free phosphoric acid. The re-
actions involved are complex and depend on the nature of
the cation as well as on the temperature and water vapour
pressure.[2c] It is likely that these processes, occurring to a
large extent under the CI conditions, were responsible for
the formation of most of the ionic species observed in the
CI spectra of phosphoric and diphosphoric acid.


Conclusion


The joint application of theoretical and experimental meth-
ods proved particularly fruitful in this study providing a de-
tailed picture of the gas-phase ion chemistry of H3P2O7


�


ions. Consistent with collisionally activated dissociation
(CAD) mass spectrometric experiments, theoretical calcula-
tions identified the linear and covalently bound diphosphate
anion (I) as the most stable isomer on the potential energy
surface of H3P2O7


� ions.
Firstly, the structure of the HP2O6


� ion, the dimetaphos-
phate or cyclo-diphosphate anion, was investigated by theo-
retical methods. For this ion, formed from the induced dehy-
dration of diphosphate anion in the gas phase, we found
that the cyclic isomer, HP2O6


�
(a), characterised by a four-


membered ring structure where both P atoms are connected
to each other by two P�O bonds, is 24.4 kcalmol�1 more
stable than the linear HP2O6


�
(b) at the B3LYP/6-31+G* and


CCSD(T) levels of theory.
This study reports the energetic profile of the gas-phase-


induced dissociation of diphosphate ion. In this context, the
dissociation into PO3


� ions is important since it represents
the first step of the dissociative mechanism [Eq. (1)] result-
ing in hydrolysis or transfer of a phosphoryl group.


The ability of the electrospray ionisation process to gener-
ate solvated ions allows this study to be extended to mono-
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solvated and chelated species. Theoretical and experimental
work is currently under way on H5P2O8


� and MIH2P2O7
�


ions and is aimed at evaluating the influence of a water mol-
ecule and of metal chelation on the reactivity of diphos-
phate anion.


Experimental Section


Materials : H4P2O7 and all chemicals were obtained from Sigma-Aldrich
Ltd.


Instrumentation. ESI-FTICR/MS experiments were performed with a
Bruker BioApex4.7T FT-ICR mass spectrometer equipped with an Ana-
lytica of Brandford Electrospray Ionisation Source. Samples were infused
into a fused-silica capillary (i.d. 50 mm ) at a flow rate of 130 mLmin�1,
and the ions were accumulated in a hexapole ion guide for 0.8 s. Typical
ESI voltages for cylinder, capillary and end plates were 3000, 4000, and
4300 V, respectively. The capillary exit and the skimmer which were set
to �60 and �10 V, respectively, hexapole d.c. offset, 0.7 V.


Triple quadrupole mass spectra were recorded on a TSQ700 mass spec-
trometer from Finnigan Ltd., operating in the negative-ion mode.


Methods : The H3P2O7
� ions were obtained in the electrospray ion source


of a Fourier transform ion cyclotron resonance (FTICR) mass spectrome-
ter from a CH3CN/H2O (1:1) pyrophosphoric acid solution. Polyphos-
phate solution samples were prepared daily at a concentration of 10�4


m.
The H3P2O7


� ions were transferred into the resonance cell (25 8C) and
isolated by broad band and ™single shot∫ ejection pulses. After a thermal-
ising delay time of 1±2 s, the ions were re-isolated by ™single shots∫ and
allowed to react with neutral reagents in the cell. The pressure of the
neutral reactants, ranging from 10�8 to 10�7 mbar, was measured by a
Bayard±Alpert ionisation gauge, whose readings were calibrated with the
known rate coefficient of the CH4 + CH4


+!CH5
+ + CH3 reaction.[28]


The readings were corrected for the relative sensitivity to the various
gases used according to a standard method.[29] The pseudo-first-order rate
constants were obtained by plotting the logarithm of It/It=0 ratio as a
function of the reaction time. Then the bimolecular rate constants were
determined from the number density of the neutral molecules, which
were themselves inferred from the pressure of the gas. Average Dipole
Orientation (ADO) collision rate constants (kADO) were calculated as de-
scribed by Su and Bowers.[30] Reaction efficiencies are the ratio of kADO,
the collision rate constants, to the experimental rate constants, kexp. The
uncertainty of each rate constant is estimated to be 30%.


The H3P2O7
� ions were also obtained in the chemical ionisation (CI)


source of a triple quadrupole mass spectrometer (TQ/MS) from pyro-
phosphoric acid introduced by a direct insertion probe thermostatically
controlled at 200 8C. The CI of H4P2O7 was accomplished by deprotona-
tion by OH� ions formed in a N2O/CH4 (1:1) gaseous mixture or by dis-
sociative electron detachment in a CH4 plasma. The ions of interest were
driven into the collision cell, actually an RF-only hexapole, containing
the neutral reagent. Collisionally activated dissociation (CAD) experi-
ments were recorded utilizing Ar as the target gas at a pressure of 1±5î
10�5 Torr and at a collision energy ranging from 0 to 50 eV (laboratory
frame). The charged products were analysed with the third quadrupole,
scanned at a frequency of 150 amus�1.


Computational details : Density functional theory, based on the hybrid[31]


B3LYP functional,[32] was used to localise the stationary points of the in-
vestigated systems and to evaluate the vibrational frequencies. Single-
point energy calculations at the optimised geometries were performed
with the coupled-cluster single and double excitation method[33] with a
perturbational estimate of the triple excitations approach CCSD(T).[34]


Zero-point energy corrections evaluated at the B3LYP level were added
to the CCSD(T) energies. The zero total energies of the species of inter-
est were corrected to 298.15 K by adding translational, rotational and vi-
brational contributions. The absolute entropies were calculated with stan-
dard statistical-mechanistic procedures from scaled harmonic frequencies
and moments of inertia relative to B3LYP/6-31+G* optimised geome-
tries. The 6-31+G* basis set[35] was used. All calculations were performed
with the computational program Gaussian98.[36]
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Synthetic Applications in Radical/Radical Cationic Cascade Reactions�


Heiko Rinderhagen and Jochen Mattay*[a]


Introduction


Radical cascade reactions had become very popular since
their introduction to synthetic chemistry in the early 70s es-
pecially for synthesizing polycyclic compounds.[1±8] Though
the tin hydride method, which was introduced by Giese
et al. , is still very important in radical chemistry, there are
considerable interests to circumvent the toxic trap of tin
chemistry.[9] One possibility for starting radical or radical ion
reactions without tin chemistry is the electron transfer acti-
vation.[10] In these reactions oxidizing or reducing agents
such as metal salts are usually used.
Alternatively the methodology of the photoinduced elec-


tron transfer (PET) can be used for carrying out such reac-
tions.[11] The advantage of the PET is that the addition of in-
organic salts can be circumvented, which among other ad-
vantages simplifies the work up procedures. The PET is
based on the fact that the redox properties of molecules are
drastically changed upon excitation, that is, both the elec-
tron donating as well as the electron accepting behavior of
the excited species are approximately enhanced by excita-
tion energy. For synthetic purposes PET reactions are often
carried out using a sensitizer which has three characteristics.
It is the substrate which is excited for the primary PET
process, its resulting radical ion or radical is so inert, that it
does not react with the substrate and in most cases the sen-


sitizer is regenerated by back electron transfer. For generat-
ing radical cations 1,4-dicyanonaphthalene (DCN) or 9,10-
dicyanoanthracene (DCA) are often used as sensitizers. A
simplified mechanism of a sensitized PET reaction is shown
in Scheme 1 (top).
Sensitized PET reactions are often very slow and have


low quantum yields due to dominating back electron trans-
fer. In these cases the addition of cosubstrates (e.g. biphenyl
or phenanthrene to DCA or DCN sensitized reactions) is
useful. In these reactions the substrate is not oxidized (or re-
duced) by the excited sensitizer but by the radical ion of the
co-sensitizer via a thermal electron transfer step without the
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[�] Cyclopropyl silyl ether Radical Cations, Part 1.


Abstract: Oxidative photoinduced elec-
tron transfer (PET) reactions have
been performed with various cyclic cy-
clopropyl(vinyl) silyl ethers bearing an
olefinic or acetylenic side chain. The
reactions result in bi- to tetracyclic ring
systems via a fragmentation±radical/
radical cationic addition reaction path-
way with well defined ring juncture.


The mode of cyclisation (endo/exo) can
be partially controlled by addition of
nucleophiles due to the suppression of


radical cationic reaction pathways.
Quantum chemical calculation of the
cyclisation transition states underline
the experimentally found selectivities.
Additional mechanistic studies con-
cerning the saturation step reveal that
the final radical is saturated mostly by
the solvent and traces of water in the
solvent.


Keywords: domino reactions ¥
electron transfer ¥ polycycles ¥
radical ions ¥ radical reactions


Scheme 1. Simple sensitized (top) and co-sensitized (down) PET process.
Sens: sensitizer, D: donor (substrate), C: co-sensitizer, P: product.
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problems of back electron transfer
(ETb). The key step is still the pri-
mary PET process (ETa) in which
the co-sensitizer radical ion is
formed (e.g. Ffri=0.83 for DCA/bi-
phenyl).[12] In co-sensitization sys-
tems the overall quantum yield is
high and the reaction is fast
(Scheme 1, bottom).
An additional effect of the co-


sensitization may lead to different
products or product ratios, which is
caused by the efficient sensitizer
radical ion substrate ion separation.
This separation inhibits the early
back electron transfer to the sub-
strate radical ion or early intermedi-
ates and favors products of complex
reaction pathways (late ETc,
Scheme 1, bottom).
For synthetically and mechanisti-


cally reasons, we are interested in
donor substituted strained systems, such as cyclopropyl silyl
ethers, which react under chemical oxidation processes as
well.[13,14] In former investigations we could show that cyclo-
propyl silyl ethers attached to cyclic systems predominantly
undergo endo-cyclic fragmentation upon one-electron oxida-
tion; this resulted in distonic radical cations or the corre-
sponding radicals, which were formed by nucleophile assist-
ed cleavage of the formal trialkylsilyl radical cation
(Scheme 2).[15,16]


These radicalic species can be trapped by radicalophilic
agents such as electron deficient alkenes. In the absence of
such reagents the endo radicalic species rearrange to the
corresponding exo radicals; the exo :endo product ratio is
mostly determined by the interaction between the radical
stability and the ring strain. In
addition, studies on the concen-
tration dependence have re-
vealed a slow termination step.
This complicates intermolecular
radical additions due to the pre-
dominant polymerization but
eases complex cascade reac-
tions by avoiding an early satu-
ration of intermediate radicals.
In this article we will focus


on the synthetic scope and limitations of the PET induced
fragmentation reactions of cyclopropyl silyl ethers suitable
for radical cascade reactions resulting in bicyclic and tricy-
clic systems. (Schemes 3 and 4).


Results and Discussion


Synthesis of the starting materials : All vinylcyclopropyl silyl
ethers 8±14 were synthesized starting from the correspond-
ing ketone in a two-step reaction, using LDA/trimethylsilyl
chloride for silylation and diethyl zinc/diiodomethane for cy-


clopropanisation (Scheme 5, Table 1). The cyclopropanisa-
tion was monitored by GC/GC-MS to circumvent reactions
of the additional non-donor activated olefinic bonds in the
starting materials. The desired cyclopropylsilyl ethers were
obtained as colorless liquids after distillation or fast column
chromatography of the crude products. The cyclopropana-


Scheme 2. Radical and radical cationic reaction pathways.


Scheme 3. Simple cascade reaction for building up bicyclic systems.


Scheme 4. Complex cascade reactions for building up polycyclic systems.


Scheme 5. Synthesis of the vinylcyclopropyl silyl ethers.
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tion reaction resulting in cyclopropyl silyl ether 13 and 14
showed only negligible diastereoselectivity and therefore the
products can be isolated in an approximately 1:1 mixture of
the two diastereoisomers. Only in the case of the 4-substitut-
ed derivative 14 the diastereoisomers have been separated
by preparative GC for mechanistic reasons (see below).
Most of the ketones were synthesized according to known


procedures (1b±d, 3)[17,18] or fol-
lowing strategies shown in
Scheme 6 for 3-substituted
enones.
After reaction with Grignard


or analogous lithium organic re-
agent of the semiprotected b-di-
ketone 15, the resulting b-hy-
droxy acetal 16 was hydrolyzed
to the corresponding b-hydroxy
ketone 17. Acid-catalyzed elim-
ination finally led to the desired
product 18.
For the elimination the use of


85% phosphoric acid and n-
pentane as solvent at room
temperature turned out to be
the method of choice. When an
acidic ion exchange resin under
azeotropic removal of the reac-
tion water was used instead, a
1:1 mixture of the enone and
the open chain retro-aldol
product was isolated as shown
for the cycloheptanone deriva-
tive 18 in Scheme 7.
The alternative synthesis of


3-substituted enones 18 starting
from the vinylogous esters 19 is
recommended if the synthesis
of the bromide is complicated
or the elimination partially
leads to retro-aldol products
even under phosphoric acid
conditions.
For the synthesis of the semi-


protected b-diketones 15 two
different strategies are suggest-
ed.[19,20] Starting from the easily
accessible enone acetal 22 the
product can be synthesized by
oxymercuration and oxidation
of the resulting alcohol 23.[19]


Alternatively the corresponding
enone epoxide can be reduced
to the alcohol which is again
oxidized to the desired prod-
uct.[20] However, the latter syn-
thesis failed in our hands.
Though we could synthesize an
alcohol and a corresponding


Table 1. Vinylcyclopropyl silyl ethers synthesized.


Ketone Cyclopropyl silyl ether Ketone Cyclopropyl silyl ether


Scheme 6. Synthetic strategies for synthesizing 3-substituted cyclic enones.


Scheme 7. Retro-aldol reaction during elimination.
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ketone by applying the suggested synthetic procedures in
good yields (80±90%), the products turned out to be the a-
hydroxy or the a-diketo regioisomers, respectively, unequiv-
ocally proven by one- and two-dimensional NMR experi-
ments. To circumvent the use of mercury salts we developed
an alternative route for the synthesis. Starting from the
enone acetal after hydroboration using 9-BBN and Swern
oxidation the product was obtained in good yields. The use
of hydroboration reagents other than 9-BBN resulted in par-
tially reduction of the acetal function (Scheme 8).


The vinylogous esters 19 were synthesized by acid-cata-
lyzed esterification. When carrying out this reaction it is ad-
visable to thoroughly remove the reaction water, for exam-
ple, by molecular sieves, otherwise, retro-crossed Claisen
condensation products 24 are formed especially at longer re-
action times (Scheme 8).
The required alkyl bromides (Scheme 6) for the metal or-


ganic reagents were either commercially available or synthe-
sized according to known procedures.[21±24] For the synthesis
of enones 5a,b the corresponding trimethylsilyl protected
derivatives were used. After the reaction the protective
group was removed by tetrabutylammoniumfluoride
(TBAF) in an aqueous THF solution. In case of the cyclo-
hexenylmethyl side chain (product 6a,b) the use of lithium
organic compounds is necessary
because the analogous Grignard
reagent resulted in reduction of
the carbonyl group due to its
steric hindrance.
The 4-substituted derivative 7


was synthesized as shown in
Scheme 9. Besides the desired
enone the diastereoisomeric al-
cohols 26a and 26b were isolat-
ed, of which only the cis-isomer
26a could was successfully con-
verted to 7 by elimination.


Cyclization under PET condi-
tions : The deoxygenated solu-
tions of the respective cyclo-
propyl silyl ethers 8±14 contain-


ing the PET sensitizer, occasionally in presence of a co-sen-
sitizer, were irradiated in a Rayonet photochemical reactor
using the appropriate wavelength (DCN: 350 nm; DCA:
419 nm). The conversion of the starting material was moni-
tored by GC or GC/MS.


Simple cascade reactions : The results of the irradiations of
the simple substrates 8±10 in pure acetonitrile are summar-
ized in Scheme 10. The products were isolated by HPLC
and unambiguously identified by spectroscopic analysis
(mostly one and two dimensional NMR as reported in the
Experimental Section). The stereochemistry of the cyclisa-
tion products 28 and 29 was assigned by comparison with re-
ported NMR data.[25] The structure of the tricyclic com-
pound 31 was established by comparison with the 1H NMR
data of the cyclisation products of the complex cascade reac-
tions, which were identified by qualitative and partially
quantitative NOESY spectroscopy (see Table 2).
Only the PET reactions of the seven- and eight-membered


ring derivatives 8b,c gave the desired cyclisation products.
For the six- or nine-membered ring starting materials the
ring strain of the four- (8a) or the seven- (8d) membered
rings in the potential products suppresses the transannular
cyclisation. The transannular addition towards the aromatic
system of 9 is obviously reversible resulting in the more
stable open chain product 33 as shown in Scheme 11 (for
simplification only the radical reaction pathways are
shown).
The unusual b,g-unsaturated product 30 can be explained


by a transannular hydrogen abstraction followed by a kinetic
saturation of the allyl radical (Scheme 12).
Interestingly all cyclisation products exhibit only cis-ring


connections. This is not surprising for products which con-
tain a bicyclooctanone substructure because of the high ring
strain of the corresponding trans products. Similar effects
may also govern the energy of the transition state as expect-
ed for kinetically controlled reactions of this type.[26]


Complex cascade reactions : The results of the irradiations
of the more complex substrates 11±14 in pure acetonitrile
are summarized in Table 2. The products were isolated by


Scheme 8. Synthesis of the semiprotected b-diketone 15 and vinylogous
acetal 19.


Scheme 9. Synthesis of the 4-substituted derivative 7.
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HPLC and if necessary by preparative GC and unambigu-
ously determined by spectroscopic analysis (mostly one- and
two-dimensional NMR as reported in the Experimental Sec-


tion). The stereochemistry of
the cyclisation products was as-
signed using quantitative
NOESY spectroscopy support-
ed by molecular modeling as-
signments of the respective ge-
ometries using MMFF94 force
field calculations and thorough-
ly evalution of the 1H NMR
coupling constants and the
chemical shifts. Especially for
the cyclisation products of the
cycloheptane starting materials
(11a/12a/13a), the relatively
simple latter method allows
partially stereochemical assign-
ments due to the rigid molecu-
lar scaffold. For example, the
agreement of the respective
coupling constants and the
chemical shifts of the a-car-
bonyl protons and the bridge
head proton HC indicates that
all cyclisation products have
the same A/B and A/C ring
junction (Table 3). Additional-
ly the order of magnitude of
the respective coupling con-


stants indicates a cis/cis junction. The relatively large cou-
pling constant of the bridge head proton HC and the cis con-
nected a-carbonyl proton HA indicates a small dihedral


Scheme 10. Products of simple cascade reactions.


Scheme 11. Reversible addition towards the aromatic system.


Scheme 12. Transannular hydrogen abstraction followed by kinetic saturation.
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angle between these protons. In contrast the trans proton
HB shows only a small coupling constant towards HC but an
additional W coupling (4JD) towards the cis-connected a-car-
bonyl proton HD.
Additionally, the order of the 3JE coupling constants indi-


cates the cis/trans and the cisoid/transoid arrangement of the
products 36a/37a and 42a/43a, respectively, while the 3J F


constant indicates a cis junction of both tetracyclic com-
pounds. However, especially the latter interpretations are
only possible with additional NOESY experiments. These
experiments were carried out and quantitatively evaluated
for all products using diastereoisomeric geminal methylene
groups as reference. In order to support these NOESY ex-
periments additional population analysis was carried out.
The respective H±H distances in each of the resulting con-
formers were measured for comparison. The results of one
such evaluation are shown in Table 4.
Besides the NOESY evaluated distances the smallest, the


largest and the average distance of the population analysis


using Boltzmann weighting are
also shown as well for compari-
son (see Table 4).
The occurrence of the non-


cyclised products 34, 38 and 41
can be explained by a transan-
nular allylic hydrogen abstrac-
tion of the exo-methyl radical
(Scheme 13). The subsequent
kinetic saturation of the result-
ing allylradical led to b,g-unsa-
turated products. Probably the
3-substitution slows down the
desired transannular addition
(path A) and therefore the 1,2-
rearrangement (path B) occurs,
which results in the non-cy-
clised products. Interestingly
the non-cyclised products are
not stable upon prolonged reac-
tion times in contrast to their
cyclised counterparts. Obvious-
ly the non-cyclised products are
more oxidative labile due to
their highly substituted olefinic
bond. The cyclisation products
are resulting from two-step
radical addition cascade reac-
tions. All cyclisation products
show only cis-ring connec-
tion of either the first- or
the second step irrespective
of the mode of cyclisation
(endo or exo). Interestingly the
second addition step leads to
relatively large amounts of
endo products in comparison
to the classical exo preference
of radical cyclisation reac-
tions.[27] One reason for these


unusual behavior is a radical cationic reaction pathway
which will be discussed in more detail in the next paragraph
(see below).
The cyclisations of the cyclohexenyl methyl substituted


starting materials 13a,b gave an interesting selectivity be-
havior. During the cyclisation cascade four stereogenic cen-
ters are generated. Together with the stereocenter of the
side chain the possible exo and endo products have five ster-
eogenic centers. Though theoretically 16 exo- and endo-
therefore 32 different diastereoisomeric products might be
generated during the cyclisation cascade, only two diaster-
eoisomers are formed.
The relatively high diastereoselectivity can be explained


by the selectivities of the respective radical addition steps.
The first addition step is completely cis selective at the ring
junction but shows only negligible additional diastereoselec-
tivity. Consequently the primary addition product 45a,b is
formed as a 1:1 diasteroisomeric mixture. The second addi-
tion step is completely diasteroselective as shown in


Table 2. Isolated photoproducts.


Not (completely) endo- exo- exo-
cyclized Product [%] Product [%] Product [%] Product [%]


11


a (n=1) 20 12 15 6
b (n=2) ± 22 9 17


12


a (n=1) 15 6 30
b (n=2) ± 32 12


13


a (n=1) 19 11 12
b (n=2) ± 10 12


14


a 40
b 40
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Scheme 14. The subsequent saturation is not important for
the isomer distribution.
The 4-substituted starting material only partially cyclises


under PET conditions. This is caused by the selectivity of
the first addition step, which exhibits not only cis selectivity
but takes place under equatorial alignment of the side chain
(Scheme 15). This unfavorable alignment suppresses further
cyclisation. Interestingly the partially cyclised product 44 is
formed upon irradiation irrespective which diastereoisomer-
ic starting material (14a or 14b) is used, which underlines
the proposed stepwise mechanism (fragmentation, addition)
rather than a concerted one (e.g. cationic induced rearrange-
ment).


Mechanistic investigations


Radical ion versus radical re-
action pathways : As mentioned
above the second cyclisation
step of the cascade reaction
shows unusually large amounts
of endo-cyclisation products.
Usually pure radical (non-radi-
cal ionic) reactions prefer 5-exo
cyclisations. This preference can
be partially or predominately
suppressed by steric effects. In
this case the rigid bicyclic struc-
ture of the first addition step in-
termediate may cause the oc-
currence of the 6-endo cyclisa-
tion products. On the other
hand radical cationic reaction
pathways may be the reason for
this unusual behavior. For ex-


ample, silyl enol ether radical cations (e.g. 47) predominate-
ly cyclize in a 6-endo fashion, as we have shown in former
studies.[28±31] By addition of strong nucleophiles such as alco-
hols the endo/exo product ratio can be lowered due to the
fast cleavage of the formal trimethyl silyl cation; this results
in the a-carbonyl radical 48 which cyclises predominately in
a 5-exo mode (Scheme 16).[28±31]


Analogous to these results the occurrence of relatively
large amount of the endo products can be explained by radi-
cal cationic reaction pathways as shown in Scheme 17. On
the one hand the distonic radical cation 49, the result of the
first fragmentation process, may lose the silyl group; this


Table 3. 1H NMR chemical shifts [ppm] and J coupling constants [Hz].


HA 2.447 2.374 2.560 2.626 2.506 2.644 2.557
HB 2.144 2.004 2.024 2.023 2.111 2.104 2.076
HC 2.080 2.162 2.158 2.272 2.183 2.333 2.222
HD 2.027 2.107 1.803 2.760 2.530 2.482 2.011
2JA 19.3 18.4 18.5 18.8 18.9 19.2 18.4
3JB 8.8 10.2 9.2 9.7 9.0 9.9 9.3
3JC 2.8 3.3 4.8 4.5 3.8 4.6 6.1
4JD 1.6 2.0 1.9 1.9 1.6 2.1 1.8
3JE insignificant 10.5 5.5 not existent insignificant 8.2 3.0
3J F insignificant insignificant insignificant insignificant insignificant 5.0 5.3


Table 4. Exemplary NOESY evaluation.


No. rNOE rBolz rMIN rMAX


1 1.79 1.79 1.79 1.80
2 2.28 2.49 2.28 2.65
3 2.13 2.36 2.30 2.41
4 2.62 2.75 2.37 2.80
5 �1.77 1.77 1.76 1.77
6 2.35 2.46 2.35 2.48
7 2.65 2.72 2.58 3.74


rNOE: Distance evaluated by NOESY spectroscopy (reference: ™�∫). rBolz : Average distance of conformational
analysis using Bolzmann weighting. rMIN: smallest distance of conformational analysis. rMAX: largest distance of
conformational analysis.
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would yield the b-carbonyl radical 50 which reacts to the
endo or the exo products. On the other hand the radical
center of the distonic radical 49 may add vinylogously to the
cationic center resulting in the non-distonic radical cation 51
which is identical to the radical cation 47 of the silyl enol
ether 46. Analogous to our former published results this


radical cation should cyclise
predominantly in an endo fash-
ion if not suppressed by steric
effects.[28±31]


An investigation of the influ-
ence of isopropanol on the
endo/exo ratio of the irradiation
products of the cyclopropyl silyl
ethers 11a,b and 12a,b in com-
parison with silyl enol ether 46
provides strong evidence that
the endo products are partially
caused by radical cationic reac-
tion pathways. The addition of
20% of isopropanol lowers the
amounts of the endo products
of all cyclopropyl silyl ethers,
caused by faster cleavage of
the silyl group resulting in pre-
dominant radical reaction
pathways (Scheme 18). As ex-
pected the effects are smaller
compared with silyl enol ether
46. The relevant cyclisation
step is the last one of a three
step (fragmentation; first cycli-
sation; second cyclisation) cas-
cade reaction. This allows
cleavage of the silyl group
even in the absence of addi-
tional nucleophiles.


Deuterium labelling studies :
For the last reaction step, that
is the saturation of the radical,
two mechanisms can be dis-
cussed. On the one hand a
formal hydrogen radical trans-
fer of a suitable donor (e.g. the
solvent) by homolytic bond
cleavage is possible. On the
other hand a reduction of the
radical by the sensitizer radical
anion followed up by protona-
tion (e.g. by traces of water in
the highly hygroscopic acetoni-
trile) can be discussed as well
(Scheme 19).
Both mechanisms are consis-


tent with the observation that
the saturation step is relatively
slow, because neither good hy-
drogen-radical or proton-donor


sources are added under standard reaction conditions. In
order to elucidate this part of the reaction mechanism in
more detail, we carried out deuterium labelling experiments
using the easily synthesizable cyclopropyl ether 52 and vari-
ous mixtures of deuterated and non-deuterated solvents
(Scheme 20). The degree of deuteration was thoroughly ana-


Scheme 13. Reaction pathways in the cascade reactions.


Scheme 14. Diastereoselectivity of the cascade reaction of 13 (only one enantiomer is shown).
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lyzed by mass range optimized
GC-MS of the reaction mix-
tures.
At first sight two aspects can


be concluded from the experi-
mental results. Firstly, either
acetonitrile or water are sour-
ces for the saturation. Secondly,
at least one additional source is
responsible for the saturation of
the final radical. Additionally
the experiments show three in-
teresting effects.


* In deuterated acetonitrile
the deuteration degree of
the exo product is much
larger than that of the endo
product. In contrast in non-
deuterated acetonitrile con-
taining D2O the endo prod-
uct exhibit the larger deut-
eration. This is consistent
with the assumption that
the primary exo radical is
predominately saturated
radically by the acetonitrile
due to its higher reactivity,
while the back electron
transfer protonation reac-
tion pathway play a more
important role in case of the
endo radical.


* The addition of water to
deuterated acetonitrile re-
sults in partially suppression
of the deuteration degree.
Obviously the added water
results in an acceleration of
the non-radical pathway
that is, in this case non-deu-
terated reaction.


* The last effect is the most
interesting. If one compares
the results of CD3CN/10%
D2O with the two comple-
mentary experiments of
CD3CN/10% H2O and
CH3CN/10% D2O] one ob-
servation is amazing. The
grade of deuteration of the
fully deuterated experiment
is much larger than the sum
of the complementary ex-
periments. This indicates a
strong kinetic isotopic of
one or both of the discussed
saturation pathways.


Scheme 15. Partial cyclisation of the 4-substituted starting material 14a,b.


Scheme 16. Regioselectivity controlled by radicalic and radical cationic reaction pathways.


Scheme 17. Radical and radical ionic reaction pathways.
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Finally it can be concluded that the solvent and additional
traces of water in the solvent are important sources for the
saturation of the final radical. One or more additional satu-
ration pathways (e.g. radical saturation pathways from the
sensitizer or the silyl group) are not negligible. On the other
hand, because of the strong kinetic isotopic effects of the
major saturation pathways (acetonitrile/water), these addi-
tional pathways are less important than the quantitative
values in Scheme 20 may suggest.[32]


Theoretical investigation of the selectivities : All cyclisation
cascade reactions exhibit strong cis diastereoselectivities
concerning either the first or the second ring connection.
For a deeper understanding of this selectivity we carried out
quantumchemical calculations.[33] Because of the general ir-


reversibility of radical addition reactions we calculated the
relative energies of the respective transition states. Due to
the large computational cost we confined our calculation to
the radical reaction pathways.
In case of the first (transannular) addition step one has to


take into consideration that the essential Z orientation of
the cyclic enone determines the stereoselectivity of the addi-
tion step. For this reason we calculated the relative energies
of the cis and trans transition states of either the (E)- or the
(Z)-2-heptenen-4-one radical resulting in the corresponding
cis- or trans-3,4-dimethyl-1-cyclopentanone products
(Scheme 21). We used this open chain model compound for
simplification and for circumventing problems while search-
ing the transition states caused by ring strain effects. On the
other hand the geometries of the transition states of the
system are very useful for explaining the selectivities of the
transannular addition (see below).
Interestingly the corresponding cis- and trans-transition


states differ only slightly in energy while the structural dif-


ferences mostly appear in the alignment of the methyl
groups. This alignment is finally the reason for cis-selectivity
in the corresponding cyclic systems. For example, the methyl
groups in the transition state TS1 leading to the trans-prod-
uct starting from the (Z)-olefin include a dihedral angle of
1528. In a cyclic system this dihedral angle would cause such
a large ring strain that the respective product cannot be
formed (Scheme 22).


Scheme 18. Amounts of endo and exo product with 0 and 20% isopropa-
nol.


Scheme 19. Possible saturation pathways.


Scheme 20. Deuteration experiments for elucidation of saturation path-
ways.


Scheme 21. Transition states for the selectivity consideration of the first
addition step.


Scheme 22. Geometries (B3LYP6-31 G*), relative energies [kcalmol�1]
and dihedral angles [8] in the transition states of the first addition step.
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The energy differences of the cis- and the trans transitions
states of the second addition step concerning the simple side
chain starting material 11a,b and 12a,b exhibit a strong
preference of the cis products underlining the experimental
results. Generally the differences of the bicylononenone sys-
tems (starting materials 11b and 12b) are smaller than
those of the bicyclooctanone systems due to the higher ri-
gidity of the latter systems. This indicates that the selectivity
of the second addition step is mostly caused by the rigid ge-
ometry of the bicyclic system formed in the first addition
step (see Table 5)


Additionally stereoelectronic effects may support these
selectivities as shown in Scheme 23. Due to the quasiequato-
rial attack of the olefinic group towards the radical center,
the bond formed in the addition step and the carbonyl p-
bond are nearly perpendicular. This partially suppresses a
possible stabilizing conjugation, which results in a reduced
spin density on the carbonyl oxygen.
For the selectivity calculations (relative energies of the


transition states) of the second addition step of the cyclo-


hexenyl methyl derivatives 13a,b two different diastereoiso-
meric intermediates 45a and 45b must taken into considera-
tion as depicted in Scheme 14. The energy differences in the
respective group of transition states reveal that one diaster-
eoisomer is energetically favored (Table 6). This underlines
the experimental result of finding only two products (start-
ing from two intermediate radicals) and the mechanistic ex-
planation as discussed above (Scheme 14). Interestingly
even simple AM1 calculations, which are known to be not
suitable for evaluating regioselectivities and electronic influ-
ences of radical addition processes,[34] predict the selectivity


of the stereochemistry quite
well. This again indicates that
the stereochemistry of these re-
actions are mostly governed by
steric effects. In case of 13b we
only carried out AM1 calcula-
tion due to the large computa-
tional cost of this relatively
large system.


Conclusion


PET-oxidative initiated reactions of cyclopropyl silyl ethers
were carried out via b-carbonyl radical cationic and radical
species generated by nucleophile assisted cleavage of a
formal trimethyl silyl cation. These highly reactive inter-
mediates react in radical/radical cationic reaction cascade
reactions to polycyclic compounds, which have been struc-
turally assigned by multiple NMR experiments supported by
force field calculations. Due to the slow termination step


partially cyclized products were
not observed except for 14. The
termination step was proven to
be either a hydrogen radical
transfer from the solvent (ace-
tonitrile) or a stepwise electron
transfer/protonation by traces
of water in the solvent process.
The experimentally found ster-
eoselectivities were evaluated
and confirmed by quantum
chemical calculations.


Table 5. Energy differences of the trans- and cis-transition states of the second addition step (B3LYP6-31 G*).


Substrate Mode of Cyclisation E=Etrans�Ecis[a] Substrate Mode of Cyclisation E=Etrans�Ecis[a]


11a 6-endo 11.4 11b 6-endo 7.4
5-exo trans[b] 20.2 5-exo trans[b] 15.9
5-exo cis[b] 21.4 5-exo cis[b] 16


12a 6-endo 13.8 12b 6-endo 13.7
5-exo 21.0 5-exo 18.1


[a] cis and trans concerning the ring junction of the second addition step. [b] cis and trans concerning the align-
ment of the methyl group (product 36 or 37).


Scheme 23. 6-endo cis- and trans-transition states geometries (spin density: balls).


Table 6. Relative energies of the transition states of the second addition step of the cyclisation of 13 (cf. Scheme 14).


Diastereoisomers Precursor 13a 13a 13b
radical AM1 B3LYP6-31 G* AM1


5-exo 6-endo 5-exo 6-endo 5-exo 6-endo


cis/cis/cisoid/cis 45a �0.0[a] 10.2 � 0.0[a] 8.2 �0.0[a] 13.3
cis/cis/transoid/trans 45a 8.7 50.7 7.5 48.1 10.1 51.3
cis/trans/transoid/cis 45a 17.6 17.6 15.0 17.0 20.2 25.4
cis/trans/cisoid/trans 45a 41.3 78.2 39.2 76.4 37.7 73.2
cis/cis/transoid/cis[a] 45b �0.0[a] 8.3 �0.0[a] 7.4 �0.0[a] 9.8
cis/cis/cisoid/trans 45b 10.8 53.6 11.3 53.3 9.0 50.5
cis/trans/cisoid/cis 45b 25.8 26.2 23.57 25.1 26.2 30.0
cis/trans/transoid/trans 45b 31.2 38.9 29.4 37.7 30.8 66.6


[a] Relative energies [kcalmol�1] were calculated within a group of the same radical precursor (45a or 45b).
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Experimental Section


General remarks : Melting points are uncorrected. IR: Perkin±Elmer IR-
spectrometer 841 or Perkin±Elmer FT-IR-spectrometer1600.
1H NMR:NMR : Bruker AC200P (200.132 MHz), AM250
(250.133 MHz), AM300 (300.133 MHz) or DRX500 (500.132 MHz); in-
ternal standard: TMS (0.00 ppm), CHCl3 (7.24 ppm), C6H6 (7.15 ppm).
13C NMR: Bruker AC 200 P (50.323 MHz), AM250 (62.896 MHz),
AM300 (75.469 MHz) or DRX500 (125.772 MHz); internal Standard:
TMS (0.00 ppm), CDCl3 (77.00 ppm), C6D6 (128.00 ppm). Mass spectrom-
etry: Micromass VG Autospec X or Finnigan MAT 8230. GC/MS: Shi-
madzu GC-17A ver. 3/MS QP 5050 A using Hewlett Packard 5MS (25 m,
0.2 mm, 0.33 mm) column, carrier gas: helium, pressure: 0.95 bar. GC:
Shimadzu GC-17A/ver. 3, FID detector, using Class VP 4.2 software; Sie-
mens Sichromat 3, FID detector, Specta Physics Integrator SP 4290; Sie-
mens Sichromat 1-4, FID detector, Spectra Physics Integrator SP 4400;
columns: Hewlett-Packard Ultra 2 (25 m, 0.2 mm, 0.33 mm), Hewlett-
Packard 1MS (25 m, 0.2 mm, 0.33 mm), Hewlett-Packard 5MS (25 m,
0.2 mm, 0.33 mm); carrier gas: nitrogen. Preparative GC: Hewlett-Pack-
ard 5890 Series II; injektor and automatic fraction collector Fa. Gerstel;
autosampler Hewlett-Packard 7673; column: Hewlett-Packard HP5
(30 m, 0.53 mm, 5.0 mm); carrier gas hydrogen (0.35±0.5 bar). HPLC:
Kontron pump 420 or Merck pump L-6000; RI-detector Bischoff RI
8110; column 250 î 20 mm Merck LiChrosorb Si 60-7; flow 10 mLmin�1;
reversed phase HPLC: column Macherey und Nagel PREP 2025 (250î
20 mm) LiChrosorb RP 18 7.0 mm, precolumn: PREP 2005 (50 î 20 mm)
LiChrosorb RP 18 7.0 mm, flow 10 mLmin�1.


NMR spectroscopy: 1H NMR chemical shifts have been assigned either
by thoroughly evaluation of the coupling patterns or by determination of
the center of gravity of the HSQC/HMQC[35] correlation signals in case
of complex overlapping multiplet signals. In the latter case the stated ac-
curacy (digits) in experimental data reflects the resolution of the experi-
ments used. All experiments for accurate signal assignments are stated in
experimental data.


Compounds 1b±d,[17,36] 3,[37] 22,[17] the bromides[21±24,38] and the sensitiz-
ers[39,40] were synthesized following known procedures.


General procedure A (hydroboration of olefins using 9-BBN): A 1.0m
borane solution (1.00 L, 1.00 mol) in THF was placed in a dry apparatus
under argon atmosphere and cooled to 0±5 8C. 1,5-Cyclooctadiene (110 g,
1.02 mol) was added while inner temperature did not raise above 25 8C.
The solution was diluted with dry THF (600 mL) and heated under
reflux for 1 h.


The above 9-BBN solution was cooled to 0±5 8C and the respective olefin
(700 mmol) was added while the temperature was kept below 25 8C. The
solution was stirred at room temperature for 48 h.


Ethanol (400 mL) and a 6n caustic soda solution (140 mL) were subse-
quently added. A 30% hydrogen peroxide solution (280 mL) was added
such that the solution was gently boiling. The reaction was heated under
reflux for 1 h and cooled to room temperature. The solution was saturat-
ed under vigorous stirring with potassium carbonate. The organic layer
was separated and the remaining viscous aqueous layer was washed sev-
eral times with Et2O (4î50 mL). The volatile compounds were carefully
removed in vacuum from the combined organic layers using low water
bath temperature and protective shield. The residue was diluted in Et2O
(500 mL), eventually separating water was pipetted out and the organic
layer was dried over potassium carbonate. The volatile components were
carefully removed using an rotational evaporator (see below). Finally the
remaining viscous residue had to be kept at for 2 h at 1±2 mbar in order
to remove last traces of THF and ethanol. The residue was diluted with
ethyl acetate (300 mL) and cyclohexane was added until slight persisting
turbidity. For crystallization of the by-product (1,5-dihydroxycyclooctane)
the mixture was first kept at room temperature and then at 4 8C for some
hours. The bulb was heated to room temperature and cyclohexane was
added again until slight persisting turbitity. The crystallisation procedure
was repeated until most of the 1,5 dihydroxycyclooctane was removed.


The supernatant was decanted and the remaining 1,5-dihydroxycyclooc-
tane was washed with cyclohexane/ethyl acetate (95:5). The combined or-
ganic layers were evaporated and the remaining residue was purified by
fast chromatography.


General procedure B (Swern oxidation): Oxalylchloride (20.0 mL,
220 mmol) and methylene chloride (250 mL) were placed in a dry appa-
ratus under argon atmosphere and cooled to �78 8C. Dry DMSO
(34.0 mL, 440 mmol) diluted with dry methylene chloride (30 mL) was
added at this temperature during 30 min. The respective alcohol
(100 mmol) dissolved in dry methylene chloride (100 mL) was added
during 30 min and the mixture was stirred for additional 30 min. Triethyl-
amine (70 mL, 500 mmol) was added during 30 min and the mixture was
warmed to �10 8C and kept at this temperature for 30 min. Water
(100 mL) was added and the mixture was warmed to room temperature.
The precipitating salts were mainly diluted by adding water. The organic
layer was separated and the aqueous was extracted five times with meth-
ylene chloride. The combined organic layers were dried over Na2SO4 and
evaporated.


The remaining residue was purified either by column chromatography or
by distillation.


1,4-Dioxaspiro[4.6]undecan-7-ol (23a): Hydroboration of 1,4-dioxaspiro-
[4.6]undec-6-ene (22a ; 108 g, 700 mmol) was carried out according to
GPA. Chromatography on silica gel (cyclohexane/ethyl acetate 55:45)
yielded the title compound as a colorless oil (98.5 g, 82%). NMR (1H,1H-
COSY, 13C,13C-DEPT, HMQC); 1H NMR (500 MHz, CDCl3, ref. CHCl3):
d=1.35±1.44 (m, 1H, 9-H), 1.41±1.58 (m, 2H, 10-H), 1.55±1.63 (m, 1H,
8-H), 1.60±1.68 (m, 1H, 11-H), 1.63±1.72 (m, 1H, 9-H), 1.803 (ddd, J=
3.4/8.0/14.6 Hz, 1H, 11-H), 1.896 (dddd, J=3.5/3.5/7.1/13.7 Hz, 1H, 8-H),
1.93±2.04 (m, 2H, 6-H), 3.80±3.91 (m, 4H, 3-H/4-H), 3.84±3.91 (m, 4H, 7-
H); 13C NMR (125 MHz, CDCl3, ref. CDCl3): d=22.71 (C-10), 24.08 (C-
9), 38.09 (C-8), 38.53 (C-11), 46.17 (C-6), 63.92 (C-2), 64.09 (C-3), 67.89
(C-7), 110.79 (C-5); IR (film): ñ = 3432, 2951, 2678, 1451, 1370, 1299,
1211, 1184, 1131, 1094, 1027, 972, 947, 902, 870, 812, 785, 695 cm�1; GC-
MS (70 eV): m/z (%): 172 (1) [M +], 155 (10), 127 (3), 116 (6), 115 (100),
114 (3), 113 (7), 112 (3), 111 (4), 110 (5), 102 (9), 101 (4), 100 (9), 99
(81), 95 (3), 89 (3), 87 (18), 86 (22), 85 (9), 84 (10), 83 (5), 82 (5), 81 (7),
79 (5), 77 (3), 73 (7), 71 (16), 69 (6), 68 (3), 67 (15), 66 (3), 65 (3), 59 (3),
58 (11), 57 (22), 56 (10), 55 (58), 54 (5), 53 (10), 45 (14), 44 (11), 43 (61),
42 (20), 41 (34), 40 (4), 39 (11), 29 (16), 28 (8), 27 (10); GC-MS (CI): m/z
(%): 175 (1) [MH++2], 174(9) [MH++1], 173(100) [MH+].


1,4-Dioxaspiro[4.6]undecan-7-one (15a): 1,4-Dioxaspiro[4.6]undecan-7-ol
(23a ; 164 g, 952 mmol) was oxidized according to GP B. The distillation
of the crude product in vacuo yielded in the title compound as a slightly
yellow oil (138 g, 85%). NMR (1H,1H-COSY, 13C,13C-DEPT, HMQC):
1H NMR (500 MHz, CDCl3, ref. CHCl3): d=1.71±1.81 (m, 4H, 9-H/10-
H), 1.898 (m, 2H, 11-H), 2.473 (m, 2H, 8-H), 2.840 (d, J=0.7 Hz, 2H, 6-
H), 3.885±3.965 (m, 4H, 2-H/3-H); 13C NMR (125 MHz, CDCl3, ref.:
CDCl3): d=23.38 (C-9), 24.29 (C-10), 39.97 (C-11), 43.50 (C-8), 53.11 (C-
6), 64.31 (C-2/C-3), 107.35 (C-5), 209.14 (C-7); IR (film): ñ = 2940, 1702,
1451, 1369, 1282, 1242, 1199, 1081, 1044, 1017, 1000, 978, 948, 909, 863,
835, 791, 737 cm�1; GC-MS (70 eV): m/z (%): 170 (2) [M +], 114 (3), 113
(40), 112 (82), 100 (11), 99 (100), 97 (7), 87 (5), 86 (51), 85 (3), 84 (3), 83
(4), 82 (3), 81 (5), 79 (4), 70 (4), 69 (12), 68 (7), 67 (10), 56 (12), 55 (63),
54 (7), 53 (11), 45 (5), 44 (3), 43 (29), 42 (48), 41 (43), 40 (8), 39 (26), 29
(17); GC-MS (CI): m/z (%): 172 (16) [MH++1], 171 (100) [MH+].


3-Ethoxy-2-cyclohepten-1-one (19a): 1,4-Dioxaspiro[4.6]dodecan-7-ol
(23a ; 17.2 g, 100 mmol) was oxidized according to GP B without purifica-
tion. The crude product was diluted with Et2O (300 mL) and 1m H2SO4


(50 mL) was added; the reaction mixture was vigorously stirred for 2 h.
The aqueous layer was separated and additional 1m H2SO4 (50 mL) was
added to the organic layer and the reaction mixture was stirred for 2 h.
The procedure was repeated until complete removal of the acetal group
(GC control).


The combined aqueous layers were extracted with Et2O (6î50 mL). The
combined organic layers were dried over Na2SO4 and the solvent was re-
moved in vacuo. The residue was diluted in dry chloroform (400 mL) and
ethanol (14.5 mL, 250 mmol) and p-toluenesulfonic acid (1.0 g, 5.8 mmol)
were added. The mixture was heated under reflux for 36 h while the
water formed was removed by a dropping funnel filled with freshly acti-
vated molecular sieve (4) ä). The solution was cooled to room tempera-
ture, water-free sodium carbonate (10 g) were added and the mixture was
stirred for 10 min. The solid residue was filtered out and the filter cake
was washed with chloroform. The solvent was removed and the residue
was preliminarily cleaned by kugelrohr distillation (0.05 mbar). Chroma-
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tography on silica gel (cyclohexane/ethyl acetate 30:70) yielded the title
compound as a colorless oil (9.56 g, 62%).


Note : Both the acetal cleavage and the vinylogous esterification should
be carried out under GC control while the probe should be deacidified
before analysis by filtration over sodium carbonate. NMR (1H,1H-COSY,
13C,13C-DEPT, HMQC): 1H NMR (500 MHz, CDCl3, ref. CHCl3): d=


1.299 (t, J=7.0, 3H, 2’-H), 1.72±1.85 (m, 4H, 4-H/7-H), 2.50±2.56 (m,
4H, 5-H/6-H), 3.753 (q, J=7.0 Hz, 2H, 1’-H), 5.330 (s, 1H, 2-H);
13C NMR (125 MHz, CDCl3, ref. CDCl3): d=13.96 (C-2’), 21.01 (C-6)*,
23.28 (C-5)*, 32.71 (C-4), 41.37 (C-7), 63.90 (C-1’), 105.50 (C-2), 176.04
(C-3), 202.12 (C-1); *: signal assignments are mutual interchangeable; IR
(film): ñ = 2986, 2945, 2873, 1699, 1647, 1607, 1476, 1453, 1423, 1378,
1361, 1340, 1324, 1266, 1238, 1184, 1145, 1112, 1092, 1055, 1032, 957, 898,
865, 810 cm�1; GC-MS (70 eV): m/z (%): 155 (5) [M ++1], 154 (49) [M +


], 126 (15), 125 (62), 112 (2), 109 (7), 108 (3), 98 (18), 97 (76), 85 (5), 84
(12), 83 (7), 82 (10), 81 (12), 80 (3), 79 (7), 77 (3), 71 (4), 70 (9), 69 (100),
68 (5), 67 (13), 66 (3), 57 (6), 56 (2), 55 (43), 54 (12), 53 (16), 43 (10), 42
(8), 41 (42), 39 (22), 29 (41), 28 (12), 27 (41); GC-MS (CI): m/z (%): 156
(10) [MH++1], 155(100) [MH+].


1,4-Dioxaspiro[4.7]dodecan-7-ol (23b): Hydroboration of 1,4-dioxaspiro-
[4.7]dode-6-ene (22b ; 108 g, 700 mmol) was carried out according to
GPA. Chromatography on silica gel (cyclohexane/ethyl acetate 50:50)
yielded the title compound as a white solid (70.8 g, 76%); m.p. 48 8C;
NMR (1H,1H-COSY, 13C,13C-DEPT): 1H NMR (500 MHz, CDCl3, ref.
CHCl3): d=1.34 (ddddd, J=2.0/3.2/9.2/9.2/14.8 Hz, 1H, 10-H), 1.44±1.53
(m, 2H, 11-H), 1.59 (m, 1H, 8-H), 1.57±1.79 (m, 4H, 9-H/10-H/12-H),
1.85 (ddd, J=0.9/10.0/14.9 Hz, 1H, 12-H), 2.01 (m, 1H, 8-H), 2.03 (dd,
J=6.8/14.8 Hz, 1H, 6-H), 2.07 (dd, J=3.2/14.8 Hz, 1H, 6-H), 2.46 (s, 1H,
7-H(OH)), 3.87±3.97 (m, 5H, 2-H/3-H/7-H); 13C NMR (125 MHz, CDCl3,
ref. CDCl3): d=22.36 (C-9)*1, 22.36 (C-11)*1, 28.90 (C-10), 35.70 (C-
12)*2, 36.32 (C-8)*2, 40.03 (C-6), 63.98 (C-2)*3, 64.47 (C-3)*3, 68.55 (C-7),
111.54 (C-5); *: signal assignments are mutual interchangeable; IR (film):
ñ = 3432, 2931, 1693, 1468, 1359, 1282, 1224, 1146, 1114, 1050, 1006, 976,
948, 860, 836, 813, 777, 739 cm�1; GC-MS (70 eV): m/z (%): 186 (<1)
[M +], 169 (14), 143 (4), 141 (6), 125 (6), 124 (5), 116 (5), 115 (74), 113
(8), 102 (4), 100 (5), 99 (68), 97 (3), 96 (3), 95 (3), 94 (3), 87 (24), 86 (81),
83 (3), 81 (10), 80 (3), 79 (7), 73 (7), 72 (4), 71 (22), 70 (3), 69 (8), 68 (3),
67 (10), 65 (3), 59 (7), 58 (11), 56 (9), 55 (86), 54 (8), 53 (14), 51 (3), 45
(15), 44 (19), 43 (100), 42 (37), 41 (46), 40 (7), 39 (22), 32 (9), 31 (8), 29
(32), 28 (36), 27 (25), 26 (3).


3-(Ethoxy)-2-cycloocten-1-one (19b): 1,4-Dioxaspiro[4.7]undecan-7-ol
(23b ; 18.6 g, 100 mmol) was treated analogously to the synthesis of 3-
(ethoxy)-2-cyclohepten-1-one (see above). Purification by kugelrohr dis-
tillation (0.05 mbar) and chromatography on silica gel (cyclohexane/ethyl
acetate 20:80) yielded the title compound as a colorless oil (10.8 g, 64%).


Note : Both the acetal cleavage and the vinylogous esterification should
be carried out under GC control, while the probe should be deacidified
before analysis by filtration over sodium carbonate. NMR (1H,1H-COSY,
13C-APT, HMQC); 1H NMR (500 MHz, CDCl3, ref. CHCl3): d=1.30 (t,
J=7.0 Hz, 3H, 2’-H), 1.52±1.57 (m, 2H, 6-H), 1.61±1.72 (m, 4H, 5-H/7-
H), 2.73 (t, J=7.4 Hz, 2H, 8-H), 2.75 (t, J=7.0 Hz, 2H, 4-H), 3.77 (q,
J=7.0 Hz, 2H, 1’-H), 5.54 (s, 1H, 2-H); 13C NMR (125 MHz, CDCl3, ref.
CDCl3): d=13.92 (C-2’), 22.76 (C-5)*, 22.97 (C-7)*, 23.39 (C-6), 32.76
(C-4), 41.13 (C-8), 63.61 (C-1’), 108.19 (C-2), 171.91 (C-3), 200.85 (C-1);
*: signal assignments are mutual interchangeable; IR (film): ñ = 2986,
2938, 2863, 1639, 1602, 1475, 1451, 1379, 1363, 1343, 1308, 1259, 1229,
1178, 1161, 1129, 1112, 1092, 1075, 1036, 946, 850, 825, 786, 748 cm�1;
GC-MS (70 eV): m/z (%): 169 (4) [M ++1], 168 (27) [M +], 141 (4), 140
(40), 139 (11), 126 (10), 125 (83), 113 (8), 112 (13), 111 (12), 110 (8), 98
(20), 97 (100), 96 (3), 95 (4), 94 (3), 86 (9), 84 (37), 83 (27), 82 (7), 81
(10), 80 (10), 79 (10), 77 (7), 71 (7), 70 (9), 69 (76), 68 (17), 67 (15), 66
(9), 65 (5), 58 (9), 56 (7), 55 (78), 54 (8), 53 (18), 52 (3), 51 (3), 43 (32),
42 (23), 41 (44), 40 (11), 39 (35), 29 (46), 28 (15), 27 (33); GC-MS (CI):
m/z (%): 170 (11) [MH++1], 169 (100) [MH+].


General procedure C (synthesis of 3-substituted enones by reaction of
semiprotected b-diketones with Grignard reagents): Magnesium (1.23 g,
50.0 mmol) and dry THF (30 mL) were placed in a dry apparatus under
argon atmosphere and treated with ultrasound at 0 8C for 1 h. The cool-
ing source was removed and the bromine compound (45.0 mmol) was
added such that the solution was slightly boiling. Then the mixture was


heated under reflux for 1 h and the respective semiprotected b-diketone
(35.0 mmol) in dry THF (20 mL) was added followed by heating under
reflux for 1 h. Water (5 mL) and a saturated ammonium chloride solution
(15 mL) were added carefully for hydrolysis and the mixture was stirred
for 10 min.


Acetone (20 mL), a saturated ammonium chloride solution (10 mL),
water (10 mL) and 85% phophoric acid (8 mL) were added and stirred
over night for complete hydrolysis of the acetal. The organic layer was
separated and the aqueous layer was extracted with Et2O (4î50 mL).
The combined organic layers were evaporated, the residue was diluted in
Et2O (100 mL), washed with saturated sodium bicarbonate (10 mL) and
dried over Na2SO4. The solution was evaporated, the residue was diluted
in n-pentane (200 mL), 85% phosphoric acid (5 mL) were added and the
mixture was vigorously stirred for 24±72 h until complete conversion.


Water (10 mL) and a saturated sodium bicarbonate solution (60 mL)
were added and the aqueous layer was saturated with sodium bicarbon-
ate. The aqueous layer was separated and extracted Et2O (3î). The com-
bined organic layers were dried over Na2SO4 and evaporated. The re-
maining residue was purified either by column chromatography or by dis-
tillation.


Note : Both the acetal cleavage and the elimination should be carried out
under GC control.


General procedure D (synthesis of 3-substituted enones by reaction of vi-
nylogous esters with Grignard reagents): The Grignard reagent was pre-
pared analogously to the GP C. The respective vinylogous ester
(35.0 mmol) in dry THF (20 mL) was added and the solution was heated
under reflux for 1 h. Water (10 mL) was added carefully. The mixture
was acidified (pH 1±2) by adding 2m HCl and stirred for 2 h. The organic
layer was separated and the aqueous was extracted four times with Et2O
(50 mL). The combined organic layers were washed with aq sat NaHCO3


and dried over Na2SO4. The solvent was evaporated and the residue was
purified by column chromatography.


General procedure E (synthesis of 3-substituted enones by reaction of
semiprotected b-diketones with lithium organic reagents): Lithium
(1.04 g, 150.0 mmol) as a suspension in n-hexane were placed in an dry
apparatus under argon atmosphere. A large excess of lithium generally
did not reduce the yield, but in these reactions the hydrolysis must be
carried out very cautiously. The solvent was carefully evaporated, dry
Et2O (70 mL) was added and the mixture was treated with ultrasound at
0 8C for 3 h. A solution (0.5 mL) of the respective bromine (50.0 mmol)
in dry Et2O (10 mL) was added at room temperature. The mixture was
cooled to �18 8C and the remaining bromine solution was added within
30 min and stirred for additional 60 min. While cooling the reaction
vessel with dry ice/acetone, the respective carbonyl compound
(40.0 mmol) in dry Et2O (10 mL) was added to the lithium organyl solu-
tion within 10 min. The mixture was stirred for 2 h at �18 8C and for
30 min at 0 8C. The hydrolyzation was carefully (!!) carried out by succes-
sive addition of ethanol and water saturated ammonium chloride solu-
tion. The organic layer was separated and the aqueous was extracted
with Et2O (5î50 mL). The combined organic layers were evaporated,
the diphasic residue was diluted with Et2O (50 mL), acetone (20 mL) and
2m phosphoric acid (20 mL) and stirred until complete hydrolysis of the
acetal group (GC control). The aqueous layer was separated and extract-
ed with Et2O (4î50 mL). The combined organic layers were evaporated
and the residue was disoolved in Et2O (100 mL), washed with aq sat
NaHCO3 (10 mL) and dried over Na2SO4. The solution was evaporated
and diluted with n-pentane (200 mL). 85% Phosphoric acid (5 mL) was
added and the mixture was vigorously stirred for 24±72 h until complete
conversion.


Water (10 mL) and aq sat NaHCO3 (60 mL) were added and the aqueous
layer was saturated with sodium bicarbonate. The aqueous layer was sep-
arated and extracted with Et2O (3î). The combined organic layers were
dried over Na2SO4 and evaporated.


The remaining residue was purified either by column chromatography or
by distillation.


Caution : Both the acetal cleavage and the elimination should be carried
out under GC control. The excess of the ultrasound activated lithium
powder is highly pyrophoric.


General procedure F (synthesis of 3-substituted enones by reaction of vi-
nylogous esters with lithium organic reagents): The lithium organyl solu-
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tion was prepared analogous to GP D. The respective vinylogous ester
(40.0 mmol) in dry Et2O (10 mL) was added at �78 8C (dry ice/acetone
cooling) within 10 min. The mixture was warmed to �18 8C, stirred for
2 h, warmed to 0 8C and stirred for 30 min. Then it was carefully (!!) hy-
drolyzed by successive addition of ethanol and aq sat NH4Cl.


The mixture was acidified (pH 1±2) by adding 2m HCl and stirred for
2 h. The organic layer was separated and the aqueous was extracted with
Et2O (4î50 mL). The combined organic layers were evaporated and the
residue was diluted with Et2O (100 mL), washed with aq sat NaHCO3


and dried over Na2SO4. The solvent was evaporated and the residue was
purified by column chromatography.


3-(3-Butenyl)-2-cyclohepten-1-one (4a): Following GP C 1,4-dioxaspiro-
[4.6]undecan-7-on (15a ; 7.54 g, 44.3 mmol) was treated with 4-bromobut-
1-ene. Chromatography on silica gel (cyclohexane/ethyl acetate 9:1)
yielded 3-(3-butenyl)-2-cyclohepten-1-one (4a ; 4.36 g, 60%). NMR
(1H,1H-COSY, 13C,13C-DEPT, HMQC, HMBC); 1H NMR (500 MHz,
CDCl3, ref.: CHCl3): d=1.70±1.76 (m, 2H, 6-H), 1.74±1.80 (m, 2H, 5-H),
2.18±2.25 (m, 2H, 2’-H), 2.25±2.29 (m, 2H, 1’-H), 2.32±2.36 (m, 2H, 6-H),
2.47±2.51 (m, 2H, 7-H), 4.913 (tdd, J=1.3/2.9/10.2 Hz, 1H, 4’-H), 4.96
(tdd, J=1.5/2.9/16.9 Hz, 1H, 4’-H), 5.70 (tdd, J=6.3/10.2/16.9 Hz, 1H, 3’-
H), 5.82 (s, 1H, 2-H); 13C NMR (125 MHz, CDCl3, ref.: CDCl3): d=21.07
(C-6), 24.88 (C-5), 31.57 (C-2’), 32.42 (C-4), 40.11 (C-1’), 42.00 (C-7),
115.32 (C-4’), 129.35 (C-2), 137.01 (C-3’), 161.01 (C-3), 203.88 (C-1); IR
(film): ñ = 3082, 2942, 2870, 1660, 1452, 1417, 1372, 1344, 1266, 1199,
1122, 1050, 995, 912, 877 cm�1; GC-MS (70 eV): m/z (%): 164 (8) [M +],
149 (3), 136 (8), 135 (22), 122 (5), 121 (9), 120 (10), 109 (25), 108 (7), 107
(19), 106 (3), 105 (5), 104 (5), 98 (5), 97 (3), 96 (3), 95 (31), 94 (19), 93
(48), 92 (8), 91 (38), 82 (10), 81 (36), 80 (37), 79 (93), 78 (13), 77 (42), 68
(7), 67 (40), 66 (12), 65 (17), 55 (18), 54 (7), 53 (26), 52 (4), 51 (6), 43 (5),
42 (7), 41 (100), 40 (13), 39 (78), 38 (3), 29 (35), 28 (13), 27 (43), 26 (4);
GC-MS (CI): m/z (%): 167 (1) [MH++2], 166 (12) [MH++1], 165 (100)
[MH+]; elemental analysis calcd (%) for C11H16O1 (164.24): C 80.44, H
9.82; found: C 80.37, H 9.85.


3-[4-(Trimethylsilyl)-3-butynyl]-2-cyclohepten-1-one : Following GP C
1,4-dioxaspiro[4.6]undecan-7-on (15a ; 16.5 g, 96.9 mmol) was treated
with 4-bromo-1-trimethylsilylbut-1-yne. Chromatography on silica gel
(cyclohexane/ethyl acetate 8:2) yielded 3-(2-butynyl)-2-cyclohepten-1-one
(5a ; 1.10 g, 7%) and 3-[4-(trimethylsilyl)-3-butynyl]-2-cyclohepten-1-one
(7.27 g, 32%) as colorless oils. NMR (1H,1H-COSY, 13C-APT, HMQC):
1H NMR (500 MHz, CDCl3, ref.: CHCl3): d=0.10 (s, 9H, 1’’-H), 1.73±
1.89 (m, 4H, 5-H/6-H), 2.35±2.43 (m, 6H, 4-H/1’-H/2’-H), 2.55 (m, 2H, 7-
H), 5.89 (s, 1H, 2-H); 13C NMR (125 MHz, CDCl3, ref.: CDCl3): d=


�0.12 (C-1’’), 18.49 (C-2’), 21.03 (C-6), 24.91 (C-5), 32.29 (C-4), 39.35 (C-
1’), 42.03 (C-7), 85.85 (C-4’), 105.14 (C-3’), 129.93 (C-2), 159.13 (C-3),
203.70 (C-1); IR (film): ñ = 2960, 2871, 2177, 1664, 1451, 1424, 1372,
1331, 1249, 1199, 1040, 842, 759 cm�1; GC-MS (70 eV): m/z (%): 234 (5)
[M +], 233 (5), 220 (8), 219 (30), 206 (6), 205 (7), 193 (4), 192 (3), 191 (8),
177 (6), 165 (4), 163 (4), 161 (7), 160 (5), 159 (3), 151 (3), 149 (5), 147
(6), 146 (3), 145 (13), 143 (7), 135 (6), 133 (8), 132 (40), 131 (11), 130 (6),
129 (9), 128 (4), 121 (4), 119 (4), 117 (14), 116 (3), 115 (8), 110 (3), 109
(9), 106 (3), 105 (6), 104 (8), 99 (3), 97 (7), 96 (9), 95 (9), 93 (5), 92 (4),
91 (18), 89 (3), 85 (3), 83 (15), 82 (3), 81 (17), 80 (3), 79 (11), 77 (11), 76
(5), 75 (60), 74 (9), 73 (100), 69 (6), 68 (3), 67 (8), 66 (3), 65 (4), 61 (4),
59 (16), 55 (8), 53 (7), 51 (4), 45 (9), 43 (9), 41 (11), 39 (7).


3-(2-Butynyl)-2-cyclohepten-1-on (5a): 3-[4-(Trimethylsilyl)-3-butynyl]-2-
cyclohepten-1-one (6.50 g, 27.7 mmol) was diluted in THF (50 mL) and
water (1 mL) and cooled to �78 8C. Tetrabutylammonium fluoride hexa-
hydrate (14.5 g, 39.5 mmol) in THF (50 mL) was slowly added, the solu-
tion was slowly warmed to room temperature and stirred for 30 min.
Brine (20 mL) and Et2O (200 mL) were added and the organic layer was
separated, dried over Na2SO4 and evaporated. Chromatography on silica
gel (cyclohexane/ethyl acetate 85:15) yielded a colorless oil (4.36 g,
97%). NMR (1H,1H-COSY, 13C,13C-DEPT, HMQC): 1H NMR (500 MHz,
CDCl3, ref.: CHCl3): d=1.72±1.82 (m, 4H, 5-H/6-H), 1.958 (t, J=2.3 Hz,
2H, 4’-H), 2.33±2.42 (m, 6H, 4-H/1’-H/2’-H), 2.55 (m, 2H, 7-H), 5.90 (s,
1H, 2-H); 13C NMR (125 MHz, CDCl3, ref.: CDCl3): d=16.88 (C-4’),
21.00 (C-6), 24.88 (C-5), 32.28 (C-4), 39.07 (1’), 42.02 (C-7), 69.40 (C-4’),
82.47 (C-3’), 129.77 (C-2), 158.88 (C-3), 203.76 (C-3); IR (film): ñ =


3297, 2938, 2871, 2175, 1660, 1450, 1373, 1345, 1258, 1201, 1118, 1053,
877, 844, 760, 632 cm�1; GC-MS (70 eV): m/z (%): 163 (1) [M ++1], 162
(7) [M +], 161 [(M�1)+] (8), 147 (9), 134 (10), 133 (23), 131 (3), 129 (6),


121 (4), 120 (9), 119 (17), 118 (6), 117 (5), 115 (3), 109 (13), 107 (5), 106
(15), 105 (34), 104 (6), 103 (6), 95 (14), 94 (7), 93 (11), 92 (31), 91 (100),
89 (3), 84 (3), 81 (14), 80 (6), 79 (40), 78 (19), 77 (33), 68 (4), 67 (18), 66
(8), 65 (19), 63 (4), 55 (16), 54 (4), 53 (25), 52 (11), 51 (15), 50 (4), 43 (3),
42 (5), 41 (32), 40 (7), 39 (39), 38 (3), 29 (7), 28 (7), 27 (19); GC-MS
(CI): m/z (%): 165 (2) [MH++2], 164 (11) [MH++1], 163 (100) [MH+];
HRMS: m/z : calcd for C11H13O: 161.0959, found: 161.0966 [(M�1)+].
3-(2-Cyclohexenylmethyl)-2-cyclohepten-1-one (6a): According to the
GP E 1,4-dioxaspiro[4.6]undecan-7-one (15a ; 2.21 g, 13.0 mmol) was
treated with 3-bromomethyl-1-cyclohexene. Chromatography on silica gel
(cyclohexane/ethyl acetate 9:1) yielded a colorless oil (1.25 g, 47%).
NMR (1H,1H-COSY, 13C,13C-DEPT, HMQC, HMBC); 1H NMR
(500 MHz, CDCl3, ref.: CHCl3): d=1.16±1.24 (m, 1H, 6’’-H), 1.45±1.55
(m, 1H, 5’’-H), 1.65±1.75 (m, 2H, 5’’-H/6’’-H), 1.75±1.79 (m, 4H, 5-H/6-
H), 1.94±1.98 (m, 2H, 4’’-H), 2.10 (dd, J=8.2/13.1 Hz, 1H, 1’-H), 2.18
(ddd, J=0.9/6.9/13.1 Hz, 1H, 1’-H), 2.26±2.35 (m, 1H, 1’’-H), 2.38±2.41
(m, 2H, 4-H), 2.54±2.57 (m, 2H, 7-H), 5.48 (dddd, J=2.4/2.4/2.4/10.0 Hz,
1H, 2’’-H), 5.68 (dddd, J=2.4/3.8/3.8/10.0 Hz, 1H, 3’’-H), 5.88 (s, 1H, 2-
H); 13C NMR (125 MHz, CDCl3, ref.: CDCl3): d=20.99 (C-5’’)*, 21.08
(C-6)*, 24.93 (C-5), 25.03 (C-4’’), 28.83 (C-6’’), 32.17 (C-4), 33.21 (C-1’’),
41.98 (C-7), 47.74 (C-1’), 127.86 (C-3’’), 130.32 (C-2’’), 130.72 (C-2),
160.25 (C-3), 203.81 (C-1); IR (film): ñ = 3022, 2934, 2865, 1660, 1447,
1371, 1344, 1320, 1267, 1201, 1045, 953, 882, 863, 722, 699, 676 cm�1; GC-
MS (70 eV): m/z (%): 204 (3) [M +], 125 (5), 124 (54), 109 (6), 96 (5), 95
(3), 91 (8), 83 (3), 82 (10), 81 (100), 80 (7), 79 (39), 78 (3), 77 (15), 69 (3),
67 (10), 66 (6), 65 (7), 55 (14), 53 (27), 51 (3), 43 (7), 41 (40), 39 (18), 29
(7), 27 (9); GC-MS (CI): m/z (%): 207 (2) [MH++2], 206 (17) [MH+


+1], 205 (100) [MH+]; HRMS: m/z : calcd for C14H20O: 204.1514, found:
204.1518; elemental analysis calcd (%) for C14H20O (204.31): C 82.30, H
9.87; found: C 82.20, H 10.20.


3-(3-Butenyl)-2-cycloocten-1-one (4b): Following GP D 3-(ethoxy)-2-cy-
cloocten-1-one (19b ; 2.50 g, 14.9 mmol) was treated with 4-bromobut-1-
ene. Chromatography on silica gel (cyclohexane/ethyl acetate 9:1) yield-
ed the title compound (1.87 g, 71%). NMR (1H,1H-COSY, 13C-APT,
HMQC, HMBC): 1H NMR (500 MHz, CDCl3, ref.: CHCl3): d=1.50 (m,
2H, 6-H), 1.61 (tt, J=6.0/6.8 Hz, 2H, 5-H), 1.714 (m, 2H, 7-H), 2.17±2.26
(m, 4H, 1’-H/2’-H), 2.56 (t, J=6.8 Hz, 2H, 4-H), 2.68 (t, J=7.2 Hz, 2H,
8-H), 6.00 (s, 1H, 2-H), 4.96 (tdd, J=1.2/2.0/10.2 Hz, 1H, 4’-H), 5.00
(tdd, J=1.3/2.0/18.6 Hz, 1H, 4’-H), 5.75 (m, 1H, 3’-H), 5.99 (m, 1H, 2-
H); 13C NMR (125 MHz, CDCl3, ref.: CDCl3): d=22.77 (C-7), 23.55 (C-
6), 23.84 (C-5), 31.51 (C-2’), 31.89 (C-4), 40.52 (C-1’), 41.87 (C-8), 115.18
(C-4’), 130.41 (C-2), 137.05 (C-3’), 155.58 (C-3), 203.69 (C-1); IR (film):
ñ = 3082, 2936, 2860, 1648, 1482, 1449, 1343, 1305, 1282, 1259, 1217,
1161, 1135, 1084, 994, 912 cm�1; GC-MS (70 eV): m/z (%): 178 (7) [M +],
163 (3), 150 (11), 149 (24), 137 (8), 136 (7), 135 (21), 134 (4), 124 (3), 123
(15), 122 (5), 121 (15), 120 (3), 117 (3), 111 (3), 109 (7), 108 (9), 107 (32),
105 (7), 104 (5), 96 (5), 95 (23), 94 (24), 93 (41), 92 (8), 91 (37), 83 (6),
82 (9), 81 (31), 80 (37), 79 (100), 78 (11), 77 (37), 69 (4), 68 (8), 67 (48),
66 (13), 65 (18), 55 (42), 54 (12), 53 (35), 52 (4), 51 (6), 43 (8), 42 (8),
41 (62), 40 (7), 39 (36), 29 (19), 28 (8), 27 (20); elemental analysis
calcd (%) for C12H18O (178.27): C 80.85, H 10.18; found: C 80.56,
H 10.34.


3-(3-Butynyl)-2-cycloocten-1-one (5b): Following GP D 3-(ethoxy)-2-cy-
cloocten-1-one (19b ; 4.71 g, 28.0 mmol) was treated with 4-bromo-1-tri-
methylsilylbut-1-yne (8.00 g, 39.0 mmol). The raw product was diluted in
THF (50 mL)/water (1 mL) and cooled to �18 8C. Tetrabutylammonium
fluoride hexahydrate (11.5 g, 36.7 mmol) in THF (50 mL) was added and
the mixture was allowed to warm slowly to room temperature and stirred
for 30 min. Brine (20 mL) was added, the organic layer was separated
and washed with brine (20 mL). The combined aqueous layers were
washed three times with Et2O (100 mL). The combined organic layers
were dried over Na2SO4 and the solvent was evaporated. Chromatogra-
phy on silica gel (cyclohexane/ethyl acetate 9:1) gave a colorless oil
(3.51 g, 71%). NMR (1H,1H-COSY, 13C,13C-DEPT, 13C-gated, HMQC,
HMBC): 1H NMR (500 MHz, CDCl3, ref.: CHCl3): d=1.50±1.56 (m, 2H,
6-H), 1.59±1.66 (m, 2H, 5-H), 1.71±1.77 (m, 2H, 7-H), 1.95±1.97 (m, 1H,
4’-H), 2.36±2.37 (m, 4H, 1’-H/2’-H), 2.55 (t, J=6.9 Hz, 2H, 4-H), 2.69 (t,
J=7.1 Hz, 2H, 8-H), 6.00 (s, 1H, 2-H); 13C NMR (125 MHz, CDCl3, ref.:
CDCl3): d=16.90 (C-2’), 22.70 (C-7)*, 23.78 (C-5)*, 23.80 (C-6), 31.82
(C-4), 39.52 (C-1’), 42.04 (C-8), 69.39 (C-4’), 82.59 (C-3’), 130.63 (C-2),
153.37 (C-3), 203.95 (C-1); *: signal assignments are mutual interchangea-
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ble; IR (film): ñ =3295, 2935, 2862, 2120, 1648, 1483, 1447, 1345, 1305,
1283, 1259, 1218, 1158, 1134, 1066, 1024, 957, 889, 820, 634 cm�1; GC-MS
(70 eV): m/z (%): 176 (4) [M +], 161 (4), 148 (6), 147 (12), 137 (5), 135
(3), 134 (10), 133 (52), 123 (8), 121 (4), 120 (23), 119 (26), 118 (3), 117
(5), 115 (4), 109 (3), 108 (4), 107 (10), 106 (14), 105 (61), 104 (3), 103
(11), 95 (9), 94 (8), 93 (12), 92 (30), 91 (100), 83 (3), 82 (3), 81 (11), 80
(8), 79 (53), 78 (17), 77 (48), 68 (4), 67 (25), 66 (8), 65 (27), 63 (4), 55
(35), 54 (4), 53 (35), 52 (9), 51 (11), 50 (4), 43 (5), 42 (7), 41 (43), 40 (5),
39 (41), 29 (14), 28 (6), 27 (22); GC-MS (CI): m/z (%): 179 (1) [MH+


+2], 178 (14) [MH++1], 177 (100) [MH+]; elemental analysis calcd (%)
for C12H16O (176.25): C 81.77, H 9.15; found: C 81.09, H 9.86.


3-(2-Cyclohexenylmethyl)-2-cycloocten-1-one (6b): Following GP F 3-
(ethoxy)-2-cycloocten-1-one (19b, 2.50 g, 14.9 mmol) was treated with 3-
bromomethyl-1-cyclohexene (2.09 g, 18.6 mmol). Chromatography on
silica gel (cyclohexane/ethyl acetate 9:1) gave a colorless oil (1.82 g,
56%). NMR (1H,1H-COSY, 13C-APT, HMQC, HMBC): 1H NMR
(500 MHz, CDCl3, ref.: CHCl3): d=1.21 (m, 1H, 6’’-H), 1.44±1.56 (m,
3H, 6-H/5’’-H), 1.57±1.63 (m, 2H, 5-H), 1.63±1.76 (m, 4H, 7-H/5’’-H/6’’-
H), 1.92±1.97 (m, 2H, 4’’-H), 2.07 (dd, J=8.1/13.2 Hz, 1H, 1’-H), 2.14
(dd, J=7.0/13.2 Hz, 1H, 1’-H), 2.29 (m, 1H, 1’’-H), 2.53±2.63 (m, 2H, 4-
H), 2.66±2.75 (m, 2H, 8-H), 5.48 (dddd, J=2.3/2.3/2.3/10.1 Hz, 1H, 2’’-
H), 5.67 (dddd, J=3.1/3.2/3.3/10.1 Hz, 1H, 3’’-H), 6.01 (s, 1H, 2-H);
13C NMR (125 MHz, CDCl3, ref.: CDCl3): d=20.94 (C-5’’), 22.90 (C-7),
23.41 (C-6), 23.98 (C-5), 24.98 (C-4’’), 28.83 (C-6’’), 31.65 (C-4), 33.05 (C-
1’’), 41.76 (C-8), 48.27 (C-1’), 127.71 (C-3’’), 130.32 (C-2’’), 132.01 (C-2),
154.79 (C-3), 203.41 (C-1); IR (film): ñ = 3022, 2933, 2861, 1648, 1619,
1481, 1447, 1364, 1258, 1128, 890, 722 cm�1; GC-MS (70 eV): m/z (%):
219 (1) [M ++1], 218 (7) [M +], 203 (2), 200 (3), 190 (5), 175 (9), 147 (8),
139 (4), 138 (36), 133 (3), 123 (5), 121 (4), 120 (3), 119 (6), 110 (21), 109
(11), 105 (5), 96 (5), 95 (14), 94 (8), 93 (5), 92 (4), 91 (17), 83 (13), 81
(100) [(cyclohexen�H)+], 80 (17), 79 (49), 78 (5), 77 (17), 68 (3), 67 (13),
66 (6), 65 (8), 55 (16), 54 (3), 53 (20), 52 (3), 43 (5), 41 (24), 39 (10); GC-
MS (CI): m/z (%): 220 (16) [MH++1], 219 (100) [MH+]; elemental anal-
ysis calcd (%) for C15H22O (218.33): C 82.52, H 10.16; found: C 81.12, H
10.28.


3-Ethoxy-7-(2-propenyl)-2-cyclohepten-1-one (25): Diisopropylamine
(3.55 g, 35.1 mmol) in dry THF (40 mL) was placed in a dry apparatus
under argon atmosphere and cooled to �78 8C. n-Butyllithium (20 mL,
32.0 mmol, in n-hexane) was added within 5 min. The mixture was
warmed to 0 8C and stirred for 30 min. After cooling to �78 8C 3-
(ethoxy)-2-cyclohepten-1-on (19a ; 4.20 g, 27.2 mmol) in dry THF
(25 mL) was added. The solution was stirred for 1 h and allyl bromide
(3.30 g, 27.2 mmol) was added followed by stirring for 12 h at �78 8C
(dry ice/acetone cooling), warming to room temperature within 1 h and
again stirring for additional 30 min.


After hydrolysis with water (15 mL) the volatile compound except water
were removed in a rotary evaporator and the diphasic residue was dilut-
ed in Et2O (80 mL) and water (20 mL). The aqueous layer was separated
and washed four times with Et2O (50 mL). The combined organic layers
were dried over Na2SO4 and the solvent was evaporated. Chromatogra-
phy on silica gel (cyclohexane/ethyl acetate 7:3) yielded 3-(ethoxy)-7-(2-
propenyl)-2-cyclohepten-1-one (2.71 g, 13.9 mmol, 51%) and the starting
material 19a (1.26 g) as colorless oils. NMR (1H,1H-COSY, 13C,13C-
DEPT, HMQC, HMBC); 1H NMR (500 MHz, CDCl3, ref.: CHCl3): d=
1.30 (dd, J=7.0/7.0 Hz, 3H, 2’-H), 1.41 (m, 1H, 6-H), 1.68 (m, 1H, 5-H),
1.85±1.95 (m, 2H, 5-H/6-H), 2.07 (ddd, J=7.1/6.9/14.0 Hz, 1H, 1’’-H),
2.40 (dddd, J=1.6/2.8/6.0/16.9 Hz, 1H, 4-H), 2.54±2.66 (m, 3H, 4-H/7-H/
1’’-H), 3.73 (td, J=7.0/9.7 Hz, 1H, 1’-H), 3.77 (td, J=7.0/9.7 Hz, 1H, 1’-
H), 4.96 (dddd, J=1.0/1.0/2.9/10.2 Hz, 1H, 3’’-H), 5.01 (dddd, J=1.4/1.5/
2.9/17.1 Hz, 1H, 3’’-H), 5.34 (m, 1H, 2-H), 4.96 (dddd, J=5.8/7.9/10.2/
17.1 Hz, 1H, 2’’-H); 13C NMR (125 MHz, CDCl3, ref.: CDCl3): d=14.13
(C-2’), 23.29 (C-5), 28.17 (C-6), 33.02 (C-4), 35.29 (C-1’’), 48.80 (C-7),
63.89 (C-1’), 105.80 (C-2), 115.94 (C-3’’), 136.94 (C-2’’), 176.30 (C-3),
202.51 (C-1); IR (film): ñ = 3079, 2940, 2942, 1871, 1650, 1608, 1476,
1444, 1377, 1360, 1305, 1241, 1184, 1158, 1112, 1033, 997, 911, 845, 808,
754 cm�1; GC-MS (70 eV): m/z (%): 195 (8) [M ++1], 194 (40) [M +], 193
(12) [(M�1)+], 179 (4), 166 (10), 165 (20), 153 (3), 152 (14), 151 (27), 150
(6), 149 (5), 140 (16), 139 (8), 138 (8), 137 (13), 126 (6), 125 (44), 124
(13), 123 (14), 121 (5), 120 (3), 119 (3), 112 (23), 111 (11), 110 (7), 109
(9), 108 (3), 107 (7), 105 (4), 99 (7), 98 (26), 97 (94), 96 (7), 95 (19), 94
(4), 93 (11), 92 (4), 91 (14), 86 (8), 85 (5), 84 (31), 83 (11), 82 (23), 81


(31), 80 (15), 79 (40), 78 (4), 77 (17), 71 (14), 70 (10), 69 (100), 68 (20),
67 (28), 66 (6), 65 (10), 58 (4), 57 (9), 56 (4), 55 (51), 54 (19), 53 (28), 52
(5), 51 (4), 43 (40), 42 (15), 41 (81), 40 (15), 39 (48), 29 (53), 28 (13), 27
(36), 18 (18); GC-MS (CI): m/z (%): 196 (13) [MH++1], 195 (100)
[MH+], 194 (4) [M +]; HRMS: m/z : calcd for C12H18O2: 194.1307, found:
194.1306 [M +].


4-(2-Propenyl)-2-cyclohepten-1-one (7): LiAlH4 (420 mg, 11.1 mmol) and
dry Et2O (50 mL) were placed in a dry apparatus under argon atmos-
phere. 3-(Ethoxy)-7-(2-propenyl)-2-cyclohepten-1-one (2.52 g, 13.0 mmol)
in dry Et2O (20 mL) was added within 10 min and the suspension was
heated under reflux 3 h. After hydrolysis by successive addition of wet
Et2O, water and saturated ammonium chloride solution the mixture was
acidified (pH 1±2) by slow addition of 2m HCl and stirred for 2 h. The
aqueous layer was separated and extracted four times with Et2O
(40 mL). The combined organic layers were washed with saturated
sodium bicarbonate solution and dried over Na2SO4. The solvent was
evaporated and the residue was purified by column chromatography on
silica gel (cyclohexane/ethyl acetate 75:25) to yield 4-(2-propenyl)-2-cy-
clohepten-1-one (7; 680 mg, 4.53 mmol, 34%), (3R*,4S*)-4-allyl-3-hy-
droxy-1-cycloheptanone (26a ; 690 mg, 4.10 mmol, 32%) and (3R*,4S*)-4-
allyl-3-hydroxy-1-cycloheptanone (26b ; 350 mg, 2.08 mmol, 16%).


Synthesis of 7 starting with (3R*,4S*)-4-allyl-3-hydroxy-1-cycloheptanone
(26a): The alcohol (500 mg) was diluted in n-pentane (50 mL). 85%
Phosphoric acid (3 mL) was added and the mixture was vigorously stirred
for 24±72 h until complete conversion. Water (10 mL) and saturated
sodium bicarbonate solution (40 mL) was added. The aqueous layer was
separated and extracted three times with Et2O (50 mL). The combined
organic layers were dried over Na2SO4, the solvent was evaporated and
the residue was purified by column chromatography (see above).


4-(2-Propenyl)-2-cyclohepten-1-one (7): NMR (1H,1H-COSY, 13C,13C-
DEPT, HMQC); 1H NMR (500 MHz, CDCl3, ref.: CHCl3): d=1.48
(dddd, J=5.8/7.2/10.4/13.8 Hz, 1H, 5-H), 1.747±1.81 (m, 2H, 6-H), 1.94
(m, 1H, 5-H), 2.16±2.26 (m, 2H, 1’-H), 2.49±2.62 (m, 3H, 4-H/7-H), 5.03±
5.09 (m, 2H, 3’-H), 5.75 (dddd, J=6.8/7.0/9.6/17.6 Hz, 1H, 2’-H), 5.90
(dd, J=2.6/12.3 Hz, 1H, 2-H), 6.37 (ddd, J=0.9/3.8/12.3 Hz, 1H, 3-H);
13C NMR (125 MHz, CDCl3, ref.: CDCl3): d=20.54 (C-6), 31.79 (C-5),
39.87 (C-4), 40.25 (C-1’), 43.23 (C-7), 117.27 (C-3’), 131.33 (C-2), 135.71
(C-2’), 149.74 (C-3), 204.19 (C-1); IR (film): ñ =3326, 3081, 2937, 2868,
1668, 1450, 1417, 1399, 1350, 1282, 1262, 1201, 1178, 995, 916, 794,
725 cm�1; GC-MS (70 eV): m/z (%): 151 (3) [M ++1], 150 (12) [M +], 149
(3), 135 (6), 132 (3), 122 (8), 121 (8), 117 (4), 109 (6), 108 (7), 107 (11),
106 (6), 105 (3), 104 (10), 95 (6), 94 (19), 93 (25), 92 (6), 91 (28), 84 (3),
82 (6), 81 (53), 80 (32), 79 (100), 78 (14), 77 (35), 68 (11), 67 (26), 66
(13), 65 (14), 55 (24), 54 (10), 53 (39), 52 (11), 51 (11), 50 (3), 43 (4), 42
(7), 41 (57), 40 (10), 39 (51), 29 (8), 28 (7), 27 (31); GC-MS (CI): m/z
(%): 152 (11) [MH++1], 151 (100) [MH+]; HRMS: m/z : calcd for
C10H14O: 150.1045, found: 150.1042 [M


+].


(3R*,4S*)-4-Allyl-3-hydroxy-1-cycloheptanone (26a): NMR (1H,1H-
COSY, 13C,13C-DEPT); 1H NMR (500 MHz, CDCl3, ref.: CHCl3): d=1.53
(dddd, J=1.7/11.3/11.3/13.1 Hz, 1H, 5-H), 1.57±1.67 (m, 2H, 4-H/6-H),
1.67±1.73 (m, 1H, 5-H), 1.85 (m, 1H, 6-H), 2.05 (ddddd, J=1.3/1.3/7.0/
7.0/14.0 Hz, 1H, 1’-H), 2.20 (ddddd, J=1.3/1.3/7.0/7.0/14.0 Hz, 1H, 1’-H),
2.40 (ddd, J=3.7/11.5/17.5 Hz, 1H, 7-H), 2.47 (dddd, J=1.4/3.7/5.2/
17.5 Hz, 1H, 7-H), 2.47 (d, J=4.0 Hz, 1H, 3-H (OH)), 2.71 (dd, J=7.1/
14.5 Hz, 1H, 2-H), 2.77 (dd, J=2.0/14.5 Hz, 1H, 2-H), 4.04 (dddd, J=2.0/
2.4/4.0/7.1 Hz, 1H, 3-H), 4.99 (dddd, J=1.3/1.3/2.0/10.0 Hz, 1H, 3’-H),
5.05 (dddd, J=1.3/1.3/2.0/17.1 Hz, 1H, 3’-H), 5.76 (dddd, J=7.0/7.0/10.0/
17.1 Hz, 1H, 2’-H); 13C NMR (125 MHz, CDCl3, ref.: CDCl3): d=22.85
(C-6), 29.13 (C-5), 38.27 (C-1’), 44.04 (C-7), 46.32 (C-4), 49.93 (C-2),
68.20 (C-3), 116.48 (C-3’), 137.06 (C-2’), 213.59 (C-1); IR (film): ñ =


3453, 3080, 2933, 2867, 1691, 1640, 1451, 1414, 1352, 1256, 1157, 1076,
1018, 996, 914, 873, 839, 790 cm�1; GC-MS (70 eV): m/z (%): 149 (3)*,
126 (4), 111 (3), 110 (5), 109 (6), 108 (4), 107 (7), 98 (4), 97 (6), 96 (4), 95
(10), 93 (7), 91 (4), 86 (4), 85 (6), 84 (16), 83 (11), 82 (10), 81 (25), 80
(17), 79 (26), 77 (6), 71 (22), 70 (9), 69 (11), 68 (18), 67 (42), 66 (7), 65
(6), 59 (4), 58 (17), 57 (19), 56 (10), 55 (63), 54 (21), 53 (22), 52 (3), 51
(4), 50 (3), 45 (4), 44 (12), 43 (100), 42 (13), 41 (51), 40 (11), 39 (35), 32
(28), 31 (7), 29 (25), 28 (62), 27 (29); *no [M +] detected; GC-MS (CI):
m/z (%): 170 (2) [MH++1], 169 (15) [MH+], 153 (5), 152 (11), 151 (100)
[MH+�H2O].
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(3R*,4S*)-4-Allyl-3-hydroxy-1-cycloheptanone (26b): NMR (1H,1H-
COSY, 13C,13C-DEPT); 1H NMR (500 MHz, CDCl3, ref.: CHCl3): d=1.23
(dddd, J=1.2/8.9/9.5/14.3 Hz, 1H, 5-H), 1.67 (ddddd, J=1.6/4.8/9.7/9.7/
14.6 Hz, 1H, 6-H), 1.76 (ddddd, J=3.4/4.8/8.0/8.1/8.2 Hz, 1H, 4-H), 1.81
(m, 1H, 6-H), 1.88 (m, 1H, 5-H), 2.02 (ddddd, J=1.3/1.7/7.8/7.8/14.2 Hz,
1H, 1’-H), 2.29 (m, 1H, 1’-H), 2.30 (ddd, J=4.6/9.6/17.1 Hz, 1H, 7-H),
2.44 (dddd, J=0.8/4.7/6.7/17.1 Hz, 1H, 7-H), 2.69 (dd, J=2.4/13.0 Hz,
1H, 2-H), 2.75 (d, J=4.3 Hz, 1H, 3-H (OH)), 2.81 (dd, J=9.1/13.0 Hz,
1H, 2-H), 3.64 (dddd, J=2.5/4.3/7.1/9.4 Hz, 1H, 3-H), 4.99 (dddd, J=1.3/
1.7/2.0/10.3 Hz, 1H, 3’-H), 5.01 (dddd, J=1.3/1.7/2.0/16.9 Hz, 1H, 3’-H),
5.37 (dddd, J=6.5/7.8/10.3/16.9 Hz, 1H, 2’-H); 13C NMR (125 MHz,
CDCl3, ref.: CDCl3): d=20.40 (C-6), 28.83 (C-5), 36.85 (C-1’), 43.78 (C-
7), 46.04 (C-4), 49.78 (C-2), 70.95 (C-3), 116.72 (C-3’), 136.41 (C-2’),
212.50 (C-1); IR (film): ñ =3442, 3080, 2936, 1697, 1640, 1443, 1415,
1351, 1263, 1226, 1033, 996, 912, 832, 748 cm�1; GC-MS (70 eV): m/z (%):
126 (5)*, 110 (3), 109 (5), 108 (4), 107 (6), 98 (4), 97 (5), 96 (4), 95 (9), 94
(4), 93 (6), 92 (4), 91 (5), 86 (4), 85 (4), 84 (14), 83 (9), 82 (10), 81 (21),
80 (15), 79 (24), 78 (3), 77 (6), 71 (20), 70 (5), 69 (9), 68 (17), 67 (42), 66
(6), 65 (7), 59 (3), 58 (18), 57 (15), 56 (9), 55 (57), 54 (18), 53 (20), 52 (3),
51 (5), 45 (3), 44 (7), 43 (100), 42 (12), 41 (48), 40 (7), 39 (32), 32 (3), 31
(5), 29 (21), 28 (16), 27 (24); *no [M +] detected; GC-MS (CI): m/z (%):
170 (1) [MH++1], 169 (12) [M +], 153 (5), 152 (11), 151 (100) [MH+


�H2O].


General procedure G (synthesis of the silyl enol ethers): Diisopropyl-
amine (360 mmol) in dry THF (500 mL) was placed in a dry apparatus
under argon atmosphere and cooled to 0 8C. n-Butyllithium (1.6m in n-
hexane; 206 mL, 330 mmol) were added at this temperature within
30 min and stirred for additional 30 min. After cooling to �78 8C the re-
spective ketone/enone (300 mmol) in dry THF (50 mL) were added.
Then the solution was stirred for 1 h and trimethylsilyl chloride
(450 mmol) were added. The mixture was warmed to room temperature
within 1 h and stirred for an additional hour at this temperature. After
evaporation of the solvent the residue was diluted in n-pentane (300 mL)
the precipitating lithium chloride was filtered off. The solvent was evapo-
rated and the residue was purified by fractional distillation. At small
scales the residue was only purified by kugelrohr distillation and immedi-
ately converted to the corresponding cyclopropyl derivative according to
GP H.


General procedure H (cyclopropanisation of silyl enol ethers containing
additional reactive olefinic bonds): The respective silyl enol ether
(100 mmol) in dry Et2O (250 mL) was placed in a dry apparatus under
argon atmosphere and cooled to 0 8C. Diethyl zinc (1.0m in n-hexane;
150 mL, 150 mmol) were added within 30 min at this temperature. Meth-
ylene iodide (100 mmol) in Et2O (20 mL) was added within 30 min and
the mixture was warmed to room temperature and stirred for 12±24 h.
The conversion was checked by gas chromatography. (Note the low sensi-
tivity of detection of diiodo methane by gas chromatography.) If required
additional methylene iodide and eventually diethyl zinc solution was
added and the mixture was stirred again for 12±24 h. After complete con-
version the mixture was carefully hydrolyzed with saturated ammonium
chloride solution until complete dissolution of the zinc salts. The aqueous
layer was separated and extracted two times with Et2O (50 mL). The
combined organic were washed with saturated sodium bicarbonate solu-
tion and dried over Na2SO4. The solvent was evaporated and the residue
was purified by fractional distillation or by fast column chromatography.


Eventually the product partially hydrolyzed during chromatography. In
these cases the corresponding alkyl alcohol can be converted into the
silyl alkyl ether by the following procedure. 2.0 Molar equivalents trie-
thylamine and 1.3 equivalents trimethylsilyl trifluoromethanesulfonate
were added to the hydrolyzed product diluted in methylene chloride
(approx. 15 mL per 5 mmol alcohol). The mixture was stirred for 2 h di-
luted with methylene chloride and washed with saturated sodium bicar-
bonate solution. The organic layer was dried over MgSO4, the solvent
was evaporated and the residue was purified again by fast column chro-
matography.


1,5-Cyclohexadienyltrimethylsilyl ether : Silylation of 2-cyclohexen-1-one
(1a ; 28.8 g, 300 mmol) according to GP G yielded 1,5-cyclohexadienyltri-
methylsilyl ether (40.9 g, 81%) as a colorless liquid. B.p. 61 8C at
16 mbar; NMR (1H,1H-COSY, 13C,13C-DEPT, HMQC); 1H NMR
(500 MHz, CDCl3, ref.: CHCl3): d=0.16 (s, 9H, 1’-H), 2.05 (m, 2H), 2.14
(m, 2H,), 4.85 (dt, J=2.1/4.5 Hz, 1H, 2-H), 5.66 (qd, J=2.0/10.0 Hz, 1H,


5-H), 5.83 (td, J=4.2/10.0 Hz, 1H, 6-H); 13C NMR (50 MHz, CDCl3, ref.:
CDCl3): d=0.12 (C-1’), 21.71 (CH2), 22.57 (CH2), 102.93 (C-2), 126.40
(C-5), 129.80 (C-6), 148.07 (C-1); IR (film): ñ =3053, 2965, 2880, 2830,
2764, 2724, 2492, 1649, 1428, 1401, 1251, 1199, 1165, 981, 954, 910, 845,
805, 755 cm�1; GC-MS (70 eV): m/z (%): 169 (10) [M ++1], 168 (80)
[M +], 167 (28), 152 (40), 151 (32), 77 (29), 75 (55), 74 (10), 73 (100), 59
(10), 45 (31).


1,6-Cycloheptadienyltrimethylsilyl ether : Silylation of 2-cyclohepten-1-
one (1b ; 16.0 g, 145 mmol) according to GP G yielded a colorless liquid
(230.9 g, 87%). B.p. 67 8C at 7.5 mbar; NMR (13C,13C-gated); 13C NMR
(50 MHz, CDCl3, ref.: CDCl3): d=0.17 (C-1’), 26.61 (CH2), 27.12 (CH2),
31.27 (CH2), 112.74 (C-2), 128.16 (C-7), 133.28 (C-6), 148.01 (C-1); GC-
MS (70 eV): m/z (%): 183 (8) [M ++1], 182 (43) [M +], 181 (7), 168 (6),
167 (43), 165(5), 155 (3), 154 (13), 151 (17), 149 (3), 139 (3), 93 (3), 92
(5), 91 (15), 85 (3), 83 (6), 81 (3), 79 (4), 78 (3), 77 (12), 76 (13), 75 (46),
74 (9), 73 (100), 65 (6), 61 (5), 59 (9), 53 (3), 47 (5), 45 (20), 43 (4), 41
(4), 39 (4); GC-MS (CI): m/z (%): 185 (6) [MH++2], 184 (17) [MH+


+1], 183 (100) [MH+], 182 (10) [M +].


1,7-Cyclooctadienyl trimethylsilyl ether : Silylation of 2-cycloocten-1-one
(1c ; 10.2 g, 82.1 mmol) according to GP G yielded as a colorless liquid
(12.4 g, 77%). B.p. 56 8C at 2 mbar; NMR (1H,13C,13C-gated); 1H NMR
(200 MHz, CDCl3, ref.: CHCl3): d=0.16 (s, 9H, 1’-H), 1.32±1.61 (m, 4H),
1.98±2.28 (m, 4H), 4.96 (t, J=8.0 Hz, H-2), 5.55±5.80 (m, 2H); 13C NMR
(50 MHz, CDCl3, ref.: CDCl3): d=0.39 (C-1’), 22.39 (CH2), 25.13 (CH2),
25.48 (CH2), 29.05 (CH2), 110.22 (C-2), 125.07 (C-8), 133.12 (C-7), 148.42
(C-1); IR (film): ñ =3019, 2930, 2857, 1643, 1446, 1251, 1205, 1177, 1165,
1151, 903, 886, 845 cm�1; GC-MS (70 eV): m/z (%): 197 (5) [M ++1], 196
(26) [M +], 195 (3), 182 (4), 181 (26), 169(4), 168 (21), 167 (34), 154 (3),
153 (4), 151 (6), 105 (3), 91 (9), 82 (4), 79 (5), 78 (4), 77 (10), 76 (4), 75
(44), 74 (9), 73 (100), 67 (3), 65 (3), 61 (4), 59 (6), 55 (4), 47 (4), 45 (16),
41 (3); GC-MS (CI): m/z (%): 199 (7) [MH++2], 198 (17) [MH++1],
197 (100) [MH+], 196 (11) [M +].


(1Z,8Z)-1,8-Cyclononadienyl trimethylsilyl ether : Silylation of 2-cyclono-
nen-1-one (1d ; 3.50 g, 25.4 mmol) according to GP G yielded a colorless
liquid (3.70 g, 69%). B.p. 65 8C at 2 mbar; NMR (1H,13C,13C-gated):
1H NMR (200 MHz, CDCl3, ref.: CHCl3): d=0.18 (s, 9H, 1’-H), 1.32±1.71
(m, 6H), 1.96±2.35 (m, 4H), 4.96 (t, J=8.6 Hz, H-2), 5.65±5.90(m, 2H);
13C NMR (50 MHz, CDCl3, ref.: CDCl3): d=0.57 (C-1’), 25.89 (CH2),
26.95 (CH2), 28.33 (CH2), 29.97 (CH2), 30.04 (CH2), 110.90 (C-2), 125.47
(C-9), 135.32 (C-8), 147.87 (C-1); IR (film): ñ =3008, 2925, 2853, 1650,
1634, 1454, 1406, 1251, 1207, 1172, 1157, 886, 844, 854 cm�1; GC-MS
(70 eV): m/z (%): 211 (2) [M ++1], 210 (11) [M +], 195 (7), 181 (6), 169
(7), 168 (12), 167 (62), 157 (3), 156 (19), 155 (10), 154 (6), 151 (6), 127
(3), 91 (8), 79 (6), 77 (8), 76 (4), 75 (42), 74 (9), 73 (100), 67 (4), 61 (3),
59 (5), 55 (4), 47 (3), 45 (15), 43 (3), 41 (5), 39 (3); GC-MS (CI): m/z
(%): 212 (2) [MH++1], 211 (12) [MH+], 210 (5) [M +], 209 (3) [(M�1)+
], 122 (10), 121 (100); HRMS: m/z : calcd for C12H22OSi: 210.1440, found:
210.1438 [M +].


6,7-Dihydro-5H-benzo[a]cyclohepten-9-yltrimethylsilyl ether : Silylation
of benzsuberon (2 ; 25.0 g, 156 mmol) according to GP G yielded a color-
less liquid (31.5 g, 87%). B.p. 73 8C at 0.5 mbar; NMR (1H,13C,13C-gated);
1H NMR (200 MHz, CDCl3, ref.: CHCl3): d=0.17 (s, 9H, 1’-H), 1.83±2.08
(m, 4H, 6-H/7-H), 2.65 (t, J=6.3 Hz, 2H, 5-H), 5.418 (t, J=6.6 Hz, 1H,
8-H), 7.12±7.30 (m, 3H), 7.47 (m, 1H); 13C NMR (50 MHz, CDCl3, ref.:
CDCl3): d=0.24 (C-1’), 23.84 (C-6), 33.03 (CH2), 33.30 (CH2), 109.39 (C-
8), 125.77 (CH), 126.82 (CH), 127.46 (CH), 128.66 (CH), 138.18 (C-5a),
140.87 (C-9a), 149.50 (C-8)*, 140.35 (C-9)*; *: signal assignments are
mutual interchangeable; IR (film): ñ =2935, 2855, 1633, 1486, 1448,
1353, 1331, 1252, 1229, 1180, 1134, 1094, 1073, 889, 844, 770, 746 cm�1;
GC-MS (70 eV): m/z (%): 234 (3) [M ++2], 233 (13) [M ++1], 232 (61)
[M +], 231 (17), 219 (17), 218 (11), 217 (57), 215 (4), 205 (7), 204 (15),
203 (29), 201 (9), 189 (3), 185 (4), 143 (12), 142 (28), 141 (16), 131 (8),
130 (3), 129 (7), 128 (18), 127 (4), 116 (4), 115 (16), 101 (4), 91 (6), 89
(3), 77 (4), 76 (3), 75 (27), 74 (9), 73 (100), 59 (4), 45 (17), 43 (3); GC-
MS (CI): m/z (%): 235 (5) [MH++2], 234 (21) [MH++1], 233 (100)
[MH+], 232 (10) [M +], 231 (3) [(M�1)+]; HRMS: m/z : calcd for
C14H20OSi: 232.1283, found: 232.1283 [M


+].


6-(3-Butenyl)-1,6-cycloheptadienyltrimethylsilyl ether : Silylation of 3-(3-
butenyl)-2-cyclohepten-1-one (4a ; 3.65 g, 22.2 mmol) was carried out ac-
cording to GP G. The title compound was isolated after kugelrohr distil-
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lation as a colorless liquid (5.05 g, 96%). NMR (1H,13C,13C-DEPT);
1H NMR (500 MHz, CDCl3): d=0.14 (s, 9H, 1’’-H), 1.81 (tt, J=6.3/
6.3 Hz, 2H, 4-H), 2.07 (dt, J=5.8/6.1 Hz, 2H, 3-H), 2.11±2.20 (m, 6H, 5-
H/1’-H/2’-H), 4.93 (tdd, J=1.2/2.0/10.4/13.6 Hz, 1H, 4’-H), 5.00 (tdd, J=
1.6/2.0/17.0 Hz, 1H, 4’-H), 5.14 (dt, J=1.7/5.8 Hz, 1H, 2-H), 5.44 (m, 1H,
7-H), 5.79 (tdd, J=6.3/10.4/17.0 Hz, 1H, 3’-H); 13C NMR (125 MHz,
CDCl3): d=0.22 (C-1’’), 26.43 (CH2), 28.31 (CH2), 32.60 (CH2), 33.63
(CH2), 39.65 (CH2), 111.38 (C-2), 114.66 (C-4’), 123.78 (C-7), 138.26 (C-
3’), 145.88 (C-6), 147.94 (C-1); IR (film): ñ =2932, 1640, 1438, 1378,
1250, 1168, 1113 cm�1; GC-MS (70 eV): m/z (%): 237 (6) [M ++1], 236
(30) [M +], 235 (5), 221 (15), 208 (5), 207 (9), 195 (13), 194 (18), 193 (9),
182 (3), 181 (9), 180 (5), 179 (10), 168 (4), 167 (9), 165 (5), 131 (6), 117
(4), 106 (4), 105 (5), 104 (4), 91 (13), 79 (5), 77 (4), 75 (27), 74 (10), 73
(100), 61 (3), 59 (5), 55 (3), 47 (3), 45 (18), 41 (5).


(2Z)-Bicyclo[4.1.0]hept-2-en-1-yl trimethylsilyl ether (8a): Cyclopropani-
sation of 1,5-cyclohexadienyl trimethylsilyl ether (33.7 g, 200 mmol) was
carried out according to GP H. Purification by spinning band column dis-
tillation yielded 8a as a colorless liquid (27.7 g, 76%). B.p. 76 8C at
10 mbar; NMR (1H,1H-COSY,13C,13C-DEPT, HMQC); 1H NMR
(500 MHz, CDCl3, ref.: CHCl3): d=0.11 (s, 9H, 1’-H), 0.72 (dd, J=5.3/
6.2 Hz, 1H, 7-H), 0.94 (dd, J=5.3/9.8 Hz, 1H, 7-H), 1.45 (ddddd, J=1.6/
2.0/4.0/6.2/9.8 Hz, 1H, 6-H), 1.51 (dddd, J=2.0/2.4/6.2/12.7 Hz, 1H, 5-H),
1.57 (m, 1H, 4-H), 1.80 (m, 1H, 5-H), 1.93 (m, 1H, 4-H), 5.33 (dddd, J=
1.4/1.6/6.2/10.2 Hz, 1H, 3-H), 6.08 (ddd, J=1.5/1.6/10.2 Hz, 1H, 2-H);
13C NMR (125 MHz, CDCl3, ref.: CDCl3): d=1.05 (C-1’), 17.42 (C-5),
17.74 (C-7), 20.21 (C-4), 22.98 (C-6), 53.85 (C-1), 121.20 (C-3), 133.42 (C-
2); IR (film): ñ =3041, 3005, 2963, 2934, 2862, 1638, 1444, 1396, 1370,
1316, 1250, 1213, 1159, 1105, 1087, 1047, 1018, 1002, 977, 930, 863, 841,
753, 715 cm�1; GC-MS (70 eV): m/z (%): 183 (3) [M ++1], 182 (16) [M +


], 181 (5), 168 (6), 167 (38), 165 (7), 154 (11), 153 (4), 152 (3), 151 (20),
149 (4), 91 (7), 77 (6), 76 (10), 75 (35), 74 (9), 73 (100), 65 (5), 61 (4), 59
(8), 55 (5), 53 (5), 51 (3), 47 (7), 45 (28), 44 (5), 43 (8), 41 (6), 39 (8), 29
(3), 28 (5), 27 (5); HRMS: m/z : calcd for C10H17OSi: 181.1049, found:
181.1036 [(M�1)+].
(2Z)-Bicyclo[5.1.0]oct-2-en-1-yltrimethylsilyl ether (8b): Cyclopropanisa-
tion of 1,6-cycloheptadienyl trimethylsilyl ether (20.5 g, 112 mmol) ac-
cording to GP H yielded 8b as a colorless liquid (20.0 g, 91%). B.p. 86 8C
at 20 mbar; NMR (1H,1H-COSY, 13C,13C-DEPT, HMQC); 1H NMR
(500 MHz, CDCl3, ref.: CHCl3): d=0.10 (s, 9H, 1’-H), 0.39 (dd, J=4.9/
6.9 Hz, 1H, 8-H), 0.95 (dd, J=4.9/9.9 Hz, 1H, 8-H), 1.26 (ddddd, J=2.1/
4.3/9.6/9.9/14.0 Hz, 1H, 4-H), 1.41±1.49 (m, 2H, 6-H/7-H), 1.64 (ddddd,
J=2.4/3.6/6.0/9.5/14.0 Hz, 1H, 5-H), 1.98 (m, 1H, 5-H), 2.06 (m, 1H, 4-
H), 2.12 (m, 1H, 4-H), 5.37 (ddd, J=4.2/6.9/11.3 Hz, 1H, 3-H), 5.85 (dm,
J=11.3 Hz, 1H, 2-H); 13C NMR (125 MHz, CDCl3, ref.: CDCl3): d=1.17
(C-1’), 22.07 (C-8), 23.99 (C-5), 28.28 (C-7), 28.44 (C-6), 30.29 (C-4),
59.00 (C-1), 126.75 (C-3), 132.58 (C-2); IR (film): ñ =2922, 1451, 1249,
1181, 1090, 984, 840, 753 cm�1; GC-MS (70 eV): m/z (%): 197 (2) [M +


+1], 196 (9) [M +], 181 (9), 169 (3), 168 (10), 167 (49), 165 (3), 155 (2),
154 (7), 153 (2), 151 (5), 105 (3), 91 (6), 83 (2), 82 (2), 79 (4), 78 (3), 77
(7), 76 (3), 75 (29), 74 (8), 73 (100), 67 (3), 65 (2), 61 (2), 59 (5), 55 (3),
53 (2), 47 (3), 45 (16), 43 (2), 41 (3), 39 (3); GC-MS (CI): m/z (%): 197
(4) [MH+], 196 (5) [M +], 107 (100) [MH+�Me3SiOH]; HRMS: m/z :
calcd for C11H19OSi: 195.1205, found: 195.1193 [(M�1)+]; elemental
analysis calcd (%) for C11H20OSi (196.36): C 67.28, H 10.27; found: C
67.16, H 10.03.


(2Z)-Bicyclo[6.1.0]non-2-en-1-yl trimethylsilyl ether (8c): Cyclopropani-
sation of 1,7-cyclooctadienyl trimethylsilyl ether (4.20 g, 21.4 mmol) ac-
cording to GP H yielded 8c as a colorless liquid (3.56 g, 77%). B.p. 64 8C
at 4 mbar; NMR (1H,1H-COSY, 13C,13C-gated); 1H NMR (500 MHz,
CDCl3, ref.: CHCl3): d=0.05 (dd, J=5.1/6.9 Hz, 1H, 9-H), 0.12 (s, 9H,
1’-H), 0.82 (dddd, J=4.0/11.0/11.0/14.3 Hz, 1H, 7-H), 0.83 (dd, J=5.1/
10.0 Hz, 1H, 9-H), 1.05 (dddd, J=3.3/6.9/10.0/11.4 Hz, 1H, 8-H), 1.38 (m,
1H, 5-H), 1.58±1.70 (m, 2H, 6-H), 1.87±1.98 (m, 3H, 4-H/5-H/7-H), 2.56
(m, 1H, 4-H), 5.59 (d, J=10.5 Hz, 1H, 2-H), 5.74 (ddd, J=5.0/7.4/
10.7 Hz, 1H, 3-H); 13C NMR (50 MHz, CDCl3, ref.: TMS): d=1.56 (C-
1’), 18.92 (C-9), 24.80 (CH2), 27.32 (C-8), 29.15 (CH2), 29.28 (CH2), 30.08
(CH2), 57.03 (C-1), 127.76 (C-3), 136.73 (C-2); GC-MS (70 eV): m/z (%):
211 (2) [M ++1], 210 (12) [M +], 209 (4), 195 (4), 181 (7), 169 (6), 168
(11), 167 (47), 156 (7), 155 (7), 154 (6), 151 (4), 91 (7), 79 (5), 77 (6), 76
(4), 75 (33), 74 (9), 73 (100), 67 (3), 59 (5), 55 (4), 53 (3), 45 (14), 43 (4),
41 (5), 39 (3); GC-MS (CI): m/z (%): 212 (2) [MH++1], 211 (15) [MH+/


M++1], 210 (5) [M+], 209 (2) [(M�1)+], 122 (100) [MH+�Me3-
SiOH+1], 121 (100) [MH+�Me3SiOH].
(2Z)-Bicyclo[7.1.0]dec-2-en-1-yl trimethylsilyl ether (8d): Cyclopropani-
sation of 1,8-cyclononadienyl trimethylsilyl ether (3.00 g, 14.3 mmol) was
carried out according to GP H. Column chromatography on silica gel
(Et2O/n-pentane 1:200) yielded 8d as a colorless liquid (1.81 g, 56%).
NMR (1H,1H-COSY, 13C,13C-DEPT, HMQC); 1H NMR (500 MHz,
CDCl3, ref.: CHCl3): d=0.07 (s, 9H, 1’-H), 0.08 (dd, J=5.2/6.7 Hz, 1H,
10-H), 0.47 (dddd, J=1.3/8.8/11.8/15.1 Hz, 1H, 8-H), 0.83 (dd, J=5.2/
10.1 Hz, 1H, 10-H), 1.07±1.22 (m, 3H, 6-H/7-H/9-H), 1.50 (m, 1H, 5-H),
1.62 (m, 1H, 5-H), 1.68±1.77 (m, 2H, 6-H/7-H), 1.99±2.11 (m, 2H, 4-H/8-
H), 2.88 (m, 1H, 4-H), 5.61±5.68 (m, 2H, 2-H/3-H); 13C NMR (125 MHz,
CDCl3, ref.: CDCl3): d=1.27 (C-1’), 20.15 (C-10), 26.03 (C-7), 27.29 (C-4/
C-5)*, 28.97 (C-6), 29.06 (C-9), 33.95 (C-8), 56.99 (C-1), 130.93 (C-2),
138.66 (C-3). *signal shows correlation signals with 4 protons in HMQC
2D experiment; IR (film): ñ =3008, 2956, 2923, 2854, 1455, 1248, 1202,
1164, 1089, 1042, 1018, 974, 944, 888, 840, 750, 701 cm�1; GC-MS (70 eV):
m/z (%): 224 (4) [M +], 223 (2) [(M�1)+], 209 (3), 195 (3), 182 (4), 181
(15), 171 (3), 170 (26), 169 (17), 168 (9), 167 (35), 156 (3), 155 (10), 154
(3), 151 (6), 142 (3), 127 (4), 93 (3), 92 (3), 91 (9), 81 (3), 79 (6), 77 (5),
76 (3), 75 (31), 74 (9), 73 (100), 67 (4), 59 (4), 55 (5), 53 (3), 47 (3), 45
(20), 43 (3), 41 (8), 39 (5); GC-MS (CI): m/z (%): 226 (2) [M+H++1],
225 (12) [M+H+], 234 (2) [M +], 223 (3) [(M�1)+], 137 (4), 136 (11),
135 (100); HRMS: m/z : calcd for C13H24OSi: 223.1495, found: 223.1518
[(M�1)+].
2-Trimethylsilyloxy-tricyclo[6.4.0.02,4]dodeca-1(8),9,11-triene (9): Cyclo-
propanisation of 6,7-dihydro-5H-benzo[a]cyclohepten-9-yltrimethylsilyl
ether (14.6 g, 62.8 mmol) according to GP H yielded 9 as a colorless
liquid (14.4 g, 93%). B.p. 59 8C at 0.2 mbar; NMR (1H,1H-COSY, 13C,13C-
DEPT, HMQC, HMBC); 1H NMR (500 MHz, CDCl3, ref.: CHCl3): d=
0.04 (s, 9H, 1’-H), 0.11 (dddd, J=6.5/12.1/12.3/14.2 Hz, 1H, 5-H), 0.51
(dd, J=5.3/5.8 Hz, 1H, 3-H), 1.08 (dddd, J=4.8/5.8/9.4/12.1 Hz, 1H, 4-
H), 1.18 (dd, J=5.3/9.4 Hz, 1H, 3-H), 1.49 (ddddd, J=1.1/6.4/6.5/12.6/
13.0 Hz, 1H, 6-H), 1.86 (ddddd, J=1.4/5.9/7.2/12.3/13.0 Hz, 1H, 6-H),
1.94 (dddd, J=1.1/4.8/5.9/14.2 Hz, 1H, 5-H), 2.55 (ddd, J=1.4/6.4/
13.0 Hz, 1H, 7-H), 3.36 (ddd, J=7.2/12.6/13.0 Hz, 1H, 7-H), 7.08 (dd, J=
2.0/7.0 Hz, 1H, 9-H), 7.18 (dd, J=2.0/7.0 Hz, 1H, 10-H)*, 7.20 (dd, J=
2.0/7.0 Hz, 1H, 11-H)*, 7.08 (dd, J=2.0/7.0 Hz, 1H, 12-H); 13C NMR
(125 MHz, CDCl3, ref.: CDCl3): d=1.23 (C-1’), 19.71 (C-3), 21.64 (C-4),
24.71 (C-6), 26.88 (C-5), 30.38 (C-7), 59.53 (C-2), 126.18 (C-10), 128.27
(C-11), 128.64 (C-9), 130.11 (C-12), 139.39 (C-8)*, 140.35 (C-1)*; *: signal
assignments are mutual interchangeable; IR (film): ñ =2934, 2858, 1451,
1249, 1219, 1206, 1190, 1112, 1088, 1042, 990, 931, 840, 752 cm�1; GC-MS
(70 eV): m/z (%): 247 (3) [M ++1], 246 (22) [M +], 245 (3), 231 (12), 219
(5), 218 (10), 217 (41), 205 (10), 204 (22), 203 (20), 201 (3), 157 (4), 156
(7), 155 (4), 142 (3), 141 (12), 131 (4), 130 (3), 129 (9), 128 (12), 127 (3),
117 (3), 116 (3), 115 (13), 91 (8), 77 (3), 75 (24), 74 (10), 73 (100), 59 (4),
45 (20), 43 (3), 41 (3), 39 (3); GC-MS (CI): m/z (%): 248 (1) [MH++1],
247 (5) [MH+], 246 (7) [M +], 245 (3) [(M�1)+], 159 (4), 158 (13), 157
(100); HRMS: m/z : calcd for C15H22OSi: 246.1440, found: 246.1439 [M


+


]; elemental analysis calcd (%) for C15H22OSi (246.42): C 73.11, H 9.00;
found: C 73.41, H 8.96.


2-Trimethylsilyloxy-tricyclo[6.3.0.02,4]undec-1(8)-ene (10): Silylation of bi-
cyclo[5.3.0]dec-1(7)-en-2-one (3 ; 3.24 g, 21.6 mmol) was carried out ac-
cording to GP G. The crude product was purified by kugelrohr distilla-
tion and treated according to GP H. The cyclopropanisation product was
purified by column chromatography (cyclohexane/ethyl acetate 98:2)
yielding 10 (3.47 g, 68%) as a colorless oil. NMR (1H,1H-COSY, 13C,13C-
DEPT, HMQC, HMBC); 1H NMR (500 MHz, CDCl3, ref.: CHCl3): d=
0.09 (s, 9H, 1’-H), 0.24 (dd, J=4.8/6.8 Hz, 1H, 3-H), 0.92 (dd, J=4.8/
10.1 Hz, 1H, 3-H), 1.10 (dddd, J=1.7/7.5/9.4/14.3 Hz, 1H, 5-H), 1.42
(dddd, J=6.8/7.5/7.0/10.1 Hz, 1H, 4-H), 1.49 (ddddd, J=1.6/5.1/5.4/8.9/
14.2 Hz, 1H, 6-H), 1.66±1.81 (m, 3H, 6-H/10-H), 2.02 (ddddd, J=1.3/2.6/
5.1/10.0/17.7 Hz, 1H, 7-H), 2.14 (dddd, J=1.9/6.9/8.9/14.3 Hz, 1H, 5-H),
2.14±2.30 (m, 3H, 7-H/11-H), 2.42 (m, 1H, 9-H), 2.67 (m, 1H, 9-H);
13C NMR (125 MHz, CDCl3, ref.: CDCl3): d=1.06 (C-1’), 21.90 (C-10),
22.10 (C-3), 24.33 (C-6), 27.65 (C-4), 29.39 (C-5), 31.95 (C-7), 35.67 (C-
9), 39.61 (C-11), 57.13 (C-2), 134.62 (C-8), 136.16 (C-1); IR (film): ñ =


3078, 3000, 2931, 2844, 1671, 1449, 1369, 1346, 1324, 1305, 1260, 1248,
1182, 1137, 1121, 1096, 1079, 1054, 1020, 995, 943, 930, 842, 749, 688 cm�1;
GC-MS (70 eV): m/z (%): 237 (4) [M ++1], 236 (27) [M +], 221 (12), 209
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(8), 208 (25), 207 (79), 205 (6), 195 (4), 194 (23), 193 (6), 191 (7), 180 (5),
179 (3), 166 (10), 165 (3), 151 (3), 131 (8), 118 (4), 117 (7), 115 (5), 105
(7), 93 (6), 92 (3), 91 (16), 79 (9), 78 (4), 77 (9), 76 (3), 75 (33), 74 (10),
73 (100), 67 (4), 65 (4), 59 (7), 55 (4), 53 (5), 45 (20), 43 (3), 41 (13), 39
(6), 29 (4), 28 (3), 27 (4); GC-MS (CI): m/z (%): 237 (8) [MH++1], 236
(8) [M +], 235 (6) [M +�H], 149 (4), 148 (13), 147 (100); HRMS: m/z :
calcd for C14H24OSi: 236.1596, found: 236.1596 [M


+].


3-(3-Butenyl)bicyclo[5.1.0]oct-2-en-1-yltrimethylsilyl ether (11a): Cyclo-
propanisation of 6-(3-butenyl)-1,6-cycloheptadienyltrimethylsilyl ether
(4.63 g, 19.6 mmol) was carried out according to GP H. Column chroma-
tography on silica gel (cyclohexane/ethyl acetate 99:1) yielded 11a as a
colorless oil (3.83 g, 78%). NMR (1H,1H-COSY, 13C,13C-DEPT, HMQC,
HMBC); 1H NMR (500 MHz, CDCl3): d=0.09 (s, 9H, 1’’-H), 0.24 (dd,
J=4.9/6.6 Hz, 1H, 8-H), 0.88 (dd, J=4.9/9.9 Hz, 1H, 8-H), 1.00 (dddd,
J=4.7/8.0/9.7/14.2 Hz, 1H, 6-H), 1.19 (ddddd, J=1.6/5.0/6.6/8.0/9.9 Hz,
1H, 7-H), 1.26 (ddddd, J=4.7/4.8/6.5/11.3/13.6 Hz, 1H, 5-H), 1.63
(ddddd, J=4.7/4.7/5.4/9.7/13.6 Hz, 1H, 5-H), 1.91 (ddd, J=4.7/4.8/
14.9 Hz, 1H, 4-H),1.96 (dddd, J=4.7/5.0/6.5/14.2 Hz, 1H, 6-H), 1.99±2.05
(m, 2H, 1’-H), 2.06±2.19 (m, 2H, 2’-H), 2.42 (dddd, J=2.1/5.4/11.3/
14.9 Hz, 1H, 4-H), 4.92 (dddd, J=1.2/1.2/2.0/10.3 Hz, 1H, 4’-H), 4.99
(dddd, J=1.7/1.7/2.0/17.0 Hz, 1H, 4’-H), 5.63 (dddd, J=1.6/1.6/1.6/2.1 Hz,
1H, 2-H), 5.77 (dddd, J=6.5/6.5/10.3/17.0 Hz, 1H, 3’-H); 13C NMR
(125 MHz, CDCl3): d=1.31 (C-1’’), 20.92 (C-8), 22.57 (C-5), 25.07 (C-7),
28.33 (C-6), 30.99 (C-4), 32.11 (C-1’), 38.67 (C-2’), 57.45 (C-1), 114.53 (C-
4’), 125.62 (C-2), 138.42 (C-3’), 140.27 (C-3); IR (film): ñ =3081, 2935,
2864, 1641, 1452, 1251, 1218, 1187, 1091, 1050, 1000, 926, 846, 751 cm�1;
GC-MS (70 eV): m/z (%): 250 (6) [M +], 235 (7), 222 (4), 221 (24), 209
(8), 208 (11), 207 (4), 195 (19), 194 (3), 193 (10), 181 (12), 180 (4), 179
(5), 167 (6), 119 (4), 117 (3), 105 (5), 91 (10), 79 (4), 75 (18), 74 (8), 73
(100), 59 (3), 55 (4), 45 (17), 41 (5); GC-MS (CI): m/z (%): 252 (2)
[MH++1], 251(10) [MH+], 250(11) [M +], 249(3) [M +�H], 162 (13), 161
(100), 133 (7), 119 (5); elemental analysis calcd (%) for C15H26OSi
(250.45): C 71.93, H 10.46; found: C 71.80, H 10.22.


3-(3-Butynyl)bicyclo[5.1.0]oct-2-en-1-yl trimethylsilyl ether (12a): Silyla-
tion of 3-(2-butynyl)-2-cyclohepten-1-one (2.17 g, 13.4 mmol) was carried
out according to GP G. The crude product was purified by kugelrohr dis-
tillation and treated according to GP H. The cyclopropanisation product
was purified by column chromatography (cyclohexane/ethyl acetate 99:1)
yielding 12a as a colorless oil (2.39 g, 72%). NMR (1H,1H-COSY, 13C-
APT, HMQC, HMBC); 1H NMR (500 MHz, CDCl3): d=0.09 (s, 9H, 1’’-
H), 0.26 (dd, J=4.9/6.7 Hz, 1H, 8-H), 0.89 (dd, J=4.9/9.9 Hz, 1H, 8-H),
1.04 (dddd, J=4.6/8.0/9.7/14.2 Hz, 1H, 6-H), 1.20 (ddddd, J=1.3/4.8/6.7/
8.0/9.9 Hz, 1H, 7-H), 1.27 (ddddd, J=4.5/4.6/6.5/11.3/13.7 Hz, 1H, 5-H),
1.63 (ddddd, J=4.6/4.7/5.4/9.7/13.7 Hz, 1H, 5-H), 1.91 (ddd, J=4.5/4.7/
14.8 Hz, 1H, 4-H), 1.91 (dd, J=2.6/2.6 Hz, 1H, 4’-H), 1.96 (dddd, J=4.6/
4.8/6.5/14.2 Hz, 1H, 6-H), 2.14±2.29 (m, 4H, 1’-H; 2’-H), 2.42 (dddd, J=
2.1/5.4/11.3/14.8 Hz, 1H, 4-H), 5.63 (dd, J=1.3/2.1 Hz, 1H, 2-H);
13C NMR (125 MHz, CDCl3): d=1.29 (C-1’’), 17.29 (C-2’), 20.93 (C-8),
22.57 (C-5), 25.13 (C-7), 28.21 (C-6), 30.85 (C-4), 38.00 (C-1’), 57.32 (C-
1), 68.62 (C-4’), 83.94 (C-3’), 126.64 (C-2), 138.74 (C-3); IR (film): ñ =


3317, 3077, 2934, 2865, 2122, 1450, 1249, 1218, 1186, 1088, 1050, 995, 927,
840, 754, 628 cm�1; GC-MS (70 eV): m/z (%): 248 (0.41) [M +], 233 (3),
219 (6), 206 (3), 195 (5), 143 (4), 129 (4), 105 (3), 91 (7), 79 (4), 77 (7), 75
(18), 74 (9), 73 (100), 59 (36), 45 (15), 43 (3), 41 (4), 39 (4); GC-MS (CI):
m/z (%): 250 (2) [MH++1], 249 (6) [MH+], 248 (5) [M+], 247 (3)
[(M�1)+], 160 (13), 159 (100), 131 (11), 117 (14); HRMS: m/z : calcd for
C15H23OSi: 247.1518, found: 247.1510 [(M�1)+].
3-(2-Cyclohexenylmethyl)bicyclo[5.1.0]oct-2-en-1-yl trimethylsilyl ether
(13a): Silylation of 3-(2-cyclohexenylmethyl)-2-cyclohepten-1-one
(950 mg, 4.65 mmol) was carried out according to GP G. The crude prod-
uct was purified by kugelrohr distillation and treated according to GP H.
The cyclopropanisation product was purified by column chromatography
(cyclohexane/ethyl acetate 99:1) yielding of 13a (640 mg, 47%) as a col-
orless oil. NMR (1H,1H-COSY, 13C,13C-DEPT, HMQC, HMBC);
1H NMR (500 MHz, CDCl3): d=0.097/0.099 (s, 9H, 1’’’-H), 0.24±0.28 (m,
1H, 8-H), 0.86±0.91 (m, 1H, 8-H), 0.97±1.08 (m, 1H, 6-H), 1.12±1.30 (m,
3H, 5-H/7-H/6’’-H), 1.42±1.54 (m, 1H, 5’’-H), 1.58±1.74 (m, 3H, 5-H/5’’-
H/6’’-H), 1.84±2.01 (m, 6H, 4-H/6-H/1’-H/4’’-H), 2.36±2.45 (m, 1H, 4-H),
2.14±2.23 (m, 1H, 1’’-H), 5.46±5.55 (m, 1H, 2’’-H), 5.5871/5.570 (s, 1H, 2-
H), 5.61±5.67 (m, 1H, 3’’-H); 13C NMR (125 MHz, CDCl3): d=1.29 (C-
1’’’), 21.00/21.06 (C-8), 21.24/21.36 (C-5’’), 22.53/22.69 (C-5), 25.05/25.24


(C-7), 25.29/25.31 (C-4’’), 28.41/28.44 (C-6), 28.99/29.28 (C-6’’), 30.55/
30.90 (C-4), 33.21 (C-1’’), 46.19/46.24 (C-1’), 57.53/57.58 (C-1), 127.01/
127.02 (C-3’’)*, 127.11/127.14 (C-2)*, 131.48/131.76 (C-2’’), 139.09/139.20
(C-3); *: signal assignments are mutual interchangeable; IR (film): ñ =


3075, 3021, 2932, 2863, 1745, 1648, 1450, 1379, 1309, 1249, 1219, 1184,
1127, 1090, 1050, 1000, 973, 944, 926, 840, 750, 720 cm�1; GC-MS (70 eV):
m/z (%): 291 (2) [M ++1], 291 (7) [M +], 262 (3), 261 (13), 248 (5), 247
(4), 211 (5), 210 (28), 209 (21), 196 (6), 195 (29), 182 (6), 181 (29), 169
(4), 168 (19), 167 (10), 119 (6), 117 (3), 105 (4), 91 (9), 80 (3), 79 (16), 77
(4), 75 (17), 74 (8), 73 (100), 53 (5), 45 (8), 41 (6); GC-MS (CI): m/z (%):
292 (2) [MH++1], 291(8) [MH+/M ++1], 290 (5) [M +], 289 (3) [M +


�H], 203 (6), 202 (18), 201 (100); HRMS: m/z : calcd for C18H30OSi:
290.2066, found: 290.2056 [M +].


3-(3-Butenyl)bicyclo[6.1.0]non-2-en-1-yl trimethylsilyl ether (11b): Silyla-
tion of 3-(3-butenyl)-2-cycloocten-1-one (4b ; 1.70 g, 4.65 mmol) was car-
ried out according to GP G. The crude product was purified by kugelrohr
distillation and treated according to GP H. The cyclopropanisation prod-
uct was purified by column chromatography (cyclohexane/ethyl acetate
99:1) yielding 11b (1.41 g, 56%) as a colorless oil. NMR (1H,1H-COSY,
13C,13C-DEPT, HMQC); 1H NMR (500 MHz, CDCl3): d=0.03 (dd, J=
5.0/6.8 Hz, 1H, 9-H), 0.08 (s, 9H, 1’’-H), 0.71 (dddd, J=1.9/11.4/11.6/
14.0 Hz, 1H, 7-H), 0.78 (dd, J=5.0/10.1 Hz, 1H, 9-H), 1.062 (dddd, J=
3.2/6.8/10.1/10.6 Hz, 1H, 8-H), 1.29 (m, 1H, 5-H), 1.58 (m, 1H, 6-H),
1.670 (m, 1H, 6-H), 1.77±1.90 (m, 3H, 4-H/5-H/7-H), 2.015±2.255 (m,
4H, 1’-H/2’-H), 2.72 (m, 1H, 4-H), 4.94 (dddd, J=1.4/1.4/1.9/10.2 Hz, 1H,
4’-H), 5.01 (dddd, J=1.6/1.6/1.9/17.1 Hz, 1H, 4’-H), 5.39 (m, 1H, 2-H),
5.81 (dddd, J=6.6/6.6/10.2/17.1 Hz, 1H, 3’-H); 13C NMR (125 MHz,
CDCl3): d=1.52 (C-1’’), 18.75 (C-9), 25.91 (C-5), 28.46 (C-8), 29.66 (C-7),
30.17 (C-6), 31.25 (C-4), 32.16 (C-2’), 36.35 (C-1’), 57.57 (C-1), 114.48 (C-
4’), 123.69 (C-2), 138.55 (C-3’), 148.48 (C-3); IR (film): ñ =3080, 2926,
2856, 1658, 1641, 1448, 1383, 1317, 1295, 1249, 1204, 1188, 1159, 1095,
1079, 1020, 995, 976, 952, 910, 894, 844, 752, 709, 687 cm�1; GC-MS
(70 eV): m/z (%): 264 (2) [M +], 223 (8), 222 (6), 221 (24), 211 (3), 210
(10), 209 (52), 208 (5), 207 (4), 193 (5), 181 (6), 180 (4), 179 (5), 167 (7),
156 (5), 155 (3), 133 (3), 131 (3), 119 (3), 117 (3), 105 (4), 93 (3), 91 (12),
79 (6), 77 (4), 75 (20), 74 (9), 73 (100), 67 (4), 59 (3), 55 (4), 45 (9), 41
(7), 39 (3); GC-MS (CI): m/z (%): 266 (3) [MH++1], 265 (10) [MH+/
M ++1], 264 (4) [M +], 176 (16), 175 (100); HRMS: m/z : calcd for
C16H28OSi: 264.1909, found: 264.1890 [M


+]; elemental analysis calcd (%)
for C16H28OSi (264.48): C 72.66, H 10.67; found: C 71.61, H 10.52.


3-(3-Butynyl)bicyclo[6.1.0]non-2-en-1-yl trimethylsilyl ether (12b): Silyla-
tion of 3-(3-butynyl)-2-cycloocten-1-one (5b ; 1.95 g, 13.4 mmol) was car-
ried out according to GP G. The crude product was purified by kugelrohr
distillation and treated according to procedure H. The cyclopropanisation
product was purified by column chromatography (cyclohexane/ethyl ace-
tate 99:1) yielding 12b (1.21 g, 41%) as a colorless oil. NMR (1H,1H-
COSY, 13C,13C-DEPT, HMQC); 1H NMR (500 MHz, CDCl3): d=0.05
(dd, J=5.1/6.8 Hz, 1H, 9-H), 0.07 (s, 9H, 1’’-H), 0.72 (dddd, J=1.9/11.4/
11.5/14.3 Hz, 1H, 7-H), 0.79 (dd, J=5.1/10.1 Hz, 1H, 9-H), 1.062 (ddddd,
J=0.7/3.3/6.8/10.2/11.4 Hz, 1H, 8-H), 1.29 (m, 1H, 5-H), 1.59 (m, 1H, 6-
H), 1.68 (m, 1H, 6-H), 1.77±1.90 (m, 3H, 4-H/5-H/7-H), 1.93 (dd, J=2.5/
2.5 Hz, 1H, 4’-H), 2.17±2.37 (m, 4H, 1’-H/2’-H), 2.72 (m, 1H, 4-H), 5.41
(m, 1H, 2-H); 13C NMR (125 MHz, CDCl3): d=1.52 (C-1’’), 17.32 (C-2’),
18.72 (C-9), 25.84 (C-5), 28.42 (C-8), 29.57 (C-7), 30.16 (C-6), 31.15 (C-
4), 36.85 (C-1’), 57.41 (C-1), 68.62 (C-4’), 84.20 (C-3’), 124.44 (C-2),
147.15 (C-3); IR (film): ñ =3316, 3074, 2995, 2927, 2857, 2122, 1661,
1445, 1383, 1316, 1294, 1249, 10204, 1189, 1157, 1139, 1094, 1079, 1047,
1021, 978, 951, 893, 840, 753 cm�1; GC-MS (70 eV): m/z (%): 262 (1)
[M +], 261 (1) [(M�1)+], 247 (3), 233 (4), 223 (3), 221 (4), 220 (5), 219
(21), 210 (8), 209 (39), 207 (3), 206 (4), 205 (9), 181 (3), 179 (4), 167 (4),
165 (3), 157 (3), 156 (6), 155 (3), 143 (3), 131 (3), 129 (5), 117 (3), 115
(3), 105 (4), 91 (11), 79 (5), 77 (6), 75 (20), 74 (9), 73 (100), 67 (3), 59 (3),
55 (3), 45 (11), 41 (4), 39 (4); GC-MS (CI): m/z (%): 264 (5) [MH++1],
263 (19) [MH+/M++1], 262 (4) [M +], 174 (13), 173 (100); HRMS: m/z :
calcd for C16H25OSi: 261.1675, found: 261.1659 [(M�1)+]; elemental
analysis calcd (%) for C16H26OSi (262.46): C 73.22, H 9.98; found: C
70.85, H 10.60.


3-(2-Cyclohexenylmethyl)bicyclo[6.1.0]non-2-en-1-yl trimethylsilyl ether
(13b): Silylation of 3-(2-cyclohexenylmethyl)-2-cycloocten-1-one (6b ;
1.48 g, 6.77 mmol) was carried out according to GP G. The crude product
was purified by kugelrohr distillation and treated according to GP H.
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The cyclopropanisation product was purified by column chromatography
(cyclohexane/ethyl acetate 99:1) yielding 13b (1.10 g, 53%) as a colorless
oil. NMR (1H,1H-COSY, 13C,13C-DEPT, HMQC, HMBC); 1H NMR
(500 MHz, CDCl3): d=0.01±0.07 (m, 1H, 9-H), 0.084/0.086 (s, 9H, 1’’’-
H), 0.68±0.77 (m, 1H, 7-H), 0.78±0.83 (m, 1H, 9-H), 1.03±1.10 (m, 8-H),
1.13±1.25 (m, 1H, 6’’-H), 1.25±1.34 (m, 1H, 5-H), 1.45±1.77 (m, 5H),
1.77±2.09 (m, 7H), 2.21±2.34 (m, 1H, 1’’-H), 2.62±2.72 (m, 1H, 4-H),
5.366/5.378 (s, 1H, 2-H), 5.51±5.59 (m, 1H, 2’’-H), 5.62±5.69 (m, 1H, 3’’-
H); 13C NMR (125 MHz, CDCl3): d=1.52 (C-1’’’), 18.73/18.83 (C-9),
21.12/21.50 (C-5’’), 25.33/25.34 (C-4’’), 25.56/25.72 (C-5), 28.43/28.52 (C-
8), 28.87/29.60 (C-6’’), 29.69/29.73 (C-7), 30.17/30.20 (C-6), 30.90/31.44
(C-4), 33.18/33.29 (C-1’’), 43.97/44.18 (C-1’), 57.65 (C-1), 125.10/125.30
(C-2), 126.87/127.11 (C-3’’), 131.54/131.89 (C-2’’), 146.89/147.04 (C-3); IR
(film): ñ =3072, 3022, 2926, 2857, 1656, 1446, 1314, 1293, 1248, 1204,
1188, 1095, 1079, 1017, 953, 893, 839, 752, 720 cm�1; GC-MS (70 eV): m/z
(%): 304 (5) [M +], 223 (14), 222 (5), 221 (9), 210 (10), 209 (25), 208 (5),
207 (9), 181 (12), 168 (8), 167 (13), 155 (8), 134 (5), 133 (8), 131 (8), 129
(4), 117 (7), 115 (4), 91 (11), 81 (21), 80 (5), 79 (25), 77 (5), 75 (25), 74
(8), 73 (100), 67 (7), 59 (5), 55 (5), 53 (5), 45 (8), 41 (8), 39 (10); GC-MS
(CI): m/z (%): 306 (30) [MH++1], 305 (100) [MH+]; HRMS: m/z : calcd
for C19H32OSi: 304.2222, found: 304.2211 [M


+].


4-(2-Propenyl)bicyclo[5.1.0]oct-2-en-1-yl trimethylsilyl ether (14a,b): Si-
lylation of 4-(2-propenyl)-2-cyclohepten-1-one (7; 650 mg, 4.33 mmol)
was carried out according to GP G. The crude product was purified by
kugelrohr distillation and treated according to procedure H. The cyclo-
propanisation product was purified by HPLC (cyclohexane/ethyl acetate
130:1) yielding a mixture of the isomeric 4-(2-propenyl)bicyclo[5.1.0]oct-
2-en-1-yl trimethylsilyl ethers (14a,b) as a colorless oil (480 mg, 47%).
For identification and for mechanistic reasons the isomers were separated
by preparative gas chromatography.


(1S*,4R*,7S*)-4-(2-Propenyl)bicyclo[5.1.0]oct-2-en-1-yl trimethylsilyl
ether (14a): NMR (1H,1H-COSY, 13C,13C-DEPT, HMQC, HMBC,
NOESY); 1H NMR (500 MHz, CDCl3, ref.: CHCl3): d=0.10 (s, 9H, 1’’-
H), 0.36 (dd, J=4.9/7.1 Hz, 1H, 8-HA), 0.93 (dd, J=4.9/10.2 Hz, 1H, 8-
HB), 0.96 (dddd, J=3.5/9.4/10.6/13.9 Hz, 1H, 5-HB), 1.37 (m, 1H, 7-H),
1.46 (dddd, J=3.5/6.0/8.0/14.0 Hz, 1H, 6-HA), 1.59 (dddd, J=3.6/3.8/7.4/
13.9 Hz, 1H, 5-HA), 1.91 (dddd, J=3.8/4.0/9.7/14.0 Hz, 1H, 6-HB), 2.02±
2.13 (m, 2H, 1’-H), 2.29 (m, 1H, 4-H), 4.99 (dm, J=10.2 Hz, 3’-HA),
5.002 (dm, J=17.0 Hz, 3’-HB), 5.26 (ddd, J=0.9/3.8/11.2 Hz, 1H, 3-H),
5.75 (dddd, J=6.9/6.9/10.2/17.0 Hz, 1H, 2’-H), 5.83 (ddd, J=1.4/2.6/
11.2 Hz, 1H, 2-H); 13C NMR (125 MHz, CDCl3, ref.: CDCl3): d=1.16 (C-
1’’), 21.17 (C-8), 27.12 (C-6), 27.13 (C-7), 29.28 (C-5), 38.69 (C-4), 41.25
(C-1’), 58.62 (C-1), 116.12 (C-3’), 131.45 (C-2), 132.47 (C-3), 136.98 (C-
2’); IR (film): ñ =3081, 3014, 2962, 2853, 1656, 1640, 1441, 1415, 1378,
1250, 1190, 1125, 1095, 1015, 991, 955, 912, 840, 750 cm�1; GC-MS
(70 eV): m/z (%): 236 (1) [M +], 235 (<1) [(M�1)+], 221 (5), 207 (6),
195 (7), 194 (8), 193 (6), 182 (3), 181 (4), 180 (4), 179 (5), 168 (7), 167
(27), 154 (3), 151 (3), 105 (3), 91 (4), 79 (4), 77 (5), 75 (18), 74 (9), 73
(100), 59 (3), 45 (7), 41 (3); GC-MS (CI): m/z (%): 237 (9) [MH+], 236
(8) [M +], 149 (4), 148 (13), 147 (100); HRMS: m/z : calcd for C14H23OSi:
235.1518, found: 235.1513 [(M�1)+].
(1S*,4S*,7S*)-4-(2-Propenyl)bicyclo[5.1.0]oct-2-en-1-yl trimethylsilyl
ether (14b): NMR (1H,1H-COSY, 13C,13C-DEPT, HMQC, HMBC,
NOESY); 1H NMR (500 MHz, CDCl3, ref.: CHCl3): d=0.12 (s, 9H, 1’’-
H), 0.39 (dd, J=4.8/6.8 Hz, 1H, 8-HA), 0.95 (dd, J=4.8/10.1 Hz, 1H, 8-
HB), 1.09 (dddd, J=3.0/7.1/7.6/14.9 Hz, 1H, 6-HA), 1.44 (ddddd, J=1.6/
6.8/6.9/7.1/10.1 Hz, 1H, 7-H), 1.55±1.67 (m, 2H, 5-H), 2.06±2.21 (m, 3H,
4-H/1’-H), 2.25 (dddd, J=2.2/6.4/8.7/14.7 Hz, 1H, 6-HB), 4.99 (dm, J=
10.1 Hz, 3’-HA), 5.02 (dm, J=17.1 Hz, 3’-HB), 5.23 (dd, J=4.4/12.1 Hz,
1H, 3-H), 5.76 (dddd, J=7.0/7.0/10.1/17.1 Hz, 1H, 2’-H), 5.84 (ddd, J=
2.6/1.6/12.3 Hz, 1H, 2-H); 13C NMR (125 MHz, CDCl3, ref.: CDCl3): d=
1.48 (C-1’’), 23.91 (C-8), 26.65 (C-6), 27.95 (C-7), 30.10 (C-5), 40.03 (C-
1’), 42.19 (C-4), 58.02 (C-1), 116.03 (C-3’), 129.88 (C-3), 131.01 (C-2),
137.15 (C-2’); IR (film): ñ =3081, 3004, 2962, 2861, 1658, 1640, 1451,
1413, 1379, 1250, 1182, 993, 912, 840, 751 cm�1; GC-MS (70 eV): m/z (%):
236 (2) [M +], 235 (3) [(M�1)+], 221 (5), 207 (5), 195 (9), 194 (7), 193
(7), 182 (3), 181 (4), 180 (4), 179 (5), 168 (6), 167 (21), 154 (3), 151 (3),
105 (4), 91 (4), 79 (4), 77 (5), 75 (18), 74 (9), 73 (100), 59 (3), 45 (7), 41
(3); GC-MS (CI): m/z (%): 237 (9) [MH+], 236 (6) [M +], 149 (4), 148
(13), 147 (100); HRMS: m/z : calcd for C14H23OSi: 235.1518, found:
235.1523 [(M�1)+].


General procedure I (PET oxidative reaction): The respective cyclopro-
pylsilyl ether and sensitizer (10±40 mol%) were dissolved in dry acetoni-
trile. The solution was either poured into an immersion well reactor or
apportioned to pyrex irradiation tubes (12 mL, 1 cm diameter). Note,
that DCA is only slightly soluble in acetonitrile leading to a suspension
of the sensitizer at the beginning of the irradiation. The tubes or the reac-
tor were sealed with a septum. The solution was deoxygenated with
argon and ultrasound irradiation (1 h: pyrex tubes/3 h: immersion well
reactor) and irradiated in a Rayonet photochemical reactor using lamps
of the appropriate wavelength (DCN: 350 nm/DCA: 420 nm) for at least
24 h. The reaction was monitored by GC. The solvent was removed and
the residue was purified (generally by column chromatography and/or
HPLC).


PET oxidative reaction of bicyclo[4.1.0]hept-2-en-1-yl trimethylsilyl ether
(8a): Bicyclo[4.1.0]hept-2-en-1-yl trimethylsilyl ether (8a ; 993 mg,
5.45 mmol) and DCN (422 mg, 2.37 mmol) were dissolved in acetonitrile
(215 mL), apportioned to 12 pyrex tubes and irradiated according to
GP I for 48 h. The crude product was purified by kugelrohr distillation
yielding 6-methylcyclohex-2-enone (27; 91 mg, 15%). NMR (1H, 13C,13C-
DEPT); 1H NMR (500 MHz, CDCl3, ref.: CHCl3): d=1.09 (d, J=6.8 Hz,
3H, 1’-H), 1.68 (dddd, J=6.7/8.4/11.9/13.4 Hz, 1H, 5-H), 2.02 (ddddd,
J=1.2/4.4/4.5/4.6/13.4 Hz, 1H, 5-H), 2.30±2.39 (m, 3H, 4-H/6-H), 5.928
(ddd, J=2.0/2.0/10.0 Hz, 1H, 2-H), 6.88 (dddd, J=1.2/3.3/4.6/10.0 Hz,
1H, 3-H); 13C NMR (125 MHz, CDCl3, ref.: CDCl3): d=14.80 (C-1’),
25.27 (C-5), 30.57 (C-4), 41.35 (C-6), 129.03 (C-2), 149.71 (C-3), 202.23
(C-1); IR (film): ñ =2936, 2877, 1678, 1455, 1427, 1389, 1376, 1215, 1130,
1056, 951, 801 cm�1; GC-MS (70 eV): m/z (%): 110 (17) [M+], 68 (100),
41 (15), 40 (20), 39 (43), 27 (15).


PET oxidative reaction of bicyclo[5.1.0]oct-2-en-1-yl trimethylsilyl ether
(8b): Bicyclo[5.1.0]oct-2-en-1-yl trimethylsilyl ether (8b ; 1.31 g,
6.68 mmol) and DCN (422 mg, 2.37 mmol) were dissolved in acetonitrile
(400 mL) and irradiated in an immersion well reactor according to GP I
for 72 h. The crude product was filtered over silica (cyclohexane/ethyl
acetate 80:20) and purified by HPLC (cyclohexane/ethyl acetate 85:15)
yielding (3aR*, 6aS*)-hexahydro-2(1H)pentalenone (28 ; 489 mg, 57%).
NMR (1H,13C,13C-gated); 1H NMR (300 MHz, CDCl3, ref.: CHCl3): d=
1.26±1.40 (m, 2H), 1.48±1.77 (m, 2H), 1.80±2.02 (m, 4H), 2.33±2.49 (m,
2H), 2.55±2.71 (m, 2H); 13C NMR (75 MHz, CDCl3, ref.: TMS): d=25.19
(C-5), 33.13 (C-4/6), 39.31 (C-3a/6a), 44.39 (C-1/3), 220.88 (C-2). *The
stereochemical assignment was carried out by direct comparison with the
original spectra of the cis-compound: IR (film): ñ =2935, 2842, 1725,
1440 cm�1; GC-MS (CI): m/z (%): 126 (9) [MH++1] 125 (100) [MH+].


PET oxidative reaction of bicyclo[6.1.0]non-2-en-1-yl trimethylsilyl ether
(8c): Bicyclo[6.1.0]non-2-en-1-yl trimethylsilyl ether (8c ; 1.20 g,
5.70 mmol) and DCN (500 mg, 2.81 mmol) were dissolved in acetonitrile
(400 mL) and irradiated in an immersion well reactor according to GP I
for 90 h. The crude product was first prepurified by kugelrohr distillation
and secondly by HPLC (cyclohexane/ethyl acetate 90:10) yielding
(3aR*,7aS*)-octahydro-2H-inden-2-one (29 ; 385 mg, 49%) as a colorless
oil. NMR (1H,13C,13C-gated); 1H NMR (300 MHz, CDCl3, ref.: CHCl3):
d=1.33±1.68 (m, 8H), 2.05±2.35 (m, 6H); 13C NMR (75 MHz, CDCl3,
ref.: TMS): d=22.39 (C-5/6), 27.37 (C-4/7), 35.46 (C-3a/7a), 43.23 (C-1/
3), 220.35 (C-2); IR (film): ñ =2930, 2857, 1744, 1462, 1449, 1405, 1366,
1235, 1161, 1140, 1119, 1073, 916, 732 cm�1; GC-MS (70 eV): m/z (%):
139 (8) [M ++1], 138 (63) [M +], 120 (4), 110 (4), 109 (9), 96 (14), 95
(39), 94 (95), 93 (3), 92 (3), 91 (5), 83 (4), 82 (37), 81 (100), 80 (9), 79
(31), 78 (4), 77 (16), 70 (4), 68 (11), 68 (52), 67 (97), 66 (12), 65 (15), 57
(6), 56 (8), 55 (36), 54 (48), 53 (43), 52 (5), 51 (6), 43 (9), 42 (12), 41 (86),
40 (12), 39 (53), 29 (23), 28 (12), 27 (30); GC-MS (CI): m/z (%): 140 (1)
[MH++2], 139 (10) [MH++1] 138 (100) [MH+]. *The stereochemical as-
signment was carried out by direct comparison with the original spectra
of the analogous trans-compound.


PET oxidative reaction of bicyclo[7.1.0]dec-2-en-1-yl trimethylsilyl ether
(8d): Bicyclo[7.1.0]dec-2-en-1-yl trimethylsilyl ether (8d ; 1.01 g,
4.50 mmol) and DCN (300 mg, 1.69 mmol) were dissolved in acetonitrile
(192 mL), apportioned to 12 pyrex tubes and irradiated according to
GP I for 48 h. The crude product was purified by kugelrohr distillation
yielding 6-methlycyclohex-2-enone (27; 91 mg, 15%). The crude product
was filtered over silica gel (cyclohexane/ethyl acetate 80:20) and purified
by stepwise HPLC (cyclohexane/ethyl acetate prepurification: 90:10; fine
purification 95:5) yielding (Z)-3-cyclodecen-1-one (30 ; 67 mg, 10%) as
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the major product. The corresponding E isomer was detectable in
1H NMR of the crude product mixture but had not been isolated as pure
product.


(Z)-3-Cyclodecen-1-one (30): NMR (1H, 13C,13C-DEPT); 1H NMR
(500 MHz, CDCl3, ref.: TMS): d=1.33 (m, 2H), 1.39 (m, 2H), 1.46 (m,
2H), 1.688 (m, 2H), 2.16 (m, 2H, 5-H), 2.49 (m, 2H, 10-H), 3.14 (dd, J=
1.2/8.3 Hz, 1H, 2-H), 5.60 (ttd, J=1.2/8.3/10.8 Hz, 3-H)*, 5.77 (ttd, J=
1.2/8.3/10.8 Hz, 4-H)*; 13C NMR (125 MHz, CDCl3, ref.: TMS): d=22.54
(CH2), 23.66 (CH2), 24.55 (CH2), 25.26 (CH2), 26.37 (CH2), 39.04 (C-5),
43.24 (C-2), 123.79 (C-3)*, 133.81 (C-4)*, 214.42 (C-1); *: signal assign-
ments are mutual interchangeable.


PET oxidative reaction of 2-trimethylsilyloxy-tricyclo[6.3.0.02,4]undec-
1(8)-ene (10): Compound 10 (370 mg, 1.57 mmol) was dissolved in aceto-
nitrile (243 mL), apportioned together with DCA (119 mg, 0.52 mmol;
7 mg each tube) to 17 pyrex tubes and irradiated according to GP I for
48 h. The crude product was purified by column chromatography on
silica (cyclohexane/ethyl acetate 925:75) yielding (3aS*,5aR*,8aS*)-3-oc-
tahydrocyclopenta[c]pentalen-4(5H)-one (31; 170 mg, 66%). NMR
(1H,1H-COSY, 13C,13C-DEPT, HMQC); 1H NMR (500 MHz, CDCl3, ref.:
CHCl3): d=1.35 (m, 1H, 2-H), 1.37 (m. 1H, 6-H


B), 1.58 (m, 1H, 1-H),
1.61 (m, 1H, 2-H), 1.62 (m, 1H, 7-H), 1.64 (m, 1H, 8-H), 1.65 (m, 1H, 7-
H), 1.69 (m, 1H, 1-H), 1.73 (m, 1H, 8-H), 1.79±1.87 (m, 2H, 3-H), 1.93
(m, 1H, 6-HA), 2.08 (ddd, J=1.8/6.0/18.3 Hz, 1H, 5-HB), 2.16 (dddd, J=
4.4/6.0/8.4/9.0 Hz, 1H, 5a-H), 2.23 (ddd, J=1.8/6.3/6.9 Hz, 1H, 3a-H),
2.49 (dd, J=9.0/18.3 Hz, 1H, 5-HA); 13C NMR (125 MHz, CDCl3, ref.:
CDCl3): d=25.70 (C-7), 26.76 (C-2), 30.81 (C-3), 34.41 (C-6), 40.75 (C-8),
41.92 (C-1), 44.74 (C-5a), 46.40 (C-5), 58.55 (C-8a), 59.43 (C-3a), 223.70
(C-4); IR (film): ñ =2945, 2868, 1738, 1469, 1449, 1409, 1314, 1267, 1211,
1163, 1113, 1040, 946, 924, 907, 775 cm�1; GC-MS (70 eV): m/z (%): 165
(3) [M ++1], 164 (31) [M +], 146 (7), 136 (25), 135 (5), 123 (34), 122 (31),
121 (56), 120 (12), 119 (4), 117 (3), 108 (14), 107 (18), 105 (7), 104 (4), 96
(11), 95 (25), 94 (41), 93 (43), 92 (6), 91 (33), 83 (3), 82 (16), 81 (34), 80
(47), 79 (100), 78 (10), 77 (50), 76 (5), 68 (16), 67 (86), 66 (14), 65 (23),
55 (37), 54 (15), 53 (26), 52 (5), 51 (6), 42 (6), 41 (58), 40 (9), 39 (32), 29
(14), 27 (16); GC-MS (CI): m/z (%): 165 (100) [MH++1], 164 (12)
[MH+]; HRMS: m/z : calcd for C11H16O: 164.1201, found: 164.1199 [M


+


].


PET oxidative reaction of 2-trimethylsilyloxy-tricyclo[6.4.0.02,4]dodeca-
1(8),9,11-triene (9): Compound 9 (1.57 g, 6.37 mmol) and DCN (398 mg,
2.33 mmol)) were dissolved in acetonitrile (500 mL) and irradiated in an
immersion well reactor according to GP I for 84 h. The crude product
was filtered over silica gel (cyclohexane/ethyl acetate 85:15) and purified
by HPLC (cyclohexane/ethyl acetate 90:10) yielding 6-methyl-6,7,8,9-tet-
rahydro-5H-benzo[a]cyclohepten-5-one (32 ; 366 mg, 34%) and 3-propyl-
1-indanone (33 ; 125 mg, 11%) as colorless oils.


6-Methyl-6,7,8,9-tetrahydro-5H-benzo[a]cyclohepten-5-one (32): NMR
(1H,1H-COSY, 13C,13C-DEPT, HMQC); 1H NMR (500 MHz, CDCl3, ref.:
CHCl3): d=1.12 (d, J=6.6 Hz, 3H, 1’-H), 1.57 (dddd, J=5.0/6.5/11.3/
13.3 Hz, 1H, 7-H), 1.68 (ddddd, J=3.3/6.5/8.5/11.8/13.3 Hz, 1H, 8-H),
1.89 (dddd, J=5.2/6.9/8.5/13.4 Hz, 1H, 7-H), 2.09 (ddddd, J=3.3/5.2/6.8/
6.8/13.8 Hz, 1H, 8-H), 2.90 (ddd, J=3.3/6.8/15.5 Hz, 1H, 9-H), 2.90 (dtd,
J=5.2/6.6/11.3 Hz, 1H, 6-H), 1.67 (ddd, J=3.3/11.0/15.5 Hz, 1H, 9-H),
7.18 (d, J=7.5 Hz, 1H, 4-H), 7.35 (ddd, J=1.5/7.5/7.5 Hz, 1H, 3-H), 7.25
(dd, J=7.7/7.5 Hz, 1H, 2-H), 7.65 (dd, J=1.5/7.7 Hz, 1H, 1-H); 13C NMR
(125 MHz, CDCl3, ref.: CDCl3): d=16.33 (C-1’), 25.38 (C-8), 31.80 (C-7),
33.47 (C-9), 43.93 (C-6), 126.15 (C-3), 128.22 (C-1), 129.65 (C-4), 131.15
(C-2), 139.46 (C-4a), 141.76 (C-9a), 207.61 (C-5); IR (film): ñ =3069,
3025. 2937, 2867, 1679, 1598, 1481, 1448, 1375, 1348, 1322, 1276, 1251,
1223, 1204, 1160, 1122, 1106, 1091, 1072, 989, 970, 895, 852, 822, 782, 760,
737, 711 cm�1; GC-MS (70 eV): m/z (%): 175 (10) [M ++1], 174 (78)
[M +], 173 (4), 159 (11), 156 (14), 147 (4), 146 (39), 145 (42), 144 (32),
143 (6), 142 (3), 141 (15), 133 (6), 132 (34), 131 (100), 130 (33), 129 (24),
128 (22), 127 (9), 120 (12), 119 (21), 118 (29), 117 (18), 116 (19), 115 (36),
105 (10), 104 (34), 103 (30), 102 (10), 92 (5), 91 (55), 90 (50), 89 (46), 79
(5), 78 (27), 77 (54), 76 (13), 75 (4), 65 (24), 64 (9), 63 (12), 55 (15), 53
(4), 52 (4), 51 (10), 50 (4), 43 (5), 41 (13), 39 (16), 29 (8); GC-MS (CI):
m/z (%): 176 (14) [MH++1], 175 (100) [MH+]; HRMS: m/z : calcd for
C12H14O: 174.1045, found: 174.1037 [M


+].


3-Propyl-1-indanone (33): NMR (1H,1H-COSY, 13C,13C-DEPT, HMQC);
1H NMR (500 MHz, CDCl3, ref.: CHCl3): d=0.93 (dd, J=7.2/7.2 Hz, 3H,


3’-H), 1.34±1.48 (m, 3H, 1’-H/2’-H), 1.86 (m, 1H, 1’-H), 2.32 (dd, J=3.3/
19.0 Hz, 1H, 2-H), 2.81 (dd, J=7.5/19.0 Hz, 1H, 2-H), 3.33 (dddd, J=3.3/
4.2/7.5/8.3 Hz, 1H, 3-H), 7.33 (dddd, J=0.9/0.9/7.7/7.4 Hz, 1H, 6-H),
7.467 (dddd, J=0.9/0.9/0.9/7.7 Hz, 1H, 4-H), 7.56 (ddd, J=1.2/7.3/7.7 Hz,
1H, 5-H), 7.69 (ddd, J=0.9/1.2/7.7 Hz, 1H, 7-H); 13C NMR (125 MHz,
CDCl3, ref.: CDCl3): d=14.06 (C-3’), 20.72 (C-2’), 37.95 (C-3), 38.26 (C-
1’), 43.00 (C-2), 123.38 (C-7), 125.52 (C-4), 127.33 (C-6), 134.52 (C-5),
136.62 (C-7a), 158.93 (C-3a), 206.45 (C-1); IR (film): ñ =3074, 2962,
2933, 2876, 1714, 1605, 1463, 1406, 1378, 1328, 1281, 1236, 1209, 1196,
1150, 1094, 1042, 1015, 971, 758 cm�1; GC-MS (70 eV): m/z (%): 175 (6)
[M ++1], 174 (27) [M +], 145 (8), 133 (10), 132 (100), 131 (40), 129 (3),
128 (4), 118 (3), 117 (6), 116 (4), 115 (14), 104 (10), 103 (45), 102 (16), 91
(12), 90 (4), 89 (5), 78 (7), 77 (34), 65 (5), 51 (11), 50 (3), 43 (3), 41 (7),
39 (7); GC-MS (CI): m/z (%): 176 (13) [MH++1], 175 (100) [MH+];
HRMS: m/z : calcd for C12H14O: 174.1045, found: 174.1039 [M


+].


PET oxidative reaction of 3-(3-butenyl)bicyclo[5.1.0]oct-2-en-1-yl trime-
thylsilyl ether (11a) Compound 11a (560 mg, 2.24 mmol) and phenan-
threne (1.98 g) were dissolved in acetonitrile (164 mL), apportioned to-
gether with DCA (180 mg, 0.79 mmol) to 12 pyrex tubes and irradiated
according to GP I for 48 h. The crude product was purified by column
chromatography on silica gel (Et2O/n-pentane 1:18) yielding 3-(3-buten-
yl)-7-methyl-3-cyclohepten-1-on (34a ; 80 mg, 20%) and a mixture
(133 mg, 33%) of the three isomeric cyclisation products 35a, 36a and
37a (relative amounts according to GC: 12:15:6). This mixture was sepa-
rated for spectroscopic characterizaction by reversed phase-HPLC (RP-
18, acetonitrile/water 70:30) and preparative GC (155 8C isotherm/
0.38 bar).


3-(3-Butenyl)-7-methyl-3-cyclohepten-1-one (34a): NMR (1H,1H-COSY,
13C,13C-DEPT, HMQC); 1H NMR (500 MHz, CDCl3, ref.: CHCl3MS):
d=1.07 (d, J=6.9 Hz, 3H, 1’’-H), 1.59 (dddd, J=3.7/9.9/9.9/13.7 Hz, 1H,
6-H), 1.93 (dddd, J=3.3/5.2/8.3/13.8 Hz, 1H, 6-H), 2.07±2.30 (m, 6H, 5-
H/1’-H/2’-H), 2.64 (dqd, J=5.1/6.9/9.9 Hz, 1H, 7-H), 3.07 (d, J=13.8 Hz,
1H, 2-H), 3.16 (dd, J=1.1/13.8 Hz, 1H, 2-H), 4.93 (dddd, J=0.9/0.9/1.6/
11.2 Hz, 1H, 4’-H), 4.98 (dddd, J=1.6/1.6/1.6/17.2 Hz, 1H, 4’-H), 5.53
(dd, J=5.5/5.5 Hz, 1H, 4-H), 5.74 (dddd, J=6.4/.6.4/10.3/17.2 Hz, 1H, 3’-
H); 13C NMR (125 MHz, CDCl3, ref.: CDCl3): d=16.60 (C-1’’), 26.46 (C-
5), 31.87 (C-2’), 32.39 (C-6), 39.23 (C-1’), 45.37 (C-2), 47.79 (C-7), 114.81
(C-4’), 125.67 (C-4), 133.36 (C-3), 137.97 (C-3’), 210.87 (C-1); GC-MS
(CI): m/z (%): 180 (13) [MH++1], 179 (100) [MH+].


(3aR*,5aS*,9aR*)-Octahydro-1H-cyclopenta[c]inden-5(5aH)-one (35a):
NMR (1H,1H-COSY, 13C,13C-DEPT, HSQC, HMBC, NOESY); 1H NMR
(500 MHz, CDCl3, ref.: TMS): d=1.10 (m, 1H, 7-H


B), 1.22 (m, 1H, 9-
HA), 1.260 (m, 1H, 8-HB), 1.41 (m, 1H, 3-HB), 1.42 (m, 1H, 6-HA), 1.461
(m, 1H, 9-HB), 1.48 (m, 1H, 7-HA), 1.53 (m, 1H, 8-HA), 1.560 (m, 1H, 1-
HA), 1.75 (m, 1H, 2-HA), 1.83 (m, 1H, 2-HB), 1.843 (m, 1H, 1-HB), 1.99
(m, 1H, 6-HB), 2.03 (dd, J=4.1/8.0/8.4/12.4 Hz, 1H, 3-HA), 2.03 (m, 1H,
5a-H), 2.09 (dddd, J=2.7/8.8/8.9/9.0 Hz, 1H, 3a-H), 2.14 (ddd, J=1.6/2.7/
19.4 Hz, 1H, 4-HB), 2.45 (dd, J=8.8/19.4 Hz, 1H, 4-HA); 13C NMR
(125 MHz, CDCl3, ref.: CDCl3): d=21.18 (C-6), 23.18 (C-7), 23.40 (C-8),
24.68 (C-2), 32.49 (C-3), 35.64 (C-9), 36.78 (C-1), 41.41 (C-4), 44.13 (C-
3a), 50.16 (C-9a), 52.95 (C-5a), 220.05 (C-5); IR (film): ñ =2931, 2862,
1738, 1447, 1408 cm�1; GC-MS (70 eV): m/z (%): 179 (13) [M ++1], 178
(100) [M +], 163 (3), 161 (3), 150 (15), 149 (62), 137 (9), 136 (77), 135
(47), 134 (10), 133 (3), 124 (3), 123 (34), 122 (12), 121 (29), 120 (10), 119
(6), 117 (4), 110 (4), 109 (12), 108 (31), 107 (30), 106 (4), 105 (11), 97 (4),
96 (15), 95 (36), 94 (40), 93 (60), 92 (13), 91 (50), 83 (5), 82 (13), 81 (75),
80 (26), 79 (97), 78 (12), 77 (35), 69 (5), 68 (17), 67 (66), 66 (11), 65 (17),
56 (3), 55 (29), 54 (9), 53 (23), 52 (4), 51 (6), 43 (6), 42 (9), 41 (89), 40
(5), 39 (42), 29 (31); HRMS: m/z : calcd for C12H18O: 178.1358, found:
178.1353 [M +].


(3S*,3aS*,5aR*,8aS*)-3-Methyloctahydrocyclopenta[c]pentalen-4(5H)-
one (36a): NMR (1H,1H-COSY, 13C,13C-DEPT, HSQC, HMBC,
NOESY); 1H NMR (500 MHz, CDCl3, ref.: TMS): d=0.91 (d, J=7.0 Hz,
3H, 1’-H), 1.16 (dddd, J=6.3/11.5/12.2/11.5 Hz, 1H, 2-HA), 1.26 (dddd,
J=5.2/5.2/7.0/12.8 Hz, 1H, 6-HB), 1.48 (ddddd, J=7.0/7.0/8.2/8.4/12.4 Hz,
1H, 7-HB), 1.57 (ddddd, J=5.2/5.5/6.2/6.7/12.4 Hz, 1H, 7-HA), 1.64 (ddd,
J=6.2/8.2/12.6 Hz, 1H, 8-HA), 1.66 (ddd, J=5.5/7.0/12.6 Hz, 1H, 8-HB),
1.67 (ddd, J=6.3/12.2/12.5 Hz, 1H, 1-HB), 1.75 (ddd, J=2.1/6.3/12.5 Hz,
1H, 1-HA), 1.78 (dddd, J=2.1/5.9/6.3/12.2 Hz, 1H, 2-HB), 1.91 (dddd, J=
6.7/8.4/8.5/12.8 Hz, 1H, 6-HA), 2.00 (ddd, J=2.0/3.3/18.4 Hz, 1H, 5-HB),
2.11 (dd, J=2.0/10.5 Hz, 1H, 3a-H), 2.16 (dddd, J=3.3/5.2/8.5/10.2 Hz,
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1H, 5a-H), 2.25 (dqdd, J=5.9/7.0/10.5/11.5 Hz, 1H, 3-H), 2.37 (ddd, J=
0.6/10.2/18.4 Hz, 1H, 5-HA); 13C NMR (125 MHz, CDCl3, ref.: CDCl3):
d=15.77 (C-1’), 25.90 (C-7), 35.31 (C-6), 35.60 (C-2), 39.14 (C-3), 40.98
(C-1), 41.10 (C-8), 46.00 (C-5a), 48.79 (C-5), 59.78 (C-8a), 63.19 (C-3a),
222.39 (C-4); IR (film): ñ =2944, 2866, 1735, 1715, 1480 cm�1; GC-MS
(70 eV): m/z (%): 179 (14) [M ++1], 178 (72) [M +], 163 (4), 161 (3), 150
(16), 149 (100), 137 (11), 136 (69), 135 (22), 131 (3), 124 (7), 123 (75), 122
(5), 121 (33), 120 (10), 119 (5), 110 (3), 109 (6), 108 (20), 107 (51), 106
(4), 105 (16), 96 (32), 95 (32), 94 (32), 93 (78), 92 (13), 91 (67), 82 (9), 81
(79), 80 (19), 79 (87), 78 (12), 77 (45), 69 (8), 68 (7), 67 (37), 66 (10), 65
(17), 55 (26), 54 (6), 53 (23), 52 (5), 51 (5), 43 (7), 42 (7), 41 (83), 40 (9),
39 (46), 38 (33), 29 (39); HRMS: m/z : calcd for C12H18O: 178.1358,
found: 178.1347 [M +].


(3R*,3aS*,5aR*,8aS*)-3-Methyloctahydrocyclopenta[c]pentalen-4(5H)-
one (37a): NMR (1H,1H-COSY, 13C,13C-DEPT, HSQC, HMBC,
NOESY); 1H NMR (500 MHz, CDCl3, ref.: TMS): d=1.04 (d, J=6.9 Hz,
3H, 1’-H), 1.27 (m, 1H, 6-HB), 1.29 (m, 1H, 2-HB), 1.58 (m, 1H, 7-HA),
1.61 (m, 1H, 7-HB), 1.63 (m, 1H, 1-HA), 1.65 (m, 1H, 8-HA), 1.69 (m,
1H, 2-HA), 1.69 (m, 1H, 8-HB), 1.76 (m, 1H, 1-HB), 1.80 (dd, J=1.8/
5.5 Hz, 1H, 3a-H), 1.91 (dddd, J=6.8/7.2/8.6/13.4 Hz, 1H, 6-HA), 2.02
(ddd, J=1.9/4.9/18.5 Hz, 1H, 5-HB), 2.05 (m, 1H, 3-H), 2.16 (dddd, J=
4.9/5.3/8.6/9.2 Hz, 1H, 5a-H), 2.56 (ddd, J=0.6/9.2/18.5 Hz, 1H, 5-HA);
13C NMR (125 MHz, CDCl3, ref.: CDCl3): d=20.78 (C-1’), 25.90 (C-7),
34.48 (C-6), 35.53 (C-2), 40.14 (C-3), 40.81 (C-1), 41.76 (C-8), 44.95 (C-
5a), 45.69 (C-5), 59.22 (C-8a), 67.44 (C-3a), 222.68 (C-4); IR (film): ñ =


2942, 2865, 1735, 1701 cm�1; GC-MS (70 eV): m/z (%): 179 (13) [M ++1],
178 (88) [M +], 163 (5), 151 (5), 150 (35), 149 (53), 137 (3), 136 (34), 135
(30), 134 (8), 133 (3), 123 (17), 122 (8), 121 (36), 120 (4), 119 (6), 117 (3),
110 (3), 109 (8), 108 (37), 107 (90), 106 (5), 105 (17), 103 (3), 97 (3), 96
(8), 95 (27), 94 (89), 93 (91), 92 (12), 91 (74), 83 (4), 82 (11), 81 (100), 80
(20), 79 (88), 78 (13), 77 (51), 69 (11), 68 (12), 67 (42), 66 (11), 65 (18),
55 (26), 54 (5), 53 (22), 52 (3), 51 (5), 43 (5), 42 (6), 41 (87), 40 (6), 39
(48), 29 (41); HRMS: m/z : calcd for C12H18O: 178.1358, found: 178.1352
[M +].


PET oxidative reaction of 3-(3-butynyl)bicyclo[5.1.0]oct-2-en-1-yl trime-
thylsilyl ether (12a): Compound 12a (580 mg, 2.33 mmol) was dissolved
in acetonitrile (205 mL), apportioned together with DCA (100 mg,
0.44 mmol) to 14 pyrex tubes and irradiated according to GP I for 96 h.
The crude product was filtered over silica (cyclohexane/ethyl acetate
90:10) and purified by HPLC (cyclohexane/ethyl acetate 95:5) yielding 3-
(3-butynyl)-7-methyl-3-cyclohepten-1-one (38a ; 62 mg, 15%),
(3aR*,5aS*,9aS*)-2,3,3a,4,8,9-hexahydro-1H-cyclopenta[c]inden-5(5aH)-
one (39a ; 25 mg, 15%) and (3aS*,5aR*,8aS*)-3-methylenoctahydrocyclo-
penta[c]pentalen-4(5H)-one (40a ; 123 mg, 30%) as colorless oils.


3-(3-Butynyl)-7-methyl-3-cyclohepten-1-one (38a): NMR (1H,1H-COSY,
13C,13C-DEPT, HMQC); 1H NMR (500 MHz, CDCl3, ref.: CHCl3): d=
1.063 (d, J=6.9 Hz, 3H, 1’’-H), 1.600 (dddd, J=3.5/9.8/10.1/13.4 Hz, 1H,
6-H), 1.92 (dd, J=2.5/2.5 Hz, 1H, 4’-H), 1.94 (dddd, J=3.3/5.2/8.6/
13.4 Hz, 1H, 6-H), 2.16±2.32 (m, 6H, 5-H/1’-H/2’-H), 2.665 (dqd, J=5.2/
6.9/10.1 Hz, 1H, 7-H), 3.08 (dd, J=1.0/14.0 Hz, 1H, 2-H), 3.17 (dddd, J=
1.0/1.1/1.2/14.0 Hz, 1H, 2-H), 5.60 (dddd, J=1.0/1.0/5.1/6.1 Hz, 1H, 4-H);
13C NMR (125 MHz, CDCl3, ref.: CDCl3): d=16.57 (C-1’’), 17.33 (C-2’),
26.44 (C-5), 32.33 (C-6), 38.51 (C-1’), 45.21 (C-2), 47.71 (C-7), 68.76 (C-
4’), 83.61 (C-3’), 126.81 (C-4), 132.22 (C-3), 210.57 (C-1); IR (film): ñ =


3293, 2936, 2119, 1706, 1458, 1376, 1169, 1049 cm�1; GC-MS (70 eV): m/z
(%): 176 (1) [M +], 161 (25), 143 (3), 134 (9), 133 (7), 132 (3), 119 (11),
118 (3), 109 (3), 107 (4), 106 (14), 105 (30), 104 (5), 103 (3), 98 (9), 95
(6), 93 (9), 92 (16), 91 (100), 82 (5), 81 (8), 80 (5), 79 (40), 78 (25), 77
(29), 69 (8), 67 (16), 66 (7), 65 (20), 56 (3), 55 (16), 54 (5), 53 (6), 52 (13),
43 (5), 42 (11), 41 (78), 40 (4), 39 (48), 29 (16); GC-MS (CI): m/z (%):
178 (12) [MH++1], 177 (100) [MH+].


(3aR*,5aS*,9aS*)-2,3,3a,4,8,9-Hexahydro-1H-cyclopenta[c]inden-5(5aH)-
one (39a): NMR (1H,1H-COSY, 13C,13C-DEPT, HMQC); 1H NMR
(500 MHz, CDCl3, ref.: TMS): d=1.43 (dddd, J=2.2/7.0/13.7/15.6 Hz,
1H, 3-HB), 1.44±1.49 (m, 2H, 9-H), 1.67±1.83 (m, 3H, 1-H/2-H), 1.55 (m,
1H, 1-H), 1.97±2.06 (m, 3H, 3-H/8-H), 2.11 (ddd, J=1.6/3.8/18.9 Hz, 1H,
4-HB), 2.18 (dddd, J=3.8/7.0/8.2/9.0 Hz, 1H, 3a-H), 2.51 (dd, J=9.0/
18.9 Hz, 1H, 3-HA), 2.53 (m, 1H, 5a-H), 5.69 (dddd, J=2.1/2.1/4.3/9.9 Hz,
1H, 6-H), 5.85 (dddd, J=2.3/3.9/3.9/3.9 Hz, 1H, 7-H); 13C NMR
(125 MHz, CDCl3, ref.: CDCl3): d=22.90 (C-8), 24.07 (C-2), 31.11 (C-9),
33.06 (C-3), 37.78 (C-1), 42.72 (C-4), 43.25 (C-3a), 49.08 (C-9a), 55.31 (C-


5a), 122.18 (C-6), 129.23 (C-7), 219.05 (C-5); GC-MS (70 eV): m/z (%):
177 (4) [M ++1], 176 (33) [M +], 158 (5), 148 (8), 147 (12), 135 (5), 134
(33), 133 (12), 132 (16), 131 (6), 130 (12), 129 (6), 121 (3), 120 (8), 119
(18), 118 (3), 117 (8), 115 (3), 107 (9), 106 (19), 105 (29), 104 (18), 103
(6), 98 (5), 95 (3), 94 (9), 93 (17), 92 (38), 91 (100), 81 (5), 80 (11), 79
(38), 78 (18), 77 (38), 67 (10), 66 (6), 65 (12), 63 (3), 55 (6), 53 (14), 52
(6), 51 (8), 43 (3), 42 (6), 41 (35), 40 (5), 39 (24), 29 (6); GC-MS (CI): m/
z (%): 178 (13) [MH++1], 177 (100) [MH+]; HRMS: m/z : calcd for
C12H16O: 176.1201, found: 176.1203 [M


+].


(3aS*,5aR*,8aS*)-3-Methylenoctahydrocyclopenta[c]pentalen-4(5H)-one
(40a): NMR (1H,1H-COSY, 13C,13C-DEPT, HMQC, NOESY); 1H NMR
(500 MHz, CDCl3, ref.: CHCl3): d=1.39 (dddd, J=4.5/4.7/5.0/14.7 Hz,
1H, 6-HB), 1.55±1.72 (m, 3H, 7-H/8-H), 1.72±1.81 (m, 3H, 8-H/1-H), 1.96
(m, 1H, 6-HA), 2.023 (ddd, J=1.9/4.5/18.8 Hz, 1H, 5-HB), 2.27 (dddd, J=
4.2/4.5/8.9/9.7 Hz, 1H, 5a-H), 2.30±2.43 (m, 2H, 2-H), 2.63 (dd, J=9.7/
18.8 Hz, 1H, 5-HA), 2.76 (dddd, J=1.9/2.0/2.2/2.2 Hz, 1H, 3a-H), 4.95
(ddd, J=2.2/2.2/2.2 Hz, 1H, 1’-H), 5.02 (ddd, J=2.2/2.2/2.2 Hz, 1H, 1’-
H); 13C NMR (125 MHz, CDCl3, ref.: CDCl3): d=25.43 (C-7), 33.63 (C-
2), 34.35 (C-6), 39.16 (C-8)*, 39.19 (C-1)*, 44.03 (C-5a), 45.39 (C-5),
59.56 (C-8a), 64.66 (C-3a), 108.40 (C-1’), 149.33 (C-3), 218.09 (C-4); *:
signal assignments are mutual interchangeable; IR (film): ñ =2947, 2866,
2163, 1737, 1650, 1447, 1407, 1222, 1167, 1042, 888 cm�1; GC-MS (70 eV):
m/z (%): 177 (8) [M ++1], 176 (58) [M +], 161 (10), 149 (3), 148 (18), 147
(37), 135 (9), 134 (84), 133 (35), 132 (15), 131 (4), 121 (4), 120 (14), 119
(32), 117 (8), 115 (4), 107 (10), 106 (45), 105 (38), 104 (5), 103 (8), 95 (3),
94 (18), 93 (21), 92 (31), 91 (100), 82 (5), 81 (6), 80 (12), 79 (55), 78 (22),
77 (46), 67 (8), 66 (4), 65 (17), 63 (3), 55 (8), 54 (3), 53 (18), 52 (7), 51
(9), 42 (4), 41 (33), 40 (5), 39 (27), 29 (8), 27(11); GC-MS (CI): m/z (%):
178 (13) [MH++1], 177 (100) [MH+], 176 (7) [M +]; HRMS: m/z : calcd
for C12H16O: 176.1201, found: 176.1193 [M


+].


PET oxidative reaction of 3-(2-cyclohexenylmethyl)bicyclo[5.1.0]oct-2-
en-1-yl trimethylsilyl ether (13a): Compound 13a (268 mg, 0.93 mmol)
was dissolved in acetonitrile (128 mL), apportioned together with DCA
(100 mg, 0.44 mmol) to 14 pyrex tubes and irradiated according to GP I
for 96 h. The crude product was filtered over silica (cyclohexane/ethyl
acetate 75:25) and purified by HPLC (cyclohexane/ethyl acetate 95:5)
yielding 3-(2-cyclohexenylmethyl)-7-methyl-3-cyclohepten-1-one (41a ;
38 mg, 19%), (3aR*,5aS*,5bS*,9aS*,10aS*)-dodecahydropentaleno[1,6a-a]-
inden-5(1H)-one (42a ; 22 mg, 11%) and (3aR*,5aS*,5bR*,9aR*,10aS*)-
dodecahydropentaleno[1,6a-a]inden-5(1H)-one (43a ; 24 mg, 12%) as col-
orless oils.


3-(2-Cyclohexenylmethyl)-7-methyl-3-cyclohepten-1-one (41a): NMR
(1H,1H-COSY, 13C,13C-DEPT, HMQC); 1H NMR (500 MHz, CDCl3, ref.:
CHCl3MS): d=1.063/1.061 (d, J=6.8 Hz, 3H, 1’’’-H), 1.09±1.17 (m, 1H,
6’’-H), 1.44±1.53 (m, 1H, 5’’-H), 1.55±1.68 (m, 3H, 6-H/5’’-H/6’’-H), 1.90±
2.05 (m, 5H, 6-H/1’-H/4’’-H), 2.14±2.32 (m, 3H, 5-H/1’’-H), 2.59±2.68 (m,
1H, 7-H), 3.03±3.09 (m, 1H, 2-H), 3.12±3.19 (m, 1H, 2-H), 5.45±5.53 (m,
2H, 4-H/2’’-H), 5.61±5.67 (m, 1H, 3’’-H); 13C NMR (125 MHz, CDCl3,
ref.: CDCl3): d=16.57/16.66 (C-1’’’), 21.22 (C-5’’), 25.26 (C-4’’), 26.50/
26.57 (C-5), 28.71/28.90 (C-6), 32.30/32.34 (C-6’’), 32.54/32.56 (C-1’’),
45.04/45.13 (C-2), 46.73 (C-1’). 47.82/47.89 (C-7), 127.06/127.07 (C-4),
127.22 (C-3’’), 131.03/131.16 (C-2’’), 132.16/132.22 (C-3), 210.82 (C-1); IR
(film): ñ=3022, 2933, 1708, 1662, 1448, 1376, 1324, 1279, 1214, 1137,
1051, 957, 862, 784, 721 cm�1; GC-MS (70 eV): m/z (%): 218 (11) [M +],
175 (7), 138 (21), 123 (3), 121 (4), 110 (19), 109 (5), 107 (3), 105 (6), 96
(5), 95 (15), 94 (4), 93 (5), 92 (3), 91 (13), 82 (8), 81 (100), 80 (19), 79
(44), 78 (3), 77 (12), 69 (4), 68 (4), 67 (10), 66 (4), 65 (6), 55 (10), 53 (17),
43 (4), 42 (3), 41 (31), 39 (10), 29 (4); GC-MS (CI): m/z (%): 220 (17)
[MH++1], 219 (100) [MH+]; HRMS: m/z : calcd for C15H22O: 218.1671,
found: 218.1672 [M +].


(3aR*,5aS*,5bS*,9aS*,10aS*)-Dodecahydropentaleno[1,6a-a]inden-
5(1H)-one (42a): NMR (1H,1H-COSY, 13C,13C-DEPT, HSQC, HMBC,
NOESY); 1H NMR (500 MHz, CDCl3, ref.: TMS): d=0.95 (dddd, J=3.2/
12.0/12.9/12.9 Hz, 1H, 6-HA), 1.11 (ddddd, J=3.1/3.3/12.0/12.9/12.9 Hz,
1H, 7-HB), 1.27 (m, 1H, 3-HB), 1.32 (ddddd, J=3.3/4.4/12.8/12.8/13.1 Hz,
1H, 8-HA), 1.46 (dddddd, J=1.6/3.3/3.3/3.3/4.8/13.1 Hz, 1H, 8-HB), 1.52
(m, 1H, 6-HB), 1.56 (dddd, J=4.8/4.8/13.5/13.6 Hz, 1H, 9-HA), 1.57 (dd,
J=7.0/12.6 Hz, 1H, 10-HB), 1.59 (m, 1H, 2-H), 1.63 (dm, J=13.5 Hz, 1H,
9-HB), 1.64 (m, 1H, 2-H), 1.64 (m, 1H, 7-HA), 1.66 (m, 1H, 1-HB), 1.73
(m, 1H, 1-HA), 2.01 (dd, J=12.3/13.0 Hz, 1H, 10-HA), 2.04 (m, 1H, 3-
HA), 2.10 (ddd, J=2.1/4.6/19.2 Hz, 1H, 4-HB), 2.22 (m, 1H, 9a-H), 2.24
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(ddddd, J=1.2/5.0/5.9/8.2/12.0 Hz, 1H, 5b-H), 2.33 (dddd, J=4.6/5.8/8.5/
10.1 Hz, 1H, 3a-H), 2.48 (dd, J=2.1/8.2 Hz, 1H, 5a-H), 2.64 (ddd, J=
0.8/9.9/19.2 Hz, 1H, 4-HA); 13C NMR (125 MHz, CDCl3, ref.: TMS): d=
21.02 (C-8), 24.35 (C-6), 25.70 (C-7), 26.15 (C-2), 26.51 (C-9), 35.26 (C-
3), 40.96 (C-9a), 42.11 (C-5b), 43.86 (C-1), 44.16 (C-10), 46.35 (C-3a),
49.09 (C-4), 58.43 (C-10a), 65.52 (C-5a), 222.95 (C-5); IR (film): ñ =


2931, 2863, 1730, 1467, 1447, 1407, 1316, 1270, 1248, 1166, 1039 cm�1;
GC-MS (70 eV): m/z (%): 218 (6) [M+], 190 (3), 189 (12), 176 (7), 175
(4), 147 (4), 138 (6), 137 (9), 136 (3), 133 (7), 124 (16), 123 (100), 122
(14), 121 (4), 119 (6), 117 (3), 108 (3), 107 (5), 106 (4), 105 (10), 97 (4),
96 (43), 95 (28), 94 (11), 93 (14), 92 (8), 91 (33), 82 (3), 81 (23), 80 (8), 79
(34), 78 (6), 77 (18), 67 (19), 66 (4), 65 (5), 55 (15), 53 (9), 52 (5), 43 (6),
42 (3), 41 (35), 39 (6), 29 (6); GC-MS (CI): m/z (%): 220 (17) [MH++1],
219 (100) [MH+]; HRMS: m/z : calcd for C15H22O: 218.1671, found:
218.1674 [M +].


(3aR*,5aS*,5bR*,9aR*,10aS*)-Dodecahydropentaleno[1,6a-a]inden-
5(1H)-one (43a): NMR (1H,1H-COSY, 13C,13C-DEPT, 13C-gated, HSQC,
HMBC, NOESY); 1H NMR (500 MHz, CDCl3, ref.: TMS): d=1.24 (m,
1H, 7-H), 1.36±1.42 (m, 2H, 8-H), 1.36 (dddd, J=3.0/10.4/13.1/15.2 Hz,
1H, 6-H), 1.38 (dddd, J=4.5/5.8/6.2/12.7 Hz, 1H, 3-HB)*, 1.49±1.54 (m,
2H, 9-H), 1.567 (m, 1H, 6-H), 1.587 (m, 1H, 7-H), 1.63 (m, 1H, 2-H),
1.680 (m, 1H, 2-H), 1.69 (m, 1H, 10-HA), 1.77 (ddd, J=6.4/8.3/12.6 Hz,
1H, 1-HA), 1.82 (dddd, J=6.3/6.3/12.6 Hz, 1H, 1-HB), 1.919 (m, 1H, 9a-
H), 1.93 (m, 1H, 10-HB), 1.96 (dddd, J=6.6/8.2/8.3/12.7 Hz, 1H, 3-HA),
2.01 (dd, J=1.8/3.0 Hz, 1H, 5a-H), 2.08 (ddd, J=1.8/6.1/18.4 Hz, 1H, 4-
HB), 2.09 (dddd, J=3.0/5.2/5.2/10.4 Hz, 1H, 5b-H), 2.22 (dddd, J=4.5/6.1/
8.3/9.3 Hz, 1H, 3a-H), 2.56 (ddd, J=0.7/9.3/18.4 Hz, 1H, 4-HA);
13C NMR (125 MHz, CDCl3, ref.: TMS): d=21.58 (C-8), 24.76 (C-7),
26.13 (C-2), 26.61 (C-9), 27.86 (C-6), 34.54 (C-3), 39.07 (C-9a), 43.08 (C-
1), 44.84 (C-10), 45.08 (C-5b), 46.59 (C-4), 46.70 (C-3a), 57.26 (C-10a),
65.99 (C-5a), 223.42 (C-5); IR (film): ñ =2929, 2862, 1736, 1659, 1529,
1465, 1446, 1407, 1252, 1166, 1061 cm�1; GC-MS (70 eV): m/z (%): 218
(6) [M +], 189 (6), 176 (4), 175 (3), 161 (3), 149 (3), 148 (5), 147 (13), 134
(6), 133 (7), 124 (15), 123 (100), 121 (10), 120 (3), 119 (7), 117 (4), 108
(3), 107 (4), 106 (4), 105 (12), 96 (13), 95 (12), 94 (9), 93 (17), 92 (9), 91
(34), 81 (17), 80 (9), 79 (39), 78 (6), 77 (19), 67 (21), 66 (4), 65 (5), 55
(15), 53 (4), 52 (6), 51 (3), 43 (5), 42 (3), 41 (25), 39 (10), 29 (8); GC-MS
(CI): m/z (%): 220 (16) [MH++1], 219 (100) [MH+]; HRMS: m/z : calcd
for C15H22O: 218.1671, found: 218.1673 [M


+].


PET oxidative reaction of 3-(3-butenyl)bicyclo[6.1.0]non-2-en-1-yl trime-
thylsilyl ether (11b): Compound 11b (650 mg, 2.45 mmol) was dissolved
in acetonitrile (205 mL), apportioned together with DCA (160 mg,
0.70 mmol) to 15 pyrex tubes and irradiated according to GP I for 96 h.
The crude product was filtered over silica gel (cyclohexane/ethyl acetate
75:25) and purified by HPLC (cyclohexane/ethyl acetate 95:5) yielding
(3R*,3aS*,5aR*,9aS*)-3-methyldecahydro-4H-cyclopenta[c]inden-4-one
(36b ; 43 mg, 9%) and a mixture (175 mg, 37%; relative amount accord-
ing to GC 22:17) of the two isomeric cyclisation products
(4aS*,6aR*,10aS*)-decahydrobenzo[c]inden-5(1H)-one (35b) and
(3R*,3aS*,5aR*,9aS*)-3-methyldecahydro-4H-cyclopenta[c]inden-4-one
(37b). The mixture was separated by preparative GC (190 8C isotherm/
0.45 bar) for spectroscopic characterization.


(4aS*,6aR*,10aS*)-Decahydrobenzo[c]inden-5(1H)-one (35b): NMR
(1H,1H-COSY, 13C,13C-DEPT, HMQC, HMBC, NOESY); 1H NMR
(500 MHz, CDCl3, ref.: CHCl3): d=1.06±1.33 (m, 6H), 1.34±1.48 (m,
5H), 1.51±1.67 (m, 3H), 1.80±1.99 (m, 3H, 4-H/6a-H/10-H), 1.94 (ddd,
J=1.4/2.9/19.5 Hz, 1H, 6-H), 2.22 (m, 1H, 4a-H), 2.40 (dd, J=8.3/
19.5 Hz, 1H, 6-H); 13C NMR (125 MHz, CDCl3, ref.: CDCl3): d=20.99
(C-8/C-9)*, 21.29 (C-4), 23.35 (C-3), 24.30 (C-2), 28.69 (C-7), 32.84 (C-
10), 35.79 (C-1), 37.72 (C-6a), 39.70 (C-10a), 42.57 (C-6), 49.66 (C-4a),
221.19 (C-5); *signal shows correlation signals with 4 protons in HMQC
2D experiment; IR (film): ñ =2929, 2860, 1737, 1449, 1413, 1356, 1296,
1262, 1230, 1196, 1184, 1154, 1107, 1070, 1040, 1002, 909, 892, 878,
850 cm�1; GC-MS (70 eV): m/z (%): 193 (5) [M ++1], 192 (34) [M +], 163
(3), 150 (9), 149 (21), 138 (14), 137 (100), 136 (17), 135 (14), 134 (6), 122
(7), 121 (10), 110 (5), 109 (8), 108 (10), 107 (15), 105 3), 98 (3), 97 (4), 96
(8), 95 (18), 94 (14), 93 (18), 92 (4), 91 (12), 83 (7), 82 (15), 81 (33), 80
(10), 79 (32), 78 (4), 77 (12), 69 (5), 68 (16), 67 (45), 66 (5), 65 (8), 55
(32), 54 (11), 53 (18), 52 (4), 51 (5), 43 (4), 42 (3), 41 (37), 40 (4), 39 (17),
29 (11), 28 (6), 27 (15).


(3R*,3aS*,5aR*,9aS*)-3-Methyldecahydro-4H-cyclopenta[c]inden-4-one
(36b): NMR (1H,1H-COSY, 13C,13C-DEPT, HMQC, HMBC, NOESY);
1H NMR (500 MHz, CDCl3, ref.: CHCl3): d=0.99 (m, 1H, 6-H), 1.05 (d,
J=6.9 Hz, 3H, 1’-H), 1.15 (dddd, J=9.0/10.7/11.3/13.0 Hz, 1H, 2-HA),
1.22±1.32 (m, 2H, 7-H/8-H), 1.37 (m, 1H, 9-H), 1.47±1.55 (m, 2H, 7-H/8-
H), 1.54 (ddd, J=8.2/10.7/13.6 Hz, 1H, 1-HB), 1.64 (m, 1H, 9-H), 1.65
(m, 1H, 6-H), 1.813 (dddd, J=2.1/6.4/8.2/13.0 Hz, 1H, 2-HB), 1.84 (ddd,
J=2.1/9.0/13.6 Hz, 1H, 1-HA), 1.95 (dddd, J=4.0/5.3/7.1/9.8 Hz, 1H, 5a-
H), 2.03 (ddd, J=1.8/4.0/17.1 Hz, 1H, 5-HB), 2.11 (dd, J=1.8/9.2 Hz, 1H,
3a-H), 2.23 (dqdd, J=6.4/6.9/9.2/11.3 Hz, 1H, 3-H), 2.31 (dd, J=7.1/
17.1 Hz, 1H, 5-HA); 13C NMR (125 MHz, CDCl3, ref.: CDCl3): d=16.02
(C-1’), 23.39 (C-7)*, 23.70 (C-8)*, 30.00 (C-6), 34.65 (C-2), 36.34 (C-9),
38.27 (C-3), 40.67 (C-1), 40.69 (C-5a), 47.19 (C-5), 51.14 (C-9a), 58.40 (C-
3a), 221.91 (C-4); *: signal assignments are mutual interchangeable; IR
(film): ñ =2928, 2861, 1735, 1449, 1413, 1380, 1257, 1193, 1165, 1114,
1034, 934 cm�1; GC-MS (70 eV): m/z (%): 193 (3) [M ++1], 192 (14)
[M +], 149 (10), 138 (11), 137 (100), 136 (11), 135 (5), 134 (3), 121 (4),
108 (5), 107 (12), 95 (9), 94 (6), 93 (9), 92 (8), 91 (15), 82 (4), 81 (24), 80
(5), 79 (27), 78 (4), 77 (12), 69 (5), 68 (3), 67 (19), 66 (3), 65 (4), 55 (15),
53 (7), 51 (3), 43 (4), 42 (3), 41 (30), 40 (5), 39 (9), 29 (9); GC-MS (CI):
m/z (%): 194 (14) [MH++1], 193 (100) [MH+]; HRMS: m/z : calcd for
C13H20O: 192.1514, found: 192.1517 [M


+].


(3R*,3aS*,5aR*,9aS*)-3-Methyldecahydro-4H-cyclopenta[c]inden-4-one
(37b): NMR (1H,1H-COSY, 13C,13C-DEPT, HMQC*, HMBC, NOESY);
1H NMR (500 MHz, CDCl3, ref.: CHCl3): d=1.08 (d, J=6.8 Hz, 3H, 1’-
H), 1.35 (m, 1H, 8-H), 1.38 (dddd, J=8.4/8.9/8.9/12.4 Hz, 1H, 2-HB), 1.38
(m, 1H, 6-HB), 1.40 (m, 1H, 7-H), 1.41 (m, 1H, 9-HA), 1.42 (m, 1H, 7-
H), 1.45 (m, 1H, 8-H), 1.57 (m, 1H, 1-HB), 1.59 (ddd, J=4.4/8.4/13.1 Hz,
1H, 9-HB), 1.64 (dddd, J=5.4/5.4/8.0/13.3 Hz, 1H, 6-HA), 1.71 (ddd, J=
7.8/8.9/13.1 Hz, 1H, 1-HA), 1.79 (dd, J=1.5/7.4 Hz, 1H, 3a-H), 1.90
(dddd, J=4.4/7.7/7.8/12.4 Hz, 1H, 2-HA), 2.02 (dddd, J=5.0/5.0/7.5/
9.4 Hz, 1H, 5a-H), 2.10 (qddd, J=6.7/7.4/7.4/8.9 Hz, 1H, 3-H), 2.22 (ddd,
J=1.5/9.4/17.9 Hz, 1H, 5-HB), 2.31 (dd, J=7.5/17.9 Hz, 1H, 5-HA);
13C NMR (125 MHz, CDCl3, ref.: CDCl3): d=20.80 (C-1’), 21.70 (C-7),
23.18 (C-8), 26.64 (C-6), 34.77 (C-9), 35.30 (C-2), 37.73 (C-1), 38.19 (C-
3), 39.25 (C-5a), 43.25 (C-5), 51.42 (C-9a), 66.59 (C-3a), 221.45 (C-4); IR
(film): ñ =2928, 2858, 1736, 1450, 1413, 1375, 1346, 1315, 1234, 1197,
1156, 1123 cm�1; GC-MS (70 eV): m/z (%): 193 (9) [M ++1], 192 (50)
[M +], 165 (6), 164 (49), 163 (23), 150 (11), 149 (36), 148 (5), 147 (3), 138
(6), 137 (45), 136 (21), 135 (28), 134 (4), 133 (3), 131 (3), 123 (3), 122
(11), 121 (23), 119 (3), 110 (5), 109 (9), 108 (23), 107 (74), 105 (12), 97
(5), 96 (6), 95 (28), 94 (61), 93 (50), 92 (11), 91 (42), 83 (7), 82 (14), 81
(92), 80 (20), 79 (79), 78 (11), 77 (35), 69 (13), 68 (13), 67 (59), 66 (15),
65 (15), 55 (44), 54 (9), 53 (11), 51 (8), 43 (7), 42 (12), 41 (100), 40 (9), 39
(34), 29 (20); GC-MS (CI): m/z (%): 194 (13) [MH++1], 193 (100)
[MH+]; HRMS: m/z : calcd for C13H20O: 192.1514, found: 192.1514 [M


+


].


PET oxidative reaction of 3-(3-butynyl)bicyclo[6.1.0]non-2-en-1-yl trime-
thylsilyl ether (12b): Compound 12b was dissolved in acetonitrile
(172 mL), apportioned together with DCA (200 mg, 0.88 mmol) to 12
pyrex tubes and irradiated according to GP I for 134 h. The crude prod-
uct was filtered over silica gel (cyclohexane/ethyl acetate 95:5) and puri-
fied by HPLC (cyclohexane/ethyl acetate 95:5) yielding
(4aS*,6aR*,10aS*)-2,4a,6,6a,7,8,9,10-octahydrobenzo[c]inden-5(1H)-one
(39b ; 139 mg, 32%) and (3aS*,5aR*,9aS*)-3-methylendecahydro-4H-cy-
clopenta[c]-inden-4-one (40b ; 52 mg, 12%) as colorless oils.


(4aS*,6aR*,10aS*)-2,4a,6,6a,7,8,9,10-Octahydrobenzo[c]inden-5(1H)-one
(39b): NMR (1H,1H-COSY, 13C,13C-DEPT, HMQC, HMBC, NOESY);
1H NMR (500 MHz, CDCl3, ref.: CHCl3): d=1.16±1.40 (m, 4H, 7-H/8-H/
9-H/10-H), 1.23 (ddd, J=6.4/6.7/13.3 Hz, 1H, 1-HB), 1.47±1.57 (m, 2H, 8-
H/9-H), 1.63 (m, 1H, 7-H), 1.65 (m, 1H, 10-H), 1.80 (ddd, J=5.7/7.6/
13.3 Hz, 1H, 1-HA), 1.95 (ddddd, J=2.1/3.8/6.4/7.6/18.3 Hz, 1H, 2-H),
1.99±2.09 (m, 2H, 2-H/6a-H), 2.08 (ddd, J=1.2/6.1/18.6 Hz, 1H, 6-HB),
2.41 (dd, J=7.7/18.6 Hz, 1H, 6-HA), 2.55±2.59 (m, 1H, 4a-H), 5.58 (dddd,
J=2.1/2.2/4.4/9.9 Hz, 1H, 4-H), 5.74 (dddd, J=2.4/3.6/3.8/9.9 Hz, 1H, 3-
H); 13C NMR (125 MHz, CDCl3, ref.: CDCl3): d=21.23 (C-2)*, 21.39 (C-
9)*, 22.65 (C-8)*, 27.17 (C-7), 29.65 (C-1), 32.56 (C-10), 36.24 (C-6a),
38.71 (C-10a), 41.73 (C-6), 53.75 (C-4a), 122.28 (C-4), 128.29 (C-3),
219.17 (C-5); *: signal assignments are mutual interchangeable; IR (film):
ñ =3032, 2928, 2855, 1741, 1449, 1412, 1343, 1280, 1256, 1240, 1225, 1200,
1163, 1146, 1128, 1100, 1065, 1010, 949, 921, 902, 872, 834, 816, 774, 744,
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713 cm�1; GC-MS (70 eV): m/z (%): 191 (10) [M ++1], 190 (59) [M +],
172 (9), 163 (3), 162 (21), 161 (8), 149 (7), 148 (50), 147 (31), 146 (10),
145 (8), 144 (6), 143 (4), 135 (3), 134 (19), 133 (29), 132 (3), 131 (6), 130
(11), 129 (5), 121 (5), 120 (12), 119 (16), 118 (4), 117 (10), 115 (4), 108
(6), 107 (8), 106 (14), 105 (29), 104 (31), 103 (6), 96 (3), 95 (30), 94 (16),
93 (22), 92 (37), 91 (100), 81 (17), 80 (23), 79 (65), 78 (26), 77 (48), 68
(3), 67 (19), 66 (7), 65 (16), 55 (11), 54 (3), 53 (13), 52 (4), 51 (7), 43 (4),
42 (4), 41 (39), 40 (4), 39 (21), 29 (8); GC-MS (CI): m/z (%): 192 (13)
[MH++1], 191 (100) [MH+], 190 (5) [M +]; HRMS: m/z : calcd for
C13H18O: 190.1358, found: 190.1352 [M


+].


(3aS*,5aR*,9aS*)-3-Methylendecahydro-4H-cyclopenta[c]-inden-4-one
(40b): NMR (1H,1H-COSY, 13C,13C-DEPT, HMQC); 1H NMR (500 MHz,
CDCl3, ref.: CHCl3): d=1.27 (dddd, J=3.7/6.9/7.4/13.0 Hz, 1H, 6-H),
1.37±1.48 (m, 5H, 7-H/8-H/9-H), 1.48 (ddd, J=7.0/8.9/13.0 Hz, 1H, 1-H),
1.63±1.73 (m, 2H, 6-H/9-H), 1.91 (ddd, J=6.9/8.2/13.0 Hz, 1H, 1-H), 2.03
(dddd, J=6.0/6.2/7.4/7.7 Hz, 1H, 5a-H), 2.17 (ddd, J=1.5/7.7/18.2 Hz,
1H, 5-H), 2.39 (dd, J=7.4/18.2 Hz, 1H, 5-H), 2.36±2.49 (m, 2H, 2-H),
2.74 (d, J=1.5 Hz, 1H, 3a-H), 4.95 (ddd, J=2.3/2.4/2.4 Hz, 1H, 1’-H),
5.07 (ddd, J=2.4/2.4/2.4 Hz, 1H, 1’-H); 13C NMR (125 MHz, CDCl3, ref.:
CDCl3): d=22.31 (C-7)*, 22.81 (C-8)*, 27.52 (C-6), 31.76 (C-2), 33.27 (C-
9), 36.00 (C-1), 36.63 (C-5a), 42.85 (C-5), 51.35 (C-9a), 62.97 (C-3a),
109.23 (C-1’), 148.10 (C-3), 217.57 (C-4); *: signal assignments are mutual
interchangeable; GC-MS (70 eV): m/z (%): 191 (8) [M ++1], 190 (59)
[M +], 175 (3), 163 (3), 162 (22), 161 (12), 149 (8), 148 (70), 147 (46), 146
(12), 135 (3), 134 (22), 133 (39), 132 (3), 131 (6), 121 (6), 120 (16), 119
(30), 118 (3), 117 (10), 115 (5), 108 (4), 107 (13), 106 (24), 105 (42), 104
(6), 103 (7), 95 (8), 94 (17), 93 (30), 92 (31), 91 (100), 82 (6), 81 (15), 80
(28), 79 (71), 78 (25), 77 (67), 69 (3), 68 (4), 67 (20), 66 (7), 65 (23), 63
(3), 55 (18), 54 (5), 53 (24), 52 (5), 51 (8), 43 (3), 42 (4), 41 (40), 40 (4),
39 (20), 29 (10); GC-MS (CI): m/z (%): 192 (3) [MH++2], 192 (13)
[MH++1], 191 (100) [MH+], 190 (4) [M +].


PET oxidative reaction of 3-(2-cyclohexenylmethyl)bicyclo[6.1.0]non-2-
en-1-yl trimethylsilyl ether (13b): Compound 13b (470 mg, 1.54 mmol)
was dissolved in acetonitrile (211 mL), apportioned together with DCA
(150 mg, 0.66 mmol) to 15 pyrex tubes and irradiated according to GP I
for 68 h. The crude product was filtered over silica (cyclohexane/ethyl
acetate 95:5) and purified by HPLC (cyclohexane/ethyl acetate 95:5)
yielding (4aR*,6aS*,6bS*,10aS*,11aS*)-tetradecahydro-6H-indeno[1,7a-a]-
inden-6-one (42b ; 36 mg, 10%) and (4aR*,6aS*,6bR*,10aR*,11aS*)-tetra-
decahydro-6H-indeno[1,7a-a]inden-6-one (43b ; 43 mg, 12%) as colorless
oils.


(4aR*,6aS*,6bS*,10aS*,11aS*)-Tetradecahydro-6H-indeno[1,7a-a]inden-
6-one (42b): NMR (1H,1H-COSY, 13C,13C-DEPT, HSQC, HMBC,
NOESY); 1H NMR (500 MHz, C6D6 (trace of CDCl3)*, ref.: TMS): d=
0.81 (dddd, J=3.4/12.7/12.8/12.9 Hz, 1H, 7-HA), 0.99 (ddddd, J=3.3/3.3/
12.8/12.8/12.8 Hz, 1H, 8-HB), 1.061 (m, 1H, 1-HB), 1.08 (m, 1H, 3-H),
1.09 (m, 1H, 2-H), 1.19 (m, 1H, 1-HA), 1.22 (m, 1H, 9-H), 1.27 (m, 1H,
4-HB), 1.29 (m, 1H, 3-H), 1.32 (ddd, J=0.6/7.5/12.6 Hz, 1H, 11-HB), 1.36
(m, 1H, 9-H), 1.36±1.44 (m, 2H, 10-H), 1.37 (m, 1H, 4-HA), 1.39 (m, 1H,
2-H), 1.45 (dd, J=12.8/12.9 Hz, 1H, 11-HA), 1.55 (dddddd, J=1.3/3.4/3.4/
3.4/3.4/12.8 Hz, 1H, 8-HA), 1.77 (m, 1H, 7-HB)*, 1.790 (m, 1H, 4a-H)*,
1.93 (ddddd, J=2.7/5.3/5.4/7.5/12.9 Hz, 1H, 10a-H), 1.98 (ddd, J=1.0/7.0/
16.9 Hz, 1H, 5-HA)*, 2.02 (dddd, J=5.4/5.4/7.5/12.7 Hz, 1H, 6b-H), 2.13
(ddd, J=1.0/1.4/7.6 Hz, 1H, 6a-H), 2.19 (ddd, J=1.4/13.5/16.9 Hz, 1H, 5-
HB); *For better signal separation the NMR measurements was carried
out in benzene containing traces of chloroform. In pure benzene the
chemical slightly differ from the stated above. This is important for the
*marked signal, because these signals overlap and change their sequence;
13C NMR (125 MHz, CDCl3, ref.: TMS): d=20.06 (C-3), 21.22 (C-9),
23.82 (C-2), 25.56 (C-4), 25.69 (C-7), 25.85 (C-8), 26.84 (C-10), 36.04 (C-
1), 40.72 (C-11), 40.85 (C-10a), 41.26 (C-6b), 43.67 (C-4a), 45.31 (C-5),
49.01 (C-11a), 66.87 (C-6a), 216.70 (C-6); IR (film): ñ =2924, 2857, 1732,
1446, 1411, 1249, 1227, 1196, 1164, 1080 cm�1; GC-MS (70 eV): m/z (%):
232 (4) [M +], 189 (3), 138 (14), 137 (100), 136 (30), 119 (3), 109 (3), 107
(3), 105 (5), 96 (7), 95 (8), 94 (5), 93 (10), 92 (4), 91 (17), 81 (10), 80 (4),
79 (20), 77 (7), 67 (10), 65 (4), 55 (9), 53 (4), 43 (5), 41 (14), 39 (6), 29
(4); GC-MS (CI): m/z (%): 234 (17) [MH++1], 233 (100) [MH+];
HRMS: m/z : calcd for C16H24O: 232.1827, found: 232.1825 [M


+].


(4aR*,6aS*,6bR*,10aR*,11aS*)-Tetradecahydro-6H-indeno[1,7a-
a]inden-6-one (43b): NMR (1H,1H-COSY, 13C,13C-DEPT, HSQC,
HMBC, NOESY); 1H NMR (500 MHz, C6D6, ref.: TMS): d=1.08 (m,


1H, 3-H), 1.09 (m, 1H, 2-H), 1.13 (m, 1H, 10-H), 1.15 (m, 1H, 9-H), 1.20
(m, 1H, 4-H), 1.21 (dd, J=6.0/13.1 Hz, 1H, 11-HB), 1.23±1.35 (m, 2H, 1-
H), 1.23 (m, 1H, 3-H), 1.26 (m, 1H, 8-H), 1.30 (m, 1H, 2-H), 1.33 (m,
1H, 10-H), 1.35 (m, 1H, 4-H), 1.35 (m, 1H, 9-H), 1.413 (m, 1H, 8-H),
1.43 (m, 1H, 7-HB), 1.48 (dd, J=7.3/13.1 Hz, 1H, 11-HA), 1.62 (dddd, J=
3.6/5.3/7.0/12.3 Hz, 1H, 4a-H), 1.69 (m, 1H, 7-HA), 1.82 (ddddd, J=0.6/
5.9/6.0/7.3/12.8 Hz, 1H, 10a-H), 1.96 (dd, J=6.9/17.0 Hz, 1H, 5-HA), 2.04
(d, J=7.7 Hz, 1H, 6a-H), 2.07 (m, 1H, 6b-H), 2.1 (ddd, J=1.3/12.3/
17.0 Hz, 1H, 5-HB); 13C NMR (125 MHz, CDCl3, ref.: TMS): d=20.98
(C-3), 22.94 (C-8), 23.72 (C-2), 23.94 (C-9), 25.30 (C-4), 26.98 (C-7),
28.75 (C-10), 36.52 (C-1), 40.38 (C-10a), 40.77 (C-4a), 41.86 (C-6b), 43.17
(C-11), 43.26 (C-5), 49.20 (C-11a), 62.97 (C-6a), 217.73 (C-6); IR (film):
ñ =2927, 2856, 1733, 1446, 1415, 1362, 1332, 1232, 1199, 1158, 1129,
1020 cm�1; GC-MS (70 eV): m/z (%): 233 (2) [M ++1], 232 (10) [M +],
189 (4), 162 (4), 161 (4), 149 (3), 147 (9), 138 (13), 137 (100), 136 (30),
134 (4), 133 (4), 121 (10), 120 (3), 119 (4), 109 (3), 108 (4), 107 (4), 105
(8), 96 (4), 95 (8), 94 (6), 93 (16), 92 (6), 91 (25), 81 (12), 80 (6), 79 (22),
77 (10), 67 (18), 66 (3), 65 (4), 55 (16), 53 (5), 43 (3), 42 (4), 41 (27), 39
(9), 29 (5); GC-MS (CI): m/z (%): 234 (18) [MH++1], 233 (100) [MH+];
HRMS: m/z : calcd for C16H24O: 232.1827, found: 232.1826 [M


+].


PET oxidative reaction of 4-(2-propenyl)bicyclo[5.1.0]oct-2-en-1-yl trime-
thylsilyl ether (14a,b): The two isomeric trimethylsilyl ether 14a and 14b
(overall 277 mg) and DCA (90 mg; 10 mg/tube) were apportioned in dif-
ferent isomer ratios to 9 pyrex tubes and dissolved in acetonitrile (12 mL
each) and irradiated according to GP I for 72 h. The GC analysis of each
tube showed that irrespective of the isomeric ratio (3aR*,4R*,6aR*)-4-al-
lylhexahydro-2(1H)pentalenone (44) was formed as the major product.
The contents of the tubes were combined and the solvent was evaporat-
ed. The crude product was purified by column chromatography (cyclo-
hexane/ethyl acetate 925:75) yielding (3aR*,4R*,6aR*)-4-allylhexahydro-
2(1H)pentalenone (44 ; 78 mg, 40%) as a colorless oil. NMR (1H,1H-
COSY, 13C,13C-DEPT, HMQC, HMBC, NOESY); 1H NMR (500 MHz,
CDCl3, ref.: CHCl3): d=1.26±1.40 (m, 2H, 5-H/6-H), 1.65 (ddddd, J=7.0/
7.3/7.5/7.6/7.7 Hz, 1H, 4-H), 1.91 (dddd, J=4.0/6.8/7.0/12.3 Hz, 1H, 5-H),
1.97 (ddd, J=2.1/5.6/19.1 Hz, 1H, 1-HB), 1.97±2.06 (m, 2H, 1’-H/6-H),
2.06 (ddd, J=2.1/4.6/18.8 Hz, 1H, 3-HB), 2.15 (ddddd, J=1.1/1.5/6.8/7.0/
13.8 Hz, 1H, 1’-H), 2.25 (dddd, J=4.8/7.6/9.2/9.2 Hz, 1H, 3a-H), 2.43
(ddd, J=1.5/9.2/18.8 Hz, 1H, 3-HA), 2.45 (ddd, J=1.5/10.1/19.2 Hz, 1H,
1-HA), 2.692 (m, 1H, 6a-H), 4.95 (dddd, J=1.1/1.1/2.2/10.1 Hz, 1H, 3’-H),
4.97 (dddd, J=1.5/1.5/2.2/17.1 Hz, 1H, 3’-H), 5.75 (dddd, J=7.0/7.0/10.1/
17.1 Hz, 1H, 2’-H); 13C NMR (125 MHz, CDCl3, ref.: CDCl3): d=32.54
(C-6)*1, 32.56 (C-5)*1, 39.24 (C-1’)*2, 39.26 (C-6a)*2, 43.88 (C-3), 44.86
(C-1), 45.56 (C-3a), 46.73 (C-4), 115.59 (C-3’), 137.35 (C-2’), 220.89 (C-2);
*: signal assignments are mutual interchangeable; IR (film): ñ =3080,
2950, 2866, 1740, 1700, 1678, 1660, 1640, 1547, 1438, 1404, 1242, 1159,
994, 911 cm�1; GC-MS (70 eV): m/z (%): 164 (<1) [M +], 123 (7), 122
(58), 121 (3), 96 (6), 95 (94), 94 (13), 93 (28), 92 (4), 91 (11), 82 (7), 81
(100), 80 (84), 79 (63), 78 (11), 77 (26), 68 (8), 67 (45), 66 (11), 65 (9), 55
(21), 54 (14), 53 (35), 51 (5), 43 (5), 42 (11), 41 (98), 40 (8), 39 (55), 29
(7); GC-MS (CI): m/z (%): 166 (12) [MH++1], 165 (100) [MH+];
HRMS: m/z : calcd for C11H16O: 164.1201, found: 164.1198 [M


+].
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Efficient Synthesis of S-Linked Glycopeptides in Aqueous Solution
by a Convergent Strategy


Xiangming Zhu and Richard R. Schmidt*[a]


Introduction


Protein glycosylation is a ubiquitous posttranslational modi-
fication that is involved in a number of processes, both
within cells and at cell surfaces. These include cell adhesion,
cell differentiation, signal transduction, host±pathogen inter-
actions, and immune response.[1] Aberrant glycosylation of
proteins has often been correlated with specific disease
states. However, the mechanism by which carbohydrates as
protein constituents exert their function is poorly under-
stood at the molecular level. This mainly stems from the mi-
croheterogeneity at the carbohydrate portions,[2] which
yields an ensemble of glycoproteins that differ only in their
glycan structure. For instance, erythropoietin (EPO), a clini-
cally useful red-blood cell stimulant for anemia, is glycosy-
lated by more than thirteen types of oligosaccharide chains
when expressed in Chinese hamster ovary (CHO) cells.[3]


This highly complex structure of glycoproteins has chal-
lenged existing analytical techniques with respect to separa-
tion and purification, and has restricted access to sufficient
quantities of homogenous material for structural and func-
tional analysis.


Therefore, chemical syntheses of glycoproteins[4] with
well-defined structures are needed to gain an understanding
of glycan function, as well as for the development of im-
proved glycoprotein therapeutics. Moreover, since the most
comprehensive studies of specific glycoprotein functions to
date have been derived through the characterization of gly-
copeptide activities, chemists have also begun to explore
various approaches to the construction of glycopeptides[5]


and glycopeptide mimetics[6] that have superior properties
for therapeutic application, or that permit a more facile syn-
thesis.
Naturally occurring glycopeptides most commonly incor-


porate an O-glycosidic or an N-glycosidic linkage between
the carbohydrate moiety and the side chain of an appropri-
ate amino acid residue.[5a] Replacement of the anomeric
oxygen of O-glycopeptides by sulfur, particularly those
linked to serine or threonine, would give the corresponding
S-linked glycopeptides; this is a modification tolerated by
most biological systems. In addition, the stability of the pep-
tide±sugar linkage against chemical degradation, as well as
against enzymatic cleavage would be increased.[7] Therefore,
investigations toward the synthesis of S-linked glycopeptides
that may prove useful in biological studies and as potential
therapeutic agents were initiated.[8,9]


In general, there are two distinct synthetic approaches for
glycopeptide assembly. As depicted in Figure 1, one is a co-
translational strategy wherein a glycosylated amino acid is
incorporated into the desired peptide during solid-phase
peptide synthesis (SPPS). The other is a posttranslational
strategy, generally termed the ™convergent strategy∫, in
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Fachbereich Chemie, Fach M 725
Universit‰t Konstanz
78457 Konstanz (Germany)
Fax: (+49)7531-88-3135
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Abstract: In naturally occurring glyco-
peptides and glycoproteins the glycan
residues generally possess N- and O-
linkages to the peptide backbone. Here
we report the synthesis of the corre-
sponding S-linked glycopeptides by a
convergent strategy to provide com-
pounds which should be quite stable to
glycosidases. To this end, peptides that
contain b-bromoalanine and g-bromo-
homoalanine were generated either di-


rectly by bromination of serine and ho-
moserine residues, respectively, or by
standard ligation of the corresponding
amino acids. 1-Thiosugars of O-acetyl
protected GalNAc, GlcNAc, and lac-
tose were prepared by known proce-


dures. Reaction of the thiosugars with
these peptides in an ethyl acetate/water
two-phase system, which contained
TBAHS and NaHCO3, or in a one-
phase system that consists of DMF/
water and which contains NaHCO3, led
to the desired S-linked glycopeptides
cleanly and in almost quantitative
yield. This reaction also worked well
for O-unprotected 1-thiosugars.


Keywords: carbohydrates ¥
glycopeptides ¥ substitution ¥
thioglycosides
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which the sugar is directly attached to the pre-established
peptide structure. Most examples of glycopeptide synthesis
described to date have employed the cotranslational strategy
because it is normally compatible with the well-established
SPPS.


In contrast, comparatively little work has been reported
on posttranslational glycopeptide assembly even though this
strategy presents a conceptually attractive alternative which
could eventually allow a rapid and versatile means of form-
ing glycopeptides libraries through the simple attachment of
different carbohydrate structures. Moreover, the posttransla-
tional strategy would circumvent any potential interference
by the conjugate of interest that exists with SPPS.
Herein, we present an efficient method for the posttrans-


lational assembly of S-linked glycopeptides using nucleophil-
ic 1-thio sugars and electrophilic peptides that contain bro-
mine.
Prior to our work, several groups utilized acids that con-


tain iodine to prepare S-linked glycosyl amino acids. Knapp
et al. described the synthesis of Boc-Cys(a-GlcNAc)-OMe[10]


and Boc-Cys(a-GalNAc)-OMe[11] in which b-iodoalanine de-
rivatives were coupled with the corresponding a-GlcNAc or
a-GalNAc thiols in the presence of a strong base in dry
DMF. Milder conditions have also been employed in the
preparation of Boc-Cys(b-GlcNAc)-OBn by a similar cou-
pling reaction.[12] Preparation of S-glycosyl amino acids
using solid-support sugar thiols and amino acids that contain
iodine has also been reported.[13] However, these procedures
have not all been extended to the convergent synthesis of S-
linked glycopeptides presumably because of the unavailabili-
ty of peptides that contain iodine. Indeed, there have only
been two reports describing the convergent synthesis of S-
linked glycopeptides. In the first report, 1-thio sugars were
attached by Michael addition to peptides that contain dehy-
droalanine.[8b] Unfortunately, this addition was not diaster-
eoselective. In the second report, serine- and threonine-de-
rived cyclic sulfamidates were employed for the preparation
of small S-linked glycopeptides.[8h] However, application of
this method was limited because apart from other draw-
backs, the reaction also resulted in removal of the N-sulfate
group.


Results and Discussion


Most S-linked glycopeptides synthesized to date have capi-
talized on the inherent reactivity of the sulfhydryl group of
cysteine or homocysteine.[8,9] However, the chemoselective
linkage of an electrophilic sugar with a peptide sulfhydryl
group may become problematic in the presence of multiple
nucleophilic amino acid side chains, and could lead to the
desired S-linked glycopeptides in unsatisfactory yields.[9] A
more fashionable method to generate glycopeptide mimetics
or neoglycopeptides proceeds by incorporation of a nonpro-
teinogenic functional group into the peptide scaffold, that is,
one that is absent from the side chains of natural amino
acids but which reacts readily and specifically with special
sugar derivatives.[14,8b] This technique, which involves the
coupling of two mutually and uniquely reactive functional
groups in an aqueous environment, actually has its origins in
protein chemistry. Even in the presence of a multitude of
potentially reactive functionalities, two chemoselective liga-
tion partners will react only with each other. In this way, ho-
mogeneous glycoprotein mimetics have very recently been
produced, for instance, by ligation of amino-oxy sugars with
keto-containing proteins.[14e] Here we describe an alternative
ligation based on the coupling of nucleophilic 1-thiol sugars
with peptides that contain b-bromoalanine or g-bromoho-
moalanine.[15] The S-linked glycopeptides produced in this
fashion have structural motifs that are also shared by native
O- or N-linked glycopeptides.


Synthesis of bromopeptides : Peptides that contain bromine
have rarely been used in solution, although bromoamino
acid derivatives have been used for quite some time.[16] Two
approaches to the synthesis of bromopeptides exist: 1) a
pre-prepared bromoamino acid is incorporated during the
course of the peptide synthesis; and 2) a bromo group is di-
rectly introduced into the peptide. To determine the ap-
proach best adapted to the synthesis of any desired bromo-
peptides, both of these routes were investigated. Conceiva-
bly, the former approach exhibited the greater potential,
and indeed, the latter approach was not successful in all
cases.
Commercially available Z-Ser-OBzl and Fmoc-Ser-OtBu


were brominated under standard conditions[17] (CBr4/PPh3)
to afford the corresponding bromides 1[18] and 2 in 84 and
60% yields, respectively (Scheme 1). Although TLC indicat-
ed complete consumption of starting material, bromide 3
was only isolated in 50% yield under the same conditions.
Similarly, treatment of dipeptides Boc-Ala-Ser-OBzl, Boc-
Trp-Ser-Obzl, and Boc-Tyr-Ser-OBzl with CBr4/PPh3 in
CH2Cl2 provided the corresponding bromodipeptides 4, 5,
and 6 in 61, 58, and 47% yields, respectively, after flash
chromatography. A two-step procedure[14f] was examined for
the bromination of dipeptide Boc-Ser-Val-OMe (Scheme 1).
This compound was firstly converted to its tosylate then
treated with NaBr. Unfortunately, bromide 7 was obtained
in only 38% yield. As we had feared,[8h] because a,b-unsatu-
rated amides are so readily formed, the main side reaction
involved the elimination of HBr to give dehydroalanine de-
rivatives. Since the two-step procedure does not provide any


Figure 1. Two strategies for glycopeptide assembly.
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advantage, we used the CBr4/PPh3 conditions for all the re-
maining bromination reactions. As shown in Scheme 1 bro-
mides 8 and 9 were produced in good yields. This is due to
the greatly reduced acidity of the carbonyl b protons (rela-
tive to the a protons), which means that any tendency to-
wards b-elimination is limited.


Bromotripeptides 10 and 11 were also readily produced in
50 and 45% yields, respectively, by direct bromination of
Boc-Ala-Ser-Pro-OBzl and Boc-Trp-Ser-Ile-OMe with CBr4/
PPh3 (Scheme 2). Tripeptide Boc-Ser-Val-Pro-OtBu was also
transformed to the corresponding bromide 12 in 54% yield
by treatment with CBr4/PPh3. However, attempts to convert
tripeptide Boc-Ala-Ser-Tyr-NH2 to the corresponding bro-


mide failed because of the poor solubility of this compound
in suitable solvents.
Therefore, we turned our attention to an alternative ap-


proach by which bromopeptides can be prepared. This in-
volves the elongation of b-bromoalanine or g-bromohomoa-
lanine derivatives at either the C- or N-termini to give more
complex bromopeptides. To test the feasibility of elongation
at the C-terminus of bromoamino acids we treated bromide
2 with TFA to give the free acid 13, and then coupled this
with H-Ala-OBzl¥HCl in the presence of PyBOP[19] and dii-
sopropylethylamine (DIPEA). The desired dipeptide 14 was
obtained in 58% overall yield (Scheme 3) but a small
amount of eliminated by-product 15 was also formed during
the coupling reaction. Encouraged by this result, tripeptide
17 was prepared in good yield in two steps from dipeptide 4.
Dipeptide 4 was firstly debenzylated by catalytic hydrogena-
tion to give acid 16, and this was then coupled to H-Ser-
OBzl to give 17.
Not unexpectedly, by-product 18 was also isolated from


the reaction mixture in 15% yield. It should be noted that
by-products from an SN2 reaction of 13 or 16 with amino or
hydroxy compounds was not observed. Despite the forma-
tion of some elimination products, a noteworthy advantage
of this route is that it allows the construction of peptides
that contain both bromoamino acids and natural amino
acids such as 17 that contain hydroxy groups. Such peptides
are conceivably difficult to prepare by direct bromination of
the corresponding tripeptide. Furthermore, the promising re-
sults obtained suggest that this approach could be applied to
form more complex bromopeptides by the established SPPS
method.
To obtain more information on the preparation of bromo-


peptides, we then turned to elongating peptide chains at the
N-terminus. The results are summarized in Scheme 4. Expo-
sure of dipeptide 7 to 25% TFA in CH2Cl2 led smoothly to
the TFA salt of amine 19, which was used without further
purification in the following two coupling reactions. The use
of a Boc protecting group is essential because the acidic
conditions required to subsequently cleave it can be tolerat-
ed by the b-bromo structure motif.
Coupling of 19 with Boc-Ala-OH in the presence of


PyBOP and DIPEA afforded the desired bromide 20 in
88% overall yield. Similarly, coupling of 19 with Boc-Ala-
Gly-OH under the same conditions produced tetrapeptide
21 also in high yield. In this way, dipeptide 3 was converted
to pentapeptide 23 in 83% yield over two steps, while treat-
ment of dipeptide 9 with 25% TFA in CH2Cl2 followed by
coupling with Boc-Ala-Gly-Gly-Gly-OH produced the de-
sired hexapeptide 25 in 70% yield. The yields obtained for
N-terminus elongation were significantly better than those
obtained for the C-terminus elongation reactions. Moreover,
N-terminus elongation did not afford any elimination by-
products (like 15 and 18) in the coupling reactions. A fur-
ther benefit is that all the bromides prepared above were
stable to silica-gel chromatography and routine purifications
could be performed. The precise mechanistic details under-
lying the different behaviour observed when bromopeptides
were elongated at the different termini are not yet clear. It
is noteworthy that by conducting elongation at both termini


Scheme 1. Preparation of bromoamino acids 1 and 2, and bromodipepti-
des 3±9. a) CBr4, PPh3; b) TsCl, Py, CH2Cl2, then NaBr, acetone.
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there seems to be, in principle, no limit to the structural
complexity of the bromopeptides that can be formed.


Synthesis of 1-thio sugars : To accomplish the chemistry out-
lined in Figure 1 (posttranslational S-linked glycopeptide
synthesis), suitably derivatized 1-thio sugars are also re-
quired. Moreover, in order to mimic the natural glycopepti-
des better the choice of glycosyl thiols, in particular the ster-
eochemistry of the C�S bonds, is important. O-Linked gly-
coproteins found in nature often have a glycan core struc-
ture that is initiated with a serine or threonine-linked a-
GalNAc.[20] Therefore, a-GalNAc thiol 26[11] (see below) is
essential to mimic the O-a-GalNAc glycopeptides. Known
a-GlcNAc thiol 27[10] was also prepared in order to construct
S-a-GlcNAc glycopeptides; these mimic the corresponding


O-a-GlcNAc-Ser linkage,
which is a very common struc-
tural feature amongst O-linked
glycoproteins.[21] Due to the
importance of b-GlcNAc-Ser/
Thr glycosides in both the b-
amyloid precursor protein
(APP)[22] and nuclear pore pro-
teins,[23] b-GlcNAc thiol 28[24]


was included as one of the gly-
cosyl moieties to be introduced
into the glycopeptide. Perace-
tyl b-glucosyl thiol and b-lacto-
syl thiol 29[25] were also investi-
gated because b-glycosides
commonly occur in natural gly-
coproteins.


Convergent assembly of S-
linked glycopeptides : With the
requisite building blocks in
hand, the task that now con-
fronted us was the develop-
ment of appropriate conditions
to achieve the desired post-
translational assembly of the
S-linked glycopeptides. Re-
cently, we achieved the direct
S-glycosylation of peptides
that contain cysteine or homo-
cysteine using glycosyl bro-
mides in the presence of 10%
Na2CO3.


[9,26] On the basis of
this work b-bromoalanine 1
was treated in ethyl acetate
and an aqueous solution of
NaHCO3 at pH 8.5 with a-
GlcNAc thiol 27 in the pres-
ence of tetra-n-butylammoni-
um hydrogensulfate (TBAHS).
Under these phase-transfer
conditions (PTC), the desired
a-thioglycoside 30 (Scheme 5)
was smoothly obtained in 87%


yield.[27] In this coupling, the thiolate anion is generated in
situ by the action of NaHCO3, and the a-thioglycoside 30 is


Scheme 2. Preparation of bromopeptides 10, 11, and 12. a) CBr4, PPh3.


Scheme 3. Preparation of bromopeptides by elongation at the C-terminus. a) TFA, H2O, CH2Cl2; b) PyBOP,
DIPEA; c) H2, Pd/C.
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then readily formed by nucleophilic displacement of the b-
bromo atom in 1. A solution of NaHCO3 at pH 8.5 was used
rather than 10% Na2CO3 in order to reduce the possibility
of the bromoalanine derivatives undergoing b-elimination.
Had this occurred, subsequent Michael addition would give
rise to a mixture of diastereomers that only differ in config-
uration at the carbon a to cysteine. Fortunately, this did not
take place in our system, al-
though it has been observed
under different experimental
conditions.[8h,12] A further ad-
vantage of this methodology is
that the stereochemistry at the
important anomeric center is
established at an early stage in
the synthetic sequence. Even
under more basic conditions,
the stereochemical integrity at
the anomeric center of the 1-
thiosugars is maintained.[28]


Gratifyingly, when b-bro-
moalanine 2 was treated with
thiol 28 according to the same
procedure, b-GlcNAc glycoside
31 was isolated in quantitative
yield (Scheme 5).[29] It should
be noted that recently Ichika-
wa et al.[12] used the Mitsunobu
reaction to prepare a similar


compound in only modest
yield (53%). The excellent
yields obtained, as well as the
extremely simple conditions
required by our method make
this an attractive alternative in
the preparation of S-glycosy-
lated cysteine derivatives such
as 31. Furthermore, these can
subsequently be incorporated
into glycopeptide syntheses
(cotranslational strategy).
Encouraged by these results,


our attention then turned
toward applying this procedure
to the convergent assembly of
glycopeptide arrays. As expect-
ed, S-glycodipeptide 32 was
produced smoothly in 78%
yield by treatment of dipeptide
7 with a-GlcNAc thiol 27
under phase-transfer condi-
tions. More importantly, care-
ful inspection of the 1H NMR
spectra of 32 did not reveal
any epimerized glycopeptide.
We subsequently investigated
the use of bromodipeptide 8 as
an electrophile. When 8 was
treated with thiol 27 under


PTC, the desired S-glycodipeptide 33 was efficiently ob-
tained in 89% yield as shown in Scheme 5. This was also a
promising result as it demonstrated the feasibility of utiliz-
ing our procedure in the synthesis of N-linked glycopeptide
mimetics.[30]


Since it has been demonstrated during the synthesis of O-
glycopeptides that the hydroxyl group at the C-terminus has


Scheme 4. Preparation of bromopeptides by elongation at the N-terminus. a) TFA, CH2Cl2; b) PyBOP,
DIPEA.


Scheme 5. Synthesis of S-glycopeptides 30±35. a) NaHCO3, TBAHS, EtOAc/H2O.
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a much lower reactivity[31] than the hydroxyl group at the N-
terminus, we thought it was important to examine the reac-
tivity of a bromo group at the C-terminus. For this purpose,
dipeptide 4 was treated with thiol 27 under the above descri-
bed conditions, and interestingly, the a-thioglycoside 34 was
produced in 83% yield. The high reactivity of the bromine
atom at the C-terminus was further confirmed when 4 was
effectively coupled with b-GlcNAc thiol 28 to give the de-
sired product 35 in an even higher yield (87%). This demon-
strates that the bromo group has a similar reactivity at
either terminus and can be effectively attacked by sulfur nu-
cleophiles.
The scope of this novel procedure in the synthesis of S-


glycopeptides is further illustrated in Scheme 6. Treatment
of tryptophan (Trp) dipeptide 5 with thiol 27 in the presence
of aqueous NaHCO3 (pH 8.5) and TBAHS afforded the de-
sired a-thioglycoside 36 in 79% yield. Again, under the
same conditions, ligation between tyrosine (Tyr) dipeptide 6
and a-GalNAc thiol 26 occurred smoothly and led to the de-
sired a-thioglycoside 37 in good yield (63%).[32] It is impor-
tant to note that although the indole ring of Trp and the hy-
droxyl group of Tyr are nucleophilic, they did not participate
in the ligation because the highly nucleophilic thiolate group
was present.


To further explore the scope of this methodology, we pro-
ceeded to use bromotripeptides 10, 11, 12, and 17 as electro-
philes in the convergent synthesis of S-linked glycopeptides.
Thus, reaction of 10 with thiol 27 under the above described
conditions gave solely the desired glycotripeptide 38 in 65%
yield. As shown in Scheme 6, tripeptide 11 also underwent
effective thioglycosylation with thiol 26 under PTC to give
S-a-glycotripeptide 39 in 82% yield. The above smooth for-
mation of glycotripeptides 38 and 39 further demonstrates
the effectiveness of this methodology and lends credence to
the notion that more complex S-linked glycopeptides could
be produced in this fashion.
Similarly, thioglycosylation of tripeptide 12 with a-


GalNAc thiol 26 in a mixture of EtOAc/aqueous NaHCO3
and in the presence of TBAHS (pH 8.5) also proceeded
smoothly to give S-a-glycotripeptide 40 in good yield
(72%). As depicted in Scheme 6, exposure of 12 to perace-
tyl b-glucosyl thiol under the above conditions furnished the
S-b-glycotripeptide 41[9] in almost quantitative yield (96%).
This result is in sharp contrast to the modest yield obtained
for the same compound by a previously reported proce-
dure.[9] Ligation of tripeptide 17 and glucosyl thiol
(Scheme 6) was also carried out under PTC and the desired
S-glycopeptide 42 was isolated from the reaction mixture in


78% yield.
Despite the above achieve-


ments there is an apparent
limit to the present procedure.
In particular, the procedure is
dependent upon the bromo-
peptide being soluble in ethyl
acetate. In view of the fact
that protected or partially pro-
tected peptide chains frequent-
ly exhibit only limited solubili-
ty in organic solvents, it was
essential to adjust the present
conditions used if we were to
attain our goal of synthesizing
more complex S-linked glyco-
peptides.
We decided to trial DMF as


a solvent for this purpose.
Hence, Fmoc-protected dipep-
tide 14, which is only very
slightly soluble in EtOAc, was
treated in DMF and in the
presence of aqueous NaHCO3
(pH 8.5) with thiol 28
(Scheme 7). To our delight, the
desired b-thioglycoside 43 was
smoothly produced in this ho-
mogeneous solution in high
yield (89%) without observa-
ble epimerization of the cys-
teine a-carbon. This is an espe-
cially promising result as it
forebodes the feasibility of
performing this ligation onScheme 6. Synthesis of S-glycopeptides 36±42. a) NaHCO3, TBAHS, EtOAc/H2O.
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more complex peptides. Indeed, tetrapeptide 21 underwent
a highly effective thioglycosylation with b-lactosyl thiol 29
in DMF/H2O and in the presence of NaHCO3 to give the
desired S-linked glycotetrapeptide 44 in almost quantitative
yield (95%) (Scheme 7). Moreover, under these optimized
conditions pentapeptide 23 and thiol 29 underwent chemo-
selective ligation to afford 45 in excellent yield after purifi-
cation.


To demonstrate the power of this method in the synthesis
of complex S-linked glycopeptides, hexapeptide 25 was sub-
jected to thioglycosylation with sugar 29 under the above
conditions (NaHCO3, DMF/H2O). Once again, the desired
S-linked glycohexapeptide 46 was obtained in high yield
(76%).
Finally, we reasoned that unprotected sugar thiols could


also be used in this procedure, and indeed, as demonstrated
by the synthesis of S-glycopeptide 48 (Scheme 8), this
proved to be the case. Deacetylation of 27 afforded the un-
protected sugar 47, and this was then selectively ligated with
bromotripeptide 20 under the same reaction conditions to
give the desired glycotripeptide 48 in 70% yield.


Conclusion


In summary, we have presented a highly efficient method
for the synthesis of S-linked glycopeptides in aqueous solu-
tion by chemoselective ligation of bromopeptides with 1-
thio sugars. All the S-linked glycopeptides were prepared by
a convergent strategy. This is particularly notable because
biological studies would benefit from the modular nature of
this strategy. An advantage of this procedure is that due to
the extremely mild reaction conditions employed for the li-
gation, epimerization at the a-carbon of the amino acid was
not observed. Notably, both S-a- and S-b-glycopeptides[33]


can be efficiently generated by this procedure from the cor-
responding a- or b-glycosyl thiols, respectively. A further ad-
vantage of this protocol is that unprotected 1-thio sugars
can also be utilized to provide partially protected glycopep-
tides. The high yields attained under extremely mild reac-
tion conditions means that the method described herein has
considerable potential in the synthesis of large S-linked gly-
copeptides or even S-linked glycoproteins.


Experimental Section


General remarks : Unless otherwise stated, all moisture-sensitive reac-
tions were performed in oven-dried glassware under a nitrogen atmos-
phere using dry solvents. Solvents were evaporated under reduced pres-
sure at temperatures below 40 8C. All reactions were monitored by thin-
layer chromatography (TLC) using silica gel 60 F254, and the compounds
were visualized with UV light (254 nm), iodine, or by treatment with
either 0.2% ninhydrin in ethanol or 10% H2SO4 in methanol followed by
heating at 150 8C. Flash chromatography was performed with the indicat-
ed solvent system using 30±60 mm silica gel at a pressure of 0.3±0.4 bar.
Melting points were determined in an open capillary and are reported in
degrees Celsius (uncorrected). Optical rotations were measured at 25 8C
with a Perkin±Elmer 241/MC polarimeter (1 dm3 cell). 1H NMR spectra
were recorded with Bruker AC 250 (250 MHz) or Bruker DRX
(600 MHz) instruments using tetramethylsilane as an internal standard,
while 13C NMR spectra were recorded on a Bruker AC 250 (72.9 MHz)
spectrometer. MS spectra were recorded with a MALDI-kompakt
(Kratos) instrument in the positive mode using 2,5-dihydroxybenzoic acid
in dioxane as the matrix. Elemental analyses were performed in the mi-
croanalysis unit at Fachbereich Chemie, Universit‰t Konstanz. Yields
refer to chromatographically pure compounds and are calculated based
on consumed reagents.


All commercially obtained reagents were used as received. Amino acid
derivatives, Z-Gly-Gly-Phe-OH and Boc-Ala-Gly-Gly-Gly-OH were pur-
chased from Novabiochem or Bachem. All other dipeptides and tripepti-


Scheme 7. Synthesis of S-glycopeptides 43±46. a) NaHCO3, DMF/H2O.


Scheme 8. Synthesis of glycotripeptide 48. a) NaOMe, MeOH;
b) NaHCO3, DMF/H2O.
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des used were prepared from commercially available materials by normal
PyBOP-mediated peptide coupling.


Benzyl N-benzyloxycarbonyl-b-bromo-l-alaninate (1):[18] Ph3P (1.16 g,
4.44 mmol) was added portionwise to a solution of Z-Ser-OBzl (730 mg,
2.22 mmol) and CBr4 (1.25 g, 3.77 mmol) in dry CH2Cl2 (20 mL) at 0 8C.
The mixture was stirred at 0 8C for 20 min and was then concentrated
under reduced pressure at room temperature. The residue was purified
by flash-column chromatography (petroleum ether/EtOAc 12:1!3:1) to
give 1 (730 mg, 84%) as a white solid. Rf=0.28 (petroleum ether/EtOAc
4:1); [a]D=�19.0 (c=1.0 in CHCl3); 1H NMR (250 MHz, CDCl3): d=
7.35 (m, 10H), 5.75 (d, J=7.7 Hz, 1H), 5.21 (s, 2H), 5.12 (s, 2H), 4.84
(dt, J=7.9, 3.3 Hz, 1H), 3.83 (dd, J=10.6, 3.2 Hz, 1H), 3.72 ppm (dd, J=
10.6, 3.4 Hz, 1H); 13C NMR (CDCl3): d=168.7, 155.5, 135.9, 134.7, 128.6,
128.5, 128.4, 128.3, 128.2, 128.1, 68.0, 67.2, 54.3, 33.6 ppm; MS (MALDI):
m/z : 414, 416 [M+Na]+ , 430, 432 [M+K]+ ; elemental analysis calcd (%)
for C18H18BrNO4 (392.2): C 55.12, H 4.63, N 3.57; found: C 55.21, H 4.50,
N 3.58.


tert-Butyl N-(9-fluorenylmethoxycarbonyl)-b-bromo-l-alaninate (2): The
reaction procedure was identical to that described for 1 except that
Fmoc-Ser-OtBu (218 mg, 0.57 mmol) was used instead of Z-Ser-OBzl.
Compound 2 (152 mg, 60%) was isolated as a colourless syrup. Rf=0.32
(petroleum ether/EtOAc 2.5:1); [a]D=++16.0 (c=1.0 in CHCl3);
1H NMR (250 MHz, CDCl3): d=7.78 (d, J=7.3 Hz, 2H), 7.62 (d, J=
7.3 Hz, 2H), 7.36 (m, 4H), 5.75 (d, J=7.3 Hz, 1H), 4.69 (dt, J=7.4,
3.1 Hz, 1H), 4.38 (m, 2H), 4.25 (t, J=7.2 Hz, 1H), 3.84 (dd, J=10.5,
2.9 Hz, 1H), 3.77 (dd, J=10.5, 3.3 Hz, 1H), 1.52 ppm (s, 9H); 13C NMR
(CDCl3): d=167.6, 155.4, 143.6, 143.5, 141.1, 127.6, 127.0, 125.0, 119.9,
83.4, 67.2, 54.4, 46.9, 34.3, 27.8 ppm; MS (MALDI): m/z : 468, 470
[M+Na]+ ; elemental analysis calcd (%) for C22H24BrNO4¥H2O (464.3): C
56.91, H 5.64, N 3.02; found: C 56.98, H 5.42, N 2.65.


N-tert-Butoxycarbonyl-b-bromo-l-alanyl-l-alanine benzyl ester (3): The
reaction procedure was identical to that described for 1 except that Boc-
Ser-Ala-OBzl (1.5 g, 4.1 mmol) was used instead of Z-Ser-OBzl. Com-
pound 3 (880 mg, 50%) was isolated as a white solid. Rf=0.29 (petro-
leum ether/EtOAc 2:1); [a]D=�9.6 (c=0.7 in CHCl3);


1H NMR
(250 MHz, CDCl3): d=7.36 (m, 5H), 6.90 (d, J=6.9 Hz, 1H), 5.27 (d-
like, 1H), 5.19 (AB quartet, J=12.3 Hz, 2H), 4.63 (dt, J=14.4, 7.2 Hz,
1H), 4.52 (br s, 1H), 3.89 (dd, J=10.3, 4.3 Hz, 1H), 3.56 (dd, J=10.4,
4.9 Hz, 1H), 1.47 (s, 9H), 1.45 ppm (d, J=7.2 Hz, 3H); 13C NMR
(CDCl3): d=172.1, 168.5, 155.0, 153.1, 128.4, 128.2, 127.9, 80.5, 67.0, 54.6,
48.2, 33.1, 28.1, 18.0 ppm; MS (MALDI): m/z : 451, 453 [M+Na]+ ; ele-
mental analysis calcd (%) for C18H25BrN2O5 (429.3): C 50.36, H 5.87, N
6.53; found: C 50.17, H 5.70, N 6.53.


N-tert-Butoxycarbonyl-l-alanyl-b-bromo-l-alanine benzyl ester (4): The
reaction procedure was identical to that described for 1 except that Boc-
Ala-Ser-OBzl (439 mg, 1.2 mmol) was used instead of Z-Ser-OBzl. Com-
pound 4 (314 mg, 61%) was isolated as a colourless oil. Rf=0.37 (petro-
leum ether/EtOAc 1:1); [a]D=�12.0 (c=1.4 in CHCl3);


1H NMR
(250 MHz, CDCl3): d=7.37 (m, 5H), 7.14 (br s, 1H), 5.23 (m, 2H), 5.09
(d, J=6.8 Hz, 1H), 5.02 (dt, J=7.3, 3.4 Hz, 1H), 4.25 (m, 1H), 3.84 (dd,
J=10.6, 3.3 Hz, 1H), 3.76 (dd, J=10.6, 3.5 Hz, 1H), 1.45 (s, 9H),
1.37 ppm (d, J=7.1 Hz, 3H); 13C NMR (CDCl3): d=172.7, 168.6, 155.4,
134.7, 128.6, 128.4, 80.2, 67.9, 52.7, 50.0, 33.0, 28.2, 18.0 ppm; MS
(MALDI): m/z : 451, 453 [M+Na]+ , 467, 469 [M+K]+ ; elemental analysis
calcd (%) for C18H25BrN2O5 (429.3): C 50.36, H 5.87, N 6.53; found: C
50.31, H 6.46, N 6.50.


N-tert-Butoxycarbonyl-l-tryptophanyl-b-bromo-l-alanine benzyl ester
(5): The reaction procedure was identical to that described for 1 except
that Boc-Trp-Ser-OBzl (246 mg, 0.51 mmol) was used instead of Z-Ser-
OBzl. Compound 5 (161 mg, 58%) was isolated as a white solid. Rf=0.47
(petroleum ether/EtOAc 1:1); [a]D=�4.2 (c=1.0 in CHCl3); 1H NMR
(250 MHz, CDCl3): d=8.20 (br s, 1H), 7.63 (d, J=7.7 Hz, 1H), 7.35 (m,
5H), 7.21±7.04 (m, 4H), 6.77 (d, J=6.7 Hz, 1H), 5.18 (m, 1H), 5.13 (s,
2H), 4.88 (m, 1H), 4.50 (m, 1H), 3.71 (dd, J=10.6, 3.1 Hz, 1H), 3.62 (m,
1H), 3.34 (dd, J=14.5, 4.6 Hz, 1H), 3.19 (dd, J=14.6, 6.9 Hz, 1H),
1.42 ppm (s, 9H); 13C NMR (CDCl3): d=171.8, 168.3, 155.4, 136.2, 134.7,
128.6, 128.4, 127.4, 123.2, 122.2, 119.7, 118.7, 111.2, 110.2, 80.3, 67.9, 55.1,
52.8, 33.0, 28.2 ppm; MS (MALDI): m/z : 566, 568 [M+Na]+ , 582, 584
[M+K]+ ; elemental analysis calcd (%) for C26H30BrN3O5 (544.4): C
57.36, H 5.55, N 7.72; found: C 57.35, H 5.78, N 8.05.


N-tert-Butoxycarbonyl-l-tyrosinyl-b-bromo-l-alanine benzyl ester (6):
The reaction procedure was identical to that described for 1 except that
Boc-Tyr-Ser-OBzl (174 mg, 0.38 mmol) was used instead of Z-Ser-OBzl.
Compound 6 (93 mg, 47%) was isolated as a white solid. Rf=0.50 (petro-
leum ether/EtOAc 1:1.2); [a]D=++0.5 (c=0.5 in CHCl3);


1H NMR
(250 MHz, CDCl3): d=7.35 (m, 5H), 7.02 (d, J=8.3 Hz, 2H), 6.92 (d,
J=6.9 Hz, 1H), 6.73 (d, J=8.3 Hz, 2H), 5.20 (s, 2H), 5.04 (d-like, 1H),
4.95 (m, 1H), 4.36 (m, 1H), 3.79 (dd, J=10.8, 3.1 Hz, 1H), 3.72 (dd, J=
10.8, 3.6 Hz, 1H), 3.00 (d, J=6.4 Hz, 2H), 1.42 ppm (s, 9H); 13C NMR
(CDCl3): d=171.9, 168.3, 155.5, 155.3, 134.6, 130.3, 128.6, 128.4, 127.3,
115.7, 80.6, 68.0, 55.7, 52.9, 37.2, 32.7, 28.2 ppm; elemental analysis calcd
(%) for C24H29BrN2O6 (521.4): C 55.29, H 5.61, N 1.34; found: C 55.23, H
5.80, N 1.32.


N-tert-Butoxycarbonyl-b-bromo-l-alanyl-l-valine methyl ester (7): Pyri-
dine (1.3 mL, 15.9 mmol) was added to a stirred solution of Boc-Ser-Val-
OMe (1.07 g, 3.4 mmol) and toluene-p-sulfonyl chloride (1.3 g, 6.8 mmol)
in dry CH2Cl2 (25 mL). The mixture was stirred at ambient temperature
for 48 h. Removal of the volatiles in vacuo gave rise to a residue which
was purified by flash-column chromatography (petroleum ether/EtOAc
3:1) to afford the tosylate (900 mg, 56%) as a colorless oil. Rf=0.33 (pe-
troleum ether/EtOAc 1.5:1); [a]D=++8.1 (c=1.0 in CHCl3);


1H NMR
(250 MHz, CDCl3): d=7.78 (d, J=8.2 Hz, 2H), 7.35 (d, J=8.3 Hz, 2H),
6.95 (d, J=8.4 Hz, 1H), 5.46 (d, J=6.9 Hz, 1H), 4.48 (dd, J=8.8, 5.0 Hz,
1H), 4.39 (m, 2H), 4.21 (m, 1H), 3.73 (s, 3H), 2.45 (s, 3H), 2.13 (m, 1H),
1.46 (s, 9H), 0.90 (d, J=6.8 Hz, 3H), 0.88 ppm (d, J=6.8 Hz, 3H);
13C NMR (CDCl3): d=171.6, 168.1, 155.2, 145.2, 132.1, 129.9, 128.0, 80.9,
68.7, 57.3, 53.5, 52.1, 31.2, 28.1, 21.6, 18.8, 17.6 ppm; MS (MALDI): m/z :
495 [M+Na]+ , 511 [M+K]+ ; elemental analysis calcd (%) for
C21H32N2O8S (472.6): C 53.38, H 6.83, N 5.93; found: C 53.48, H 6.72, N
5.62.


Bromination of the tosylate (640 mg, 1.35 mmol) was performed under
nitrogen with NaBr (556 mg, 5.4 mmol) in dry acetone (20 mL). The sus-
pension was heated under reflux at 60 8C for 20 h, the solvent was re-
moved in vacuo, and the residue was diluted with EtOAc, washed with
water, and dried with MgSO4. Evaporation of the solvent yielded the
crude product which was purified by flash-column chromatography (pe-
troleum ether/EtOAc 5:1!3:1) to give 7 (350 mg, 68%) as a white solid
after lyophilization with dioxane. Rf=0.36 (petroleum ether/EtOAc 2:1);
[a]D=�3.1 (c=1.0 in CHCl3); 1H NMR (250 MHz, CDCl3): d=6.86 (d,
J=8.3 Hz, 1H), 5.33 (d, J=7.0 Hz, 1H), 4.54 (m, 2H), 3.93 (dd, J=10.4,
4,4 Hz, 1H), 3.75 (s, 3H), 3.60 (dd, J=10.4, 4.8 Hz, 1H), 2.20 (m, 1H),
1.49 (s, 9H), 0.94 ppm (dd, J=8.6, 6.9 Hz, 6H); 13C NMR (CDCl3): d=
171.8, 168.8, 155.1, 81.1, 57.3, 55.0, 52.2, 33.2, 31.4, 28.2, 18.9, 17.7 ppm;
MS (MALDI): m/z : 403, 405 [M+Na]+ , 419, 420 [M+K]+ ; elemental
analysis calcd (%) for C14H25BrN2O5 (381.3): C 44.10, H 6.61, N 7.35;
found: C 44.41, H 6.70, N 7.58.


N-tert-Butoxycarbonyl-g-bromo-l-homoalanyl-l-alanine tert-butyl ester
(8): The reaction procedure was identical to that described for 1 except
that Boc-Hse-Ala-OtBu (122 mg, 0.35 mmol) was used instead of Z-Ser-
OBzl. Compound 8 (105 mg, 73%) was isolated as a colourless syrup.
Rf=0.53 (petroleum ether/EtOAc 1.5:1); [a]D=�8.9 (c=0.6 in CHCl3);
1H NMR (250 MHz, CDCl3): d=6.72 (d, J=6.2 Hz, 1H), 5.33 (d, J=
8.1 Hz, 1H), 4.43 (m, 1H), 4.37 (m, 1H), 3.50 (t, J=6.8 Hz, 2H), 2.30 (m,
2H), 1.47 (s, 9H), 1.45 (s, 9H), 1.38 ppm (d, J=7.2 Hz, 3H); 13C NMR
(CDCl3): d=171.5, 170.7, 155.5, 81.8, 80.0, 53.0, 48.7, 35.8, 28.9, 28.2,
27.8, 17.9 ppm; MS (MALDI): m/z : 431, 433 [M+Na]+ , 447, 449
[M+K]+ ; elemental analysis calcd (%) for C16H29BrN2O5 (409.3): C
46.95, H 7.14, N 6.84; found: C 47.07, H 7.07, N 6.54.


N-tert-Butoxycarbonyl-g-bromo-l-homoalanyl-l-isoleucine methyl ester
(9): The reaction procedure was identical to that described for 1 except
that Boc-Hse-Ile-OMe (208 mg, 0.6 mmol) was used instead of Z-Ser-
OBzl. Compound 9 (150 mg, 61%) was isolated as a white solid. Rf=0.63
(petroleum ether/EtOAc 1:1); [a]D=�10.0 (c=0.6 in CHCl3); 1H NMR
(250 MHz, CDCl3): d=6.70 (d, J=8.6 Hz, 1H), 5.24 (d, J=8.4 Hz, 1H),
4.56 (dd, J=8.5, 4.7 Hz, 1H), 4.38 (q, J=7.8 Hz, 1H), 3.75 (s, 3H), 3.51
(t, J=6.5 Hz, 2H), 2.30 (m, 2H), 1.95 (m, 1H), 1.45 (s, 9H), 1.42 (m,
1H), 1.22 (m, 1H), 1.92 ppm (m, 6H); 13C NMR (CDCl3): d=171.9,
170.9, 155.5, 80.3, 56.6, 53.0, 52.1, 37.5, 35.0, 29.3, 28.2, 24.9, 15.4,
11.5 ppm; MS (MALDI): m/z : 431, 433 [M+Na]+ , 447, 449 [M+K]+ ; ele-
mental analysis calcd (%) for C16H29BrN2O5 (409.3): C 46.95, H 7.14, N
6.84; found: C 46.81, H 7.22, N 6.67.
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N-tert-Butoxycarbonyl-l-alanyl-b-bromo-l-alanyl-l-proline benzyl ester
(10): The reaction procedure was identical to that described for 1 except
that Boc-Ala-Ser-Pro-OBzl (600 mg, 1.29 mmol) was used instead of Z-
Ser-OBzl. Compound 10 (339 mg, 50%) was isolated as a white solid.
Rf=0.25 (petroleum ether/EtOAc 1:2);


1H NMR (250 MHz, CDCl3): d=
7.36 (m, 5H), 7.14 (d, J=8.1 Hz, 1H), 5.17 (AB quartet, J=12.3 Hz,
2H), 5.14 (m, 1H), 5.05 (m, 2H), 4.57 (dd, J=8.5, 4.3 Hz, 1H), 4.20 (m,
1H), 3.75 (m, 2H), 3.63 (dd, J=10.5, 6.1 Hz, 1H), 3.46 (dd, J=10.5,
6.3 Hz, 1H), 2.21 (m, 1H), 2.04 (m, 3H), 1.44 (s, 9H), 1.37 ppm (d, J=
7.1 Hz, 3H); 13C NMR (CDCl3): d=172.6, 171.1, 167.6, 155.3, 135.5,
128.5, 128.3, 128.2, 80.2, 66.9, 59.2, 51.2, 50.2, 47.3, 30.7, 28.9, 28.2, 24.7,
18.2 ppm; MS (MALDI): m/z : 548, 550 [M+Na]+ , 564, 566 [M+K]+ .
This compound was immediately used in the next step.


N-tert-Butoxycarbonyl-l-tryptophanyl-b-bromo-l-alanyl-l-isoleucine
methyl ester (11): The reaction procedure was identical to that described
for 1 except that Boc-Trp-Ser-Ile-OMe (187 mg, 0.36 mmol) was used in-
stead of Z-Ser-OBzl. Compound 11 (94 mg, 45%) was isolated as a white
solid. Rf=0.47 (petroleum ether/EtOAc 1:2); [a]D=�7.2 (c=0.5 in
CHCl3);


1H NMR (600 MHz, CDCl3): d=8.42 (br s, 1H), 7.64 (d, J=
7.8 Hz, 1H), 7.38 (d, J=8.0 Hz, 1H), 7.24±7.10 (m, 3H), 7.03 (d-like, J=
8.2 Hz, 1H), 6.82 (d, J=7.9 Hz, 1H), 5.12 (d, J=6.0 Hz, 1H), 4.79 (dt,
J=7.7, 4.4 Hz, 1H), 4.54 (dd, J=8.5, 5.3 Hz, 1H), 4.48 (q, J=6.1 Hz,
1H), 3.74 (overlapped, 1H), 3.73 (s, 3H), 3.32 (dd, J=11.9, 6.1 Hz, 1H),
3.24 (dd, J=11.4, 6.1 Hz, 1H), 3.23 (m, 1H), 1.89 (m, 1H), 1.41 (s, 9H),
1.20 (m, 2H), 0.90 ppm (m, 6H); 13C NMR (CDCl3): d=172.0, 171.6,
168.2, 155.7, 136.3, 127.2, 123.2, 122.4, 119.8, 118.7, 111.3, 110.0, 80.7,
57.0, 55.3, 53.4, 52.1, 37.5, 32.8, 28.2, 27.6, 25.0, 15.3, 11.4 ppm; MS
(MALDI): m/z : 603, 605 [M+Na]+ , 619, 621 [M+K]+ ; elemental analysis
calcd (%) for C26H37BrN4O6 (581.5): C 53.70, H 6.41, N 9.63; found: C
53.98, H 6.64, N 9.29.


N-tert-Butoxycarbonyl-b-bromo-l-alanyl-l-valinyl-l-proline tert-butyl
ester (12): The reaction procedure was identical to that described for 1
except that Boc-Ser-Val-Pro-OtBu (213 mg, 0.47 mmol) was used instead
of Z-Ser-OBzl. Compound 12 (131 mg, 54%) was isolated as a white
solid. Rf=0.42 (petroleum ether/EtOAc 1:1); [a]D=�55.4 (c=1.0 in
CHCl3);


1H NMR (250 MHz, CDCl3): d=7.38 (d, J=7.0 Hz, 1H), 5.49
(d, J=7.4 Hz, 1H), 4.65 (dd, J=8.7, 6.9 Hz, 1H), 4.58 (m, 1H), 4.39 (dd,
J=8.8, 4.8 Hz, 1H), 3.83 (m, 2H), 3.69 (m, 1H), 3.62 (dd, J=10.4,
4.4 Hz, 1H), 2.22±1.90 (m, 5H), 1.45 (s, 18H), 1.05 (d, J=6.7 Hz, 3H),
0.96 ppm (d, J=6.7 Hz, 3H); 13C NMR (CDCl3): d=170.9, 170.0, 168.7,
154.9, 81.3, 80.6, 59.7, 55.7, 54.8, 47.3, 34.1, 31.3, 29.0, 28.1, 27.8, 24.7,
19.3, 17.7 ppm; MS (MALDI): m/z : 541, 543 [M+Na]+ , 557, 559
[M+K]+ ; elemental analysis calcd (%) for C22H38BrN3O6 (520.5): C
50.77, H 7.36, N 8.07; found: C 50.80, H 7.62, N 7.80.


N-(9-Fluorenylmethoxycarbonyl)-b-bromo-l-alanine (13): tert-Butyl ester
2 (140 mg, 0.31 mmol) was dissolved in a mixture of TFA (1.2 mL),
CH2Cl2 (4 mL), and water (0.1 mL). The resultant mixture was stirred for
5 h at room temperature. Evaporation of the solvent afforded acid 13,
which was directly used in the next reaction without purification.


N-(9-Fluorenylmethoxycarbonyl)-b-bromo-l-alanyl-l-alanine benzyl ester
(14): PyBOP (162 mg, 0.31 mmol) and DIPEA (70 mL, 0.4 mmol) were
added to a stirred solution of acid 13 and H-Ala-OBzl¥HCl (70 mg,
0.32 mmol) in dry DMF (3.5 mL) at 0 8C. The reaction solution was re-
moved from the cooling bath, stirred at room temperature for 1 h, diluted
with EtOAc, washed with brine, dried over MgSO4, and concentrated.
The residue was purified by flash-column chromatography (petroleum
ether/EtOAc 4:1!2:1) to give 14 (99 mg, 58% over two steps). Rf=0.21
(petroleum ether/EtOAc 3:1); [a]D=�10.1 (c=1.0 in CHCl3); 1H NMR
(250 MHz, CDCl3): d=7.77 (d, J=7.4 Hz, 2H), 7.59 (d, J=7.2 Hz, 2H),
7.37 (m, 9H), 6.89 (d, J=6.9 Hz, 1H), 5.64 (d, J=8.0 Hz, 1H), 5.17 (m,
2H), 4.62 (m, 2H), 4.45 (m, 2H), 4.27 (t, J=6.8 Hz, 1H), 3.80 (m, 1H),
3.56 (m, 1H), 1.43 ppm (d, J=7.2 Hz, 3H); 13C NMR (CDCl3): d=172.1,
167.9, 155.7, 143.6, 143.5, 141.3, 135.1, 128.6, 128.5, 128.2, 127.8, 127.1,
125.0, 120.0, 67.8, 67.4, 55.2, 48.6, 47.1, 32.9, 18.3 ppm; MS (MALDI):
m/z : 572, 574 [M+Na]+ , 588, 590 [M+K]+ .


N-tert-Butoxycarbonyl-l-alanyl-b-bromo-l-alanine (16): Benzyl ester 4
(195 mg, 0.45 mmol) was hydrogenated for 4 h at room temperature with
10% palladium on charcoal (96 mg) as catalyst in a mixture of EtOH
(5 mL), EtOAc (4 mL), and HOAc (2 drops). The reaction mixture was
filtered through Celite and concentrated in vacuo to afford the free acid


16 as a white foam. This was used without further purification in the next
coupling reaction.


N-tert-Butoxycarbonyl-l-alanyl-b-bromo-l-alanyl-l-serine benzyl ester
(17): PyBOP (254 mg, 0.48 mmol) and DIPEA (95 mL, 0.54 mmol) were
added to a stirred solution of acid 16 and H-Ser-OBzl¥HCl (112 mg,
0.48 mmol) in dry DMF (5 mL) at 0 8C. The reaction solution was re-
moved from the cooling bath, stirred at room temperature for 1 h, diluted
with EtOAc, washed with brine, dried over MgSO4, and concentrated.
The residue was purified by flash-column chromatography (petroleum
ether/EtOAc 2:1!1:1.5) to give 17 (145 mg, 62% over two steps). Rf=
0.13 (petroleum ether/EtOAc 1:1.5); [a]D=�26.2 (c=0.5 in CHCl3);
1H NMR (250 MHz, CDCl3): d=7.35 (m, 5H), 5.20 (s, 2H), 4.78 (m,
1H), 4.65 (dt, J=7.9, 3.3 Hz, 1H), 4.12 (q, J=7.0 Hz, 1H), 4.01 (dd, J=
11.8, 3.9 Hz, 1H), 3.89 (dd, J=11.8, 3.2 Hz, 1H), 3.80 (m, 1H), 3.68 (dd,
J=10.5, 4.6 Hz, 1H), 1.43 (s, 9H), 1.39 ppm (d, J=7.2 Hz, 3H); MS
(MALDI): m/z : 538, 540 [M+Na]+ ; elemental analysis calcd (%) for
C21H30BrN3O7 (516.4): C 48.85, H 5.86, N 8.14; found: C 48.62, H 5.59, N
8.32.


N-tert-Butoxycarbonyl-l-alanyl-b-bromo-l-alanyl-l-valine methyl ester
(20): TFA (1.2 mL) was added to a solution of Boc-protected dipeptide 7
(153 mg, 0.40 mmol) in dry CH2Cl2 (5 mL) at 0 8C. The cooling bath was
removed, the mixture was stirred at room temperature for 3 h, concen-
trated in vacuo, and azeotroped with toluene to remove excess TFA to
give 19 as a white solid. The solid was dried and then added to a solution
of Boc-Ala-OH (91 mg, 0.48 mmol) in DMF (4 mL). PyBOP (250 mg,
0.48 mmol) and DIPEA (84 mL, 0.48 mmol) were added to the mixture
and the reaction was stirred at room temperature for 45 min, after which
time the reaction was diluted with EtOAc, washed with brine, dried over
MgSO4, and concentrated in vacuo. The crude product was purified by
flash-column chromatography (petroleum ether/EtOAc 3:1!1:1) to
afford title compound 20 (159 mg, 88% over two steps) as a white amor-
phous solid after lyophilization with dioxane. Rf=0.40 (petroleum ether/
EtOAc 1:1); [a]D=�32.1 (c=1.0 in CHCl3);


1H NMR (250 MHz,
CDCl3): d=7.31 (t-like, 2H), 5.29 (d, J=5.3 Hz, 1H), 4.94 (m, 1H), 4.54
(dd, J=8.7, 5.3 Hz, 1H), 4.26 (m, 1H), 3.84 (dd, J=7.7, 1.9 Hz, 1H), 3.75
(s, 3H), 3.63 (dd, J=10.4, 5.1 Hz, 1H), 2.20 (m, 1H), 1.45 (s, 9H), 1.42
(d, J=7.2 Hz, 3H), 0.95 (d, J=6.8 Hz, 3H), 0.93 ppm (d, J=6.8 Hz, 3H);
13C NMR (CDCl3): d=173.0, 171.7, 168.5, 155.7, 80.5, 57.6, 53.5, 52.1,
50.4, 32.6, 31.1, 28.2, 18.9, 17.8 ppm; MS (MALDI): m/z : 473, 475
[M+Na]+ , 489, 491 [M+K]+ ; elemental analysis calcd (%) for
C17H30BrN3O6¥0.5C4H8O2 (496.4): C 45.97, H 6.90, N 9.29; found: C
45.95, H 7.25, N 9.06.


N-tert-Butoxycarbonyl-l-alanyl-l-glycyl-b-bromo-l-alanyl-l-valine
methyl ester (21): Product 21 was prepared following the procedure de-
scribed for the synthesis of 20. Compound 21 was obtained, after purifi-
cation by flash-column chromatography (petroleum ether/EtOAc 1:1!
0:100) and lyophilization with dioxane, as a white amorphous solid (89%
over two steps). Rf=0.13 (petroleum ether/EtOAc 1:2); [a]D=�23.5 (c=
0.5 in CHCl3);


1H NMR (250 MHz, CDCl3): d=7.72 (d, J=8.3 Hz, 1H),
7.61 (t, J=5.3 Hz, 1H), 7.50 (d, J=9.1 Hz, 1H), 5.68 (d, J=7.1 Hz, 1H),
4.99 (m, 1H), 4.52 (dd, J=8.7, 5.4 Hz, 1H), 4.25 (m, 1H), 4.04 (d, J=
5.4 Hz, 2H), 3.75 (s, 3H), 3.68 (d, J=5.6 Hz, 2H), 2.19 (m, 1H), 1.44 (s,
9H), 1.38 (d, J=7.1 Hz, 3H), 0.94 (d, J=6.8 Hz, 3H), 0.91 ppm (d, J=
6.8 Hz, 3H); 13C NMR (CDCl3): d=174.1, 172.1, 169.4, 168.6, 155.7, 80.1,
57.6, 53.8, 52.2, 50.2, 53.2, 32.3, 31.1, 28.3, 18.9, 18.5, 17.9 ppm; MS
(MALDI): m/z : 530, 532 [M+Na]+ , 546, 548 [M+K]+ ; elemental analysis
calcd (%) for C19H33BrN4O7¥0.5C4H8O2 (553.4): C 45.57, H 6.74, N 11.00;
found: C 45.55, H 6.74, N 10.98.


N-Benzyloxycarbonyl-l-glycyl-l-glycyl-l-phenylalanyl-b-bromo-l-alanyl-
l-alanine benzyl ester (23): TFA (1.5 mL) was added to a solution of
Boc-protected dipeptide 3 (210 mg, 0.49 mmol) in dry CH2Cl2 (6 mL) at
0 8C. The cooling bath was removed, the mixture was stirred at room
temperature for 3 h, concentrated in vacuo, and azeotroped with toluene
to remove excess TFA to give 22 as a white solid. PyBOP (285 mg,
0.55 mmol) and DIPEA (102 mL, 0.58 mmol) were added to a solution of
22 and Z-Gly-Gly-Phe-OH (207 mg, 0.50 mmol) in dry DMF (4 mL) at
0 8C. The mixture was stirred for 45 min at room temperature, then dilut-
ed with EtOAc, washed successively with 0.5n HCl and brine, dried over
MgSO4, and concentrated. The residue was crystallized from EtOAc to
give the title compound 23 (295 mg, 83% over two steps) as a white
solid. Rf=0.11 (EtOAc); [a]D=�23.4 (c=0.6 in CHCl3/MeOH 1:1);
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1H NMR (250 MHz, CDCl3): d=8.58 (d, J=6.9 Hz, 1H), 8.46 (d, J=
8.0 Hz, 1H), 7.34±7.15 (m, 15H), 5.10 (s, 2H), 5.01 (s, 2H), 4.60 (m, 2H),
4.32 (m, 1H), 3.76±3.38 (m, 6H), 3.02 (dd, J=14.1, 4.9 Hz, 1H), 2.74 (dd,
J=13.8, 9.5 Hz, 1H), 1.31 ppm (d, J=7.2 Hz, 3H); MS (MALDI): m/z :
747, 749 [M+Na]+ ; elemental analysis calcd (%) for C34H38BrN5O8
(724.6): C 56.36, H 5.29, N 9.67; found: C 56.57, H 5.78, N 9.76.


N-tert-Butoxycarbonyl-l-alanyl-l-glycyl-l-glycyl-l-glycyl-g-bromo-l-ho-
moalanyl-l-isoleucine methyl ester (25): TFA (1 mL) was added to a sol-
ution of Boc-protected dipeptide 9 (110 mg, 0.27 mmol) in dry CH2Cl2
(4 mL) at 0 8C. The cooling bath was removed, the mixture was stirred at
room temperature for 2 h, concentrated in vacuo, and azeotroped with
toluene to remove excess TFA to give 24 as a colourless oil which was
used directly in the next reaction. PyBOP (143 mg, 0.27 mmol) and
DIPEA (70 mL, 0.40 mmol) were added to a solution of 24 and Boc-Ala-
Gly-Gly-Gly-OH (96 mg, 0.27 mmol) in dry DMF (2.4 mL). The mixture
was stirred for 3 h at room temperature, diluted with EtOAc, washed suc-
cessively with 0.5n HCl and brine, dried over MgSO4, and concentrated.
The residue was purified by flash-column chromatography (CHCl3/
MeOH 30:1!10:1) to afford hexapeptide 25 (122 mg, 70%) as a white
amorphous solid. Rf=0.49 (CHCl3/MeOH 10:1); [a]D=�8.6 (c=0.5 in
MeOH); 1H NMR (250 MHz, CD3OD): d=4.88 (overlapped with water
peak, 1H), 4.65 (m, 1H), 4.39 (m, 1H), 4.04 (m, 1H), 3.90 (m, 6H), 3.70
(m, 3H), 3.49 (m, 1H), 2.31 (m, 2H), 1.92 (m, 1H), 1.44 (s, 9H), 1.40 (m,
2H), 1.33 (d, J=7.1 Hz, 3H), 0.91 ppm (m, 6H); MS (MALDI): m/z :
672, 674 [M+Na]+ ; elemental analysis calcd (%) for C25H43BrN6O9
(651.5): C 46.09, H 6.65, N 12.90; found: C 46.48, H 6.88, N 12.97.


N-Benzyloxycarbonyl-S-(3,4,6-tri-O-acetyl-2-acetamido-2-deoxy-a-d-glu-
copyranosyl)-l-cysteine benzyl ester (30): A pH 8.5 solution of NaHCO3
(3 mL) followed by TBAHS (203 mg, 0.6 mmol) were added to a solution
of bromide 1 (60 mg, 0.15 mmol) and a-GlcNAc thiol 27 (70 mg,
0.19 mmol) in EtOAc (3 mL). The mixture was vigorously stirred at
room temperature for 5 h, and was then diluted with EtOAc and washed
successively with saturated aqueous NaHCO3 and brine. The organic
layer was dried over MgSO4 and concentrated in vacuo. The residue was
purified by flash-column chromatography (CH2Cl2/MeOH 40:1!30:1) to
afford the a-GlcNAc glycoside 30 (88 mg, 87%) as a white amorphous
solid. Rf=0.063 (petroleum ether/EtOAc 1:1); [a]D=++66.6 (c=1.0 in
CHCl3);


1H NMR (250 MHz, CDCl3): d=7.35 (m, 10H), 6.16 (d, J=
8.6 Hz, 1H), 5.69 (d, J=8.8 Hz, 1H), 5.30 (d, J=5.4 Hz, 1H), 5.19 (d-
like, 2H), 5.11 (d-like, 2H), 5.06 (t, J=9.4 Hz, 1H), 4.96 (dd, J=11.2,
9.4 Hz, 1H), 4.78 (m, 1H), 4.49 (m, 1H), 4.25±4.06 (m, 3H), 3.32 (dd, J=
14.6, 4.8 Hz, 1H), 3.04 (dd, J=14.6, 3.4 Hz, 1H), 2.05, 2.04, 2.01,
1.95 ppm (4s, 12H); 13C NMR (CDCl3): d=171.5, 170.6, 169.8, 169.1,
155.8, 136.0, 134.8, 128.7, 128.6, 128.5, 128.2, 128.0, 86.5, 70.9, 69.0, 67.8,
67.7, 67.1, 61.8, 54.3, 52.4, 36.0, 23.2, 20.6, 20.5 ppm; MS (MALDI): m/z :
697 [M+Na]+ , 713 [M+K]+ ; elemental analysis calcd (%) for
C32H38N2O12S (674.7): C 56.96, H 5.68, N 4.15; found: C 56.67, H 5.64, N
4.18.


N-(9-Fluorenylmethoxycarbonyl)-S-(3,4,6-tri-O-acetyl-2-acetamido-2-
deoxy-b-d-glucopyranosyl)-l-cysteine tert-butyl ester (31): The reaction
procedure was identical to that described for 30 except that bromide 2
was used instead of 1 and b-GlcNAc thiol 28 was used instead of 27.
Column chromatography was performed with petroleum ether/EtOAc
(1:1!1:2). The b-thioglycoside 31 was isolated as a white solid in quanti-
tative yield. Rf=0.13 (petroleum ether/EtOAc 1:2); [a]D=�41.1 (c=1.1
in CHCl3);


1H NMR (250 MHz, CDCl3): d=7.78 (d, J=7.3 Hz, 2H), 7.63
(d, J=6.7 Hz, 2H), 7.41 (t, J=7.2 Hz, 2H), 7.33 (t, J=7.1 Hz, 2H), 5.95
(dd, J=13.7, 7.8 Hz, 2H), 5.18 (t, J=9.7 Hz, 1H), 5.08 (t, J=9.5 Hz,
1H), 4.71 (d, J=10.4 Hz, 1H), 4.45 (m, 2H), 4.36±4.03 (m, 5H), 3.68 (m,
1H), 3.32 (dd, J=14.2, 3.3 Hz, 1H), 2.86 (dd, J=14.2, 8.1 Hz, 1H), 2.04,
2.03, 2.02, 1.88 (4s, 12H), 1.48 ppm (s, 9H); 13C NMR (CDCl3): d=170.7,
170.5, 170.3, 169.3, 169.1, 156.0, 143.6, 143.5, 141.0, 127.6, 127.0, 125.0,
124.9, 119.8, 83.2, 82.6, 75.8, 73.2, 68.3, 66.9, 62.1, 53.8, 52.7, 46.9, 27.8,
22.9, 20.5, 20.4 ppm; MS (MALDI): m/z : 751 [M+Na]+ , 767 [M+K]+ ; el-
emental analysis calcd (%) for C36H44N2O12S (728.8): C 59.33, H 6.08, N
3.84; found: C 59.08, H 6.15, N 4.06.


N-tert-Butoxycarbonyl-S-(3,4,6-tri-O-acetyl-2-acetamido-2-deoxy-a-d-glu-
copyranosyl)-l-cysteinyl-l-valine methyl ester (32): The reaction proce-
dure was identical to that described for 30 except that bromide 7 was
used instead of 1. Column chromatography was performed with petrole-
um ether/EtOAc (1:1!1:2). The a-thioglycoside 32 was isolated as a


white solid in 78% yield. Rf=0.13 (petroleum ether/EtOAc 1:2); [a]D=
+71.8 (c=1.0 in CHCl3);


1H NMR (600 MHz, CDCl3): d=6.88 (d, J=
7.7 Hz, 1H), 5.88 (d, J=8.6 Hz, 1H), 5.56 (d, J=7.3 Hz, 1H), 5.42 (d, J=
4.2 Hz, 1H), 5.14 (t, J=9.5 Hz, 1H), 5.02 (dd, J=10.8, 9.7 Hz, 1H), 4.53
(m, 2H), 4.40 (br s, 1H), 4.33 (m, 2H), 4.13 (d, J=10.6 Hz, 1H), 3.76 (s,
3H), 3.24 (dd, J=14.1, 5.9 Hz, 1H), 2.94 (dd, J=14.2, 5.3 Hz, 1H), 2.19
(m, 1H), 2.13, 2.04, 1.98 (3 s, 12H), 1.46 (s, 9H), 0.95 (d, J=6.8 Hz, 3H),
0.91 ppm (d, J=6.8 Hz, 3H); 13C NMR (CDCl3): d=178.4, 172.0, 171.4,
170.7, 170.1, 169.2, 155.4, 86.4, 80.8, 71.1, 68.9, 68.0, 62.0, 57.2, 54.3, 52.2,
34.8, 31.2, 28.2, 23.1, 20.7, 20.5, 18.9, 17.6 ppm; MS (MALDI): m/z : 686
[M+Na]+ , 702 [M+K]+ ; elemental analysis calcd (%) for C28H45N3O13S
(663.7): C 50.67, H 6.83, N 6.33; found: C 50.86, H 6.91, N 6.42.


N-tert-Butoxycarbonyl-S-(3,4,6-tri-O-acetyl-2-acetamido-2-deoxy-a-d-glu-
copyranosyl)-l-homocysteinyl-l-alanine tert-butyl ester (33): The reac-
tion procedure was identical to that descirbed for 30 except that bromide
8 was used instead of 1. Column chromatography was performed with pe-
troleum ether/EtOAc (1:1!1:2). The a-thioglycoside 33 was isolated as a
white solid in 89% yield. Rf=0.037 (petroleum ether/EtOAc 1.5:1);
[a]D=++78.8 (c=1.0 in CHCl3);


1H NMR (600 MHz, CDCl3): d=6.69 (d,
J=7.1 Hz, 1H), 5.80 (d, J=8.9 Hz, 1H), 5.45 (d, J=4.9 Hz, 1H), 5.17 (d,
J=8.1 Hz, 1H), 5.13 (t, J=9.8 Hz, 1H), 5.05 (t, J=9.4 Hz, 1H), 4.54
(ddd, J=14.4, 9.2, 5.4 Hz, 1H), 4.41 (t-like, 2H), 4.28 (dd-like, 2H), 4.13
(dd, J=12.5, 2.1 Hz, 1H), 2.79 (dt, J=13.8, 7.0 Hz, 1H), 2.73 (dt, J=
13.8, 7.1 Hz, 1H), 2.13 (m, 1H), 2.09, 2.05, 2.03, 1.98 (4s, 12H), 1.92 (m,
1H), 1.46 (s, 9H), 1.44 (s, 9H), 1.37 ppm (d, J=7.2 Hz, 3H); 13C NMR
(CDCl3): d=171.7, 171.4, 170.63, 170.55, 169.6, 169.3, 155.4, 85.6, 82.1,
80.2, 71.3, 68.7, 68.1, 62.0, 53.0, 52.2, 48.7, 33.3, 28.5, 27.9, 23.2, 20.7, 20.6,
18.2 ppm; MS (MALDI): m/z : 715 [M+Na]+ , 731 [M+K]+ ; elemental
analysis calcd (%) for C30H49N3O13S (691.8): C 52.09, H 7.14, N 6.07;
found: C 52.05, H 7.36, N 5.98.


N-tert-Butoxycarbonyl-l-alanyl-S-(3,4,6-tri-O-acetyl-2-acetamido-2-
deoxy-a-d-glucopyranosyl)-l-cysteine benzyl ester (34): The reaction pro-
cedure was identical to that described for 30 except that bromide 4 was
used instead of 1. Column chromatography was performed with EtOAc/
MeOH (60:1). The a-thioglycoside 34 was isolated as a white solid in
83% yield. Rf=0.59 (EtOAc/MeOH 20:1); [a]D=++65.4 (c=0.5 in
CHCl3);


1H NMR (250 MHz, CDCl3): d=7.36 (m, 5H), 7.25 (d, J=
8.2 Hz, 1H), 5.73 (d, J=8.8 Hz, 1H), 5.29 (d, J=5.2 Hz, 1H), 5.18 (s,
2H), 5.09 (t, J=9.6 Hz, 1H), 4.98 (m, 2H), 4.91 (dd, J=11.2, 9.3 Hz,
1H), 4.49 (m, 1H), 4.30 (dd, J=12.1, 1.6 Hz, 1H), 4.20 (m, 4H), 3.16 (m,
1H), 2.13, 2.07, 2.04, 1.96 (4s, 12H), 1.45 (s, 9H), 1.36 ppm (d, J=7.1 Hz,
3H); MS (MALDI): m/z : 734 [M+Na]+ , 750 [M+K]+ ; elemental analy-
sis calcd (%) for C32H45N3O13S (711.8): C 54.00, H 6.37, N 5.90; found: C
53.82, H 6.25, N 5.72.


N-tert-Butoxycarbonyl-l-alanyl-S-(3,4,6-tri-O-acetyl-2-acetamido-2-
deoxy-b-d-glucopyranosyl)-l-cysteine benzyl ester (35): The reaction pro-
cedure was identical to that described for 34 except that b-GlcNAc thiol
28 was used instead of a-GlcNAc thiol 27. b-Thioglycoside 35 was isolat-
ed as a white solid in 87% yield. Rf=0.037 (petroleum ether/EtOAc
1:2); [a]D=�41.8 (c=1.0 in CHCl3); 1H NMR (250 MHz, CDCl3): d=
7.37 (m, 5H), 7.04 (d, J=6.8 Hz, 1H), 6.29 (d, J=8.2 Hz, 1H), 5.47 (d,
J=7.4 Hz, 1H), 5.29 (t, J=9.7 Hz, 1H), 5.18 (s, 2H), 5.05 (t, J=9.5 Hz,
1H), 4.84 (d, J=10.4 Hz, 1H), 4.82 (m, 1H), 4.24 (dd, J=12.6, 5.0 Hz,
1H), 4.19 (t, J=7.3 Hz, 1H), 4.09 (dd, J=12.6, 1.7 Hz, 1H), 3.84 (q, J=
10.2 Hz, 1H), 3.68 (m, 1H), 3.32 (dd, J=14.5, 4.1 Hz, 1H), 3.06 (dd, J=
14.8, 5.9 Hz, 1H), 2.05, 2.02, 2.01, 1.99 (4s, 12H), 1.46 (s, 9H), 1.41 ppm
(d, J=7.1 Hz, 3H); 13C NMR (CDCl3): d=173.0, 170.8, 170.7, 170.5,
169.9, 169.3, 155.5, 134.8, 128.6, 128.3, 84.0, 80.1, 75.8, 73.5, 68.4, 67.7,
62.0, 53.9, 51.6, 50.4, 31.8, 28.3, 23.2, 20.7, 20.6, 18.3 ppm; MS (MALDI):
m/z : 734 [M+Na]+ , 750 [M+K]+ ; elemental analysis calcd (%) for
C32H45N3O13S (711.8): C 54.00, H 7.37, N 5.90; found: C 53.99, H 6.44, N
6.08.


N-tert-Butoxycarbonyl-l-tryptophanyl-S-(3,4,6-tri-O-acetyl-2-acetamido-
2-deoxy-a-d-glucopyranosyl)-l-cysteine benzyl ester (36): The reaction
procedure was identical to that described for 30 except that bromide 5
was used instead of 1. The crude product was purified by column chro-
matography using petroleum ether/EtOAc (1:1!1:1.2) as eluent to give
a-thioglycoside 36 as a colorless syrup in 79% yield. Rf=0.54 (EtOAc/
MeOH 25:1); [a]D=++58.2 (c=1.0 in CHCl3);


1H NMR (600 MHz,
CDCl3): d=9.11 (br s, 1H), 7.65 (d, J=8.0 Hz, 1H), 7.34 (m, 5H), 7.28
(m, 2H), 7.21 (d, J=7.1 Hz, 1H), 7.16 (t, J=6.9 Hz, 1H), 7.09 (t, J=
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7.5 Hz, 1H), 7.02 (br s, 1H), 5.53 (d, J=9.4 Hz, 1H), 5.18 (m, 1H), 5.09
(AB quartet, J=12.0 Hz, 2H), 4.99 (t-like, J=3.6 Hz, 1H), 4.72 (br s,
1H), 4.66 (m, 2H), 4.24 (m, 2H), 3.86 (t-like, J=8.0 Hz, 1H), 3.73 (br t,
1H), 3.66 (dd, J=14.6, 3.6 Hz, 1H), 3.62 (br s, 1H), 3.01 (dd, J=14.7,
2.8 Hz, 2H), 2.07, 2.04, 2.033, 2.030 (4s, 12H), 1.49 ppm (s, 9H);
13C NMR (CDCl3): d=171.2, 170.8, 170.4, 169.2, 168.9, 155.4, 136.1,
134.8, 128.7, 128.5, 127.7, 123.0, 122.1, 119.5, 111.2, 109.9, 87.0, 80.6, 70.8,
69.9, 67.9, 67.5, 67.0, 61.7, 55.3, 52.6, 52.0, 36.9, 28.2, 23.4, 20.8, 20.54,
20.50 ppm; MS (MALDI): m/z : 850 [M+Na]+ ; elemental analysis calcd
(%) for C40H50N4O13S (826.9): C 58.04, H 6.09, N 6.78; found: C 57.64, H
6.06, N 6.43.


N-tert-Butoxycarbonyl-l-tyrosinyl-S-(3,4,6-tri-O-acetyl-2-acetamido-2-
deoxy-a-d-galactopyranosyl)-l-cysteine benzyl ester (37): The reaction
procedure was identical to that described for 30 except that bromide 6
was used instead of 1 and a-GalNAc thiol 26 was used instead of 27. The
crude product was purified by column chromatography using petroleum
ether/EtOAc (1:1!1:2) as eluent to give the title compound 37 as a
white solid after lyophilization with dioxane in 63% yield. Rf=0.10 (pe-
troleum ether/EtOAc 1:2); [a]D=++69.5 (c=1.0 in CHCl3);


1H NMR
(250 MHz, CDCl3): d=7.68 (br s, 1H), 7.36 (m, 5H), 7.27 (d, J=7.1 Hz,
1H), 6.99 (d, J=8.4 Hz, 2H), 6.75 (d, J=8.4 Hz, 2H), 5.62 (d, J=9.9 Hz,
1H), 5.17 (AB quartet, J=11.9 Hz, 2H), 5.16 (d-like, 1H), 5.00 (m, 1H),
4.82 (d-like, J=10.2 Hz, 1H), 4.62 (m, 1H), 4.60 (dd, J=11.4, 2.9 Hz,
1H), 4.46 (dd, J=10.1, 5.0 Hz, 1H), 4.31 (m, 2H), 4.03 (m, 1H), 3.83 (dd,
J=10.6, 7.9 Hz, 1H), 3.48 (dd, J=13.6, 2.4 Hz, 1H), 3.28 (dd, J=14.9,
4.2 Hz, 1H), 2.90 (dd, J=14.8, 1.6 Hz, 1H), 2.78 (dd, J=13.7, 5.9 Hz,
1H), 2.23, 2,11, 2.05, 1.99 (4s, 12H), 1.49 ppm (s, 9H); 13C NMR
(CDCl3): d=170.8, 170.7, 170.47, 170.43, 170.1, 168.9, 156.0, 155.4, 134.7,
131.0, 128.9, 128.8, 128.6, 127.3, 116.1, 88.5, 80.8, 68.9, 68.7, 67.8, 66.9,
61.6, 55.2, 53.1, 47.7, 36.7, 36.0, 28.2, 23.6, 20.7, 20.6, 20.5 ppm; MS
(MALDI): m/z : 827 [M+Na]+ , 843 [M+K]+ ; elemental analysis calcd
(%) for C38H49N3O14S (803.9): C 56.78, H 6.14, N 5.23; found: C 56.56, H
6.40, N 5.05.


N-tert-Butoxycarbonyl-l-alanyl-S-(3,4,6-tri-O-acetyl-2-acetamido-2-
deoxy-a-d-glucopyranosyl)-l-cysteinyl-l-proline benzyl ester (38): The
reaction procedure was identical to that described for 30 except that bro-
mide 10 was used instead of 1. The crude product was purified by column
chromatography using EtOAc/MeOH (100:1) as eluent to give the title
compound 38 as a white solid after lyophilization with dioxane in 65%
yield. Rf=0.46 (EtOAc/MeOH 20:1); [a]D=++35.3 (c=1.2 in CHCl3);
1H NMR (250 MHz, CDCl3): d=7.36 (m, 5H), 7.08 (d, J=8.2 Hz, 1H),
5.91 (d, J=8.8 Hz, 1H), 5.44 (t-like, J=5.4 Hz, 1H), 5.24±4.96 (m, 6H),
4.53 (m, 2H), 4.41±4.15 (m, 4H), 3.67 (m, 2H), 3.04 (dd, J=14.2, 3.8 Hz,
1H), 2.89 (dd, J=14.5, 7.1 Hz, 1H), 2.10 (m, 4H), 2.10, 2.04, 1.97 (3 s,
12H), 1.46 (s, 9H), 1.36 ppm (d, J=7.1 Hz, 3H); 13C NMR (CDCl3): d=
172.5, 171.4, 171.3, 170.6, 170.1, 169.2, 168.3, 155.4, 135.5, 128.5, 128.3,
128.1, 86.5, 80.2, 71.4, 68.7, 67.9, 67.0, 61.6, 58.8, 52.2, 50.6, 50.2, 47.0,
34.5, 28.8, 28.2, 24.7, 23.1, 20.7, 20.64, 20.56, 17.9 ppm; MS (MALDI): m/
z : 831 [M+Na]+ , 847 [M+K]+ ; elemental analysis calcd (%) for
C37H52N4O14S (808.9): C 54.94, H 6.48, N 6.93; found: C 55.09, H 6.80, N
7.20.


N-tert-Butoxycarbonyl-l-tryptophanyl-S-(3,4,6-tri-O-acetyl-2-acetamido-
2-deoxy-a-d-galactopyranosyl)-l-cysteinyl-l-isoleucine methyl ester (39):
The reaction procedure was identical to that described for 30 except that
bromide 11 was used instead of 1 and a-GalNAc thiol 26 was used in-
stead of 27. The crude product was purified by column chromatography
using petroleum ether/EtOAc (1:2) ! EtOAc/MeOH (100:1) as eluent
to give the a-glycotripeptide 39 as a white solid after lyophilization with
dioxane in 82% yield. Rf=0.38 (EtOAc/MeOH 25:1); [a]D=++62.6 (c=
1.0 in CHCl3);


1H NMR (600 MHz, CDCl3): d=9.03 (br s, 1H), 7.69 (d,
J=7.6 Hz, 1H), 7.37 (d, J=7.8 Hz, 1H), 7.19 (t, J=7.4 Hz, 1H), 7.11
(dd, J=15.0, 7.5 Hz, 2H), 7.05 (d, J=6.5 Hz, 1H), 6.86 (d, J=6.7 Hz,
1H), 5.78 (br s, 1H), 5.21 (br s, 1H), 5.19 (d, J=8.2 Hz, 1H), 4.87 (dd,
J=11.7, 2.9 Hz, 1H), 4.72 (br s, 1H), 4.65 (d-like, J=3.9 Hz, 3H), 4.51
(dd, J=8.5, 5.0 Hz, 1H), 4.09 (br s, 1H), 3.92 (m, 1H), 3.73 (s, 3H), 3.71
(d, J=4.3 Hz, 1H), 3.49 (dd, J=14.5, 3.6 Hz, 1H), 3.12 (dd, J=14.5,
6.6 Hz, 1H), 3.04 (brd-like, J=7.6 Hz, 1H), 2.48 (d, J=10.3 Hz, 1H),
2.12, 2.04, 2.03, 2.02 (4s, 12H), 1.88 (m, 1H), 1.46 (s, 9H), 1.18 (m, 2H),
0.90 (t, J=7.3 Hz, 3H), 0.88 ppm (d, J=6.8 Hz, 3H); 13C NMR (CDCl3):
d=172.1, 171.9, 171.1, 170.5, 170.3, 170.1, 168.8, 155.4, 136.2, 127.7, 123.1,
122.3, 119.7, 119.1, 111.4, 110.0, 86.4, 80.5, 68.3, 67.9, 67.0, 61.7, 56.6, 55.3,


53.3, 52.2, 48.1, 37.7, 34.0, 28.2, 25.1, 23.4, 20.7, 20.6, 15.4, 11.5 ppm; MS
(MALDI): m/z : 886 [M+Na]+ , 902 [M+K]+ ; elemental analysis calcd
(%) for C40H57N5O14S (864.0): C 55.61, H 6.65, N 8.11; found: C 55.45, H
6.82, N 7.83.


N-tert-Butoxycarbonyl-S-(3,4,6-tri-O-acetyl-2-acetamido-2-deoxy-a-d-gal-
actopyranosyl)-l-cysteinyl-l-valinyl-l-proline tert-butyl ester (40): The
reaction procedure was identical to that described for 30 except that bro-
mide 12 was used instead of 1 and a-GalNAc thiol 26 was used instead
of 27. The crude product was purified by column chromatography using
petroleum ether/EtOAc (1:2) ! EtOAc/MeOH (100:1) as eluent to give
the S-glycotripeptide 40 as a white solid after lyophilization with dioxane
in 72% yield. Rf=0.04 (petroleum ether/EtOAc 1:2.7); [a]D=++50.2 (c=
0.5 in CHCl3);


1H NMR (250 MHz, CDCl3): d=6.98 (d, J=8.5 Hz, 1H),
6.09 (br s, 1H), 5.66 (d, J=8.4 Hz, 1H), 5.38 (m, 2H), 4.97 (dd, J=11.8,
2.9 Hz, 1H), 4.88 (dd, J=8.7, 4.9 Hz, 1H), 4.64 (dd, J=8.7, 5.6 Hz, 1H),
4.52 (t, J=6.8 Hz, 1H), 4.39 (m, 2H), 4.14 (m, 2H), 3.70 (m, 2H), 3.39
(dd, J=14.5, 4.4 Hz, 1H), 2.84 (dd, J=14.5, 5.9 Hz, 1H), 2.17, 2.11 (2s,
6H), 2.00 (s, 6H), 2.30±1.90 (m, 5H), 1.44 (s, 18H), 1.05 (d, J=6.8 Hz,
3H), 0.94 ppm (d, J=6.7 Hz, 3H); 13C NMR (CDCl3): d=171.1, 170.7,
170.5, 170.4, 170.3, 169.8, 169.7, 155.3, 87.3, 81.3, 80.6, 68.4, 67.9, 67.3,
62.0, 59.8, 55.5, 54.0, 48.0, 47.3, 35.2, 31.4, 29.1, 28.2, 27.9, 24.9, 23.2, 20.7,
19.6, 17.3 ppm; MS (MALDI): m/z : 825 [M+Na]+ , 841 [M+K]+ ; elemen-
tal analysis calcd (%) for C36H58N4O14S (802.9): C 53.85, H 7.28, N 6.98;
found: C 53.64, H 7.49, N 6.51.


N-tert-Butoxycarbonyl-S-(2,3,4,6-tetra-O-acetyl-b-d-glucopyranosyl)-l-
cysteinyl-l-valinyl-l-proline tert-butyl ester (41): A pH 8.5 solution of
NaHCO3 (3 mL) followed by TBAHS (136 mg, 0.40 mmol) were added
to a solution of bromotripeptide 12 (54 mg, 0.10 mmol) and peracetyl b-
glucosyl thiol (80 mg, 0.20 mmol) in EtOAc (3 mL). The mixture was vig-
orously stirred at room temperature for 5 h, and was then diluted with
EtOAc and washed successively with saturated aqueous NaHCO3 and
brine. The organic layer was dried over MgSO4 and concentrated in
vacuo to give a residue which was purified by flash-column chromatogra-
phy (petroleum ether/EtOAc 2:1!1:1) to afford the b-thioglycoside 41
(78 mg, 96%) as a white amorphous solid. Rf=0.13 (petroleum ether/
EtOAc 1.3:1); [a]D=�50.3 (c=1.2 in CHCl3);


1H NMR (250 MHz,
CDCl3): d=7.10 (d, J=8.6 Hz, 1H), 5.66 (d, J=7.0 Hz, 1H), 5.21 (t, J=
9.2 Hz, 1H), 5.05 (t, J=9.8 Hz, 1H), 4.99 (t, J=9.3 Hz, 1H), 4.54 (m,
2H), 4.38 (m, 2H), 4.21 (m, 2H), 3.72 (m, 3H), 3.04 (dd, J=14.3, 5.9 Hz,
1H), 2.92 (dd, J=14.3, 6.5 Hz, 1H), 2.07, 2.03, 2.01, 1.98 (4s, 12H), 2.00
(m, 5H), 1.43 (s, 18H), 1.00 (d, J=6.8 Hz, 3H), 0.92 ppm (d, J=6.8 Hz,
3H); 13C NMR (CDCl3): d=171.2, 170.6, 170.1, 170.0, 169.5, 169.4, 169.3,
155.3, 83.8, 81.2, 80.4, 77.2, 76.2, 73.7, 69.4, 68.3, 62.1, 59.6, 55.7, 54.2,
47.2, 32.8, 31.4, 29.6, 29.1, 28.2, 27.9, 24.8, 20.6, 20.5, 19.4, 17.6 ppm; MS
(MALDI): m/z : 827 [M+Na]+ , 843 [M+K]+ ; elemental analysis calcd
(%) for C36H57N3O15S (803.9): C 53.79, H 7.15, N 5.23; found: C 54.22, H
7.52, N 4.92.


N-tert-Butoxycarbonyl-l-alanyl-S-(2,3,4,6-tetra-O-acetyl-b-d-glucopyra-
nosyl)-l-cysteinyl-l-serine benzyl ester (42): The reaction procedure was
identical to that described for 41 except that bromide 17 was used instead
of 12. The crude product was purified by column chromatography using
petroleum ether/EtOAc (1:1) and then EtOAc as eluent to give the S-gly-
cotripeptide 42 as a white solid after lyophilization with dioxane in 78%
yield. Rf=0.44 (EtOAc); [a]D=�10.8 (c=1.0 in CHCl3);


1H NMR
(600 MHz, CDCl3): d=7.44 (d, J=6.9 Hz, 1H), 7.38 (m, 5H), 7.19 (d,
J=7.0 Hz, 1H), 5.26 (t, J=9.3 Hz, 1H), 5.23 (q-like, 2H), 5.16 (d, J=
6.0 Hz, 1H), 5.07 (t, J=9.7 Hz, 1H), 4.99 (t, J=9.6 Hz, 1H), 4.81 (q, J=
4.9 Hz, 1H), 4.74 (d, J=10.1 Hz, 1H), 4.69 (t-like, J=3.7 Hz, 1H), 4.37
(d, J=12.1 Hz, 1H), 4.20 (dd, J=12.5, 5.1 Hz, 1H), 4.16 (t, J=6.2 Hz,
1H), 3.98 (dd, J=11.7, 3.6 Hz, 1H), 3.90 (m, 2H), 3.04 (dd, J=13.7,
3.6 Hz, 1H), 2.83 (dd, J=13.8, 8.7 Hz, 1H), 2.053, 2.048, 2.03, 2.02 (4s,
12H), 1.43 (s, 9H), 1.37 ppm (d, J=7.1 Hz, 3H); 13C NMR (CDCl3): d=
172.8, 171.4, 170.0, 169.6, 169.4, 155.3, 135.2, 128.6, 128.4, 128.3, 85.5,
80.4, 76.2, 73.7, 69.7, 68.1, 67.4, 62.8, 61.9, 55.3, 52.5, 50.5, 34.1, 28.2, 20.6,
20.5, 18.3 ppm; MS (MALDI): m/z : 822 [M+Na]+ , 838 [M+K]+ ; elemen-
tal analysis calcd (%) for C35H49N3O16S (799.8): C 52.56, H 6.17, N 5.25;
found: C 52.48, H 6.31, N 5.50.


N-(9-Fluorenylmethoxycarbonyl)-S-(3,4,6-tri-O-acetyl-2-acetamido-2-
deoxy-b-d-glucopyranosyl)-l-cysteinyl-l-alanine benzyl ester (43): A
pH 8.5 solution of NaHCO3 (0.8 mL) followed by H2O (1.7 mL) were
added to a solution of bromodipeptide 14 (82 mg, 0.15 mmol) and b-
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GlcNAc thiol 28 (93 mg, 0.26 mmol) in DMF (4 mL). The resultant mix-
ture was stirred at room temperature for 3 h, and was then diluted with
EtOAc and washed successively with saturated aqueous NaHCO3 and
brine. The organic layer was dried over MgSO4 and concentrated in
vacuo to give a residue which was purified by flash-column chromatogra-
phy (petroleum ether/EtOAc 1:1!0:1) to afford the title compound 43
(110 mg, 89%) as a white amorphous solid. Rf=0.44 (CH2Cl2/MeOH
12:1); [a]D=�30.2 (c=0.9 in CHCl3); 1H NMR (250 MHz, CDCl3): d=
7.78 (d, J=7.2 Hz, 2H), 7.59 (d, J=7.3 Hz, 2H), 7.37 (m, 9H), 7.09 (d,
J=8.5 Hz, 1H), 5.90 (t, J=9.2 Hz, 2H), 5.22 (m, 2H), 5.10 (m, 2H),
4.66±4.38 (m, 5H), 4.23±4.08 (m, 4H), 3.73 (br s, 1H), 2.96 (d, J=6.8 Hz,
2H), 2.04, 2.00, 1.92 (3s, 12H), 1.45 ppm (d, J=6.9 Hz, 3H); 13C NMR
(CDCl3): d=172.3, 170.9, 170.6, 170.3, 169.9, 169.2, 155.8, 143.5, 141.2,
135.2, 128.5, 128.3, 128.1, 127.7, 127.0, 124.9, 119.9, 85.3, 75.8, 73.6, 68.3,
67.2, 67.0, 62.2, 54.4, 52.7, 48.5, 46.9, 32.8, 23.1, 20.57, 20.55, 20.51,
17.7 ppm; MS (MALDI): m/z : 857 [M+Na]+ , 873 [M+K]+ ; elemental
analysis calcd (%) for C42H47N3O13S (833.9): C 60.49, H 5.68, N 5.04;
found: C 60.13, H 6.07, N 4.85.


N-tert-Butoxycarbonyl-l-alanyl-l-glycyl-S-[2,3,4,6-tetra-O-acetyl-b-d-gal-
actopyranosyl-(1!4)-2,3,6-tri-O-acetyl-b-d-glucopyranosyl]-l-cysteinyl-l-
valine methyl ester (44): The reaction procedure was identical to that de-
scribed for 43 except that bromide 21 was used instead of 14 and b-lacto-
syl thiol 29 was used instead of 28. The crude product was purified by
column chromatography using petroleum ether/EtOAc (1:1) and then
EtOAc as eluent to give the b-thioglycoside 44 as a white solid in 95%
yield. Rf=0.40 (EtOAc); [a]D=�14.0 (c=0.5 in CHCl3);


1H NMR
(600 MHz, CDCl3): d=7.12 (d, J=8.6 Hz, 1H), 7.11 (d, J=5.7 Hz, 1H),
6.98 (br s, 1H), 5.36 (d, J=3.1 Hz, 1H), 5.23 (t, J=9.1 Hz, 1H), 5.17 (d,
J=6.2 Hz, 1H), 5.12 (dd, J=10.3, 8.0 Hz, 1H), 4.98 (dd, J=10.1, 2.7 Hz,
1H), 4.93 (t, J=9.6 Hz, 1H), 4.78 (q, J=6.3 Hz, 1H), 4.72 (d, J=11.4 Hz,
1H), 4.65 (d, J=10.2 Hz, 1H), 4.53 (d, J=7.9 Hz, 1H), 4.45 (dd, J=8.5,
5.4 Hz, 1H), 4.20 (br t-like, 1H), 4.15 (dd, J=11.1, 6.3 Hz, 1H), 4.08 (m,
2H), 4.00 (dd, J=16.9, 5.2 Hz, 1H), 3.94 (dd, J=16.9, 5.3 Hz, 1H), 3.91
(br t-like, 1H), 3.80 (t, J=9.1 Hz, 1H), 3.77 (dd, J=5.9, 0.9 Hz, 1H), 3.74
(s, 3H), 2.99 (dd, J=14.4, 5.5 Hz, 1H), 2.93 (t-like, 1H), 2.16, 2.10, 2.08,
2.07, 2.05, 1.97 (6s, 21H), 1.94 (m, 1H), 1.45 (s, 9H), 1.39 (d, J=7.1 Hz,
3H), 0.94 ppm (d, J=6.8 Hz, 6H); 13C NMR (CDCl3): d=173.2, 171.7,
170.6, 170.4, 170.13, 170.05, 169.8, 169.7, 169.6, 169.0, 168.5, 155.6, 101.0,
84.7, 80.4, 76.0, 73.5, 71.0, 70.7, 70.2, 69.1, 66.6, 61.9, 60.8, 57.7, 53.0, 52.1,
50.3, 42.9, 33.4, 31.0, 28.3, 20.74, 20.69, 20.63, 20.5, 18.9, 18.2, 17.9 ppm;
MS (MALDI): m/z : 1103 [M+Na]+ , 1119 [M+K]+ ; elemental analysis
calcd (%) for C45H68N4O24S (1081.1): C 49.99, H 6.34, N 5.18; found: C
50.06, H 6.44, N 4.97.


N-Benzyloxycarbonyl-l-glycyl-l-glycyl-l-phenylalanyl-S-[2,3,4,6-tetra-O-
acetyl-b-d-galactopyranosyl-(1!4)-2,3,6-tri-O-acetyl-b-d-glucopyrano-
syl]-l-cysteinyl-l-alanine benzyl ester (45): The reaction procedure was
identical to that described for 43 except that bromide 23 was used instead
of 14 and b-lactosyl thiol 29 was used instead of 28. The crude product
was purified by column chromatography using petroleum ether/EtOAc
(1:1) ! EtOAc/MeOH (20:1) as eluent to give the glycopentapeptide 45
as a white solid in 94% yield. Rf=0.71 (EtOAc/MeOH 10:1); [a]D=
�14.5 (c=1.0 in CHCl3); 1H NMR (600 MHz, CDCl3): d=7.90 (br s, 1H),
7.63 (br s, 1H), 7.49 (br s, 1H), 7.32 (m, 13H), 7.18 (t, J=7.3 Hz, 1H),
7.14 (d, J=7.1 Hz, 1H), 7.07 (d, J=7.3 Hz, 1H), 6.32 (br s, 1H), 5.35 (d,
J=3.4 Hz, 1H), 5.19 (t, J=9.2 Hz, 1H), 5.15 (AB quartet, J=12.7 Hz,
2H), 5.10 (m, 4H), 4.98 (dd, J=10.3, 3.2 Hz, 1H), 4.88 (t, J=9.7 Hz,
1H), 4.83 (d-like, J=6.1 Hz, 1H), 4.63 (d, J=10.3 Hz, 2H), 4.59 (t, J=
7.1 Hz, 1H), 4.51 (d, J=7.8 Hz, 1H), 4.14 (dd, J=11.1, 6.1 Hz, 1H), 4.07
(m, 3H), 3.97 (m, 3H), 3.89 (t, J=6.8 Hz, 1H), 3.77 (t, J=9.4 Hz, 1H),
3.68 (m, 1H), 3.06 (dd, J=12.9, 5.2 Hz, 1H), 3.00 (dd, J=12.9, 5.5 Hz,
1H), 2.92 (dd, J=12.9, 5.7 Hz, 1H), 2.88 (dd, J=13.4, 5.4 Hz, 1H), 2.14,
2.052, 2.045, 2.03, 2.02, 1.97, 1.96 (7 s, 21H), 1.38 ppm (d, J=7.0 Hz, 3H);
13C NMR (CDCl3): d=172.0, 170.6, 170.5, 170.4, 170.1, 170.0, 169.8,
169.6, 169.3, 169.1, 168.3, 156.8, 136.4, 136.1, 135.4, 129.4, 128.6, 128.5,
128.4, 128.2, 128.1, 127.9, 126.9, 100.9, 84.7, 76.0, 73.5, 71.0, 70.6, 70.4,
69.1, 67.0, 66.7, 61.8, 60.8, 54.1, 52.9, 48.4, 44.3, 43.2, 39.1, 34.3, 20.8, 20.6,
20.5, 17.9ppm; MS (MALDI): m/z : 1318 [M+Na]+ , 1334 [M+K]+ ; ele-
mental analysis calcd (%) for C60H73N5O25S (1296.3): C 55.59, H 5.68, N
5.40; found: C 55.16, H 5.79, N 5.37.


N-tert-Butoxycarbonyl-l-alanyl-l-glycyl-l-glycyl-l-glycyl-S-[2,3,4,6-tetra-
O-acetyl-b-d-galactopyranosyl-(1!4)-2,3,6-tri-O-acetyl-b-d-glucopyrano-


syl]-l-homocysteinyl-l-isoleucine methyl ester (46): The reaction proce-
dure was identical to that described for 43 except that bromide 25 was
used instead of 14 and b-lactosyl thiol 29 was used instead of 28. The
crude product was purified by column chromatography using EtOAc/
MeOH (20:1!5:1) as eluent to give the glycohexapeptide 46 as a white
solid in 76% yield. Rf=0.48 (EtOAc/MeOH 5:1); [a]D=�14.0 (c=0.1 in
CHCl3);


1H NMR (600 MHz, CD3OD): d=5.37 (d, J=3.5 Hz, 1H), 5.24
(t, J=9.2 Hz, 1H), 5.13 (dd, J=10.4, 3.4 Hz, 1H), 5.02 (dd, J=10.4,
7.9 Hz, 1H), 4.87 (overlapped with water peak, 2H), 4.74 (dd, J=10.1,
3.3 Hz, 1H), 4.71 (t, J=7.9 Hz, 1H), 4.53 (m, 2H), 4.38 (dd, J=10.9,
6.3 Hz, 1H), 4.15 (m, 4H), 4.09 (q, J=7.1 Hz, 1H), 3.98 (dd, J=16.9,
8.8 Hz, 1H), 3.90 (m, 7H), 3.79 (m, 1H), 3.73 (m, 3H), 2.72 (m, 2H),
2.14, 2.13 (2s, 6H), 2.10 (overlapped m, 1H), 2.064, 2.056, 2.03, 1.93 (4 s,
15H), 1.45 (s, 9H), 1.44 (overlapped, 1H), 1.35 (d, J=7.2 Hz, 3H), 1.32
(m, 1H), 0.94 (d, J=7.0 Hz, 3H), 0.93 ppm (t, J=6.7 Hz, 3H); 13C NMR
(CDCl3): d=173.6, 173.5, 172.5, 172.1, 172.0, 171.9, 171.7, 171.6, 171.4,
171.3, 171.2, 102.1, 84.9, 80.9, 77.9, 77.2, 75.4, 72.5, 71.7, 70.7, 68.6, 63.7,
62.3, 58.3, 53.7, 52.6, 52.1, 43.9, 43.6, 38.3, 34.1, 28.8, 28.0, 26.3, 21.1, 20.9,
20.7, 20.6, 20.5, 17.9, 16.0, 11.8 ppm; MS (MALDI): m/z : 1245 [M+Na]+ ;
elemental analysis calcd (%) for C51H78N6O26S (1223.3): C 50.08, H 6.43,
N 6.87; found: C 50.01, H 6.60, N 6.81.


N-tert-Butoxycarbonyl-l-alanyl-S-(2-acetamido-2-deoxy-a-d-glucopyra-
nosyl)-l-cysteinyl-l-valine methyl ester (48): a-GlcNAc thiol 27 (230 mg,
0.63 mmol) was dissolved in MeOH (12 mL). NaOMe (1.3 mL, 1.0m in
MeOH) was added and the reaction was stirred at room temperature for
2 h, after which time NaHCO3 (114 mg) was added and the solvent was
evaporated. The resultant solid was dried and used in the next reaction
without purification. The sodium salt of 47 was dissolved in a pH 8.5 sol-
ution of NaHCO3 (4 mL). To this solution was added a solution of bro-
motripeptide 20 (158 mg, 0.35 mmol) in DMF (4 mL), then a small
amount of water was added until the mixture became clear. After stirring
at room temperature for 3 h the mixture was neutralized with 0.5n HCl
and the solvent was evaporated under reduced pressure. The residue was
purified by flash-column chromatography (CHCl3/MeOH 6:1!4:1) to
afford the title compound 48 (149 mg, 70%) as a white amorphous solid.
Rf=0.16 (CHCl3/MeOH 8:1); [a]D=++58.7 (c=0.5 in CHCl3);


1H NMR
(250 MHz, CDCl3): d=7.85 (m, 2H), 7.20 (d, J=6.4 Hz, 1H), 5.93 (d,
J=5.5 Hz, 1H), 5.50 (d, J=5.1 Hz, 1H), 4.70 (br s, 1H), 4.42 (m, 1H),
4.19 (br s, 2H), 3.97 (m, 2H), 3.81±3.45 (m, 10H), 3.02 (m, 1H), 2.15 (m,
1H), 2.03 (s, 3H), 1.44 (s, 9H), 1.35 (d, J=7.0 Hz, 3H), 0.92 ppm (d, J=
6.8 Hz, 6H); MS (MALDI): m/z : 632 [M+Na]+ , 648 [M+K]+ ; elemental
analysis calcd (%) for C25H44N4O11S (608.7): C 49.33, H 7.29, N 9.20;
found: C 49.29, H 7.42, N 8.98.
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Discrete Triangle, Square and Hexametallic Alkynyl Cyano-Bridged
Compounds Based on [cis-Pt(C�CR)2(CN)2]2� Building Blocks


Juan Forniÿs,*[a] Julio GÛmez,[b] Elena Lalinde,*[b] and M. Teresa Moreno[b]


Dedicated to the memory of Dr. M. Teresa Pinillos MartÌnez


Introduction


In recent years, coordination-driven self-assembly has been
employed in the synthesis of a large number of metallocyclic
polygons and polyhedra[1] and a variety of methodologies
and connectors have been proposed and used in their prepa-
ration. However, although cyanide ions have the potential
to bridge a variety of metal ions forming multinuclear com-
plexes or extended infinite one, two or three-dimensional
systems,[2] comparatively few discrete cyano-bridged rings
with three or more than three metal atoms have been de-
scribed.[3±8] In particular, the number of metal-containing
cyano-bridged molecular triangles is surprisingly small[3] and
discrete molecules with square cyano-bridged structures are
relatively scarce.[4] Recently, the design of molecular entities
has yielded big rings,[5] stars,[6] boxes and cages[4j,k,7] and clus-
ters[8] involving cyanide bridging ligands, but only a few ex-
amples with platinum centers in their structure have been
reported.[4f, 5a]
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author: Platon plots and
refine structure studies of each structure in three different ways
(Model 1: with the identities of C and N as presented in the article;
Model 2: with the elements types reversed; Model 3: with a 50/50
hybrid scattering factor at each of the affected atomic sites).


Abstract: Novel mixed bis(alkynyl)-
bis(cyano)platinate(ii) species [cis-
Pt(C�CR)2(CN)2]


2� (1a : R = tBu, 1b :
R = Ph) have been prepared and their
potential as building blocks in the gen-
eration of self-organized systems with a
variable molecular architecture has
been studied. The reaction of 1 with
the ditopic acceptor species [{cis-
Pt(C6F5)2S}2(dppa)] (dppa=diphenyl-
phosphinoacetylene) gave the dianionic
cyanide/dppa bridged molecular
platinotriangles (NBu4)2[(C6F5)2Pt(m-
dppa){(m-CN)2Pt(C�CR)2}Pt(C6F5)2]
(2). X-ray analysis of 2a confirmed
that the ™Pt2(C6F5)4(m-dppa)∫ binuclear
moiety is connected to the dianionic
™Pt(C�CR)2(CN)2∫ unit by two bridg-
ing cyanide ligands. Moreover, treat-
ment of 1 with the solvent cationic spe-


cies [M(cod)(acetone)2]
+ afforded het-


erometallic molecular squares Pt2M2


(M=Rh, Ir) containing cyanide bridges
and terminal alkynyl ligands, (NBu4)2-
[cyclo{[cis-Pt(C�CR)2(m-CN)2][M(cod)]}2]
(3: M=Rh, 4: M = Ir). The solid-state
structures of phenyl derivatives have
been determined by X-ray crystallogra-
phy. The terminal alkynyl ligands in
these cyanide-bridged molecular
squares 3 and 4 have been used in the
assembly of higher multimetallic com-
plexes. Thus, very unusual bis(double-
alkynide)-cyanide-bridged hexametallic


compounds (NBu4)2[{(C6F5)2Pt(m-C�
CPh)2(m-CN)2}2{M(cod)}2] (5b : M=Rh,
6b : M = Ir) were easily formed by
simple reactions of 3b and 4b with two
equivalents of [cis-Pt(C6F5)2(thf)2]. An
X-ray diffraction study on complex 5b
indicated that the derivative was
formed by a simultaneous migration of
one s-alkynyl group from each ™Pt(C�
CPh)2(m-CN)2∫ corner of the square to
both ™Pt(C6F5)2∫ units, resulting in bent
s,p-double-alkynyl bridging systems.
Finally, the novel supramolecular
anionic assemblies (NBu4)4[cyclo{[cis-
Pt(C�CR)2(m-CN)2][SnPh3]}4] 7 have
been obtained by self-assembly of 1
and [SnPh3(acetone)2]


+ .
Keywords: alkyne ligands ¥
cyanides ¥ heterometallic
complexes ¥ platinum ¥
self-assembly
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For several years we have been studying the chemistry of
alkynyl bridging platinum complexes with regard not only to
structural aspects and reactivity but also to their potential
interest for material science due to interesting properties
such as luminescence[9] or ionic conductivity.[10] We have
shown that neutral cis- or trans-bis(alkynyl)platinum com-
plexes of type [Pt(C�CR)2L2]


[11,12a] and, particularly, mixed
[cis/trans-Pt(C6F5)2(C�CR)2]


2�[9f, 12] and homoleptic [Pt(C�
CR)4]


2�[9a,b,d,13] (R=Ph, tBu, SiMe3) anionic species are ex-
cellent precursors to the synthesis of polymetallic species
stabilized via h2-alkyne±metal and in some cases Pt¥¥¥metal
bonding interactions. We have also found that anionic plati-
num substrates are able to act as mono-[12a,d,e,13a,d] or even di-
alkynylating[12c,d,13c] reagents towards very acidic d8 or d6


metal fragments. Continuing our research in this field we
considered the preparation of novel mixed bis(alkynyl)bis-
(cyano)platinate(ii) species [cis-Pt(C�CR)2(CN)2]


2� of inter-
est since the combination of CN and C�CR ligands allowed
us to observe the competition between the nitrogen and the
acetylenic density to coordinate other MLn fragments. In
this paper we describe the synthesis of these [cis-Pt(C�


CR)2(CN)2]
2� stabilized with NBu4


+ as a counterion and
report the results of the interactions of these species with
several metal fragments. We report the building up of dis-
crete dianionic cyano-bridged platinum triangle species 2
based on reaction of the ditopic acceptor neutral organome-
tallic fragment [{cis-Pt(C6F5)2S}2(dppa)] (dppa=diphenyl-
phosphinoacetylene; S=acetone) with the ditopic dianionic
donor [cis-Pt(C�CR)2(CN)2]


2� (1a : R= tBu, 1b : R=Ph)
building blocks. In addition, we report the synthesis of heter-
onuclear square cyano-bridged compounds 3 and 4 by com-
bining 1 with 908 acceptor metal solvent entities,
[M(cod)S2]


+ (M=Rh, Ir). These complexes still contain two
terminal alkynyl ligands bonded to each one of Pt centers
and therefore the possibility of forming higher multimetallic
assemblies has been investigated. The reaction of these com-
plexes with two equivalents of [cis-Pt(C6F5)2(thf)2] yields
very unusual hexametallic cyano-bridged s,p-bis(double-al-
kynyl)cyanide-bridged rhodium or iridium/platinum M2Pt4
(5b, 6b) formed via migration of one alkynyl group from
each Pt center of the cyanide ring to Pt atoms of both
™Pt(C6F5)2∫units. Finally, [cis-Pt(C�CR)2(CN)2]


2� units have
been employed in the construction of macrocyclic Pt2Sn4


square assemblies 7 by combination with SnPh3
+ cations.


Results and Discussion


Mononuclear building block complexes : The synthesis of
the bis(alkynyl)bis(cyano)platinate(ii) complexes
(NBu4)2[cis-Pt(C�CR)2(CN)2] (1a : R= tBu, 1b : R = Ph)
were carried out by reaction of the neutral platinum deriva-
tives [Pt(C�CR)2(cod)] (R= tBu,[12a] Ph[14]) with two equiva-
lents of (NBu4)CN in acetone (Scheme 1a). This synthetic
strategy, previously used by us and others with phosphine li-
gands,[11b,12a,15] caused the displacement of the cyclooctadiene
by the cyanide ligands and led to the formation of the dia-
nionic species quantitatively, as observed by NMR spectros-
copy. However, all attempts to obtain these compounds as
solid samples failed. Evaporation of the solvent followed by
prolonged vacuum to eliminate the COD ligand gave 1a
and 1b as oily samples, which were characterized spectros-
copically. The most noticeable feature in the IR spectra is
the presence of one broad, strong absorption at 2101 cm�1,
which is assigned to ñ(C�C) vibrations (see below), together
with a shoulder in the region 2131±2125 cm�1 tentatively at-
tributed to ñ(C�N) vibrations.[2a] It is interesting to note that
the ñ(C�C) absorption in both complexes appears at higher
frequencies than those previously observed in other anionic
alkynylplatinate(ii) species, in accordance with a better p-ac-
ceptor capability of the isoelectronic CN groups, which ef-
fectively compete in these systems for the electron density
of the Pt atom. The 1H NMR spectra show, in addition to
the NBu4


+ cation signals, the expected resonances due to
tBu (d 1.13, s, 1a) or phenyl groups (1b). For complex 1a,
the Ca and Cb resonances were observed at d 87.6 and 109.6,
respectively but 195Pt satellites were not observed; the CN
signal appeared as a singlet at 132.5 ppm. For comparative
purposes with complex 3a’ (see below) (NBu4)2[cis-Pt(C�
CtBu)2(


13CN)2] (1a’) was also prepared (see Experimental


Abstract in Spanish: Se han preparado nuevas especies bis-
(alquinilo)bis(ciano)platinato(ii) [cis-Pt(C�CR)2(CN)2]


2� (1
a : R= tBu, 1b : R = Ph) y se ha estudiado su potencial
como unidades constructoras en la formaciÛn de sistemas
con arquitectura molecular variable. La reacciÛn de 1 con las
especies aceptoras ditÛpicas [{cis-Pt(C6F5)2S}2(dppa)]
(dppa=difenilfosfinoacetileno) produce triµngulos molecu-
lares de platino con puentes cianuro/dppa (NBu4)2-
[(C6F5)2Pt(m-dppa){(m-CN)2Pt(C�CR)2}Pt(C6F5)2] 2. El anµ-
lisis por difracciÛn de Rayos X de 2a confirma que la
unidad binuclear ™Pt2(C6F5)4(m-dppa)∫ se conecta a la unidad
dianiÛnica ™Pt(C�CR)2(CN)2∫ a travÿs de dos ligandos cia-
nuro puente. Por otro lado, el tratamiento de 1 con las espe-
cies catiÛnicas solvatadas [M(cod)(acetona)2]


+ produce cua-
drados moleculares heterometµlicos de Pt2M2 (M=Rh, Ir)
que contienen puentes cianuro y ligandos alquinilo termina-
les, (NBu4)2[ciclo{[cis-Pt(C�CR)2(m-CN)2][M(cod)]}2] (3 :
M=Rh, 4 : M = Ir) como se ha confirmado mediante difrac-
ciÛn de Rayos X en los derivados de fenilo (3b, 4b). Estos
cuadrados moleculares, que contienen ligandos alquinilo ter-
minales, se han empleado para generar complejos de mayor
nuclearidad. AsÌ, se forman fµcilmente especies hexametµlicas
con puentes bis(doble-alquinilo)-cianuro (NBu4)2[{(C6F5)2Pt-
(m-C�CPh)2(m-CN)2}2{M(cod)}2] (5b : M=Rh, 6b : M = Ir)
mediante reacciÛn de los derivados 3b y 4b con 2 equivalen-
tes de [cis-Pt(C6F5)2(thf)2]. El estudio por difracciÛn de
Rayos X sobre el complejo 5b indica que su formaciÛn se
produce mediante migraciÛn simultµnea de un grupo s-alqui-
nilo de cada uno de los grupos ™Pt(C�CR)2(m-CN)2∫, situado
en las esquinas del cuadrado, a ambas unidades ™Pt(C6F5)2∫
dando lugar a sistemas con doble puente acetiluro de tipo
s/p. Finalmente, se generan sistemas supramoleculares aniÛ-
nicos (NBu4)4[ciclo{[cis-Pt(C�CR)2(m-CN)2][SnPh3]}4] (7)
por reacciÛn de 1 con [SnPh3(acetona)2]


+ .
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Section for details); a J195Pt,C(cyanide) coupling constant of
916 Hz was observed for this complex.


Molecular triangles : Complexes (NBu4)2[cis-Pt(C�
CR)2(CN)2] 1 can be used as a ditopic donor unit to make
triangular species. Thus, treatment of (NBu4)2[cis-Pt(C�
CR)2(CN)2] (1a : R= tBu, 1b : R=Ph) with the neutral di-
topic acceptor dinuclear species [{cis-Pt(C6F5)2S}2(m-dppa)]
(dppa=diphenylphosphinoacetylene; S=acetone), prepared
in situ by treatment of (NBu4)2[{cis-Pt(C6F5)2Cl}2(m-dppa)]


[16]


with 2 equiv of AgClO4 in acetone (Scheme 1b) led to novel
anionic molecular triangles (NBu4)2[(C6F5)2Pt(m-dppa){(m-
CN)2Pt(C�CR)2}Pt(C6F5)2] (2a : R= tBu, 2b : R = Ph; Sche-
me 1c) which were obtained as white solids in moderate
yields (40±42%). The new complexes 2 have been character-
ized by the usual spectroscopic and analytical methods and
the triangle constitution confirmed by a single X-ray analy-
sis on complex 2a. Their IR spectra exhibit one ñ(C�C) ab-
sorption at 2117 cm�1 (2a) and at 2120 cm�1 (2b), respec-
tively; this confirms the presence of terminal alkynyl ligands,
and two strong ñ(C�N) bands which, in accordance with the
bridging nature of the CN groups,[2a] are shifted towards
higher energy in relation to that seen in the precursors 1
(range 2184±2157 2 vs 2131±2125 cm�1 1). In accordance
with the formulation given in Scheme 1, their 19F NMR
spectra exhibit two multiplets in the o-fluorine region (4 o-
F:4 o-F), two different signals at high field for the para-fluo-
rine and two multiplets due to the meta-fluorine (4m-F:4m-
F), thus unequivocally confirming the presence of two none-
quivalent C6F5 rings (C6F5 trans to N and C6F5 trans to P).
As expected, only one singlet signal (d �4.28 to 2.95) was
observed in their 31P{1H} NMR spectra, the 1J(Pt,P) (2454 2
a, 2490 Hz 2b) being slightly smaller than in the precursor[16]


(2564 Hz), probably reflecting a worse bonding interaction


between platinum and phospho-
rous as the result of higher
steric constraint.


Slow diffusion of n-hexane
into a solution of 2a in benzene
leads to the formation of color-
less crystals suitable for X-ray
crystal structure analysis. A
view of the molecular structure
of the trinuclear complex anion
[(C6F5)2Pt(m-dppa){(m-CN)2Pt-
(C�CtBu)2}Pt(C6F5)2]


2� (2a) is
shown in Figure 1. Selected
bond lengths and angles are
given in Table 1. The structure
confirms that the reaction has
taken place with stereoreten-
tion. Thus, the triplatinum
anion consists of a ™cis,cis-
Pt2(C6F5)4(m-dppa)∫ binuclear
fragment and a ™cis-Pt(C�
CtBu)2(CN)2∫ moiety linked by
the cyanide ligands, with the


Scheme 1. Synthesis of the complexes 1 and the triangular platinum species 2.


Figure 1. Molecular structure of the anion [(C6F5)2Pt(m-dppa)-
{(m-CN)2Pt(C�CtBu)2}Pt(C6F5)2]


2� in complex 2a, with the hydrogen
atoms omitted.


Table 1. Selected bond lengths [ä] and angles [8] for
(NBu4)2[(C6F5)2Pt(m-dppa){(m-CN)2Pt(C�CtBu)2}Pt(C6F5)2]¥C6H6 (2
a¥C6H6).


Pt1�N1 2.045(4) N1�C51 1.139(6)
Pt1�P1 2.2692(14) N2�C52 1.151(6)
Pt2�N2 2.033(4) C13�C14 1.191(6)
Pt2�P2 2.2753(14) C53�C54 1.204(7)
P1�C13 1.773(5) C59�C60 1.186(7)
P2�C14 1.760(5)
C52-Pt3-C51 90.2(2) C52-N2-Pt2 172.5(4)
N1-Pt1-P1 90.39(13) C14-C13-P1 174.0(5)
N2-Pt2-P2 93.61(13) C13-C14-P2 175.3(5)
C13-P1-Pt1 117.6(2) N1-C51-Pt3 173.3(5)
C14-P2-Pt2 115.4(2) N2-C52-Pt3 173.6(5)
C51-N1-Pt1 172.1(4)
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carbon ends bound to Pt3 and the nitrogen ends to Pt1 and
Pt2. Alternative refinements with the C and N atoms
changed and with a 50:50 factor of occupancy give worse re-
sults (see Supporting Information). The platinum(ii) centers
adopt slightly distorted square-planar coordination geome-
tries, the dihedral angles between the Pt3 plane and the cor-
responding best square-planar coordination planes being
36.54 ä Pt1, 8.60 ä Pt2, 8.10 ä Pt3. The coordination geom-
etry around the platinum atoms is only slightly distorted
from its ideal angle of 908 [90.2(2)±93.61(13)8]. The pres-
ence of the two phosphorous atoms at Pt2 and Pt1 seems to
minimize steric constraint, the CN connectors and P�C�C
entities being essentially linear [range 172.1(4)±175.3(5)8].
The observed Pt¥¥¥Pt distances are Pt1�Pt3 5.160 ä, Pt2�Pt3
5.143 and Pt1�Pt2 7.223 ä. Recently, a cyclic trimer of a
neutral Pt±bis(phosphine) complex, [PtCl2(m-kP,P’-PPh2-C�
C�C6H4�C�CPPh2)]3, has been structurally characterized.[17]


Molecular squares : As previously commented, the ability of
alkynyl ligands to bind metal atoms has now been firmly es-
tablished. In fact, we have previously shown that the di-
anionic mixed substrates [cis-Pt(C6F5)2(C�CR)2]


2� act as a
monoalkynylating agent towards the cationic solvent iridium
fragment [Ir(cod)S2]


+ [12e] while similar reactions with
[Rh(cod)S2]


+ (S=acetone) yield simple 1:1 adducts, formal-
ly zwitterionic, in which the rhodium is unusually stabilized
by two h2-alkyne interactions.[12e] With these precedents and
considering that the terminal CN groups still also have a po-
tentially N atom donor, we considered it of interest to ex-
plore the reactivity of the novel mixed bis(alkynyl)bis(cya-
no)platinate(ii) derivatives 1 towards the same cationic sub-
strates [M(cod)S2]


+ . The results of this study are summar-
ized in Scheme 2. As can be observed, using (NBu4)2[cis-
Pt(C�CR)2(CN)2] (1) as building blocks, the hard nitrogen
end of the CN ligand is always
the preferred bridging ligand re-
gardless of the unsaturated
metal fragment employed. This
has allowed us to synthesize a
new kind of anionic heteronu-
clear cyanide-bridged molecular
squares 3 and 4, which also dis-
play four terminal alkynyl li-
gands. Thus, the reactions in
acetone of (NBu4)2[cis-Pt(C�
CR)2(CN)2] (1a : R= tBu, 1b : R
= Ph) with the solvent species
[M(cod)(acetone)2]


+ (M=Rh,
Ir) (1:1 molar ratio) prepared
™in situ∫ by treating [M(m-
Cl)(cod)]2 (M=Rh, Ir) with
AgClO4 (2 equiv) in acetone,
produced the immediate precip-
itation of yellow solids formu-
lated as (NBu4)2[cyclo{[cis-
Pt(C�CR)2(m-CN)2][M(cod)]}2]
(3a : M=Rh, R= tBu; 3b : M=


Rh, R=Ph; 4a, 4b : M = Ir)
(Scheme 2i) (see Experimental


Section). The products, which are stable in solid state, are
very insoluble in common organic solvents, thus precluding
conductivity measurements. However, the FAB(�) MS data
for the squares 3 and 4 are strongly supportive of the formu-
lation of the square structures with detection of the mono-
anion tetranuclear parent ion in 3a (m/z 1483), 3b (m/z
1562) and 4b (m/z 1741), whose isotopic distribution pat-
terns matched the calculated compositions, and additional
peaks were easily assignable to their fragmentation. In ac-
cordance with the bridging nature of the cyano ligands,[2a]


the IR spectra show two strong ñ(C�N) stretching vibrations
at higher frequencies (2170±2150 cm�1) than those found for
the corresponding terminal CN groups in the starting mate-
rials 1. Moreover, one additional ñ(C�C) band is also ob-
served in the expected region (2113±2107 cm�1) for terminal
C�CR ligands. The planar formulation is consistent with
their proton NMR spectra which, at room temperature, ex-
hibit only one olefinic signal (d 4.22±3.88, 8H) and two ali-
phatic resonances [d 2.37±1.49 8H:8H, one for 4b (d 2.16,
16H)], due to the equivalent COD ligands. For complex 4b,
the spectrum was also recorded at low temperature exhibit-
ing a similar pattern. In order to confirm that the reactions
take place with retention of the s-C(CN) coordination of
the cyanide ligands to Pt atoms, complex (NBu4)2[cyclo{[cis-
Pt(C�CtBu)2(m-13CN)2][Rh(cod)]}2] (3a’) was also prepared
in a similar manner starting from (NBu4)2[cis-Pt(C�
CtBu)2(


13CN)2] (1a’). In former complex (3a’), the m-13CN
resonance is downfield shifted to 138.7 ppm with respect to
the value observed in 1a’ (d 132.5). The observed shift
(D6.2 ppm) is comparable to those reported for other heter-
opolynuclear Rh-m-CN�Co�CN systems containing terminal
and bridging cyanide ligands.[4j] In agreement with the Pt�
CN bond, the magnitude of the 1J(Pt,13C) (973 Hz) is even
slightly larger than in 1a’ with terminal 13CN ligands


Scheme 2. Self-assembly of heterometallic Pt2Rh2, Pt2Ir2 alkynyl cyanide-bridged molecular squares 3 and 4,
i) �2NBu4ClO4. Synthesis of hexametallic complexes 5b and 6b by reaction with ii) 2 [cis-Pt(C6F5)2(thf)2].
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(916 Hz) probably reflecting a better p-back donor compo-
nent in the Pt�C(cyanide) bond as a consequence of the co-
ordination of the nitrogen centers. After many attempts X-
ray quality crystals of 3b and 4b were finally obtained by
slow diffusion of diisopropyl ether into saturated dichloro-
methane solutions (�30 8C 3b, room temperature 4b) of
both complexes and, thus, their solid-state structures were
determined by X-ray crystallographic analyses. Figures 2
(top) and 3 (top) show a view of the dianions [cyclo{[cis-
Pt(C�CPh)2(m-CN)2][M(cod)]}2]


2� (M=Rh, Ir) and Tables 2
and 3 summarize selected bond lengths and angles. Both
nearly square anions are formed by two ™Pt(C�CPh)2(m-
CN)2∫ fragments and two M(cod) (M=Rh or Ir) moieties
held together by the CN bridges (For modifications of C/N
atoms see Supporting Information). The observed Pt�C(cya-
nide) [1.979(10)±1.900(18) ä] and M�N(cyanide) [2.056(8)±
1.986(14) ä] distances and the corresponding C-Pt-C
[90.9(3)8 3b, 89.4(7)8 4b] and N-M-N (cyanide C and N)
[90.3(3)8 3b, 90.1(5)8 4b] angles are in line with the expect-
ed values. As is observed in Figures 2 (top) and 3 (top), the
anions show a different degree of bending at the M-NC-Pt
edges (see Tables 2 and 3), being closer to a linear arrange-
ment in the Rh derivative than in the Ir one. The geometri-
cal details of the two terminal alkynyl groups and the h2-
bonded COD ligands are unexceptional.[12e,13b,13d,18] The


edge-to-edge distances (Pt¥¥¥M) are 5.166 and 5.167 ä for 3b
and 5.110 and 5.048 ä for 4b. The macrocycles are practical-
ly planar, the dihedral angles between the Pt2M2 plane and
the corresponding coordination planes of each metal are
within the range 2.62 to 6.938. Notably the crystal packing
pattern of these compounds is different (see Figures 2,
bottom and 3, bottom). Thus, whereas the anions of the
Pt2Rh2 derivative are offset (see Figure 2, bottom), in the
anion of complex 4b, the arrangement of the different
layers of squares is essentially eclipsed, forming an extended


Figure 2. View of the molecular structure of the anion [cyclo{[cis-Pt(C�
CPh)2(m-CN)2][Rh(cod)]}2]


2� in complex 3b. Hydrogen atoms are omitted
for clarity (top); simplified packing diagram of 3b. Note how the squares
are offset, preventing the formation of channels (bottom).


Figure 3. Structure of the anion [cyclo{[cis-Pt(C�CPh)2(m-CN)2]
[Ir(cod)]}2]


2� in complex 4b (top); packing diagram of 4b showing how
the cores of the molecular squares stack forming an infinite tunnel
(bottom).


Table 2. Selected bond lengths [ä] and angles [8] for (NBu4)2[cyclo{[cis-
Pt(C�CPh)2(m-CN)2][Rh(cod)]}2] (3b¥CH2Cl2).


Pt1�C18a 1.972(8) C17�N1 1.165(10)
Pt1�C17 1.979(10) C18�N2 1.147(9)
Rh1�N1 2.027(8) C1�C2 1.210(11)
Rh1�N2 2.056(8) C9�C10 1.196(11)
C18a-Pt1-C17 90.9(3) C1-C2-C3 173.7(10)
N1-Rh1-N2 90.3(3) C10-C9-Pt1 177.8(8)
C17-N1-Rh1 176.4(7) C9-C10-C11 179.1(10)
C18-N2-Rh1 175.1(7) N1-C17-Pt1 178.3(8)
C2-C1-Pt1 172.2(8) N2-C18-Pt1a 177.6(8)
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channel in the solid (Figure 3, bottom). Similar packing pat-
terns with extended channels in the solid state have been
previously found in related complexes,[4h,19] but the driving
force behind their formation is not clear at this moment.


Hexametallic derivatives : Complexes 3 and 4 are remarka-
ble because bi- or polynuclear species containing terminal
alkynyl ligands are scarce.[13a,c,d, 15,16, 20] As far as we know,
these species are unique since they are the first examples of
polynuclear derivatives containing four terminal alkynyl
groups. In these complexes, each platinum atom still has two
mutually cis s-bonded alkynyl ligands. This structural ar-
rangement as well as the dianionic nature of the square core
are essential requirements for its further application in the
assembly of higher multimetallic assemblies. All efforts to
prepare neutral defined products of stoichiometry {Pt2(C�
CR)2(CN)2M4(cod)4} containing two additional cationic
[M(cod)]+ fragments have been unsuccessful. Thus, treat-
ment of 3 and 4 with one additional equiv of [M(cod)(ace-
tone)2]


+ or alternatively (NBu4)2[Pt(C�CR)2(CN)2] 1 with
2 equiv [M(cod)(acetone)2]


+ in acetone afforded insoluble
solids, whose 1H NMR spectra in [D6]DMSO clearly suggest
that they are complex mixtures probably of tetranuclear
complexes (with NBu4


+ cations) and the expected neutral
hexanuclear species.


In an effort to expand the supramolecular motif of tetra-
metallic complexes, and to continue our studies of platinum
alkynyl derivatives, we decided to examine the reactivity of
the phenyl derivatives towards the fragment ™cis-Pt(C6F5)2∫.
The stabilization of ™cis-Pt(C6F5)2∫ units by two h2-alkyne or
metallalkyne fragments is now well documented.[11b,12a,12c,12d,
13a,13c,13d,16] In addition, previous work has also shown that, in
particular, mononuclear anionic systems such as [PtX2(C�
CR)2]


2� (X=C6F5, C�CR) act as monoalkynylating agent of
this acidic ™cis-Pt(C6F5)2∫ synthon yielding s/p doubly alkyn-
yl diplatinum complexes.[12a,13a] Accordingly, suspensions of
(NBu4)2[cyclo{[cis-Pt(C�CPh)2(m-CN)2][M(cod)]}2] (M=Rh
3b, Ir 4b) were treated in CH2Cl2 with two equivalents of
the bis(solvent) neutral complex [cis-Pt(C6F5)2(thf)2]
(THF= tetrahydrofuran). This caused the slow solubilization
of the precursor yielding turbid solutions from which, after
the usual work-up, the expected hexametallic dianionic spe-
cies (NBu4)2[{(C6F5)2Pt(m-C�CPh)2(m-CN)2}2{M(cod)}2] (5b :
M=Rh, 6b : M = Ir) were obtained as yellow solids in
moderate yields (ca. 60%).


Crystals of 5b were grown at low temperature from
CH2Cl2/diisopropyl ether. The structure of the anion


(Figure 4, Experimental Section and Supporting Informa-
tion) confirms the formulation given in Scheme 2ii, which
implies the formal, simultaneous migration of one of the s-
C�CPh groups from each corner of the square to both
™Pt(C6F5)2∫ fragments forming two novel s/p double alkynyl
bridging systems. We have recently reported the first unusu-
al examples of double-alkynyl migration processes between
the homoleptic species [Pt(C�CR)4]


2� and the very acidic di-
cationic d6 metal fragments [MCp*(PEt3)S2]


2+ (M=Rh,
Ir)[13c] but, in this case, the final formation of 5b and 6b is
remarkable because it represents the first occasion in which
a polynuclear precursor acts as an alkynylating agent. The
formation of these species recall the unusual synthesis of
hexametallic zirconium based s/p species {1,3,5-(Cp2Zr-C�
C)3C6H3}[Cp2Zr(m-h


2-C�CtBu)]3 generated by simultaneous
activation of three C�C bonds on [1,3,5-(tBuC�CC�
C)3C6H3] by ™ZrCp2∫ recently reported by Rosenthal
et al.[21] As can be seen in Figure 4 (see Table 4 for details),
the structure establishes the formation of two slightly bent
(dihedral angle 35.78) s/p doubly alkynyl bridging systems
connecting the platinum atoms as consequence of the simul-
taneous s-alkynyl migration from each Pt1 to each Pt2
(Pt¥¥¥Pt 3.36 ä). The structural details of the bridging system
are similar to those found in comparable homo[11a,12a,22] or
heterobinuclear[12d,e,13d,22b] systems. The h2-metal acetylenic
linkages are slightly asymmetric with the M�Cb bond
lengths perceptibly shorter than the corresponding M-Ca


Table 3. Selected bond lengths [ä] and angles [8] for (NBu4)2[cyclo{[cis-
Pt(C�CPh)2(m-CN)2][Ir(cod)]}2] (4b).


Pt1�C18a 1.971(18) C17�N1 1.20(2)
Pt1�C17 1.900(18) C18�N2 1.150(19)
Ir1�N1 1.986(14) C1�C2 1.162(19)
Ir1�N2 2.012(13) C9�C10 1.172(19)
C17-Pt1-C18a 89.4(7) C1-C2-C3 174.4(18)
N1-Ir1-N2 90.1(5) C10-C9-Pt1 173.8(13)
C17-N1-Ir1 169.7(13) C9-C10-C11 176.6(16)
C18-N2-Ir1 168.6(15) N1-C17-Pt1 173.5(14)
C2-C1-Pt1 176.9(16) N2-C18-Pt1a 177.6(16)


Figure 4. Crystal structure of the anion [{(C6F5)2Pt(m-C�CPh)2Pt(m-
CN)2}2{Rh(cod)}2]


2� in complex 5b. Hydrogen atoms are omitted for
clarity (top); packing diagram of 5b showing the channel created by the
stacking of molecules in the crystal (bottom).
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and accordingly the M�Ca�Cb backbones remain almost
linear [174.4(5), 176.9(5)8], while units Ca�Cb�C(Ph) exhibit
a marked deviation from linearity [157.2(6), 155.1(6)8]. In
spite of the extended polymetallic assembly, the square
shape of the central core remains essentially identical to the
precursor with Rh�N, Pt�C bond lengths and C-N-Rh, N-C-
Pt, C-Pt-C or N-Rh-N bond angles comparable to those
found in 3b. Only the Pt�CN distances are slightly asym-
metric, the Pt�C trans to C�C bond [1.935(5) ä] being per-
ceptibly shorter than the corresponding one trans to the Ca


carbon donor [1.985(6) ä], consistent with the stronger
trans influence of the s-donor Ca carbon atom. The dihedral
angles between the Pt1-Pt1a-Rh2 and the best coordination
planes at each metal center [Pt1 4.758, Rh2 7.698, Rh1 1.438]
gives again an idea of the planarity of the square. The most
remarkable feature is the change observed in the final stack-
ing pattern in the solid state (Figure 4, bottom). Thus, in
contrast to 3b, where the molecular squares are not stacked
in the hexametallic Pt4Rh2 derivative (5b), the squares are
stacked in an eclipsed way along the c axis, resulting in long
channel-like cavities (Figure 4, bottom). The repeating units
are 10.2 ä apart excluding bonding interactions.


The IR spectra of 5b and 6b confirm the activation of
one s-Pt�C bond in the precursor. Thus, they show one
weak ñ(C�C) band shifted to
lower wavenumbers (D90 cm�1)
in relation to that observed in
the precursor [2020 cm�1 in 5b,
6b vs 2110 (3b), 2113 cm�1 (4
b)], which is consistent with a
s/p double alkynyl bridging sys-
tem.[11a,d,12a,d,e,13d,22a] As expect-
ed, the hexametallic complexes
5b and 6b also show two strong
high-frequency bands (range
2175±2164 cm�1), which appear
at similar positions to those ob-
served in the molecular squares
(3, 4), and which are assigned
to the bridging cyanide groups.
The FAB(�) MS data for these
derivatives are strongly suppor-


tive of the hexametallic nature with detection of the parent
ion in 5b (m/z 2864). As is typical in double-alkynyl bridg-
ing systems, the 19F and 1H NMR spectra confirm that these
complexes are dynamic on their respective time scales. Thus,
only one type of C6F5 ring is observed with a typical
AA’MXX’ pattern (2o-F, p-F, 2m-F) and only one olefinic
environment evidencing the existence of an apparent C2v


symmetry. These patterns, which do not change for complex
6b at low temperature (�50 8C), can be explained by a fast
s/p intramolecular exchange of both alkynyl bridging li-
gands, which equilibrates the corresponding corners fol-
lowed by a very fast inversion of the central puckered dipla-
tinacycles to account for the apparent time-averaged plane
of symmetry containing the metal centers.


In an attempt to extend the size of the molecular squares
we considered the possibility of coordination of the cyanide
ligands to well known organotin cations. Transition metal
cyano complexes have been studied in combination with
R3Sn


+ cations.[23] The synthetic strategy employed
(Scheme 3) is based on the displacement of the acetone mol-
ecules from the fragments [SnR3(S)2]


+ , which present the
solvent molecules in the apical positions of a trigonal bipyr-
amide, by two nitrogen atoms of two cyano ligands belong-
ing to different ™cis-Pt(C�CR)2(CN)2∫ fragments. Thus,
treatment of (NBu4)2[cis-Pt(C�CR)2(CN)2] (1a : R= tBu, 1
b : R = Ph) with 1 equivalent of the bis(solvent) cationic
species [SnPh3(acetone)2]


+ prepared ™in situ∫ in acetone, re-
sults in the immediate precipitation of white solids formulat-
ed as (NBu4)4[cyclo{[cis-Pt(C�CR)2(m-CN)2][SnPh3]}4] (7a :
R = tBu, 7b : R = Ph) (Scheme 3). Despite many attempts
we have not been successful in obtaining crystals for X-ray
studies and, unfortunately, their extreme insolubility pre-
cludes their complete characterization. However, the formu-
lation given is in accordance with their IR spectra, which
confirm the presence of cyanide bridge (one high-frequency
band at 2143 cm�1 7a, 2154 cm�1 7b) and terminal alkynyl li-
gands (one ñ(C�C) band at 2116 cm�1 7a, 2115 cm�1 7b). In
addition, the 1H NMR spectrum of 7a shows, as expected,
one resonance for the equivalent tBu groups (d 1.16) besides
the signals due to the NBu4


+ cation. In order to obtain
more soluble species, the possibility of further reaction of


Table 4. Selected bond lengths [ä] and angles [8] for
(NBu4)2{(C6F5)2Pt(m-C�CPh)2Pt(m-CN)2}2{Rh(cod)}2] (5b).


Pt1�C10 1.935(5) Pt2�C1 2.271(5)
Pt1�C1 1.982(5) Rh1�N1 2.048(4)
Pt1�C9 1.985(6) Rh2�N2 2.049(5)
Pt1�C12 2.269(5) N1�C9 1.154(7)
Pt1�C11 2.291(5) N2�C10 1.152(7)
Pt2�C11 2.000(5) C1�C2 1.232(7)
Pt2�C2 2.261(5) C11�C12 1.213(7)
C10-Pt1-C9 89.3(2) C2-C1-Pt1 176.9(5)
C1-Pt1-C12 96.4(2) C1-C2-C3 155.1(6)
C11-Pt2-C2 97.5(2) N1-C9-Pt1 176.9(5)
N1-Rh1-N1a 90.1(2) N2-C10-Pt1 177.0(5)
N2a-Rh2-N2 88.9(3) C12-C11-Pt2 174.4(5)
C9-N1-Rh1 177.6(5) C11-C12-C13 157.2(6)
C10-N2-Rh2 177.1(5)


Scheme 3. Self-assembly of Pt2Sn4 alkynyl cyanide-bridged molecular squares 7.
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these complexes with ™cis-Pt(C6F5)2∫ was investigated. Un-
fortunately, all efforts to prepare a defined product by react-
ing complexes 7 with [cis-Pt(C6F5)2(thf)2] in acetone were
fruitless.


Conclusion


We have prepared novel anionic mixed bis(alkynyl)bis(cya-
no)platinate(ii) species (NBu4)2[Pt(C�CR)2(CN)2] (1) and
we have examined their reactivity towards several frag-
ments. Novel anionic supramolecular assemblies (molecular
triangle, square and hexametallic species) can be readily
constructed by self-assembly between solvent species and
the square-planar [cis-Pt(C�CR)2(CN)2]


2� anions as building
blocks. These species are remarkable for several reasons.
Firstly, there are few examples of heteronuclear cyanide-
bridged molecular triangles and squares;[3,4] In addition, the
reported Pt triangles and square molecules are usually cati-
onic with a very high charge.[1] In our systems, the successful
synthesis of anionic triangles and squares can be attributed
to the well-recognized ability of cyanide to accommodate
high negative charge.[4k,24] Finally, the coordination ability of
the two bis(alkynyl) corners in the squares 3b and 4b has al-
lowed us to form higher multimetallic assemblies; we have
shown that 3b, 4b act as polynuclear unprecedented dialky-
nylating agents towards two different d8 ™cis-Pt(C6F5)2∫
units yielding hexametallic compounds 5b, 6b stabilized by
two s/p double alkynyl bridged systems.


Experimental Section


General methods : All reactions and manipulations were carried out
under nitrogen atmosphere using Schlenk techniques and distilled sol-
vents purified by known procedures. IR spectra were recorded on a
Perkin-Elmer FT-IR 1000 Spectrometer as Nujol mulls between poly-
ethylene sheets. NMR spectra were recorded on Bruker ARX 300 or
Bruker Avance 400 spectrometers and chemical shifts are reported in
ppm relative to external standards (SiMe4 and CFCl3). Elemental analy-
ses were performed with a Perkin Elemer 2400 CHNS/O or a Carlo Erba
EA 1110 CHNS/O microanalyzer. Mass spectra were recorded on a VG
Autospec double-focusing (FAB) or HP-5989(B) (ES) mass spectrome-
ters (in these complexes, M refers to the cyclic anionic entity). cis-[Pt(C�
CR)2(cod)] (R= tBu,[12a] Ph[14]), (NBu4)2[cis-{Pt(C6F5)2Cl}2(m-dppa)],


[16]


[M(m-Cl)(cod)]2 (M=Rh,[25a] Ir[25b]) and [cis-Pt(C6F5)2(thf)2]
[26] were pre-


pared according to literature methods. All other reagents were used as
obtained commercially.


CAUTION : Some of the following preparations use AgClO4, which is
potentially explosive.


Preparation of (NBu4)2[cis-Pt(C�CR)2(CN)2] (1a: R= tBu, 1b: R =


Ph): (NBu4)CN (0.207 g, 0.772 mmol) was added to a suspension of
[Pt(C�CtBu)2(cod)] (0.180 g, 0.386 mmol) in acetone (20 mL) and the
solution obtained was stirred for 5 min. Evaporation of the solution to
dryness gave an oily residue, which was characterized by 1H NMR and
IR spectroscopy. 1H NMR (300.1 MHz, CDCl3, 20 8C): d=3.57 (m, 16H;
N-CH2, nBu), 1.84 (m, 16H; CH2, nBu), 1.52 (m, 16H; CH2, nBu), 1.13
(s, 18H; tBu), 1.00 (t, 24H; CH3, nBu); IR: ñ=2125 (sh) (C�N),
2101 cm�1 (s) (C�C); 13C{1H} NMR (75.47 MHz, CDCl3, 20 8C): d= 132.5
(s, CN), 109.6 (s, Ca�Cb-), 87.6 (s, Ca�Cb-), 58.7 (s, N-CH2-(CH2)2-CH3),
32.6 (s, C(CH3)3), 28.9 (s, CMe3), 24.0, 19.3 (s, N-CH2-(CH2)2-CH3), 13.4
(s, N-(CH2)3-CH3).


Complex 1b was prepared similarly as an oil by using the appropriate
starting materials, (NBu4)CN (0.106 g, 0.396 mmol), [Pt(C�CPh)2(cod)]


(0.100 g, 0.198 mmol). 1H NMR (300.1 MHz, CD3COCD3, 20 8C): d=


7.19 (d, J=7.2 Hz, 4H), 7.09 (m, 4H), 6.94 (t, J=7.2 Hz, 2p-H) (Ph), 3.52
(m, 16H; N-CH2, nBu), 1.81 (m, 16H; CH2, nBu), 1.47 (m, 16H; CH2,
nBu), 0.97 (t, 24H; CH3, nBu); IR: ñ=2131 (m, sh) (C�N), 2101 cm�1


(vs) (C�C).
Preparation of (NBu4)2[cis-Pt(C�CtBu)2(13CN)2] (1a’): [Pt(C�CtBu)2(-
cod)] (0.15 g, 0.297 mmol) was treated with K13CN (0.0392 g, 0.594 mmol)
in acetone (20 mL) and the solution was stirred for 10 min. After evapo-
ration to dryness, the residue was treated with a solution of (NBu4)Br
(0.191 g, 0.594 mmol) in CH2Cl2 (20 mL) and the mixture was stirred for
24 h. The KBr formed was filtered off, and the filtrate was evaporated to
dryness giving 1a’ as oily residue. 13C{1H} NMR (100.6 MHz, CDCl3, 20
8C): d= 132.5 (s, 1J(195Pt,13C)=916 Hz, CN).


Synthesis of (NBu4)2[(C6F5)2Pt(m-dppa){(m-CN)2Pt(C�CR)2}Pt(C6F5)2] (2
a: R= tBu, 2b: R = Ph): A solution of (NBu4)2[cis-{Pt(C6F5)2Cl}2(m-
dppa)] (0.400 g, 0.199 mmol) in acetone (20 mL) was treated with
AgClO4 (0.0826 g, 0.398 mmol) and the mixture, protected from the light,
was stirred at room temperature for 1 h. The final suspension was evapo-
rated to dryness and the residue treated with diethyl ether (30 mL) and
filtered. The filtrate was again evaporated to dryness and the residue
which contains [cis,cis-{Pt(C6F5)2(acetone)}2(m-dppa)] [d(P)=0.80 s,
1J(P,Pt)=2570 Hz; d(F)=�117.6 (dd, 3J(Pt,o-F)=497 Hz, 4o-F), �118.8
(m, 3J(Pt,o-F)=375 Hz, 4o-F), �161.7 (t, 2p-F), �163.1 (t, 2p-F), �164.3
(m, 4 m-F), �165.5 (m, 4 m-F)] was treated with a solution of
(NBu4)2[cis-Pt(C�CtBu)2(CN)2] (0.178 g, 0.199 mmol) in acetone
(20 mL). The mixture was stirred for 15 min and evaporated to dryness.
The addition of EtOH (10 mL) rendered 2a as a white solid (0.185 g, 40
%).


Compound 2b was obtained as a white solid similarly by starting from
(NBu4)2[cis-{Pt(C6F5)2Cl}2(m-dppa)] (0.151 g, 0.075 mmol), AgClO4


(0.031 g, 0.150 mmol) and an acetone solution of (NBu4)2[cis-Pt(C�
CPh)2(CN)2] (0.070 g, 0.0.75 mmol) (0.075 g, 42%).


Data for 2a : 1H NMR (300.1 MHz, CD3COCD3, 20 8C): d=7.79 (m, 8H),
7.45 (m, 12H), 3.43 (m, 16H; N-CH2, nBu), 1.77 (m, 16H; CH2, nBu),
1.47 (m, 16H; CH2, nBu), 0.99 (t, 24H; CH3, nBu), 0.96 (s, 18H; CH3,
tBu); 19F NMR (282.4 MHz, CD3COCD3, 20 8C): d=�116.5 (dd, 3J(Pt,o-
F)=389 Hz, 4o-F), �117.1 (m, 3J(Pt,o-F)=370 Hz, 4o-F), �164.9 (t, 2p-
F), �165.7 (m, 4 m-F), �166.0 (m, 2p-F), �166.6 (m, 4 m-F); 31P{1H}
NMR (121.5 MHz, CD3COCD3, 20 8C): d=�4.28 (s, 1J(P,Pt)=2454 Hz);
IR: ñ=2176 (s), 2157 (s) (C�N), 2117 (m) (C�C), 802 (vs), 787 cm�1 (m)
(X-sens C6F5); MS (ES�): m/z (%): 1865 (100) [M+3H]� , 1479 (15)
[Pt2(C6F5)4(CN)(dppa)]� ; elemental analysis calcd for C96F20H110N4P2Pt3
(2347.15): C 49.13, H 4.72, N 2.39; found: C 49.21, H 4.57, N 2.39.


Data for 2b : 1H NMR (300.1 MHz, CDCl3, 20 8C): d=7.66 (m, 8H),
7.37±7.25 (m, 12H), 7.16±6.98 (m, 10H), 3.13 (m, 16H; N-CH2, nBu),
1.46 (m, 16H; CH2, nBu), 1.29 (m, 16H; CH2, nBu), 0.82 (t, 24H; CH3,
nBu); 19F NMR (282.4 MHz, CDCl3, 20 8C): d=�117.9 (dm, 3J(Pt,o-F)=
435 Hz, 4o-F), �118.7 (m, 3J(Pt,o-F)=352 Hz, 4o-F), �163.1 (t, 2p-F),
�164.9 (m, 2p-F + 4 m-F), �166.0 (m, 4 m-F); 31P{1H} NMR
(121.5 MHz, CDCl3, 20 8C): d=2.95 (s, 1J(P,Pt)=2490 Hz); IR: ñ=2184
(s), 2168 (s) (C�N), 2120 (s) (C�C), 819 (s), 802 cm�1 (vs) (X-sens C6F5);
MS (FAB�): m/z (%): peak molecular not observed, 1453 (15)
[Pt2(C6F5)4(dppa)]


� , 1148 (25) [Pt(C6F5)(dppa)2�2H]� ; elemental analysis
calcd for C100F20H102N4P2Pt3 (2387.12): C 50.32, H 4.31, N 2.35; found: C
49.82, H 4.02, N 2.23.


Synthesis of (NBu4)2[cyclo{[cis-Pt(C�CR)2(m-CN)2][M(cod)]}2] (3a: M=


Rh, R= tBu, 3b: M=Rh, R=Ph; 4a: M= Ir, R= tBu, 4b: M= Ir, R=


Ph): AgClO4 (0.080 g, 0.385 mmol) was added to a solution of [Rh(m-
Cl)(cod)]2 (0.095 g, 0.193 mmol) in acetone (20 mL), and the mixture was
stirred for 5 h, protected from the light. After filtration of the mixture
through Celite, the solution obtained was added to a solution of
(NBu4)2[cis-Pt(C�CtBu)2(CN)2] 1a (0.345 g, 0.385 mmol) in acetone
(5 mL), causing the precipitation of 3a as a yellow solid (0.196 g, 59%).


Complexes 3b, 4a and 4b were obtained as yellow solids following a sim-
ilar process to that described for 3a using the corresponding starting ma-
terials:


Compound 3b : (NBu4)2[cis-Pt(C�CPh)2(CN)2] (1b ; 0.312 g, 0.333 mmol),
AgClO4 (0.069 g, 0.333 mmol), [Rh(m-Cl)(cod)]2 (0.082 g, 0.166 mmol)
(0.195 g, 65%).
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Compound 4a : (NBu4)2[cis-Pt(C�CtBu)2(CN)2] (1a ; 0.352 g,
0.394 mmol), AgClO4 (0.082 g, 0.394 mmol), [Ir(m-Cl)(cod)]2 (0.132 g,
0.197 mmol) (0.220 g, 59%).


Compound 4b : (NBu4)2[cis-Pt(C�CPh)2(CN)2] (1b ; 0.353 g, 0.378 mmol),
AgClO4 (0.078 g, 0.378 mmol), [Ir(m-Cl)(cod)]2 (0.127 g, 0.189 mmol)
(0.195 g, 52%).


Data for 3a : 1H NMR (300.1 MHz, CDCl3, 20 8C): d= 4.11 (br s, 8H; =
CH, COD), 3.51 (m, 16H; N-CH2, nBu), 2.26 (br s, 8H; CH2, COD), 1.78
(m, 16H; CH2, nBu), 1.70 (m, 16H; CH2, nBu + 8H; CH2, COD), 1.15
(s, 36H; tBu), 1.08 (t, 24H; CH3, nBu); IR: ñ=2163 (s), 2151 (s) (C�N),
2107 cm�1 (s) (C�C); MS (FAB�): m/z (%): 1483 (100) [M+NBu4]


� , 620
(73) [PtRh(C�CtBu)2(CN)2cod]


� , 538 (36) [PtRh(C�CtBu)2(CN)3]
� ; ele-


mental analysis calcd for C76H132N6Pt2Rh2 (1725.84): C 52.89, H 7.71, N
4.87; found: C 52.94, H 7.38, N 4.92.


Data for 3b : 1H NMR (300.1 MHz, CD3COCD3, 20 8C): d=7.24 (d, 8H),
7.14 (t, 8H), 7.00 (t, 4H) Ph, 4.22 (br s, 8H; =CH, COD), 3.60 (m, 16H;
N-CH2, nBu), 2.37 (br s, 8H; CH2, COD), 1.91 (m, 16H; CH2, nBu), 1.79
(m, 8H; CH2, COD), 1.60 (m, 16H; CH2, nBu), 1.02 (t, 24H; CH3, nBu);
IR: ñ=2170 (m), 2154 (s) (C�N), 2111 cm�1 (s) (C�C); MS (FAB�): m/z
(%): 1562 (20) [M+NBu4]


� ; elemental analysis calcd for C84H116N6Pt2Rh2


(1805.88): C 55.87, H 6.47, N 4.65; found: C 55.48, H 6.32, N 4.58.


Data for 4a : 1H NMR (300.1 MHz, CDCl3, 20 8C): d=3.88 (br s, 8H; =
CH, COD), 3.49 (m, 16H; N-CH2, nBu), 2.07 (brm, 8H; CH2, COD),
1.77 (m, 16H; CH2, nBu), 1.65 (m, 16H; CH2, nBu), 1.49 (m, 8H; CH2,
COD), 1.15 (s, 36H; tBu), 1.06 (t, 24H; CH3, nBu); IR: ñ=2160 (sh),
2150 (s), (C�N), 2107 cm�1 (m) (C�C); MS (FAB�): m/z (%): 1687 (16)
[Pt2Ir2(C�CtBu)4(CN)4(NBu4)2]


� , 767 (30) [Pt2(C�CtBu)4(CN)2]
� ; ele-


mental analysis calcd for C76H132Ir2N6Pt2 (1904.47): C 47.93, H 6.99, N
4.41; found: C 47.65, H 7.00, N 4.29.


Data for 4b : 1H NMR (300.1 MHz, CDCl3, 20 8C): d=7.30, 7.14, 7.05 (3
m, 20H; Ph), 4.00 (br s, 8H; =CH, COD), 3.41 (m, 16H; N-CH2, nBu),
2.16 (br s, 16H; CH2, COD), 1.70 (m, 16H; CH2, nBu), 1.24 (m, 16H;
CH2, nBu), 0.95 (t, 24H; CH3, nBu); similar pattern at �50 8C; IR: ñ=
2168 (s), 2153 (s) (C�N), 2113 cm�1 (m) (C�C); MS (FAB�): m/z (%):
1741 (27) [M+NBu4]


� , 1198 (6) [M�Ir�cod]� , 954 (15) [Pt2(C�
CPh)4(CN)2(cod)]


� , 423 (23) [Pt(C�CPh)2(CN)]� , 300 (100) [Ir(cod)]� ;
elemental analysis calcd for C84H116Ir2N6Pt2 (1984.51): C 50.84, H 5.89, N
4.23; found: C 50.43, H 5.83, N 4.14.


Synthesis of (NBu4)2[cyclo{[cis-Pt(C�CtBu)2(m-13CN)2][Rh(cod)]}2] (3a’):
This complex was prepared starting from [Rh(cod)(acetone)x]ClO4


(0.297 mmol) and (NBu4)2[cis-Pt(C�CtBu)2(13CN)2] (1a’; 0.266 g,
0.297 mmol) in a similar way to 3a (0.15 g, 60%). 13C{1H} NMR
(100.6 MHz, CDCl3, 20 8C): d=138.7 (s, 1J(195Pt,13C)=973 Hz, CN), Ca


and Cb not observed, 79.4 (s, COD, olefinic), 59.7 (s, N-CH2-(CH2)2-
CH3), 32.9 (s, C(CH3)3), 30.8 (s, COD, methylene), 28.9 (s, CMe3), 24.9,
20.1 (s, N-CH2-(CH2)2-CH3), 14.1 (s, N-(CH2)3-CH3); g-HMBC experi-
ment (CDCl3) indicates that the Cb appears at d 112.0 (Ca not observed).


Synthesis of (NBu4)2[{(C6F5)2Pt(m-C�CPh)2Pt(m-CN)2}2{M(cod)}2] (5b:
M=Rh, 6b: M = Ir): [cis-Pt(C6F5)2(thf)2] (0.074 g, 0.110 mmol) was
added to a yellow suspension of 3b (0.100 g, 0.055 mmol) in CH2Cl2
(20 mL) and the mixture stirred at room temperature for 30 min. The
mixture was filtered through Celite and the solvent removed in vacuo.
Addition of EtOH (5 mL) to the residue afforded 5b as a yellow solid
(0.068 g, 63%).


Compound 6b was obtained as a yellow solid following the same proce-
dure as for 5b but using the precursors: 4b (0.100 g, 0.050 mmol) and
[cis-Pt(C6F5)2(thf)2] (0.068 g, 0.100 mmol) (0.093 g, 61%).


Data for 5b : 1H NMR (300.1 MHz, CDCl3, 20 8C): d=7.31 (d, 8H), 7.12
(m, 12H) Ph, 4.10 (s, 8H; =CH, COD), 3.23 (m, 16H; CH2, nBu), 2.32
(br s, 8H; CH2, COD), 1.76 (m, 8H; CH2, COD), 1.65 (m, 16H; CH2,
nBu), 1.48 (m, 16H; CH2, nBu), 0.97 (t, 24H; CH3, nBu); 19F NMR
(282.4 MHz, CDCl3, 20 8C): d=�117.0 (d, 3J(Pt,o-F)=388 Hz, 8o-F),
�164.7 (t, 4p-F), �166.4 (m, 8 m-F); IR: ñ=2175 (s), 2166 (s) (C�N),
2020 (w) (C�C), 795 cm�1 (m, br) (X-sens C6F5); MS (FAB�): m/z (%):
2864 (15) [M+2NBu4]


� , 2626 (40) [M+2NBu4�Rh(CN)(cod)]� , 555
(100) [Pt(C6F5)2(CN)]� , 413 [Pt(C6F5)(CN)2�H]� ; elemental analysis
calcd for C108F20H116N6Pt4Rh2 (2864.26): C 45.29, H 4.08, N 2.93; found: C
44.77, H 3.64, N 2.93.


Data for 6b : 1H NMR (300.1 MHz, CDCl3, 20 8C): d=7.33±7.17 (m, 20
H; Ph), 3.93 (br s, 8H; =CH, COD), 3.27 (m, 16H; CH2, nBu), 2.16 (br s,
8H; CH2, COD), 1.68 (m, 24H; CH2, COD, nBu), 1.25 (m, 16H; CH2,
nBu), 0.86 (t, 24H; CH3, nBu); a similar spectrum is observed at �50 8C;
19F NMR (282.4 MHz, CDCl3, 20 8C): d=�117.0 (d, 3J(Pt,o-F)=410 Hz,
8o-F), �164.5 (t, 4p-F), �166.4 (m, 8 m-F); at �50 8C the o-F and m-F
signals broaden but do not split ; IR: ñ=2172 (s), 2164 (s) (C�N), 2020
(w) (C�C), 803 (m), 793 cm�1 (m) (X-sens C6F5); MS (FAB�): m/z (%):
2816 (30) [M+2NBu4�2C�CPh�CN]� , 555 (100) [Pt(C6F5)2(CN)]� , 413
[Pt(C6F5)(CN)2�H]� ; elemental analysis calcd for C108F20H116Ir2N6Pt4
(3042.91): C 42.63, H 3.84, N 2.76; found: C 42.63, H 3.71, N 2.54.


Synthesis of (NBu4)4[cyclo{[cis-Pt(C�CR)2(m-CN)2][SnPh3]}4] (7a: R =


tBu, 7b: R = Ph): AgClO4 (0.062 g, 0.298 mmol) was added to a solution
of [SnPh3Cl] (0.121 g, 95%, 0.298 mmol) in acetone (20 mL) and the mix-
ture was stirred for 6 h in absence of the light. The AgCl formed was sep-
arated by filtration through Celite and the resulting solution was added
to a solution of (NBu4)2[cis-Pt(C�CtBu)2(CN)2] (1a ; 0.267 g, 0.298 mmol)
in acetone (2 mL) causing the precipitation of 7a as a white solid
(0.158 g, 54%).


Complex 7b was obtained starting from (NBu4)2[cis-Pt(C�CPh)2(CN)2]
(1b ; 0.293 g, 0.314 mmol), SnPh3Cl (0.127 g, 0.314 mmol) and AgClO4


(0.065 g, 0.314 mmol) (0.167 g, 51%).


Complex 7a : 1H NMR (300.1 MHz, CDCl3, 20 8C): d=7.71, 7.44 (2m, 60
H; Ph), 3.30 (m, 32H; N-CH2, nBu), 1.46 (m, 32H; CH2, nBu), 1.24 (m,
32H; CH2, nBu), 1.16 (s, 72H; tBu), 0.95 (t, 48H; CH3, nBu); IR: ñ=
2143 (s) (C�N), 2116 cm�1 (vs) (C�C); no peaks were observed in the
FAB (�) mass spectrum; elemental analysis calcd for C192H276N12Pt4Sn4


(4007.59): C 57.54, H 6.94, N 4.19; found: C 57.22, H 6.61, N 4.13.


Complex 7b : 1H NMR (300.1 MHz, CD3COCD3, 20 8C): d= 8.32±6.98
(m, 100H; Ph), 3.40 (m, 32H; N-CH2, nBu), 1.74 (m, 32H; CH2, nBu),
1.36 (m, 32H; CH2, nBu), 0.88 (t, 48H; CH3, nBu); IR: ñ=2154 (s) (C�
N), 2115 cm�1 (vs) (C�C); MS (FAB�): m/z (%): 423 (35) [Pt(C�
CPh)2(CN)]� , 348 (100) [Pt(C�CPh)(CN)2+H]� , 323 (55) [Pt(C�
CPh)(CN)]� ; elemental analysis calcd for C208H244N12Pt4Sn4 (4167.51): C
59.95, H 5.90, N 4.03; found: C 60.14, H 5.62, N 3.71.


Crystallography : A summary of crystal data and refinement parameters
is given in Table 5. For all the complexes, X-ray intensity data were col-
lected with a Nonius k-CCD area-detector diffractometer, using graphite-
monochromated MoKa radiation. Images were processed using the
Denzo-Scalepack suite of programs,[27] the absorption correction was per-
formed using SORTAV.[28] The structures were solved by Direct Methods
and refined by full-matrix least squares on F 2 using SHELXL-97 pro-
gram.[29] All non-hydrogen atoms were assigned anisotropic displacement
parameters, and all hydrogen atoms were assigned anisotropic displace-
ment parameters of 1.2 times the Uiso value of their attached carbon for
the phenyl and CH2 and 1.5 times for the methyl groups. In order to es-
tablish the identities of the C and N atoms of the bridging cyanide li-
gands, each structure was refined three different ways–with the identi-
ties of C and N as presented here, with the element types reversed, and
with a 50/50 hybrid scattering factor at each of the affected atomic sites.
Examination of the DMSDA values for bonds involving these atoms re-
vealed the correct assignments[30,31] (Supporting Information). The crys-
tals obtained for 4b and 5b did not contain lattice solvent, however in 3
b one molecule of CH2Cl2, and one molecule of benzene for 2a were
found for the asymmetric unit. Residual peaks close to the heavy atoms
were observed for 4b.


CCDC-206328±206331 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Center, 12Union Road, Cambridge CB2 1EZ (UK);
fax: (+44)1223-336-033; or e-mail :deposit@ccdc.cam.ac.uk).
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Table 5. Crystallographic data for compounds (NBu4)2[(C6F5)2Pt(m-dppa){(m-CN)2Pt(C�CtBu)2}Pt(C6F5)2]¥C6H6


(2a¥C6H6), (NBu4)2[cyclo{[cis-Pt(C�CPh)2(m-CN)2][Rh(cod)]}2]¥CH2Cl2 (3b¥CH2Cl2), (NBu4)2[cyclo{[cis-Pt(C�
CPh)2(m-CN)2][Ir(cod)]}2] (4b) and (NBu4)2[{(C6F5)2Pt(m-C�CPh)2Pt(m-CN)2}2{Rh(cod)}2] (5b).


2a¥C6H6 3b¥CH2Cl2 4b 5b


empirical formula C102H114F20N4P2Pt3 C43H60Cl2N3PtRh C42H58IrN3Pt C108H116F20N6Pt4Rh2


Mw 2423.18 987.84 992.20 2864.25
T [K] 293(2) 293(2) 293(2) 173(1)
l(MoKa) [ä] 0.71070 0.71073 0.71073 0.71073
crystal system triclinic hexagonal monoclinic monoclinic
space group P1≈ R3≈ P21/c C/2c
crystal dimensions 0.5î0.2î0.17 0.7î0.7î0.8 0.4î0.25î0.25 0.1î0.08î0.15
a [ä] 16.5980(2) 34.8347(7) 14.1259(4) 22.2237(3)
a [8] 85.8700(10) 90 90 90
b [ä] 18.4930(3) 34.8348(7) 8.7764(3) 25.2650(4)
b [8] 89.2230(10) 90 95.9022(13) 106.6087(9)
c [ä] 19.2290(2) 23.5951(7) 32.6353(13) 20.1086(3)
g [8] 63.8010(6) 120 90 90
V [ä3] 5281.07(12) 24795.8(10) 4024.5(2) 10819.6(3)
Z 2 18 4 4
1calcd [Mgm�3] 1.524 1.191 1.638 1.758
m [mm�1] 4.074 2.957 6.806 5.532
F(000) 2396 8928 1944 5552
q range for data
collection [8]


5.10 to 26.37 4.14 to 26.37 4.17 to 26.37 1.81 to 27.93


index ranges
0�h�20 �43�h�33 �16�h�17 �29�h�29
�20�k�23 �43�k�41 �7�k�10 �33�k�32
�23� l�24 �27� l�29 �27� l�40 �26� l�26


reflns colld 21336 52346 7248 45137
refinement method full-matrix least-


squares on F 2
full-matrix least-
squares on F 2


full-matrix least-
squares on F 2


full-matrix least-
squares on F 2


data/restraints/params 21336/0/1181 11209/0/455 5240/0/428 12850/0/637
GoF on F 2 [a] 1.255 1.108 0.899 1.157
final R indices
[I>2s(I)][a]


R1 0.0463 0.0635 0.0633 0.0444
wR2 0.0805 0.1572 0.1400 0.0987
R indices (all data)[a]


R1 0.0872 0.1155 0.1278 0.0704
wR2 0.0909 0.1874 0.1599 0.1051
largest diff peak and
hole [eä�3]


0.771 and �0.905 1.144 and �0.825 1.943 and �1.606 1.279 and �1.035


[a] R1=�(jFo j� jFc j )/� jFo j ; wR2= [�w(F 2
o�F 2


c )
2/�wF 2


o]
1=2 ; goodness of fit=�w(F 2


o�F 2
c )


2/(Nobs�Nparam)]; w=


[s2(Fo)+(g1P)
2+g2P]


�1; P= [max(F 2
o,0+2F 2


c ]/3.
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Dendrimers as Ligands: An Investigation into the Stability and Kinetics of
Zn2+ Complexation by Dendrimers with 1,4,8,11-Tetraazacyclotetradecane
(Cyclam) Cores


Christophe Saudan,[a] Vincenzo Balzani,*[a] Marius Gorka,[b] Sang-Kyu Lee,[b]


Jeroen van Heyst,[b] Mauro Maestri,*[a] Paola Ceroni,[a] Veronica Vicinelli,[a] and
Fritz Vˆgtle*[b]


Introduction


Dendrimers[1,2] are currently attracting great attention due
to their unusual and tunable chemical and physical proper-
ties, and the wide range of potential applications. An impor-
tant feature of dendrimers is the presence of internal, dy-
namic cavities,[3] often containing moieties capable of coor-
dinating metal ions. Research on dendrimer-based host±
guest systems has been performed for a variety of purposes
that include preparation of encapsulated metal nanoparti-
cles,[4] dioxygen binding,[5] ion transportation,[6] ion sensing,[7]


light harvesting,[8,9] and stepwise complexation.[10] Metal ions
have also been used to assemble coordinating dendrons[11]


and as branching centers in dendrimer synthesis.[12] Howev-
er, dendrimers with a well-defined metal-coordinating core
have seldom been reported,[13] the exception being porphy-
rin-based systems.[14]


1,4,8,11-Tetraazacyclotetradecane (cyclam) is one of the
most extensively investigated ligands in coordination
chemistry.[15] In aqueous solution, cyclam can coordinate
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. Table S1 lists the
rate constants for complex formation of ligands 1, 2, and 3 with Zn2+


in acetonitrile/dichloromethane 1:1 at 298 K with a Zn2+-to-ligand
ratio ranging from 3 to 10.


Abstract: We have investigated the
complexation of Zn2+ with 1,4,8,11-tet-
rakis(naphthylmethyl) cyclam (1;
cyclam=1,4,8,11-tetraazacyclotetradec-
ane) and with two dendrimers consist-
ing of a cyclam core with four dime-
thoxybenzene and eight naphthyl ap-
pendages (2), and twelve dimethoxy-
benzene and sixteen naphthyl appen-
dages (3). An important, common fea-
ture of model compound 1 and
dendrimers 2 and 3 is that their poten-
tially fluorescent naphthyl units are
quenched by exciplex formation with
the cyclam nitrogen atoms. Complexa-
tion with Zn2+ , however, prevents exci-
plex formation and results in the ap-


pearance of an intense naphthyl fluo-
rescence signal that can be used for
monitoring the complexation process.
Luminescence titration, together with
competition experiments and 1H NMR
titration, have shown that 1:1 and 1:2
(metal/ligand) complexes are formed in
the cases of 2 and 3, whereas model
compound 1 gives only a 1:1 complex.
We have also investigated the 1:1 com-
plexation kinetics by the stopped-flow
technique. In the case of 1, a second-
order process (k1=44î10


5
m
�1 s�1) is


followed by two consecutive first-order
steps (k2=0.53 s


�1 and k3=0.10 s
�1).


For 2, a slower second-order process
(k1=4.9î10


5
m
�1 s�1) is followed by a


slow first-order step (k2=0.40 s
�1). In


the case of 3, only a very slow second-
order process was observed (k1=1.2î
105m�1 s�1). The different metal±ion in-
corporation rates for model compound
1 and dendrimers 2 and 3 have been
discussed in terms of conformational
changes of the dendron subunits affect-
ing the chelating properties of the
cyclam core. This work reports the first
kinetic study on metal±ion coordina-
tion by dendrimers with a well-defined
coordination site.


Keywords: cyclams ¥ dendrimers ¥
kinetics ¥ luminescence ¥ zinc
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metal ions such as Co2+ , Ni2+ , Cu2+ , Zn2+ , Cd2+ , and Hg2+


to give 1:1 complexes with very large stability constants.[16]


Currently, cyclam and its derivatives are extensively investi-
gated in medicine for imaging applications[17] and as carriers
of metal ions in antitumor[18] and anti-HIV[19] agents. For all
these reasons, we thought that cyclam was a suitable and
most interesting core for constructing dendrimers capable of
coordinating metal ions. Therefore, we have synthesized[20]


two dendrimers consisting of a cyclam core with four dime-


thoxybenzene and eight naphthyl appendages (2), and
twelve dimethoxybenzene and sixteen naphthyl appendages
(3). For comparison purposes, we have also prepared and in-
vestigated tetrakis(naphthylmethyl) cyclam[21] (1) as a model
compound. In a previous paper,[20] we have shown that a
common feature of 1 and dendrimers 2 and 3 is that their
potentially fluorescent naphthyl units are quenched by exci-
plex formation with the cyclam nitrogen atoms. Complexa-
tion with Zn2+ , however, engages the nitrogen lone pairs
and thereby prevents exciplex formation, with a resulting in-
tense naphthyl fluorescence signal. This strong signal is
quite suitable for monitoring the formation of complexes in
ligand±metal titration experiments.[22]


Few kinetic studies have so far been performed on the in-
corporation of substrates into dendrimers.[13,23,24, 25] Aida
et al. reported a kinetic investigation on the oxidation of
active centers encapsulated within aryl ether dendrimers of
different sizes.[13,25] Kinetic investigations can provide useful
information on the accessibility of coordination sites buried
in the dendrimer structures. In this paper we report a sys-
tematic study of the complexation stoichiometry of model
compound 1 and dendrimer ligands 2 and 3 with Zn2+ in a
wide range of concentrations, and the kinetics of the com-
plexation process investigated by the stopped-flow techni-
que. It should be noted that kinetic investigations on metal±
macrocyclic complexes are usually performed by monitoring
changes in the d±d absorption bands. In the case of Zn2+ ,
however, this handle is not available. Instead, cyclam ligands
1±3 provide an opportunity to investigate the complex for-
mation from the changes of the emission bands.


Experimental Section


Compound 1 and dendrimers 2 and 3 were synthesized as previously de-
scribed.[20] Zn(CF3SO3)2 was obtained from Aldrich. The acetonitrile and
dichloromethane for spectroscopy were purchased from Merck. All the
luminescence measurements were carried out in an air-equilibrated
CH3CN/CH2Cl2 1:1 v/v solution at 298 K with a Perkin Elmer LS50 spec-
trofluorimeter. Titration curves were obtained by evaluating the spectra
with the SPECFIT software.[26]


1H NMR experiments were carried out in CD3CN/CD2Cl2 (1:1 v/v) at
298 K with Bruker AM 400 equipment (400 MHz).


Stopped-flow experiments were performed in a CH3CN/CH2Cl2 mixture
(1:1 v/v) at 298 K with Applied Photophysics SX 18-MV equipment. The
complex formation between compounds 1±3 and Zn2+ (as the CF3SO3


�


salt) was monitored by the change in the fluorescence intensity above
305 nm, upon excitation at 275 nm. The experiments were performed
with a moderate excess of metal salt, that is, with a [Zn2+]0/[L]0 ratio
lying in the range of 3 to 10. The rate constants were evaluated with the
fitting software SPECFIT.[26] In the case of 3, the kinetics of complexa-
tion was also studied under pseudo-first-order conditions ([Zn2+]0�
10[L]0), and the observed rate constant was computed by an iterative
procedure, in which one exponential function was fitted to the fluores-
cence versus time data by using global analysis software. For each set of
conditions, a series of four to six experiments were performed and the re-
sulting data were averaged.


Results and Discussion


Stoichiometry of the complexes : Compound 1 exhibits a
broad emission band with a maximum around 480 nm,
which is assigned to the formation of exciplexes between the
cyclam nitrogen atoms and excited naphthyl units (dotted
line in Figure 1a). Dendrimers 2 and 3 (dotted lines in Fig-
ure 1b and c) exhibit three types of weak emission bands, as-
signed to naphthyl-localized excited states (lmax=337 nm),
naphthyl excimers (lmax ca. 390 nm), and naphthyl±amine
exciplexes (lmax=480 nm).


[20]


Titration of ligand 1 (2.93î10�5m) with Zn2+ (as the
CF3SO3


� salt) causes the disappearance of the exciplex emis-
sion and the appearance of a strong naphthyl-localized fluo-
rescence (solid line in Figure 1a). The titration plot (Fig-
ure 1a’) shows the formation of a stable 1:1 Zn/ligand spe-
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cies [Zn(1)]2+ . This result is in agreement with previous in-
vestigations.[21]


Titration of dendrimer 3 (6.65î10�6m) with Zn2+ causes
the disappearance of the exciplex band, with a concomitant
increase in the excimer and naphthyl-localized emissions
(solid line in Figure 1c). In this case, monitoring the emis-
sion intensity at 337 nm (naphthyl emission) and 390 nm
(excimer emission) yielded coincident linear plots (Fig-
ure 1c’) that reach a plateau for 0.5 equivalents of Zn2+ ,
showing the unexpected formation of a 1:2 Zn/ligand spe-
cies, [Zn(3)2]


2+ . Fitting of the data yielded logb1:2=13.4�
0.2 for the formation constant of this complex. On increas-
ing the Zn2+ concentration, it can be expected that the
[Zn(3)2]


2+ species is gradually replaced by a [Zn(3)]2+ spe-
cies. Although evidence of the formation of such a species is
not apparent from the plot of Figure 1c’, it should be noted
that [Zn(3)2]


2+ and [Zn(3)]2+ could have the same fluores-
cence response, since the metal ion could prevent formation
of exciplexes in both species. This seems indeed to be the
case, since formation of a [Zn(3)]2+ species at more than
0.5 equivalents of Zn2+ is evidenced by NMR experiments,
which have also fully confirmed the formation of a
[Zn(3)2]


2+ complex at lower Zn2+ concentration (Figure 2).
Titration of dendrimer 2 (1.26î10�5m) causes the disap-


pearance of the exciplex band, with a concomitant increase
in the excimer and naphthyl-localized emissions (solid line


in Figure 1b). In this case, as depicted in Figure 1b’, slightly
different plots have been obtained on monitoring the emis-
sion intensity at 337 nm (naphthyl emission) or 390 nm (ex-
cimer emission). This point will be discussed below. In addi-
tion, both plots are nonlinear and reach a plateau after addi-
tion of about one equivalent of Zn2+ . This behavior shows
that more than one species is formed. Implementation of
the spectral changes in the SPECFIT software[26] yielded a
fitting curve corresponding to the formation of 1:2
([Zn(2)2]


2+) and 1:1 ([Zn(2)]2+) complexes, with association
constants logK1=5.7�0.4m�1 and logK2=7.9�0.3m�1, re-
spectively.
All the complexes of cyclam and cyclam derivatives with


metal ions reported so far have displayed 1:1 stoichiome-
try.[16] However, kinetic evidence for the formation of a 2:1
[Ni(1,8-dimethylcyclam)2]


2+ species has been reported.[27]


The unexpected [Zn(3)2]
2+ and [Zn(2)2]


2+ species formed by
the cyclam dendritic ligand 3 and 2, respectively, show that
the dendrimer branches not only do not hinder, but in fact
favor coordination of cyclam to Zn2+ , with respect to the co-
ordination of solvent molecules or counter ions.


Stability of the complexes : The results obtained show that:
1) model compound 1 forms a strong 1:1 complex with Zn2+,
2) dendrimer 2 gives rise to both 1:1 and 2:1 complexes,
with the former being more stable than the latter, and 3)
dendrimer 3 forms both 1:1 and 2:1 complexes, with the
latter being more stable than the former.
The formation of a stable [Zn(3)2]


2+ species has been fur-
ther confirmed by competition experiments.


Competition between dendrimer 3 and 2,2’-bipyridine for
complexation of Zn2+ : We have found that under our exper-
imental conditions, the absorption band of 2,2’-bipyridine
with a maximum at 280 nm moves towards lower energies
(305 nm) upon complexation with Zn2+ .[28] On addition of


Figure 1. Graphs a), b), and c) show the luminescence spectrum of 1
(2.93î10�5m), 2 (1.26î10�5m), and 3 (6.65î10�6m), respectively, before
(dashed line) and after (full line) addition of a stoichiometric amount of
Zn(CF3SO3)2 in CH3CN/CH2Cl2 (1:1 v/v) at 298 K with lexc=275 nm. The
normalized fluorescence intensity changes observed upon addition of
Zn(CF3SO3)2 to 1, 2, and 3 are depicted in graphs a’), b’), and c’), respec-
tively (&=337 nm, *=390 nm, ~=480 nm).


Figure 2. 1H NMR titration of 3 (6.40î10�4m) with Zn(CF3SO3)2 in
CD3CN/CD2Cl2 (1:1 v/v) at 298 K. Spectral evolution of the
Ar�CH2�O�Ar resonance. The assignments of the observed peaks and
the [Zn2+]/[3] ratio are indicated.
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2,2’-bipyridine to a solution containing 3 and Zn2+ in a 2:1
ratio, no increase in absorption was observed in the 305 nm
region. This result shows that in such a solution all the Zn2+


ions are engaged in a stable [Zn(3)2]
2+ species. For a solu-


tion containing 3 and Zn2+ in a 1:1 ratio, addition of 2,2’-bi-
pyridine causes the formation of a band at 305 nm, showing
that either the 1:1 [Zn(3)]2+ species are labile or contain co-
ordinatively unsaturated Zn2+ ions that can coordinate the
2,2’-bipyridine.


Competition between H+ and Zn2+ for coordination to 3 :
We have previously reported that the addition of trifluoro-
acetic acid causes protonation of the cyclam core of 3, there-
by preventing the formation of exciplexes and causing an in-
crease in the naphthyl-localized fluorescence,[20] as does met-
al±ion coordination. Addition of trifluoroacetic acid to a so-
lution containing 3 and Zn2+ in a 2:1 ratio does not cause
any increase in the naphthyl-localized fluorescence, showing
that all the dendrimers are engaged with Zn2+ . Similar com-
petition experiments performed on a solution containing 1
and Zn2+ in a 2:1 ratio showed that half of the ligand is in
its free form.


Conformations of the complexes : Whereas cyclam usually
gives 1:1 metal complexes, we have found that the presence
of bulky dendritic substituents favors the coordination of
two cyclam moieties to Zn2+ . This surprising result can be
tentatively rationalized by considering two limiting struc-
tures for the 2:1 complexes: The first is an inward structure,
stabilized by the intermeshing of the branches of the two co-
ordinated dendrimers. The second is an outward structure in
which the branches of the two coordinated dendrimers do
not interact, but impose on the cyclam core a very specific
coordination structure.
An inward structure for the 2:1 complex, stabilized by


branch intermeshing, should increase the probability of exci-
mer formation compared with the 1:1 species. In such a
case, the intensity of the excimer band (lmax ca. 390 nm)
should increase more rapidly at the beginning of the titra-
tion, when formation of a 2:1 species is favored. This seems
to be the case for dendrimer 2 (Figure 1b’), which gives rise
to both [Zn(2)2]


2+ and [Zn(2)]2+ species from the beginning
of the titration. For dendrimer 3, however, which forms only
a [Zn(3)2]


2+ species at low Zn2+ concentrations, there is no
evidence of a decreasing number of excimers on increasing
the Zn2+ concentration (Figure 1c’). Therefore, it seems
more likely that for [Zn(3)2]


2+ the dendrimer branches
extend outward. Furthermore, the two cyclam cores, to ac-
count for the coordination number (�6) of Zn2+ , are likely
forced to adopt a structure in which not all of the four N
atoms are available for Zn2+ coordination, thereby favoring
a 2:1 stoichiometry.


Kinetics of complex formation : Formation of a complex be-
tween a metal ion and a cyclic multidentate ligand involves,
of course, a sequence of several steps.[27] Investigations per-
formed on the kinetics of complex formation, between Ni2+


and Cu2+ metal ions and ligands of the cyclam family in di-
polar aprotic solvents, have led to the identification of the


general reaction sequence comprising two consecutive
stages [Eq. (1)].[27,29]


In the first stage, a fast equilibrium is established between
the solvated metal ion M2+ and a precursor complex
(ML)2+ , in which the multidentate ligand is bonded with
only one of the nitrogen atoms. This equilibrium is followed
by a rate-limiting step leading to the coordination of a
second nitrogen. A possible rate-limiting factor is supposed
to be due to conformational changes of the ligand prior to a
second metal±nitrogen bond formation. Subsequent coordi-
nation of the two remaining nitrogen atoms is thought to be
very fast, since after coordination of the first two nitrogen
atoms, the two remaining coordination sites are very close
to the metal. The complex obtained, (ML2+)int, is stereo-
chemically and thermodynamically unstable and, depending
on the pattern of substituents, may undergo up to three re-
organization steps involving rearrangement of the carbon
skeleton and metal±nitrogen inversion processes that finally
lead to stereochemically and thermodynamically stable com-
plexes.[27] The presence of N-substituents has, of course, an
important effect on all these processes.
It is worth noting that the coordination of Zn2+ into com-


pound 1 and dendrimers 2 and 3 does not cause an apprecia-
ble change in the absorbance; thus, the kinetic investigations
could not be performed by means of this detection method.
In these compounds, however, the fluorescence of the naph-
thyl groups is strongly quenched by the formation of exci-
plexes involving the nitrogen lone pairs of the cyclam
core.[20] Complexation of the cyclam unit with Zn2+ prevents
exciplex formation and causes a strong increase in the fluo-
rescence intensity of the naphthyl units. Therefore, the ki-
netics of complex formation can be followed by monitoring
the change in the fluorescence intensity. Usually for a reac-
tion sequence, only the slower processes can be experimen-
tally evidenced. It should also be considered that some of
the steps might not cause appreciable changes in the signal
that is used for monitoring the process.
In preliminary experiments we have verified that under


our experimental conditions: 1) the mixing of CH3CN/
CH2Cl2 1:1 solutions does not cause optical artefacts in the
stopped-flow-observation cell and 2) both the dendrimers
and their complexes are photo stable (see Figure 3). The ex-
periments were performed with a moderate excess of metal
ion in order to form only 1:1 complexes, a stoichiometry ex-
hibited by all three ligands.
For the reaction of Zn2+ with 1, a good fitting of the fluo-


rescence intensity versus time plot (Figure 3) requires the
presence of three consecutive steps, namely a second-order
association step k1= (44�1)î105m�1 s�1 with about 65%
signal amplitude, followed by two first-order rearrangement
steps (rate constants k2=0.53�0.04 s�1 and k3=0.10�
0.02 s�1). The experiments performed with different concen-
trations of Zn2+ and 1 (Table S1 in the Supporting Informa-
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tion) gave very similar results, thereby supporting the postu-
lated reaction mechanism given by Equation (2).


Zn2þ þ 1
k1


44�105 m�1 s�1
�������!ðZn2þ 	 1Þint;1


k2


0:53 s�1
���!ðZn2þ 	 1Þint;2


k3


0:10 s�1
���!½Znð1Þ�2þ


ð2Þ


In the case of 2, the change in the fluorescence intensity
with time (Figure 3) indicates biphasic kinetics, as shown in
Equation (3), with the incorporation rate constants k1=
(4.9�0.2)î105m�1 s�1 followed by a first-order process k2=
0.40�0.02 s�1. The second-order process contributes to 95%
of the total change in fluorescence.


Zn2þ þ 2
k1


4:9�105 m�1 s�1
�������!ðZn2þ 	 2Þint


k2


0:40 s�1
���!½Znð2Þ�2þ ð3Þ


For the reaction of Zn2+ with 3, the observed changes in
the fluorescence intensity (Figure 3) can be accounted for
by a second-order process alone, with k1= (1.2�0.1)î
105m�1 s�1. No subsequent rearrangement step was observed
under our experimental condition ([Zn2+]0/[L]0 ratio of 3±
10). Figure 3 shows that no process occurs during the instru-
mental mixing time for ligand 3. The reaction of Zn2+ with
3 is, in fact, slow enough to be investigated by using the
stopped-flow technique, under pseudo-first-order conditions
([Zn2+]0=10[L]0). The formation of the complex under
these conditions can be fitted by a single exponential func-
tion, and the observed rate constants show a linear depen-


dence on the Zn2+ concentration (Figure 4), as expected for
a pseudo-first-order process. We have also checked the val-
idity of the pseudo-first-order condition by keeping constant
the Zn2+ concentration and varying the dendrimer concen-
tration (with at least a tenfold excess of Zn2+). The results
obtained showed that the rate constant does not depend on
the dendrimer concentration. Regardless of the experimen-
tal conditions, the rate constant for the formation of the
complex, k1, was (1.0�0.1)î105m�1 s�1, in agreement with
the value obtained from the kinetics using a slight excess of
metal [Eq. (4)].


Zn2þ þ 3
k1


1:2�105 m�1 s�1
�������!½Znð3Þ�2þ ð4Þ


Dendrimer dynamics : It has been shown that the value of
the second-order rate constant, for Ni2+ incorporation into
cyclam in a dipolar aprotic solvent (CH3CN, DMSO, DMF),
can be predicted by the Eigen±Wilkins mechanism schema-
tized in Equation (5) (S= solvent).[30,31]


LþM2þðSÞn
KOS
��! ��fL;M2þðSÞng kex


�!L 	M2þðSÞn�1 þ S ð5Þ


According to this mechanism, the rate constant of the
second-order processes is controlled by the rate of solvent
exchange on the metal ion, k=KOSîkex, in which KOS is the
equilibrium constant for the outer-sphere complex.[32] The
solvent-exchange rate constant for Zn2+ in acetonitrile is re-
ported to be 7.5î107 s�1 at 298 K.[33] The equilibrium con-
stant (KOS) for Zn


2+ and amine derivatives in acetonitrile is


Figure 3. Variation of the fluorescence versus time for a) the reaction of
1, 2, and 3 (4.40î10�6m) with 5.0 equivalents of Zn2+ and b) for the
mixing with the solvent (CH3CN/CH2Cl2 1:1). T=298 K, lexc=275 nm,
lem>305 nm. The fitting of the kinetics was obtained by using the SPEC-
FIT software according to the postulated reaction mechanism [see
Eqs. (2)±(4)].


Figure 4. Dependence of kobs [s
�1] on the concentration of Zn(CF3SO3)2


with [3]0=3.18î10
�6
m (&) and 6.36î10�6m (*). The rate constant k1=


(1.0�0.1)î105m�1 s�1 was derived from the fit of the observed rate con-
stants as a function of [Zn2+] using equation kobs=k1[Zn


2+].
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not known. Incorporation studies[30] of Ni2+ into linear and
macrocyclic tetramines in acetonitrile at 25 8C led to KOS~
0.45m�1, a value close to the theoretical estimation of 0.3m�1


obtained by the Fuoss relationship.[34,35] It seems reasonable
that a similar value can be used for Zn2+ complexes. On this
basis, the second-order rate constant should be ~3î
107m�1 s�1, which is much higher than the values found for
complexation with 1, 2, and 3. Furthermore, the rate con-
stant of the second-order process leading to complex forma-
tion decreases with increasing dendrimer size (k1 /
105m�1 s�1=44, 4.9, and 1.2 for 1, 2, and 3, respectively).
Therefore, we can conclude that the rate-limiting step does
not correspond to the simple desolvation of Zn2+ .
This trend can be accounted for by a decrease (on increas-


ing size of the branches) of either cyclam flexibility, which
affects the rate constant for coordination of the second ni-
trogen atom, or accessibility to the dendrimer core due to
efficient hydrophobic shielding. Incorporation of Zn2+ into
dendrimers of different generations could indeed involve
structural changes resulting in slow kinetics.[27,35, 36] Confor-
mational changes in the dendron subunits are probably nec-
essary for the closure of the chelate ring and it is likely that
the reorganization of the dendron subunits becomes slower
on increasing dendrimer size, because of steric congestion.[37]


Hydrophobic protection has been suggested to delay the
H+ (H2O)-driven autoxidation of iron±porphyrin±dioxygen
adducts.[25] It is also worth mentioning a recent study of
proton protection of porphyrin cores encapsulated in phos-
pholipid lyposome.[38] In contrast to these cases, our results
indicate that the cyclam core is accessible to the incorpora-
tion of the metal ion; thus, dendron subunits probably do
not adopt a rigidly folded structure around the coordination
site. We have also found that the protonation (CF3COOH)
of 1, 2, and 3, which leads to a strong increase of the emis-
sion intensity, is very fast and occurs during the instrumental
mixing time of the stopped-flow process (ca. 1 ms).
Finally, it should be noted that for 1 and 2 there is a sub-


stantial fluorescence intensity change in the first stage of the
process (Figure 3). The subsequent first-order steps ob-
served by the stopped-flow technique cause only smaller
changes in the fluorescent intensity, which is consistent with
the occurrence of isomerization reactions that may involve
inversion of the chiral nitrogen centers of the complex.[27,28]


The absence of isomerization steps in the complex with den-
drimer 3 could be related to a very high energy barrier for
the inversion process. Alternatively, it may be that the large
separation distance between the core and the peripheral lu-
minescent units prevents any further change in the lumines-
cence intensity when isomerization takes place.


Conclusion


We have investigated the complexation of Zn2+ by dendritic
ligands containing a cyclam core and found that both the
metal±ligand stoichiometry and the kinetics of complex for-
mation depend on the size of the dendrimer branches.
The observed dendrimer effect may play an important


role in various fields in which cyclam±metal complexes and


metal-containing dendrimers are currently employed, in-
cluding abiological applications (e.g., catalysis), and medical
diagnosis and therapy. A further motif of interest is offered
by the possibility, currently under investigation in our labo-
ratory, of assembling different cyclam-based dendrons
around a metal ion to obtain mixed-(dendritic)ligand com-
plexes that might be very interesting for light harvesting and
multiredox processes.
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Iodine(iii)-Mediated Preparations of Nitrogen-Containing Sulfur Derivatives:
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Introduction


Nitrogen-containing sulfur derivatives are highly important
compounds that have found a wide range of applications, for
example, as partners for asymmetric synthesis, ligands, bio-
active molecules, and bricks for new materials. In particular,
sulfonamides,[1] sulfinamides,[2] and sulfoximines[3,4] are
among the most prominent members of this family. Thus,
the quest for new routes for their preparations is a never-
ending challenge that needs to be approached with new per-
spectives. Some time ago, we reported on our work devoted
to asymmetric radical reactions involving chiral sulfox-
ides.[5,6] Because sulfoximines can be prepared from sulfox-
ides, we looked for new ways to stereoselectively access to


such compounds, and, more generally, most chiral nitrogen-
containing sulfur moieties.


When we initiated our work, one of the best syntheses of
sulfoximines used phenyliodinane, a hypervalent iodine(iii)
derivative, as the nitrogen source (Scheme 1). This does not


come as a big surprise because the chemistry of hypervalent
iodine compounds has experienced a tremendous develop-
ment during the last decade.[7,8]


This surging interest is mainly due to their useful mild oxi-
dizing properties and their low toxicity (especially compared
to heavy-metal derived oxidizing agents).[7] Among all iodi-
ne(iii) reagents, iodinanes are very convenient nitrene pre-
cursors, whose metal-mediated decomposition is a very pow-
erful tool. Mansuy and co-workers first described the aziridi-
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Dr. E. LacÙte, Prof. M. Malacria
Universitÿ Pierre et Marie Curie
Laboratoire de chimie organique, UMR CNRS 7611
B. 229, 4 place Jussieu, 75005 Paris (France)
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Abstract: Reaction of sulfonamides
with iodosobenzene leads to phenylio-
dinanes. A new catalysis reaction of
the decomposition of these products in
the presence of sulfoxides that allows
the smooth synthesis of sulfoximines
has been evidenced and studied: cop-
per(ii) salts were used to prepare com-
pounds 4a±j and 5b, d, f, j, k from the
corresponding, easily prepared, sulfox-
ides. The reactions proceed with reten-
tion of configuration at the sulfur
center, and copper(ii) triflate is the
best candidate for the catalyst for the
imination. Switching from sulfonamides


to sulfinamides in the preparation of
the starting iodinanes completely alters
the reaction pathway: iodinanes are no
longer accessible, and sulfonimidates
7a±j are obtained instead. This behav-
ior can be rationalized by the increase
in pKa brought about by the removal
of one oxygen atom from the sulfur
center. Sulfonimidates are interesting
molecules with varied applications. Op-


timization of their one-pot synthesis
has been achieved by carrying out the
reaction in acetonitrile. The stereo-
chemical study has shown that the
transformation proceeds with global re-
tention of the configuration at the
sulfur center, albeit with erosion of the
enantiomeric purity. A model account-
ing for this outcome is proposed. In ad-
dition, the presence of oxidized sulfo-
namide by-products has been ex-
plained, and this latter pathway be-
comes the sole one when alcohol is re-
placed by water. Good yields of the
oxidized products are obtained.


Keywords: iodine ¥ oxidation ¥
sulfonimidates ¥ sulfoximines ¥
sulfur


Scheme 1. General preparation of sulfoximines from sulfoxides.
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nation of alkenes with phenyliodinane in the presence of
iron or manganese porphyrins.[9] The mechanism involves a
porphyrin metal±nitrene complex.[10] Evans and co-workers
have further investigated the aziridination of alkenes and
have made copper salts the catalysts of choice for this reac-
tion.[11] Generally, copper(i) is used. The reaction has been
extended to sulfides and sulfoxides as nitrene traps to yield
sulfimides[12] and sulfoximines, respectively, by Vogt and
Muller[13] and by Bolm and co-workers.[14,15]


Different phenyliodinanes have been prepared[16±18] by
coupling the corresponding sulfonamide with iodosobenzene
derivatives in KOH/methanol. The initial step is presumably
the solvolysis of the initial iodine reagent.[19] Sulfonamides
react by nucleophilic substitution on the iodine atom, possi-
bly giving birth to a dissociated intermediate, that would
eventually be deprotonated (Scheme 2).


The iodinanes are highly polarized molecules. Thorough
studies of their structure and solid-state aggregation have
shown that these molecules are best described as possessing
I�N single bonds with substantial amounts of charge on the
I and N atoms.[20] This can lead to varied polymeric assem-
blies, which can be stabilized through secondary interactions
with the oxygen atoms of the sulfonyl moiety.[21] Thus, iodi-
nanes generally are poorly soluble and the catalytic reac-
tions that employ them are heterogeneous and rather slow.
This problem can be overcome by the preparation of iodi-
nane B in which an additional sulfonyl group is put on the
aryl group attached to the iodine center (Scheme 3).[22] Dis-
ruption of the electrostatic intermolecular forces on B is
achieved by the introduction of intramolecular secondary
bonds. The reactivity is thus much better.


In all the latter cases, the iodinanes have been first isolat-
ed and subsequently decomposed to yield the desired imi-
nated products. This process has been converted into very
elegant one-pot procedures.[23±26]


Chiral ligands were used for asymmetric aziridination[11]


and sulfimidation,[12,27] but the ee values obtained in the
copper-mediated sulfimide synthesis are not satisfactory.
Carreira and Tomooka have nicely improved the asymmet-
ric preparation of chiral sulfinimines by using nitridoman-
ganeses complexes.[28] However, a full equivalent of the
metal is required to reach high ee values. We decided to ex-
amine the preparation of chiral iodinanes, in which a sulfinyl
group replaced the sulfonyl one, and thus to prepare C
(Scheme 3). We reasoned that since one oxygen atom of the
sulfonyl group always plays no role in the stabilization, sulfi-
nyl moieties could be valid chiral surrogates for the secon-


dary interactions. Precursor C
could be prepared by a stan-
dard procedure starting from a
chiral sulfinamide rather than a
sulfonamide. We report below
the findings we gathered along
this path.


Results and Discussion


Catalytic system: Prior to our
study, we decided to have a
closer look at the catalytic


system we would end up using. Several metallic systems can
decompose phenyliodinane. Most of them fall into two dis-
tinct categories. Porphyrins were the first reported systems:
by analogy to the biomimetic oxidations, Mansuy and co-
workers reported the aziridination of different aryl-substi-
tuted alkenes by iron(iii) and manganese(iii) porphyrins.[9] It
is assumed that these reactions occur via terminal imidoir-
on(v) and manganese(v) intermediates, as can be inferred
from the isolation of an elusive terminal (imido)mangane-
se(v) corrole complex.[10] The second main category contains
copper complexes. For aziridination reactions, the oxidation
state of the active species has not been clearly identified
and a debate is still going on. While Deeth, Scott and co-
workers[29] and Norrby and co-workers[30] favor a route in-
volving a copper(i) intermediate, Evans and co-workers re-
ported in their seminal article that UV-monitoring of the
aziridination of double bonds showed that ™it is reasonable
to conclude that these reactions are being catalyzed through
CuII rather than CuI as originally presumed∫.[11] The reac-
tions are very likely substrate dependent.


Sulfimides can be obtained from sulfides with both cop-
per(i) and copper(ii) salts.[12] However copper(ii) derivatives
were inferior to copper(i) triflate for asymmetric sulfimida-
tion. The authors attribute this loss to the competition be-
tween acetonitrile and the chiral ligand for the ligand sites
on copper and/or to the poorer solubility of copper(ii) tri-
flate. Formation of sulfoximines was even less examined.[4]


To the best of our knowledge, only two groups had focused
on the preparation of sulfoximines from sulfoxides and phe-


Scheme 2. Possible mechanism for the formation of phenyliodinanes.


Scheme 3. Routes to modified phenyliodinanes.
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nyliodinane. Both chose to rely on copper(i) catalysts to do
the work.[13±15,31] After reviewing the available literature and
taking advantage of what was described for alkenes and sul-
fides, we were confident sulfoximines could be prepared by
using copper(ii) salts. There are two advantages for such an
approach: beyond the economic aspects (copper(ii) is gener-
ally much less expensive), the practicality of the reaction
would be improved, since copper(i) triflate is air-sensitive
and must be handled in a glovebox.


The synthesis of sulfoximines was achieved by treatment
of suitably substituted sulfoxides with one equivalent of phe-
nyliodinane in acetonitrile, in the presence of 10 mol% of
copper(ii) triflate.[46] Representative results are summarized
in Table 1.


Sulfoximines 4a±j were obtained in good to excellent
yields. We developed our method first with alkylaryl- and di-
alkyl sulfoxides 3a,b, which led to their imine counterparts
in 96% and 91%, respectively (Table 1, entries 1 and 2).
The reaction was almost instantaneous. When stirring is pro-
longed, a precipitate appears, probably an iodinated by-
product. Versatile vinyl sulfoxides (Table 1, entries 3±5) and
allylic bromides (Table 1, entries 6±8) were easily trans-
formed even when reactions were carried out in an open
flask with acetonitrile from the bottle. The yield for phenyl
vinyl sulfoxide is lower than for all the other derivatives.
Phenyl vinyl sulfoxide is prone to anionic polymerization,
which is maybe what happens during the imidation. An ad-
ditional hint for such a behavior is given by entry 5 in
Table 1: The triisopropylphenyl derivative 3e is particularly
hindered because of the bulky aromatic ring. This could
have prevented or hindered reactions at or near the sulfur
atom. Sulfoximine 4e was obtained in higher yield than its
parent compound (72%, entry 5). More interestingly, the
imidation occurred as quickly and easily as the sterically less


demanding sulfoxides. Entries 9 and 10 in Table 1 show that
acetylenic sulfoximines can also be prepared by this
method. To the best of our knowledge, this was the first
preparation of such compounds, whose reactivity looks
promising.[32] Chiral HPLC analysis of 3 i and 3 j showed
that the reaction was stereoselective, no loss in ee being ob-
served. This is consistent with the earlier studies with cop-
per(i) triflate by Muller and Vogt,[13] who reported complete
retention of configuration at the sulfur center. Attack of the
sulfur lone pair leads to the formation of the S=N bond.
When submitted to our conditions, (R)-methyl-p-tolyl sulf-
oxide (ee>98%) yielded the corresponding known (�) sulf-
oximine (97%, ee>98%), implying an R absolute configu-
ration at the sulfur center[33] (we obtained the same specific


rotation as the authors. This de-
livers additional evidence for a
good ee). The reaction thus pro-
ceeds with retention of configu-
ration.


We next turned our attention
to the nature of the copper salt
(Table 2). We decided to carry
out our tests with sulfoxide 1c,
because of the average chal-
lenges it poses (one double
bond, but no additional poten-
tially problematic functionality,
and not too reactive).


Copper(ii) triflate appears to
be the reagent of choice, both
in terms of yields and rates
(Table 2, entry 1). Catalyst load
could be reduced to 3 mol%
without problems (Table 2,
entry 2), while further decrease
resulted in an important reduc-
tion of the rate of the reaction.


Copper(ii) chloride does not work well (Table 2, entry 3).
Copper sulfate gave no reaction at all (Table 2, entry 4),
whereas Cu(acac)2 worked well, although it was slightly less
active than copper triflate (compare entries 1 and 5,
Table 2). Copper(ii) acetate monohydrate is also an accepta-


Table 1. Catalytic synthesis of sulfoximines with copper(ii) triflate.


Entry Sulfoxide Sulfoximine Yield [%] Entry Sulfoxide Sulfoximine Yield [%]


1 3a 4a 96 6 3 f 4 f 91


2 3b 4b 91 7 3g 4g 89


3 3c 4c 96 8 3h 4h 75


4 3d 4d 53 9 3 i 4 i 89


5 3e 4e 72 10 3 j 4 j 89


Table 2. Optimization of the catalyst.


Entry Catalyst Yield [%]


1 Cu(OTf)2 96
2 Cu(OTf)2, 3 mol% 87
3 CuCl2 43 (20% sm)[a]


4 CuSO4¥5H2O no reaction
5 Cu(acac)2 86
6 Cu(OAc)2¥H2O 77 (7% sm)


[a] PhINTs (1 equiv) and CuCl2 (10 mol%) were added after 1 h. acac=
acetylacetonate; sm= starting material.
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ble catalyst, thus demonstrating that our method is not only
compatible with oxygen but also with water (Table 2,
entry 6). This quick survey showed that copper(ii) triflate is
the best catalyst. This has not been further examined but
from this point on we have continued with the triflate.


The next step was to examine the nature of the iodinane.
In order to know whether the reaction was limited to aryl-
sulfonyliodinane, we introduced the corresponding methyl-
sulfonyl iodinane (Table 3).[18]


We tested the sulfoximination with an assay of our sulfox-
ides. All sulfoximines were obtained in yields similar to
those obtained with p-toluenesulfonyliodinane except for 5 j,
thus demonstrating that the reaction was not limited to the
aryl derivatives. This is quite interesting because these new
sulfoximines are electronically different from the previous
ones and their properties may thus be tuned by the choice
of the substituent on the iodinane. In the case of acetylenic
sulfoxides 3 j, we did not observe any other by-product than
iodobenzene. Since the triple bond is a good ligand for
metals, it is possible that it starts interfering with the imina-
tion at the sulfur center.


Access to sulfonimidates : With our system in hand, we
turned our attention to the preparation of sulfinyl-derived
iodinanes. In doing so, we kept in mind that another reac-
tion path was possible. To produce imidoiodinanes, iodoso-
benzene and iodosobenzene diacetate react with sulfona-
mides.[9,34] As mentioned before, the initial step is presuma-
bly the solvolysis of the initial iodine reagent.[19] Sulfona-
mides react by nucleophilic substitution on the iodine atom,
possibly giving birth to a dissociated intermediate arising
from the I�O bond cleavage on A. Deprotonation eventual-
ly delivers the iminoiodinanes (Scheme 2). Now, switching
to sulfinamides implies a strong reduction of the amide
function acidity.[35] A methoxide group could substitute the


iodobenzene moiety at the nitrogen center on D rather than
deprotonate it, thus leading to sulfinyl hydroxylamines
(Scheme 4).


Maricich and co-workers evidenced in 1973 that, in some
cases, sulfinylhydroxylamines underwent spontaneous rear-
rangement to sulfonimidates, with migration of the alkoxy


group from the nitrogen to the sulfur atom.[36] In any case,
this alternative route would be of great interest, since sulfo-
nimidates are very interesting chiral and nitrogen-containing
compounds. They have also applications in material sciences,
as monomers of ™inorganic polymers∫,[37,38] and biochemis-
try, where they may act as inhibitors of human carbonic an-
hydrase II.[39] In addition, Johnson and coworkers have
shown that they can be used in asymmetric synthesis as
chiral enantiopure sulfoximine precursors.[40] Reggelin and
co-workers developed these precursors with high levels of
sophistication by introducing cyclic sulfonimidates.[41,42]


When submitted to potassium hydroxide in methanol at
room temperature, tosylsulfinamide led to the correspond-
ing sulfonimidate after just a few minutes. This not only
showed that our assumption was correct, but also that we
could prepare sulfonimidates by a one-pot procedure, in
contrast to the known reported methods which were multi-
step procedures.[43,44] Next, we optimized the reaction condi-
tions: it is unnecessary to use a base if PhI=O is used as the
starting iodine reagent. This avoids having to work under
overly basic conditions. With the optimized procedure in
hand, we studied the scope and limitations of this reaction
(Table 4).


Table 3. Catalytic synthesis of N-methanesulfonyl sulfoximines with cop-
per(ii) triflate.


Entry Sulfoxide Sulfoximine Yield [%]


1 3b 5b 95


2 3 f 5 f 70


3 3k 5k 98


4 3d 5d 70


5 3j 5 j 40


Scheme 4. Possible mechanism for the formation of sulfonimidates.


Table 4. Preparation of sulfonimidates (1): Alcohol as solvent.


Entry R Sulfonimidate Yield [%]


1 Me 7a 91
2 Et 7b 94
3 iPr 7c 73[a]


4 7d 71


5 7e 92


6 7 f 85


7 Bn ± ±[b]


8 tBu ± ±[c]


[a] Reaction took 1 h. [b] Tosylbenzylamine (17%) was isolated. [c] Sul-
fonamide (90%) was obtained.
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Entries 1, 2, and 4±7 in Table 4 show that the reaction
works well with primary alcohols, with the exception of
benzyl alcohol. The only isolated product was tosylbenzyl-
amine in low yield. This product arises from the known rear-
rangement of sulfonimidates.[45] The reaction proved very
sensitive to steric hindrance: while the rate diminished with
2-propanol (Table 4, entry 3), no reaction took place in tert-
butyl alcohol (Table 4, entry 8). This could be explained by
the impossible solvolysis of iodosobenzene, which is an in-
soluble polymeric material: when alcohols are too sterically
demanding, dialkoxyiodosobenzene could not be formed
and the reaction could not proceed.


The main limitation was, of course, the amount of alcohol
needed for the transformation. While this posed no problem
when methanol or ethanol were used, it became more trou-
blesome when a more expensive alcohol was targeted. We
reasoned that if the limiting step was the solvolysis of the
starting material, we should be able to reduce the number
of equivalents of alcohol used, ideally lowering it to two.
Therefore we switched to acetonitrile, anticipating that its
polarity could allow the formation of the dialkoxy adducts.
Indeed we observed the formation of the desired sulfonimi-
dates, albeit in slightly lower yields. Sulfonamide–arising
from the standard oxidation of sulfinamides–was also iso-
lated, and this accounts for the loss in yield (Table 5).


The reaction was smooth except in the case of secondary
alcohols (Table 5, entry 3), which led to a dramatic drop in
yield of the desired product. We imagined that the water re-
leased during the formation of the dialkoxyiodosobenzene
was accountable for this loss, but the addition of molecular
sieves in the reaction mixture was not entirely conclusive. It
may sometimes slightly improve yields, but not as a general
rule.


Nonetheless, the result was quite satisfactory for expen-
sive primary alcohols or for those, whose physical properties


would not allow them to be used as solvents (e.g. Table 5,
entry 7). Propanediol led to a crystalline compound which
was unambiguously proven to be the sulfonimidate by X-ray
diffraction (Table 5, entry 8). The ethyl compound was also
prepared according to the Roy method; both reactions gave
the same product. As stated before, the only observed by-
products were sulfonamides. Lowering the amount of alco-
hol below three equivalents leads to an increase of oxidation
at the expense of the desired product. This result is still in-
teresting, since–to the best of our knowledge–no such oxi-
dation involving iodine(iii) derivatives has been reported.
The scope of the oxidation is presented below. Aromatic al-
cohols are not suitable: degradation occurs presumably
through electrophilic aromatic substitution (Table 5,
entry 11).[7,8]


We then turned our attention to the asymmetric version
of this reaction (Table 6). Before that, we made sure our re-
action was working with other substituents on sulfur and,
most importantly, on nitrogen. The reactions work well in
both cases and are versatile (Table 6, entries 1, 3 and 5). For
better comparison of the stereochemical outcomes, we car-
ried out the reactions in methanol as solvent. As before, re-
actions work in acetonitrile, but are slower and accompanied
by various amounts of oxidized by-products: 9 yielded 52%
of 10 and 22% of 26, while 13 yielded 71% of 14 and 7%
of 27. However, the reaction failed with N-acylsulfinamide
21 (see Table 7 for formula). In this case, only oxidation
took place (see below). Sulfinamides are chiral compounds.
Our first step was to prepare them enantiomerically pure
and check the fate of the stereogenic sulfur atom. The pro-
posed mechanism of the rearrangement of sulfinyl hydroxyl-
amines by Maricich and co-workers involves a dissociative
step to give a nitrenium cation.[36] One could thus have an-
ticipated a loss of stereochemical information during the re-
arrangement (Scheme 5).


We were rather pleased to observe that, when carried out
starting from (S)-9 [or (S)-11], the reaction led to the corre-
sponding sulfonimidates with 62% ee [72% ee, Table 6, en-
tries 2 and 4, respectively). Products (R)-10 and (R)-12 were
resubmitted to the reaction conditions: they neither isomer-
ize nor react in the reaction vessel or on silica for periods of
time much longer than the reaction time (but eventually
slowly tautomerize into sulfonamides[45]). Thus, maybe the
mechanism is slightly different than the one inspired from
the literature. To gain more information, we diastereoselec-
tively prepared sulfinamides 15, 17, and 19, which bear


Table 5. Preparation of sulfonimidates (2): Acetonitrile as solvent.


Entry R Sulfonimidate Yield [%] 8, Yield [%]


1 Me 7a 85 5
2 Et 7b 67 23
3 iPr 7c 39[a] 30


4 7d 60 36


5 7e 76 21


6 7 f 71 13


7 7 g 57 27


8 7h 60 1


9 7 i 95 3


10 7j 62 11


11 Ph ± ±[b] ±[b]


[a] Molecular sieves 3 ä were also used. [b] Immediate degradation was
observed.


Scheme 5. Proposed mechanism for the rearrangement of N-alkoxy-
benzenesulfinamides.
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chiral auxiliaries on the nitrogen center (Table 6, entries 6±
8). Amazingly, the chiral auxiliaries have no effect on the se-
lectivity: sulfonimidates 16, 18, and 20 are cleanly isolated
with essentially the same selectivities as before. Once again,
those products do not isomerize or tautomerize during the
reaction. We were able to isolate a crystal of 16, whose
structure determined by X-ray crystallography indicated
that the reaction mainly occurred with retention of configu-
ration (Figure 1).


This prompted us to propose a revised mechanism and a
model accounting for the overall retention of configuration
(Scheme 6). The reaction would proceed as proposed earlier
through intermediate D. Because of the difference in the


pKa values between A
(Scheme 2) and D, the latter
would not lead to deprotona-
tion, but rather rearrange via a
six-electron transition state to
afford sulfonimidates with re-
tention of configuration
(path a). Sulfinamides are easily
oxidized by electrophilic oxi-
dants, which make their lone
pair relatively nucleophilic.[47]


Alternatively, D could undergo
a competitive three-atom rear-
rangement similar to the one
evidenced by Reggelin and co-
workers (path b).[61] In Regge-
lin×s case, the oxidation of sulfi-
namides by tert-butyl hypo-
chlorite leads to a sulfonimidoyl
chloride by initial N-halogena-
tion, which is subsequently sub-
stituted by the alcohol with in-
version.[42] In our case, the in-
termediate sulfonimidoyl iodo-
nium derivative would probably
be configurationnally labile
(contrary to chlorides, bromides
are not configurationnally


stable), and racemize before trapping by methanol, presum-
ably with inversion too. Thus, if some of the material fol-
lowed this reaction path, there would be a loss in ee. Anoth-
er possibility is that some competitive reaction occurs fol-
lowing the dissociative pathway proposed by Maricich and
co-workers, contributing to the drop in the ee value.


Oxidation of sulfinamides : When the reactions were run in
acetonitrile, the sole by-product was that from the oxidation.
To the best of our knowledge, hypervalent iodine reagents
had never been used for such a transformation in spite of
the discrete reducing power of sulfinamides. Traditionally,


Table 6. Stereochemical issues associated with the sulfonimidate synthesis.


Entry Sulfinamide Sulfonimidate[a] Yield [%][b]


1 9 10 74


2 (S)-9[c] (R)-10 96, 62% ee[d]


3 11 12 72


4 (S)-11[c] (R)-12 71, 72% ee[d]


5 13 14 100[e]


6 15 16 89, 81:19 ds[f]


7 17 18 90, 88:12 ds[f]


8 19 20 73, 73:22 ds[f]


[a] Only the major product is shown. [b] All reactions were run in methanol. [c] 100% ee, determined by
chiral HPLC. [d] Determined by chiral HPLC. [e] Enantiomers could not be separated. [f] Determined by
400 MHz 1H NMR spectroscopy.


Figure 1. X-ray structure of sulfonimidate 16.


Scheme 6. Revised mechanism for the preparation of sulfonimidates.


Chem. Eur. J. 2004, 10, 906 ± 916 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 911


Iodine(iii)-Mediated Preparations of Nitrogen-Containing Sulfur Derivatives 906 ± 916



www.chemeurj.org





meta-chloroperoxybenzoic acid (MCPBA) is the reagent of
choice.[47] However, since it is important to diversify the ar-
senal available to the chemist, our previous observation
prompted us to examine this mild oxidation (Table 7).


The best yields were attained when water was added to
the mixture of iodosobenzene and sulfinamide in acetoni-
trile. The reaction proved to be very general: the sulfon-
amides were isolated in good yields (typically �80%) with
a broad range of substituents. Their structures were assessed
by comparison with published data. Both aryl and alkylsulfi-
namides work (compare Table 7, entries 1±6). Many differ-
ent groups can be attached on the nitrogen center, even acyl
groups (Table 7, entry 2), and the reaction does not seem
sensitive to steric hindrance (compare, for example, Table 7,
entries 9 and 11). This contrasts with the sulfonimidates
preparation, and this explains the by-products: the oxidation
would have a fairly constant rate, so whenever the sulfoni-
midate formation is quick enough, no oxidation is observed,
while it becomes appreciable as soon as the former rate de-
creases.


We next looked for other oxidizing agents. The Koser re-
agent PhI(OMe)OTs[48] also does the job with comparable
yields (100% and 69% for the oxidation of 6 and 15, respec-
tively). It was previously used to oxidize sulfides. Sulfoxides
are usually deemed not to be nucleophilic enough to react
with this type of reagents.[49] Sulfinamides seem to be in be-
tween. We did not pursue the study further because the
yields are similar, but the reagent is more difficult to obtain
and leads to the formation of an additional by-product
(methyl p-toluenesulfonate), which has to be removed from
the reaction mixture.


Conclusion


Hypervalent iodine derivatives are good reagents for prepar-
ing nitrogen-containing sulfur(vi) products. We evidenced an


important variation of reactivity between sulfinamides and
sulfonamides, which can be explained by their difference in
pKa value. While sulfonamides lead to the corresponding
iminoiodinanes, the parent sulfinamides have a very differ-
ent behavior and yield sulfonimidates. The preparation has
a fair degree of retention, which is independent of the sub-
stituents on nitrogen. We have proposed a mechanism ac-
counting for these findings. Work to further investigate this
model is underway (such as the influence of the solvent, al-
cohols and aromatic group on the iodine) and will be report-
ed in due course.


Experimental Section


General remarks : Reactions were carried out under an inert gas, with
magnetic stirring and degassed solvents when necessary. HPLC grade al-
cohols were purchased from various manufacturers and were used with-
out further purification. MeCN was dried and distilled from CaH2. Thin-
layer chromatography (TLC) was performed on Merck 60 F254 silica gel.
Merck Geduran SI 60 A silica gel (35±70 mm) was used for column chro-
matography. The melting points reported were measured with a Reichert
hot-stage apparatus and are uncorrected. IR spectra were recorded with
a Perkin-Elmer 1420 and a Bruker Tensor 27 ATR diamant PIKE spec-
trometer. 1H NMR [13C NMR] spectra were recorded at room tempera-
ture with 200 MHz [50 MHz] Bruker AC 200 and ARX 200 spectrome-
ters, 250 MHz [62.5 MHz] Bruker ARX 250 and 400 MHz [100 MHz]
Bruker ARX 400 and AVANCE 400 spectrometers. Chemical shifts are
given in ppm, referenced to the residual proton resonances of the sol-
vents (d=7.26 or 77.0, respectively, for CDCl3). Coupling constants (J)
are given in Hertz (Hz). Elemental analyses were performed by the Serv-
ice Rÿgional de Microanalyse de L’Universitÿ Pierre et Marie Curie and
Exact Mass were recorded at ICSN (CNRS, Gif) on a LCT micromass
apparatus (Electrospray source). Optical rotatory powers were recorded
on a Perkin Elmer 343 device. The enantiomeric excess (ee) values were
measured by chiral HPLC (Waters 1525 binary with a Waters 2487 detec-
tor) using a CHIRALPAK AD-H stationary phase. The X-ray diffraction
study was carried out at the Laboratoire de chimie inorganique et matÿri-
aux molÿculaires (UMR 7071 CNRS, UPMC). CCDC-219334 contains
the supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.can.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Center, 12 Union Road, Cambridge
CB21EZ, UK; Fax: (+44)1223-336033; or deposit@ccdc.cam.ac.uk). The
starting sulfinamides were either commercially available and used with-
out further purification or were prepared following reported proce-
dures.[50, 51]


General procedure 1 (GP1): Preparation of N-Tosyl sulfoximines : Sulfox-
ides 3a±j (0.5 mmol; 1 equiv) were added to a solution of Cu(OTf)2
(0.05 mmol; 10 mol%; 18 mg) in acetonitrile (3 mL) at room tempera-
ture. PhI=NTs (0.55 mmol; 1.1 equiv; 205 mg) was then added dropwise
in one batch. The reaction was monitored by the rapid disappearance of
the yellowish powder from the reaction mixture, which turned homoge-
neous and green generally after two minutes. Acetonitrile was removed
in vacuo and the crude material was purified by flash chromatography on
silica gel to yield sulfoximines 4a±j.


General procedure 2 (GP2): Preparation of N-Mesyl sulfoximines : Sulf-
oxides 3 b,d,f,j,k (0.5 mmol; 1 equiv) were added to a solution of
Cu(OTf)2 (0.05 mmol; 10 mol%; 18 mg) in acetonitrile (3 mL) at room
temperature. PhI=NMs (0.65 mmol; 1.3 equiv; 193 mg) was then added
dropwise in one batch. MeCN was removed in vacuo and the crude mate-
rial was purified by flash chromatography on silica gel to yield sulfoxi-
mines 5b,d,f,j,k.


General procedure 3 (GP3): Preparation of sulfonimidates (alcohol as
solvent): PhI=O[52] (0.75 mmol; 1 equiv; 165 mg) was added at room tem-
perature to a solution of sulfinamide (0.75 mmol; 1 equiv; 116 mg) in al-
cohol (2 mL). After completion (ranging from 15 min to overnight), the
excess alcohol was removed in vacuo. The crude mixture was purified by
flash chromatography.


Table 7. PhI=O-mediated oxidation of sulfinamides to sulfonamides.


Entry Sulfinamide Sulfonamide Yield [%]


1 6 8 84


2 21 22 82


3 23 24 81


4 15 25 78


5 9 26 82


6 13 27 80


7 11 28 81
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General procedure 4 (GP4): Preparation of sulfonimidates in acetonitrile :
Alcohol (2.25 mmol, 3 equiv) and PhI=O (0.75 mmol; 1 equiv; 165 mg)
were added at room temperature to a solution of sulfinamide
(0.75 mmol; 1 equiv; 116 mg) in MeCN (2 mL). After completion (gener-
ally 1 h), the solvent was evaporated. The crude mixture was purified by
flash chromatography. When diols were used, the evaporated mixture
was diluted in CH2Cl2 and washed with water to get rid of excess alcohol
before chromatography.


General procedure 5 (GP): Oxidation of sulfinamides : PhI=O (0.5 mmol;
1 equiv; 110 mg) was added at room temperature to a solution of sulfin-
amide (0.5 mmol) and water (5.0 mmol; 10 equiv; 90 mL) in acetonitrile
(1.5 mL). After completion, the solvent was removed in vacuo. The crude
mixture was purified by flash chromatography.


4a : Following GP1, sulfoximine 4a was isolated (petroleum ether/ethyl
acetate 50:50; 163 mg; 96%) as a white solid. M.p. 79±81 8C; IR (neat):
ñ=3000, 2940, 2220, 1575 cm�1; 1H NMR (400 MHz, CDCl3): d=1.28 (t,
J=7.4 Hz, 3H; CH2Me), 2.41 (s, 3H; Tol), 2.48 (s, 3H; Tol), 3.53 (q, J=
7.4 Hz, 2H; CH2Me), 7.27 (d, J=8.1 Hz, 2H arom.), 7.41 (d, J=8.1 Hz,
2H arom.), 7.86 ppm (d, J=7.9 Hz, 4H arom.); 13C NMR (50 MHz,
CDCl3): d=7.2 (CH2Me), 21.3 (Tol), 21.5 (Tol), 52.7 (CH2Me), 126.4 (CH
arom.), 128.2 (CH arom.), 129.0 (CH arom.), 130.0 (CH arom.), 132.3 (C
arom.), 140.7 (C arom.), 142.4 (C arom.), 145.4 ppm (C arom.); elemental
analysis (%) for C16H19O3S2 (337.45): calcd: C 56.95, H 5.67, N 4.15,
found: C 56.79, H 5.82, 4.27.


4b : Following GP1, sulfoximine 4b was isolated (124 mg; 91%). Analy-
ses were similar to those described by Horner et al.[53] 1H NMR
(400 MHz, CDCl3): d=2.33 (m, 4H; SCH2CH2), 2.41 (s, 3H; Tol), 3.29
(m, 2H; SCH2), 3.79 (m, 2H; SCH2), 7.28 (d, J=8.4 Hz, 2H; arom.),
7.87 ppm (d, J=8.4 Hz, 2H; arom.).


4c : Following GP1, sulfoximine 4c was isolated (petroleum ether/ethyl
acetate 70:30; 194 mg; 96%) as a colorless oil. IR (neat): ñ=3348, 3262,
3061, 2934, 2858, 1616, 1597 cm�1; 1H NMR (200 MHz, CDCl3): d=1.32±
1.91 (m, 6H; CH2(CH2)3CH2), 2.45 (s, 3H; Tol), 2.50 (s, 3H; Tol), 2.12±
2.82 (m, 4H; =CCH2), 7.29 (d, J=8.5 Hz, 2H; arom.), 7.39 (d, J=8.5 Hz,
2H; arom.), 7.66±7.92 ppm (m, 4H; arom.); 13C NMR (50 MHz, CDCl3):
d=21.6 (Tol), 21.7 (Tol), 25.4 (CH2), 26.9 (CH2), 28.2 (CH2), 29.7 (CH2),
37.6 (CH2), 122.8 (=CH), 126.7 (CH arom.), 127.5 (CH arom.), 129.2
(CH arom.), 130.0 (CH arom.), 137.8 (C), 141.1 (C), 142.6 (C), 144.6 (C),
164.6 ppm (C); C21H25NO3S2 (337.45): HRMS calcd. for C21H25NNaO3S2


[M+Na]+ 426.1174; found 426.1138.


4d : Following GP1, sulfoximine 4d was isolated (petroleum ether/ethyl
acetate 50:50; 85 mg; 53%) as a white solid. M.p. 136 8C; IR (neat): ñ=
3200, 1580, 1150 cm�1; 1H NMR (400 MHz, CDCl3): d=2.40 (s, 3H;
CH3), 6.20 (br d, J=9.7 Hz, 1H; =CHH), 6.48 (br d, J=16.3 Hz, 1H; =
CHH), 6.84 (dd, J=16.3, 9.7 Hz, 1H; =CHS), 7.26 (d, J=8.1 Hz, 2H;
arom.), 7.56±7.69 (m, 3H; arom.), 7.86 (d, J=8.1 Hz, 2H; arom.), 7.96±
7.98 ppm (m, 2H; arom.); 13C NMR (100 MHz, CDCl3): d=21.9 (CH3),
127.0 (CH arom.), 128.4 (CH arom.), 129.7 (CH arom.+CH2), 130.1 (CH
arom.), 134.7 (CH arom. or CH=CH2), 137.7 (C arom.), 137.9 (CH arom.
or CH=CH2), 141.1 (C arom.), 143.3 ppm (C arom.); elemental analysis
(%) for C15H15NO3S2 (321.42): calcd: C 56.05, H 4.70, N 4.36; found: C
55.88, H 4.75, N 4.37.


4e : Following GP1, sulfoximine 4e was isolated (petroleum ether/ethyl
acetate 80:20; 161 mg; 72%) as a white solid. M.p. 116±118 8C; [a]25D =77
(c=1.1, CHCl3); IR (neat): ñ=1598, 1230, 1075, 1051 cm�1. 1H NMR
(400 MHz, CDCl3): d 1.31±1.36 (m, 18H; Me2CH), 2.47 (s, 3H; Tol), 2.98
(sept., J=7.1 Hz, 1H; p-CHMe2), 4.21 (sept., J=7.1 Hz, 2H; m-CHMe2),
6.23 (d, J=9.7 Hz, 1H; =CHH), 6.36 (d, J=16.3 Hz, 1H; =CHH), 7.28
(s, 2H; H arom.), 7.28±7.35 (m, 1H;=CH), 7.35 (d, J=8.7 Hz, 2H; arom.
Tol), 7.95 ppm (d, J=8.7 Hz, 2H; arom. Tol); 13C NMR (100 MHz,
CDCl3): d=21.6 (Tol), 23.6 (Me), 24.3 (Me), 24.9 (Me), 29.5 (CHMe2),
34.3 (CHMe2), 124.8 (CH arom.), 126.8 (CH arom.), 127.4 (=CH2), 129.3
(CH arom.+C arom.), 140.7 (CHS), 141.4 (C arom.), 142.7 (C arom.),
151.3 (C arom.), 154.6 ppm (C arom.); elemental analysis (%) for
C24H33NO3S2 (447.66): calcd: C 64.39, H 7.43, N 3.13; found: C 64.15, H
7.68, N 3.11.


4 f : Following GP1, sulfoximine 4 f was isolated (petroleum ether/ethyl
acetate 60:40; 201 mg; 91%) as a white solid. M.p. 107±109 8C; IR (neat):
ñ=1598, 1226, 1150, 1086, 1018 cm�1; 1H NMR (400 MHz, CDCl3): d=
1.89 (s, 3H; =CMe), 2.06 (s, 3H; =CMe), 2.39 (s, 3H; Tol), 4.49 (A of


AB, J=12 Hz, 1H; =CCHH), 4.76 (B of AB, J=12 Hz, 1H; =CCHH),
7.24 (d, J=8.1 Hz, 2H; arom.), 7.51±7.55 (m, 2H; arom.), 7.60±7.63 (m,
1H; arom.), 7.83 (d, J=8.2 Hz, 2H; arom.), 8.10 ppm (d, J=8.1 Hz, 2H;
arom.); 13C NMR (100 MHz, CDCl3): d=21.6 (Tol), 23.3 (=CMe), 25.0 (=
CMe), 27.0 (=CCH2), 126.7 (CH arom.), 127.9 (CH arom.), 129.3 (CH
arom.), 129.4 (CH arom.), 134.0 (CH arom.), 139.0, 140.7, 142.9, and
145.2 (4 C arom. and =CCH3), 157.6 ppm (=CCH2); C18H2OBrNO3S2


(442.4): cacld. C 48.87, H 4.56, N 3.17; found: C 48.89, H 4.64, N 3.15.


4 g : Following GP1, sulfoximine 4 g was isolated (petroleum ether/ethyl
acetate 70:30; 203 mg; 89%) as a white solid. M.p. 117±119 8C; [a]25D =


156.8 (c=1, CHCl3); IR (neat): ñ=3030, 1620, 1600, 1070 cm�1; 1H NMR
(200 MHz, CDCl3): d=1.87 (s, 3H; =CCH3), 2,03 (s, 3H; =CCH3), 2.37
(s, 3H; Tol), 2.40 (s, 3H; Tol), 4.47 (B of AB, J=12.3 Hz, 1H; =CCHH),
4.73 (A of AB, J=12.3 Hz, 1H; =CCHH), 7.21±7.32 (m, 4H arom.,
S(O)Tol), 7.81 (d, J=8.4 Hz, 2 H arom. SO2Tol), 7.95 ppm (d, J=8.4 Hz,
2 H arom. SO2Tol);


13C NMR (50 MHz, CDCl3): d=21.6 (CH3), 21.7
(CH3), 23.3 (CH3), 25.0 (CH3), 27.1 (=CCH2), 126.7 (CH, arom.), 128.0
(CH, arom.), 129.3 (CH, arom.), 130.0 (CH, arom.), 133.8 (C), 136.0 (C),
140.9 (C), 142.8 (C), 145.2 (C), 157.1 ppm (C); elemental analysis (%)
for C19H22BrNO3S2 (456.42): calcd: C 50.00, H 4.86, N 3.07; found: C
49.76, H 4.99, N 3.38.


4h : Following GP1, sulfoximine 4h was isolated (petroleum ether/ethyl
acetate 70:30; 188 mg; 75%) as a white solid. M.p. 62 8C; [a]25D =�49.9
(c=0.73, CHCl3); IR (neat): ñ=3040, 2350, 1600, 1080 cm�1; 1H NMR
(200 MHz, CDCl3): d=2.37 (s, 3H; CH3), 2.44 (s, 3H; CH3), 4.18 (B of
AB, J=12.3 Hz, 1H; =CCHH), 4.44 (A of AB, J=12.3 Hz, 1H; =


CCHH), 7.22±7.67 (m, 9 H arom., Ph+S(O)Tol), 7.83±7.98 ppm (m, 5H;
arom. SO2Tol + =CH); 13C NMR (62.5 MHz, CDCl3): d=22.0 (CH3),
22.1 (CH3), 24.0 (=CCH2), 127.1 (CH, arom.), 129.2 (CH, arom.), 129.6
(CH, arom.), 129.7 (CH, arom.), 130.6 (CH, arom.), 130.9 (CH, arom.),
131.5 (CH, arom.), 132.7 (C), 134.9 (C), 136.7 (C), 141.1 (C), 143.4 (C),
144.1 (CHPh), 146.2 ppm (C); elemental analysis (%) for C23H22BrNO3S2


(504.47): calcd: C 54.76, H 4.40, N 2.78; found: C 54.72, H 4.44, N 2.59.


4 i : Following GP1, sulfoximine 4 i was isolated (petroleum ether/ethyl
acetate 75:25; 173 mg; 89%) as a colorless oil. IR (neat): ñ=3064, 2959,
2930, 2197, 1595 cm�1; 1H NMR (400 MHz, CDCl3) : d=0.84 (t, J=
7.1 Hz, 3H; CH2CH3), 1.24±1.53 (m, 4H; CH2CH2Me), 2.32 (t, J=7.4 Hz,
2H; �CCH2), 2.36 (s, 3H; Tol), 2.39 (s, 3H; Tol), 7.25 (d, J=7.9 Hz, 2H;
arom.), 7.33 (d, J=8.4 Hz, 2H; arom.), 7.87 (d, J=7.9 Hz, 2H; arom),
7.87 ppm (d, J=8.4 Hz, 2H; arom); 13C NMR (100 MHz, CDCl3): d=


13.4 (CH2CH3) 19.1 (CH2), 21.6 (CH2), 21.7 (Tol), 22.0 (Tol), 28.8 (�
CCH2), 75.5 (C�CS), 103.2 (C�CS), 127.0 (CH arom.), 127.3 (CH arom.),
129.3 (CH arom.), 130.2 (CH arom.), 136.7 (C arom.), 140.3 (C arom.),
143.0 (C arom.), 146.0 ppm (C arom.); elemental analysis (%) for
C20H23NO3S2 (389.53): calcd: C 61.67, H 5.95, N 3.60; found: C 61.57, H
6.08, N 3.50.4 j : Sulfoximine 4j is identical to 4 i. [a]25D 78.3 (c=1.1,
CHCl3).


5b : Following GP2, sulfoximine 5b was isolated (petroleum ether/ethyl
acetate 20:80; 94 mg; 95%) as a white solid. M.p.: 93±95 8C; IR (neat):
ñ=3010, 2700, 2340, 1055 cm�1; 1H NMR (400 MHz, CDCl3): d=2.17±
2.23 (m, 4H; CH2CH2S), 2.97 (s, 3H; Me), 3.20±3.25 (m, 2H; CH2S),
3.58±3.61 ppm (m, 2H; CH2S);


13C NMR (100 MHz, CDCl3): d=23.2
(CH2CH2S), 45.0 (Me), 54.2 ppm (CH2S); elemental analysis (%) for
C5H11NO3S2 (197.28): calcd: C 30.44, H 5.62, N 7.10; found: C 30.46, H
5.73, N 7.16.


5d : Following GP2, sulfoximine 5d was isolated (petroleum ether/ethyl
acetate 60:40; 86 mg; 70%) as a white solid. M.p.: 97±98 8C; IR (neat):
ñ=3020, 2700, 2350, 1085 cm�1; 1H NMR (400 MHz, CDCl3): d=3.09 (s,
3H; Me), 6.19 (dd, J=9.7, 1.5 Hz, 1H; CHH=CH), 6.45 (dd, J=16.3,
1.5 Hz, 1H; CHH=CH), 6.81 (dd, J=16.3, 9.7 Hz, 1H; CH2=CH), 7.54±
7.67 (m, 3H; arom.), 7.92±7.95 ppm (m, 3H; arom.); 13C NMR
(100 MHz, CDCl3): d=45.5 (Me), 128.0 (CH arom.), 129.8 (=CH2), 129.9
(CH arom.), 134.6 (CH arom. or CH=CH2), 137.1 (C arom.), 137.3 ppm
(CH arom. or CH=CH2); elemental analysis (%) for C9H11NO3S2


(245.32): calcd: C 44.06, H 4.52, N 5.71; found: C 44.07, H 4.68, N 5.74.


5 f : Following GP2, sulfoximine 5 f was isolated (petroleum ether/ethyl
acetate 60:40; 128 mg; 70%) as a yellowish solid. M.p.: 97±99 8C; IR
(neat): ñ=3050, 1610, 1090 cm�1; 1H NMR (400 MHz, CDCl3): d=2.00 (s,
3H; =CMe), 2.10 (s, 3H; =CMe), 3.18 (s, 3H; MeSO2), 4.49 (A of AB,
J=12.2 Hz, 1H; =CCHH), 4.76 (B of AB, J=12.2 Hz, 1H; =CCHH),
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7.59±7.70 (m, 3H; arom.) 8.16±8.19 ppm (m, 2H; arom.); 13C NMR
(100 MHz, CDCl3): d=23.7 (=CMe), 25.4 (=CMe), 27.2 (CH2), 45.9
(CH3SO2), 128.2 (CH arom.), 129.8 (CH arom.), 133.7 (C arom. or =


CMe), 134.5 (CH arom.), 139.4 (=CMe or C arom.), 157.9 ppm (=CCH2);
HRMS calcd for C12H14BrNO3S2 [M+Na, 79Br]+ 387.9653; found
387.9633, [M+Na, 81Br]+ 389.9571; found 389.9600.


5j : Following GP2, sulfoximine 5j was isolated (petroleum ether/ethyl
acetate 80:20; 63 mg; 40%) as a colorless oil. [a]25D =63.6 (c=1.2,
CHCl3); IR (neat): ñ=2700, 2360, 2200, 1110 cm�1; 1H NMR (400 MHz,
CDCl3): d=0.84 (t, J=7.6 Hz, 3H; CH2Me), 1.31±1.36 (m, 2H;
MeCH2CH2), 1.49±1.52 (m, 2H; MeCH2CH2), 2.41 (t, J=7.1 Hz, 2H;
CH2C�), 2.44 (s, 3H; Tol), 3.14 (s, 3H; MeS), 7.38 (d, J=8.1 Hz, 2H;
arom.), 7.93 ppm (J=8.1 Hz, 2H; arom.); 13C NMR (100 MHz, CDCl3):
d=13.4 (CH2Me), 19.1 (MeCH2CH2), 21.8 (Tol), 22.0 (MeCH2CH2), 28.8
(CH2C�), 45.0 (MeS), 75.6 (CH2C�), 103.7 (�CS), 127.3 (CH arom.),
130.4 (CH arom.), 136.5 (C arom.), 146.2 ppm (C arom.); elemental anal-
ysis (%) for C14H19NO3S2 (313.44): calcd: C 53.65, H 6.11, N 4.47; found:
C 54.11, H 6.42, N 4.30.


5k : Following GP2, sulfoximine 5k was isolated (petroleum ether/ethyl
acetate 70:30; 185 mg; 98%) as a white solid. M.p.: 154±157 8C; IR
(neat): ñ=3010, 1615, 1095 cm�1. 1H NMR (400 MHz, CDCl3): d=0.96±
0.99 (m, 2H; CH2 of c-Pr), 1.25±1.29 (m, 2H; CH2 of c-Pr), 1.81±1.84 (m,
1H; CH of c-Pr), 3.17 (s, 3H; MeSO2), 4.33 (A of AB, J=12.2 Hz, 1H;=
CCHH), 4.43 (B of AB, J=12.2 Hz, 1H; =CCHH), 6.64 (d, J=11.2 Hz,
1H; =CH), 7.60±7.70 (m, 3H; arom.), 8.00±8.03 ppm (m, 2H; arom.);
13C NMR (100 MHz, CDCl3): d=10.8 (CH2 of c-Pr), 10.9 (CH2 of c-Pr),
14.0 (CH of c-Pr), 22.3 (=CCH2), 45.8 (MeSO2), 128.7 (CH arom.), 129.9
(CH arom.), 133.0 (C arom. or =CCH2), 134.7 (CH arom.), 138.0 (C
arom. or =CCH2), 155.9 ppm (=CH); elemental analysis (%) for
C13H16BrNO3S2 (378.31): calcd: C 41.27, H 4.26, N 3.70; found: C 41.19,
H 4.42, N 3.69.


7a : Following GP3 [or GP4], sulfonimidate 7a was isolated (petroleum
ether/ethyl acetate 70:30; 126 mg [118 mg]; 91% [85%]) as a white solid.
Following GP4, sulfonamide 8 (8 mg; 5%) was also obtained. M.p. 45±
47 8C; IR (neat): ñ=3300, 3020, 2905, 1180, 1040 cm�1; 1H NMR
(400 MHz, CDCl3): d=2.35 (s, 3H; Tol), 3.36 (s, 1H; NH), 3.35 (s, 3H;
OMe), 7.25 (d, J=8.1 Hz, 2H; arom.), 7.81 ppm (d, J=8.1 Hz, 2H;
arom.); 13C NMR (100 MHz, CDCl3): d=21.3 (Tol), 55.3 (OMe), 127.6
(CH arom.), 129.4 (CH arom.), 133.9 (C arom.), 143.8 ppm (C arom.); el-
emental analysis (%) for C8H11NO2S (185.24): calcd: C 51.87, H 5.99, N
7.56; found: C 51.84, H 6.17, N 7.45.


7b : Following GP3 [or GP4], sulfonimidate 7b was isolated (petroleum
ether/ethyl acetate 70:30; 140 mg [100 mg]; 94% [67%]) as a pale yellow
oil. Following GP4, sulfonamide 8 (30 mg; 23%) was also obtained. IR
(neat): ñ=3280, 2960, 1590 cm�1; 1H NMR (400 MHz, CDCl3): d=1.22 (t,
J=7.1 Hz, 3H; CH2Me), 2.41 (s, 3H; Tol), 3.20 (s, 1H; NH), 3.95 (m,
2H; OCH2), 7.29 (d, J=8.2 Hz, 2H; arom.), 7.86 ppm (d, J=8.4 Hz, 2H;
arom.); 13C NMR (100 MHz, CDCl3): d=14.9 (CH2Me), 21.6 (Tol), 65.7
(OCH2), 127.7 (CH arom.), 129.6 (CH arom.), 135.3 (C arom.),
143.9 ppm (C arom.); NH3-CIMS m/z (%): 200 ([M+1]+ , 14), 189 (100);
elemental analysis (%) for C9H13NO2S (199.27): calcd: C 54.25, H 6.58, N
7.03; found: C 54.17, H 6.87, N 6.75.


7c : Following GP3 [or GP4], sulfonimidate 7c was isolated (petroleum
ether/ethyl acetate 70:30; 115 mg [28 mg]; 73% [18%]) as a colorless oil.
Following GP4, sulfonamide 8 (84 mg; 74%) was also obtained. IR
(neat): ñ=3280, 2960, 2920, 1590, 740 cm�1; 1H NMR (400 MHz, CDCl3:
d=1.03 (d, J=6.2 Hz, 3H; CHMe), 1.07 (d, J=6.2 Hz, 3H; CHMe), 2.28
(s, 3H; Tol), 3.09 (s, 1H; NH), 4.46 (hept, J=6.2 Hz, 2H; OCH), 7.16 (d,
J=8.2 Hz, 2H; arom.), 7.74 ppm (d, J=8.2 Hz, 2H; arom.); 13C NMR
(100 MHz, CDCl3): d=21.6 (Tol), 22.9 (CHMe), 23.9 (CHMe), 75.1
(OCH), 127.4 (CH arom.), 129.5 (CH arom.), 136.5 (C arom.), 143.6 ppm
(C arom.); elemental analysis (%) for C10H15NO2S (213.30): calcd: C
56.31, H 7.09, N 6.57; found: C 56.02, H 7.37, N 6.31.


7d : Following GP3 [or GP4], sulfonimidate 7d was isolated (petroleum
ether/ethyl acetate 80:20; 112 mg [95 mg]; 71% [60%]) as a colorless oil.
Following GP4, sulfonamide 8 (47 mg; 36%) was also obtained. IR
(neat): ñ=3300, 2920, 1650, 1600, 780 cm�1; 1H NMR (400 MHz, CDCl3):
d=2.41 (s, 3H; Tol), 3.28 (s, 1H; NH), 4.39 (m, 2H; OCH2), 5.24 (m,
2H; =CH2), 5.79 (m, 1H; =CH), 7.30 (d, J=8.1 Hz, 2H; arom.),
7.87 ppm (d, J=8.1 Hz, 2H; arom.); 13C NMR (100 MHz, CDCl3): d=


21.5 (Tol), 69.9 (OCH2), 119.3 (=CH2), 127.6 (CH arom.), 129.6 (CH
arom.), 131.2 (=CH), 135.0 (C arom.), 143.6 ppm (C arom.); elemental
analysis (%) for C10H13NO2S (211.28): calcd: C 56.85, H 6.20, N 6.63;
found: C 56.92, H 6.19, N 6.58.


7e : Following GP3 [or GP4], sulfonimidate 7e was isolated (petroleum
ether/ethyl acetate 70:30; 145 mg [110 mg]; 92% [70%]) as a pale yellow
oil. Following GP4, sulfonamide 8 (5 mg; 4%) was also obtained. IR
(neat): ñ=3280, 2220, 1590, 920 cm�1; 1H NMR (400 MHz, CDCl3): d=
2.40 (s, 3H; Tol), 2.42 (t, J=2.1 Hz, 1H; �CH), 3.43 (s, 1H; NH), 4 .51
(d, J=2.1 Hz, 2H; OCH2), 7.29 (d, J=8.3 Hz, 2H; arom.), 7.87 ppm (d,
J=8.3 Hz, 2H; arom.); 13C NMR (100 MHz, CDCl3): d=21.7 (Tol), 56.7
(CH2), 76.5 (�CH), 76.7 (C�CH), 128.0 (CH arom.), 129.8 (CH arom.),
134.5 (C arom.), 144.5 ppm (C arom.); elemental analysis (%) for
C10H11NO2S (209.27): calcd: C 57.39, H 5.30, N 6.69; found: C 57.38, H
5.28, N 6.71.


7 f : Following GP3 [or GP4], sulfonimidate 7 f was isolated (petroleum
ether/ethyl acetate 80:20; 143 mg [91 mg]; 85% [53%]) as a colorless oil.
Following GP4, sulfonamide 8 (50 mg; 39%) was also obtained. IR
(neat): ñ=3300, 2960, 1600, 730 cm�1; 1H NMR (400 MHz, CDCl3): d=
2.31 (m, 2H; OCH2CH2), 2.39 (s, 3H; Tol), 3.30 (s, 1H; NH), 3.90
(m, 2H; OCH2), 4.09 (m, 2H; =CH2), 5.63 (m, 1H; =CH), 7.28 (d,
J=8.0 Hz, 2H; arom.), 7.85 ppm (d, J=8.0 Hz, 2H; arom.); 13C NMR
(100 MHz, CDCl3): d=21.6 (Tol), 33.3 (OCH2CH2), 68.5 (OCH2),
117.8 (=CH2), 127.7 (CH arom.), 129.6 (CH arom.), 133.1 (=CH), 135.1
(C arom.), 143.9 ppm (C arom.); elemental analysis (%) for C11H15NO2S
(225.31): calcd: C 58.64, H 6.71, N 6.22; found: C 58.72, H 6.81,
N 6.04.


7g : Following GP4, sulfonimidate 7 g was isolated (petroleum ether/ethyl
acetate 60:40; 130 mg; 57%) as a white oil, along with sulfonamide 8
(35 mg; 27%). IR (neat): ñ=3300, 3040, 2950, 1600 cm�1; 1H NMR
(400 MHz, CDCl3): d=1.59±1.63 (m, 4H; -(CH2)2-), 2.40 (s, 3H; Tol),
2.53 (t, J=6.9 Hz, 2H; CH2Ph), 3.19 (s, 1H; NH), 3.88 (m, 2H; OCH2),
7.09 (d, J=7.1 Hz, 2H; arom.), 7.16 (t, J=7.1 Hz, 1H; arom.), 7.24 (t,
J=7.1 Hz, 2H; arom.), 7.28 (d, J=8.1 Hz, 2H; arom.), 7.87 ppm (d, J=
8.1 Hz, 2H; arom.); 13C NMR (100 MHz, CDCl3): d=21.6 (Tol), 27.3
(OCH2CH2), 28.6 (CH2CH2Ph), 35.3 (OCH2), 69.4 (CH2Ph), 125.9 (CH
arom.), 127.7 (CH arom.), 128.4 (CH arom.), 129.6 (CH arom.), 135.2 (C
arom.), 141.8 (C arom.), 143.9 ppm (C arom.); elemental analysis (%) for
C17H21NO2S (303.42): calcd: C 67.29, H 6.98, N 4.62; found: C 67.44, H
7.06, N 4.53.


7h : Following GP4, sulfonimidate 7h was isolated (petroleum ether/ethyl
acetate 20:80; 116 mg; 68%) as white crystals, along with sulfonamide 8
(3 mg; 1%). M.p. 52±54 8C; IR (neat): ñ=3300, 2960, 2950, 1600,
820 cm�1; 1H NMR (400 MHz, CDCl3): d=1.82 (m, 2H; OCH2CH2), 2.42
(s, 3H; Tol), 2.48 (t, J=5.6 Hz, OH), 3.34 (s, 1H; NH), 3.61 (m, 2H;
CH2OH), 4.08 (m, 2H; SOCH2), 7.31 (d, J=7.6 Hz, 2H; arom.),
7.86 ppm (d, J=7.6 Hz, 2H; arom.); 13C NMR (100 MHz, CDCl3): d=
21.4 (Tol), 31.6 (OCH2CH2), 57.8 (CH2OH), 66.3 (SOCH2), 127.4 (CH
arom.), 129.5 (CH arom.), 134.8 (C arom.), 143.9 ppm (C arom.); elemen-
tal analysis (%) for C10H15NO3S (229.30): calcd: C 52.38, H 6.59, N 6.11;
found: C 52.51, H 6.57, N 6.18.


7 i : Following modified GP4 (5 equiv alcohol), sulfonimidate 7 i was iso-
lated (petroleum ether/ethyl acetate 70:30; 184 mg; 95%) as a colorless
oil, along with sulfonamide 8 (4 mg; 3%). IR (neat): ñ=3250, 2900, 2840,
1580 cm�1; 1H NMR (400 MHz, CDCl3): d=1.28 (m, 2H;
CH2(CH2)3CH2), 1.40 (m, 2H; CH2(CH2)3CH2), 1.52 (m, 2H;
CH2(CH2)3CH2), 2.34 (s, 3H; Tol), 3.09 (s, 1H; NH), 3.45 (t, J=6.4 Hz,
2H; CH2OH), 3.82 (m, 2H; SOCH2), 7.24 (d, J=8.1 Hz, 2H; arom.),
7.78 ppm (d, J=8.1 Hz, 2H; arom.); 13C NMR (100 MHz, CDCl3): d=
21.4 (Tol), 21.7 (CH2(CH2)3CH2), 28.5 (CH2(CH2)3CH2), 31.8
(CH2(CH2)3CH2), 61.9 (HOCH2), 69.3 (SOCH2), 127.4 (CH arom.), 129.5
(CH arom.), 134.9 (C arom.), 143.9 ppm (C arom.); elemental analysis
(%) for C12H19NO3S (257.35): calcd. C 56.00, H 7.44, N 5.44; found: C
55.58, H 7.58, N 5.31.


7j : Following GP4, sulfonimidate 7j was isolated (petroleum ether/ethyl
acetate 70:30; 129 mg; 62%) as a colorless oil, along with sulfonamide 8
(14 mg; 11%). IR (neat): ñ=3280, 1590 cm�1; 1H NMR (400 MHz,
CDCl3): d=2.42 (s, 3H; Tol), 3.41 (t, J=6.1 Hz, 2H; CH2Br), 3.41 (s,
1H; NH), 4.14 (t, J=6.1 Hz, 2H; OCH2), 7.31 (d, J=8.6 Hz, 2H; arom.),
7.88 ppm (d, J=8.6 Hz, 2H; arom.); 13C NMR (100 MHz, CDCl3): d=
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21.7 (Tol), 28.2 (CH2Br), 68.1 (OCH2), 127.7 (CH arom.), 129.8 (CH
arom.), 134.4 (C arom.), 144.4 ppm (C arom.).


(R)-10 : Following GP3 starting from sulfinamide (S)-9,[54] sulfonimidate
(R)-10 was isolated (petroleum ether/ethyl acetate 90:10; 164 mg; 96%)
as a colorless oil. [a]25D =�37 (c=1, CHCl3); IR (neat): ñ=2920, 2850,
1450, 980, 810, 700 cm�1; 1H NMR (400 MHz, CDCl3): d=0.92, (t, J=
7.4 Hz, 3H; CH2Me), 1.41 (m, 2H; CH2CH2Me), 1.60 (m, 2H;
CH2CH2Me), 2.40 (s, 3H; Tol), 3.19 (m, 1H; NCHH), 3.29 (m, 1H;
NCHH), 3.54 (s, 3H; OMe), 7.28 (d, J=8.1 Hz, 2H; arom.), 7.83 ppm (d,
J=8.1 Hz, 2H; arom.); 13C NMR (100 MHz, CDCl3): d=13.9 (CH2Me),
20.4 (CH2CH2Me), 21.6 (Tol), 34.7 (CH2CH2Me), 42.5 (NCH2), 55.4
(OMe), 127.9 (CH, arom.), 129.2 (CH, arom.), 134.2 (C, arom.),
143.6 ppm (C, arom.); elemental analysis (%) for C10H15NO3S (229.30):
calcd: C 59.72, H 7.93, N 5.80; found: C 59.71, H 7.89, N 5.78.


(R)-12 : Following GP3 starting from sulfinamide (S)-11,[55] sulfonimidate
(R)-12 was isolated (petroleum ether/ethyl acetate 90:10; 130 mg; 72%)
as a colorless oil. [a]25D =0 (c=1, CHCl3). IR (neat): ñ=2970, 2870, 2360,
984 cm�1; 1H NMR (400 MHz, CDCl3): d=1.43 (s, 9H; tBu), 2.41 (s, 3H;
Tol), 3.52 (s, 3H; OMe), 7.27 (d, J=8.6 Hz, 2H; arom.), 7.83 ppm (d, J=
8.6 Hz, 2H; arom.); 13C NMR (100 MHz, CDCl3): d=21.5 (Tol), 32.8
(CMe3), 55.3 (CMe3), 55.5 (OMe), 127.8 (CH, arom.), 129.4 (CH, arom.),
143.0 (C, arom.), 145.6 ppm (C, arom.); elemental analysis (%) for
C12H19NO2S (141.35): calcd: C 59.72, H 7.93, N 5.80; found: C 59.70, H
8.06, N 5.73.


14 : Following GP3 starting from commercially available sulfinamide 13,
sulfonimidate 14 was isolated (petroleum ether/ethyl acetate 90:10;
113 mg; 100%) as a colorless oil. IR (neat): ñ=3295, 2981, 2952,
1152 cm�1; 1H NMR (400 MHz, CDCl3): d=1.44 (s, 9H; tBu), 2.70 (s,
1H; NH), 3.75 ppm (s, 3H; OMe); 13C NMR (100 MHz, CDCl3): d=24.7
(CMe3), 52.3 (OMe), 52.7 ppm (CMe3); elemental analysis (%) for
C5H13NO2S (151.23): calcd: C 39.71, H 8.66, N 9.26; found: C 39.48, H
8.88, N 9.35.


16 : Following GP3 starting from sulfinamide 15,[50] sulfonimidate 16 was
isolated (petroleum ether/ethyl acetate 90:10; 193 mg; 89%) as a mixture
of two diastereomers in a 81:19 ratio (determined by 1H NMR spectros-
copy). The major diastereomer crystallized out (it corresponds to the
enantiomer of the minor diastereomer of 18). M.p. 55±56 8C. [a]25D =�56
(c=0.99, CHCl3). IR (neat): ñ=3054, 2986, 896 cm�1; 1H NMR
(400 MHz, CDCl3): d=1.60 (d, J=6.6 Hz, 3H; CHMe), 2.45 (s, 3H; Tol),
3.32 (s, 3H; OMe), 4.91 (q, J=6.6 Hz, 1H; CHMe), 7.27 (m, 4H; arom.),
7.53 (d, J=7.6 Hz, 2H; arom.), 7.93 ppm (d, J=8.1 Hz, 1H; arom.);
13C NMR (100 MHz, CDCl3): d=21.6 (Tol), 27.3 (CHMe), 52.6 (NCH),
55.3 (OMe), 126.3 (CH arom.), 126.7 (C arom.), 128.0 (CH arom.),
128.3 (CH arom.), 129.6 (CH arom.), 134.3 (C arom.), 143.6 (C
arom.), 146.7 ppm (C arom.); elemental analysis (%) for C16H19NO2S
(289.39): calcd: C 66.40, H 6.62, N 4.84; found: C 66.22, H 6.70,
N 5.01.


18 : Following GP3 starting from sulfinamide 17,[50] sulfonimidate 18 was
isolated (petroleum ether/ethyl acetate 90:10; 198 mg; 90%) as a mixture
of two diastereomers in a 88:12 ratio (determined by 1H NMR). The
major diastereomer was separated (it corresponds to the enantiomer of
the minor diastereomer of 16). Colorless oil. [a]25D =�60 (c=0.98,
CHCl3). IR (neat): ñ=3062, 3027, 2971, 814 cm�1; 1H NMR (400 MHz,
CDCl3): d=1.58 (d, J=6.6 Hz, 3H; CHMe), 2.42 (s, 3H; Tol), 3.60 (s,
3H; OMe), 4.88 (q, J=6.6 Hz, 1H; CHMe), 7.21±7.33 (m, 5H; arom.),
7.46 (d, J=7.1 Hz, 2H; arom.), 7.87 ppm (d, J=8.1 Hz, 1H; arom.);
13C NMR (100 MHz, CDCl3): d=21.6 (Tol), 26.7 (CHMe), 52.9 (NCH),
55.3 (OMe), 126.3 (CH arom.), 126.6 (C arom.), 128.0 (CH arom.), 128.3
(CH arom.), 129.6 (CH arom.), 143.6 (C arom.), 146.7 ppm (C arom.); el-
emental analysis (%) for C16H19NO2S (289.39): calcd: C 66.40, H 6.62, N
4.84; found: C 66.22, H 6.70, N 5.01.


19 : Sulfinamide 19 was prepared from (�)-menthyl sulfinate and (R)-
(+)-1-naphthyl-1-ethylamine according to the abovementioned procedure
(2.3 mmol scale; 217 mg; 28%). Colorless crystals. M.p. 141±143 8C;
[a]25D =�26 (c=1, CHCl3); IR (neat): ñ=3179, 3080, 2974, 2925,
1087 cm�1; 1H NMR (400 MHz, CDCl3): d=1.68 (d, J=6.6 Hz, 3H;
CHMe), 2.40 (s, 3H; Tol), 4.21 (s, 1H; NH), 5.52 (m, 1H; CHMe), 7.28
(d, J=8.1 Hz, 2H; arom.), 7.48±7.66 (m, 6H; arom.), 7.82 (d, J=8.1 Hz,
1H; arom.), 7.86 (d, J=7.6 Hz, 1H; arom.), 8.27 ppm (d, J=8.1 Hz, 1H;
arom.); 13C NMR (100 MHz, CDCl3): d=21.4 (Tol), 24.7 (CHMe), 50.7


(NCH), 123.9 (CH arom.), 124.4 (CH arom.), 125.5 (CH arom.), 125.8
(CH arom.), 126.3 (CH arom.), 128.4 (CH arom.), 129.1 (CH arom.),
129.6 (CH arom), 130.8 (C arom.), 134.1 (C arom), 138.9 (C arom.),
141.4 (C arom.), 142.7 ppm (C arom.); elemental analysis (%) for
C19H19NOS (339.43): calcd: C 73.75, H 6.19, N 4.53; found: C 73.74, H
6.16, N 4.46.


20 : Following GP3 starting from sulfinamide 19, sulfonimidate 20 was
isolated (petroleum ether/ethyl acetate 80:20; 186 mg; 73%) as a mixture
of two diastereomers in a 78:22 ratio (determined by 1H NMR spectros-
copy). The major diastereomer crystallized out but the minor diastereom-
er could not be obtained pure. Major diastereomer: colorless crystals.
M.p. 115±117 8C; [a]25D =�96 (c=0.95, CHCl3). IR (neat): ñ=3050, 2971,
2927, 1160, 983 cm�1; 1H NMR (400 MHz, CDCl3): d=1.73 (d, J=6.6 Hz,
3H; CHMe), 2.46 (s, 3H; Tol), 3.28 (s, 3H; OMe), 5.67 (q, J=6.6 Hz,
1H; CHMe), 7.34 (d, J=8.6 Hz, 2H; arom.), 7.49±7.58 (m, 3H; arom.),
7.78 (d, J=8.1 Hz, 1H; arom.), 7.90 (t, J=6.6 Hz, 2H; arom.), 7.96 (d,
J=8.2 Hz, 2H; arom.), 8.35 ppm (d, J=8.6 Hz, 1H; arom.); 13C NMR
(100 MHz, CDCl3): d=21.7 (Tol), 27.0 (CHMe), 49.7 (NCH), 55.5
(OMe), 123.7 (CH arom.), 123.9 (CH arom.), 125.4 (CH arom.), 125.8
(CH arom.), 127.3 (CH arom.), 128.1 (CH arom.), 129.0 (CH arom),
129.7 (CH arom.), 130.5 (C arom), 134.1 (C arom), 134.4 (C arom.),
142.6 (C arom.), 143.8 ppm (C arom.); elemental analysis (%) for
C20H21NO2S (339.45): calcd: C 70.77, H 6.24, N 4.13; found: C 70.80, H
6.24, N 3.99. Minor diastereomer: 1H NMR (400 MHz, CDCl3): d=1.74
(d, J=6.6 Hz, CHMe), 2.41 (s, 3H; Tol), 3.63 (s, 3H; OMe), 5.67 (q, J=
6.6 Hz, 1H; CHMe), 7.28 (d, J=8.6 Hz, 2H; arom.), 7.49±7.58 (m, 3H;
arom.), 7.74 (d, J=8.1 Hz, 1H; arom.), 7.85±7.97 (m, 4H; arom.),
8.26 ppm (d, J=8.6 Hz, 1H; arom.); 13C NMR (100 MHz, CDCl3): d=
21.7 (Tol), 26.3 (CHMe), 49.9 (NCH), 55.5 (OMe), 123.4 (CH arom.),
123.8 (CH arom.), 125.3 (CH arom.), 125.7 (CH arom.), 127.4 (CH
arom.), 127.9 (CH arom.), 128.9 (CH arom), 129.6 (CH arom.), 130.6 (C
arom), 134.1 (C arom), 134.6 (C arom.), 142.4 (C arom.), 143.7 ppm (C
arom.).


21: Sulfinamide 21[56] was prepared from sulfinamide 6 and trimethyl
acetic anhydride according to the literature (41% yield).[51] White solid.
M. p. 110±112 8C; IR (neat): ñ=3380, 3054, 2986, 1098 cm�1; 1H NMR
(400 MHz, CDCl3): d=1.18 (s, 9H; tBu), 2.38 (s, 3H; Tol), 7.26 (d, J=
7.9 Hz, 2H; arom.), 7.47 (d, J=7.9 Hz, 2H; arom.), 8.40 ppm (bs, 1H;
NH); 13C NMR (100 MHz, CDCl3): d=21.41(Tol), 26.9 (Me of tBu), 39.6
(C of tBu), 124.8 (CH arom.), 129.9 (CH arom.), 132.6 (C arom.), 142.3
(C arom.), 179.1 ppm (C=O); elemental analysis (%) for C12H17NO2S
(239.33): calcd: C 60.22, H 7.16, N 5.85; found: C 60.10, H 7.26, N 6.00.


22 : Following GP5 starting from sulfinamide 21, sulfonamide 22 was iso-
lated (petroleum ether/ethyl acetate 90:10; 105 mg; 82%). Data corre-
sponded to those described in the literature.[57]


23 : Sulfinamide 23 was synthesized from (�)-menthyl sulfinate and 2-
(tert-butyldimethylsilanyloxy)-1-phenyl-ethylamine according to the
above-mentioned reference (68% yield). White solid. M.p. 77±79 8C; IR
(neat): ñ=3209, 2954, 2928, 2856, 1088 cm�1; 1H NMR (400 MHz,
CDCl3): d=�0.09 (s, 3H; SiMeMe), �0.05 (s, 3H; SiMeMe), 0.84 (s, 9H;
tBu), 2.30 (s, 3H; Tol), 3.78 (A of ABX, J=9.9, 5.1 Hz, 1H; CHHOSi),
3.91 (B of ABX, J=9.9, 4.6 Hz, 1H; CHHOSi), 4.45 (m, 1H; NCH), 5.05
(bs, 1H; NH), 7.08±7.26 (m, 7H; arom.), 7.46 ppm (d, J=8.6 Hz, 2H;
arom.); 13C NMR (100 MHz, CDCl3): d= �5.5 (SiMe), 18.3 (SiC), 21.3
(Tol), 25.9 (Me of t-Bu), 56.3 (CH2), 68.0 (NCH), 126.0 (CH arom.),
127.2 (CH arom.), 127.4 (CH arom.), 128.0 (CH arom.), 129.2 (CH
arom.), 140.4 (C arom.), 141.0 (C arom.), 141.2 ppm (C arom.); elemental
analysis (%) for C21H31NO2SSi (389.63): calcd: C 64.73, H 8.02, N 3.59;
found: C 64.61, H 8.12, N 3.69.


24 : Following GP5 starting from substituted sulfinamide 23, sulfonamide
24 was isolated (petroleum ether/ethyl acetate 90:10; 164 mg, 81%) as a
colorless oil. IR (neat): ñ=3278, 2929, 2857, 2361, 1090 cm�1; 1H NMR
(400 MHz, CDCl3): d=�0.10 (s, 3H; SiMeMe), �0.09 (s, 3H; SiMeMe),
0.81 (s, 9H; tBu), 2.73 (s, 3H; Tol), 3.57 (A of ABX, J=10.2, 6.8 Hz, 1H;
CHHOSi), 3.67 (B of ABX, J=10.2, 4.4 Hz, 1H; CHHOSi), 4.29 (m, 1H;
NCH), 5.33 (bs, NH), 7.15±7.21 (m, 7H; arom.), 7.58 ppm (d, J=8.0 Hz,
2H; arom.); 13C NMR (100 MHz, CDCl3): d=�5.5(SiMe), 18.3 (C), 21.6
(Tol), 25.9 (Me of tBu), 59.4 (CH2), 66.7 (NCH), 127.3 (CH arom.), 127.4
(CH arom.), 127.8 (CH arom.), 128.3 (CH arom.), 129.5 (CH arom.),
137.2 (C arom.), 138.2 (C arom.), 143.3 ppm (C arom.); elemental analy-
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sis (%) for C21H31NO3SSi (405.63): calcd: C 62.18, H 7.70, N 3.45; found:
C 62.04, H 7.85, N 3.60.


25 : Following GP5 starting from substituted sulfinamide 15, sulfonamide
25 was isolated (petroleum ether/ethyl acetate 90:10; 107 mg; 78%).
Data corresponded to those described in the literature.[58,59]


26 : Following GP5 starting from substituted sulfinamide 9, sulfonamide
26 was isolated (petroleum ether/ethyl acetate 90:10; 93 mg; 82%). Data
corresponded to those of an authentic sampled which could be purchased
from Aldrich.


27: Following GP5 starting from commercially available sulfinamide 13,
sulfonamide 27 was isolated (petroleum ether/ethyl acetate 90:10; 55 mg;
80%). Data corresponded to those described in the literature.[60]


28 : Following GP5 starting from substituted sulfinamide 11, sulfonamide
28 was isolated (petroleum ether/ethyl acetate 90:10; 92 mg; 81%). Data
corresponded to those described in the literature.[57]
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Molecular Structure, Spectroscopy and Matrix Photochemistry of
Fluorocarbonyl Iodide, FC(O)I


M. S. Chiappero,[a] G. A. Arg¸ello,*[a] P. Garcia,[b] H. Pernice,[b] H. Willner,*[b]


H. Oberhammer,[c] K. A. Peterson,[d] and J. S. Francisco[e]


Introduction


Structures, as well as spectroscopic and physical properties
of the six possible carbonyl halides formed by F, Cl, and Br
are well-known.[1,2] Some of these compounds have also


been postulated as intermediates in atmospheric oxidation
processes of halomethanes.[3] As a consequence of the rising
interest in such compounds, synthetic pathways and physical
properties are known for most of them.[1,2] In contrast, the
knowledge about the four possible carbonyl iodides are min-
imal. The first iodinated carbonyl halide, FC(O)I, was pre-
pared by Kwasnik almost 60 years ago.[4,5] It was synthesized
from IF5 and 120 bar of CO in an autoclave according to
Equation (1).


IF5 þ 3CO ! FCðOÞI þ 2FCðOÞF ð1Þ


The determined physical properties (m.p. = �90 8C, b.p.
= 23.4 8C, 1L (0 8C) = 2.618 gmL�1, 1L (16 8C) =


2.470 gmL�1, 1L (21.2 8C) = 2.425 gmL�1, and the interpo-
lated vapor pressures for pl (�62 8C) = 10 Torr, pl (�24 8C)
= 100 Torr are still the only ones known.


Herein, we suggest a modification of the above-men-
tioned synthetic path at atmospheric pressure and carry out
a complete vibrational analysis as well as a gas electron dif-
fraction (GED) study. NMR spectra have also been meas-
ured (19F, 13C, and 17O) and compared with those of other
carbonyl halide fluorides. Another point of interest of the
title compound is its role as an IF source. The latter was ob-
served after the photolysis of FC(O)I in an argon matrix,
which generated CO and IF in analogy to the photodecom-
position of FC(O)H.[6] It is well known that CO has the abil-
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Abstract: The molecular structure of
FC(O)I has been determined by gas
electron diffraction. High-level ab
initio methods, including coupled-clus-
ter and the new correlation-consistent
basis sets for fourth row elements, have
been used to calculate the structure of
FC(O)I. A comprehensive vibrational
spectroscopic study (both IR and
Raman) complemented by high-level
calculations has also been performed.
Furthermore, UV, mass, and NMR
spectra have been recorded for


FC(O)I. The matrix photochemistry of
FC(O)I has been studied with a low-
pressure mercury lamp and with a
high-pressure xenon lamp in combina-
tion with interference and cut-off fil-
ters. UV photolysis revealed the forma-
tion of the OC¥¥¥IF and OC¥¥¥FI com-


plexes and further photolysis of these
complexes at l>320 nm resulted in a
re-formation of FC(O)I. The structural
conformation of the complexes has
been characterized by comparing shifts
in their CO and IF vibrational modes
with respect to those of the free spe-
cies. The structures, vibrational proper-
ties, and stability of the complexes
were analyzed with the aid of coupled-
cluster ab initio calculations.


Keywords: ab initio calculations ¥
gas electron diffraction ¥ matrix
isolation ¥ photochemistry ¥
vibrational spectroscopy
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ity to form weakly bonded complexes. The origin of this
phenomenon is the capability of CO to act as a weak s-
Lewis base as well as a weak p-Lewis acid.[7,8] In recent
years, there have been many reports dealing with the inter-
action of CO with halogens and interhalogens in the gas
phase that used matrix isolation techniques.[9±15] To support
the interpretation of all experimental results, high-level ab
initio calculations have been carried out.


Results and Discussion


It was found that FC(O)I was formed by passing CO at at-
mospheric pressure over a heated mixture of IF5 and I2. We
assume that IF5 and I2 form IF molecules in an equilibrium
which react in turn with CO according to Equations (2) and
(3).


IF5 þ 2 I2 Ð 5 IF ð2Þ


IF þ CO ! FCðOÞI ð3Þ


The reaction enthalpy for Equation (3) amounts to
27 kcalmol�1 exothermic according to the ab initio calcula-
tions (see below).


Structure of FC(O)I: Gas electron diffraction results : The
experimental radial distribution function (RDF), which was
derived by Fourier transformation of the modified molecular
intensities, is shown in Figure 1. The modified molecular in-


tensity (M(s) = I(molecular)/I(atomic)) of FC(O)I is very
weak because of the high atomic intensity I(atomic) and the
large phase shift (imaginary part of scattering amplitude) of
iodine, owing to which the contributions of the bonded C�I
and nonbonded I¥¥¥(O, F) distances to the molecular intensi-
ties I(molecular) vanish near s = 20 ä�1. Therefore, the rel-
ative noise level in the intensities is higher than usual, lead-
ing to larger residuals in the RDF. A molecular model de-


rived from the RDF was refined by least-squares fitting of
the modified molecular intensities. Assuming planarity of
FC(O)I, five geometric parameters (p1 to p5) and five vibra-
tional amplitudes (L1 to L6 or L5, respectively) were re-
fined simultaneously in the analysis. The amplitude for the
O¥¥¥F distance in FC(O)I was constrained to the calculated
value. The following correlation coefficient had a value
larger than j0.6 j and p5L�5 = �0.91. The final results for
the geometric parameters are listed in Table 1. Averaged


modified molecular intensities in the ranges 2±18 and 18±
35 ä�1 in intervals of Ds = 0.2 ä�1 (s = (4p/l) sinq/2, l =


electron wavelength, q = scattering angle) are shown in
Figure 2.


The geometric parameters of the FC(O) group in carbon-
yl fluorides FC(O)X are summarized in Table 1. Although
experimental errors conceal clear trends for some parame-
ters, a general lengthening of the C=O and C�F bond
lengths with decreasing electronegativity of X can be ob-
served and the F-C-X angle increases in this series.


Ab initio calculated structure : The equilibrium geometry for
FC(O)I was calculated at the CCSD(T) level of theory with
three basis sets: aug-cc-pVDZ, aug-cc-pVTZ, and aug-cc-
pVQZ (see Table 2). The calculations show that the size of
the basis set is very important for the accurate prediction of
the FC(O)I structure. For a comparison between experimen-
tal and calculated bond lengths, the systematic differences
between ra values from experiment and equilibrium re dis-
tances from calculations have to be considered. ra bond
lengths are estimated to be 0.002 to 0.005 ä longer than re


values. At the CCSD(T)/aug-cc-pVDZ level of theory, all


Figure 1. Experimental radial distribution function and difference curve.
Positions of interatomic distances are indicated by vertical bars.


Table 1. Relevant geometric parameters of carbonyl fluorides FC(O)X.


C=O C�F C�X O=C�F F�C�X


FC(O)F[a] 1.1717(13) 1.3157(8) 1.3157(8) 126.15(8) 107.70(12)
FC(O)Cl[b] 1.173(2) 1.334(2) 1.725(2) 123.7(2) 108.8(3)
FC(O)Br[c] 1.174(6) 1.326(7) 1.896(4) 122.3(7) 109.7(13)
FC(O)I[d] 1.177(7) 1.343(8) 2.109(7) 123.8(13) 111.1(21)
FC(O)H[e] 1.188(4) 1.346(3) 1.108(11) 122.3(2) 108(4)


[a] rz structure from reference [16]. [b] rz structure from reference [17].
[c] ra structure, G.A. Arg¸ello, H. Willner, H. Oberhammer, unpublished.
[d] ra structure, this work. [e] rg structure from reference [18].


Figure 2. Averaged modified molecular intensities for long (above) and
short (below) nozzle-to-plate distances and residuals.
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bond lengths are overestimated compared to experimental
ones. The C�F and C�I bonds are also overestimated by
0.020 ä. Inclusions of f-polarization functions (i.e., VTZ
and larger) are, at a minimum, the smallest size of basis set
that could be used to reasonably predict the structure of
FC(O)I compared to experiment. The rms error for the
bonds in FC(O)I with the aug-cc-pVDZ basis set is 0.022 ä
while for the aug-cc-pVTZ basis set it is 0.007 ä. At the
CCSD(T)/aug-cc-pVQZ level of theory, the FC(O)I struc-
ture falls within the experimental uncertainty of the struc-
ture derived from the GED study. We should comment that
our preliminary studies of FC(O)I with LANL2DZ effective
core potentials and basis sets did not produce results that
were reliable with the CCSD(T) method. This suggested
that these basis sets were much too small.


Vibrational spectroscopy: IR and Raman results : FC(O)I is
a planar tetra-atomic asymmetric rotator with Cs symmetry
and the six vibrational modes in the symmetry classes 5A’
+ 1A’’ are all expected to be IR- and Raman-active. The vi-
bration of type A’’ is antisymmetric with respect to the sym-
metry plane in direction of Ic and therefore for doop a band
contour of the type ™C∫ with a strong Q branch is expected.
The only absorption band that presents such a characteristic
is found at 567 cm�1(n6, Figure 3). The five A’ modes are of
hybrid ™A/B∫ character because here the dipole moment
changes are not parallel to Ia or Ib. Furthermore, from char-
acteristic wavenumbers, the carbonyl stretching is expected
to be at about 1900 cm�1 (n1 = 1848 cm�1) and the C±F


stretching at around 1100 cm�1 (n2 = 1027 cm�1). The latter
is greatly disturbed by an anharmonic resonance with the
combination band at 1048 cm�1.


Because of the large polarizability of iodine, n(C±I) will
result in a strong Raman line. This band can be seen in the
Raman spectrum at 346 cm�1 (n4, Figure 4)). The remaining


fundamental modes (n3 = 704 cm�1, d(FCO); n5 =


294 cm�1, 1(FCO)) were assigned on the basis of the calcu-
lated band positions and displacement vectors. Only four of
the six fundamentals were visible in the gas-phase IR spec-
trum in the range 4000±400 cm�1 along with some overtones
and combinations.


Matrix-isolation techniques enable the measurement of
IR spectra without rotational structure. Therefore, it facili-
tates the assignment of normal modes, their isotopic satel-
lites, and combinations. All vibrational data are listed in
Table 3.


Ab initio-calculated vibrational wavenumbers : The funda-
mental harmonic vibrational frequencies for FC(O)I were
also calculated with CCSD(T)/aug-cc-pVDZ and CCSD(T)/
aug-cc-pVTZ levels of theory. The calculations confirm the
vibrational mode assignments. We also find that the better
agreement with experimental vibrational wavenumbers
comes from those calculated at the CCSD(T)/aug-cc-pVTZ
level of theory. The rms error is 20.5 cm�1 for the CCSD(T)/
aug-cc-pVDZ method and 16.8 cm�1 for the CCSD(T)/aug-
cc-pVTZ method as compared to the experimental gas-
phase IR wavenumbers (Table 3). This trend of improved
results with increased basis set, particularly with the basis
set augmented with f-polarization functions, is consistent
with that observed for the geometry calculations. In addi-
tion, the largest deviations with the aug-cc-pVTZ basis set
occur for the C=O and C�F stretching vibrations, which can
largely be attributed to the effects of anharmonicity.


UV spectroscopy: The gas-phase UV/Vis spectrum of
FC(O)I exhibits two absorption bands at n = 207 and
255 nm (Figure 5). The highest energy band could corre-
spond to an allowed p±p* transition and the band at 255 nm


Table 2. Experimental and calculated structure for FC(O)I.


CCSD(T)
Coordinate[a] aug-cc-


pVDZ
aug-cc-
pVTZ


aug-cc-
pVQZ


Expt. GED
(ra)


[b]


r(C=O) 1.189 1.180 1.176 1.177(7)
r(C�F) 1.363 1.338 1.334 1.343(8)
r(C�I) 2.129 2.117 2.113 2.109(7)
q(FC=O) 123.1 123.3 123.4 123.8(14)
q(IC=O) 127.1 126.7 126.7 125.1(16)
q(FCI) 109.8 110.0 110.0 111.1(21)


[a] r in ä, q in 8. [b] Error limit is 3s values.


Figure 3. IR spectrum of gaseous FC(O)I at 25 8C, with an optical path
length of 19.5 cm and a pressure of 5 mbar (upper trace) and 1 mbar
(lower trace)


Figure 4. Raman spectrum of a solid sample of FC(O)I measured at
�196 8C with a resolution of 4 cm�1.
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to the forbidden n±p* transition. Both are characteristic for
the presence of a C=O group in the molecule. The absence
of a vibrational structure is evident in the spectrum as is the
case for ClC(O)Cl and FC(O)Cl.[19, 20] The experimental
cross-sections are relatively high in the UV region and ex-
tremely low in the visible region (the neat compound is col-
orless).


NMR spectroscopy : All NMR data are presented in Table 4
and are compared to those for the other members of the
series FC(O)X (X = F, Cl, Br).[2] There is a clear trend in
all magnitudes going from fluoride to iodide. In the series of
compounds FC(O)X, d(19F) and d(17O) increase to higher


resonance frequencies with de-
creasing electronegativity of the
halogen X. This indicates that
the contribution of the para-
magnetic term to the chemical
shift is greater than the diamag-
netic electron-withdrawing
effect.


In the case of the d(13C)
chemical shifts, the s and p


effect are working against each
other causing a maximum shift
for FC(O)Cl. The 1J(C,F) cou-
pling constants increase with in-
creasing p(C±F) bond strength
and FC(O)I with the largest
1J(C,F) coupling constant
should show the strongest p-
(C±F) bond contribution.


Mass spectrometry : The mass
spectrum of FC(O)I at 70 eV, shows the following fragment
ions, m/z (%, ion): 174 (100, [FC(O)I]+), 155 (3, [IC(O)]+),
146 (1, [IF]+), 127 (44, [I]+), 47 (23, [FC(O)]+), 31 (3,
[CF]+). We could not observe ionic fragments m/z<30;
however, the features in the mass spectrum are undoubtedly
caused by FC(O)I. The highest peak corresponds to the mo-
lecular ion and the two triatomic resonance-stabilized frag-
ment ions [IC(O)]+ and [FC(O)]+ are present.


Matrix photochemistry of FC(O)I : Photoisomerization of
matrix-isolated FC(O)I : Complexes between CO and halo-
gens or interhalogens have been extensively studied in
recent years both theoretically and experimentally in the gas
phase as well as isolated in noble gas matrices.[9,14, 15,21,22] To
our knowledge, no CO/IF complex has been reported so far.
The high instability of IF does not allow its handling in the
gas phase and therefore co-deposition of CO and IF in a
matrix has not been possible. Here we overcome this prob-
lem by in-situ generation of CO/IF complexes in a matrix.
By adopting the same procedure as in the UV photolysis of
formyl fluoride, which resulted in CO/HF complexes in high
yields,[6] we could directly observe the formation of CO/IF
from photolysis of FC(O)I isolated in argon matrices. There
are four possible connectivities between CO and IF: OC¥¥¥IF
(1), OC¥¥¥FI (2), CO¥¥¥IF (3), CO¥¥¥FI (4). According to the
literature, complexes formed as a result of a charge transfer
from the carbon atom are more stable than those which in-
volve the oxygen atom. In that case, because of the C±O
bond polarization, a blue shift with respect to free CO and a
red shift with respect to the free IF absorption is expect-
ed.[23] Ab initio calculations have shown that those com-
plexes in which the more polarizable halogen accepts the
charge are energetically favored and that a part of this
charge is further transferred to the other halogen atom.


The complex OC!BrCl shows a shift of +9.4 cm�1 in the
CO absorption while the opposite is shown by the complex
OC!ClBr which amounts to �0.5 cm�1,[9] thus we expect
the stability of the series to be: 1>2>3>4.


Table 3. Observed and calculated IR and Raman wavenumbers for FC(O)I.


IR Raman Calculated[b] Assignment Approx.
gas Ar I[a] solid, aug-cc- aug-cc- description
phase matrix �196 8C pVDZ pVTZ of mode


2056.9 1.9 2 (n3+n4)
2066 2032.4 2.8 2n2


1848 1836.6 100 1778 (m) 1846 1872 A’, n1 n(C=O)
1794.3 1.5 13C
1753.8 0.65 2n3+n4


1716.3 1.1 n2+n3


1134 1133.2 5.3 2n3


1048 1045.4 26 n3+n4


1027[c] 1020.6[c] 96 1008[c] (m) 1006 1061 A’, n2 n(CF)
998.2 0.70 13C


704 704.6 19 711 (s) 679 705 A’, n3 d(FCO)
589.6 0.44 2n5


567 566.2 5.8 567 (w) 554 571 A’’, n6 d oop
346 (vs) 329 336 A’, n4 n(CI)
294 (m) 286 291 A’, n5 d(FCO)


[a] Relative integrated intensities. [b] CCSD(T). [c] Disturbed by anharmonic resonance with (n3 + n4), see
text.


Figure 5. UV spectrum of FCOI in the gas phase.


Table 4. NMR data of FC(O)I and related compounds.


Compound d(19F) d(13C) d(17O)[a] 1J(C,F) [Hz] 2J(O,F) [Hz] Ref.


FC(O)I[b] 121.2 98.1 435.7 445.8 49.5 [c]


FC(O)Br 84.7 127.6 401.9 404.2 41.7 [d]


FC(O)Cl 60.0 139.9 375.1 366.4 37.4 [d]


FC(O)F �20.4 134.1 259.5 310.3 37.6 [d]


[a] Measured with respect to external H2O. [b] All spectra were measured
on the same sample at �40 8C with CD2Cl2 as the solvent (1:1) and traces
of CFCl3 as internal standards. [c] This work. [d] Reference [12].
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Difference IR spectra of FC(O)I before and after UV
photolysis are depicted in Figure 6. Photolysis with a Xe arc
lamp in combination with a 254 nm interference filter
(upper trace) produces negative bands from the photolyzed
FC(O)I (1836.6 cm�1, 1020.6 cm�1, 704.6 cm�1, and
566.2 cm�1) and simultaneously raising (positive) peaks grow


at 2156.3 cm�1, 2138.2 cm�1, 600.1 cm�1, and 574.8 cm�1


(Figure 6 upper trace). The new features were assigned to
the formation of CO/IF complexes. The absorption bands at
574.8 cm�1 and 600.1 cm�1 were assigned to the IF stretching
mode of OC¥¥¥IF and OC¥¥¥FI, respectively, both red-shifted
with respect to IF isolated in an argon matrix (603 cm�1).
Matrix-isolated IF was produced by heating a I2/F2 mixture
at 400 8C, highly diluted in argon, in the spray-on nozzle of
the matrix-isolation device. In the gas phase, IF was ob-
served at 610.258 cm�1.[24]


The band at 2156.3 cm�1 can be assigned to the blue-shift-
ed CO stretching mode of the OC¥¥¥IF complex (for
OC¥¥¥BrCl 2147.9 cm�1).[9] The feature at 2138.2 cm�1, which
on the first sight appeared to be free CO in argon matrix
(2138.3 cm�1),[6] can be unambiguously assigned to OC¥¥¥FI
(for OC¥¥¥ClBr 2138.0 cm�1),[9] with the help of quantum-
chemical calculations and further photolysis experiments.


Besides some small peaks assigned to FC(O)F (1937.6
and 1909.5 cm�1), no further bands were found in the prox-
imity of 2000 cm�1 that could indicate the presence of other
complexes, which should show a red shift with respect to the
free CO.


Photolysis of FC(O)I with unfiltered light from a low-
pressure mercury lamp yielded product bands with clearly
different relative band intensities (Figure 6, middle trace).
For this photolysis we found a higher amount of the less
stable OC¥¥¥FI complex. Finally, we were able to observe the
disappearance of both CO/IF complexes and re-formation
of FC(O)I after photolysis at l = 320 nm (Figure 6, lower
trace), and it is interesting to note that the photolysis rate of


OC¥¥¥FI is higher than that of the OC¥¥¥IF complex. Obvious-
ly, the long wavelength absorber is IF. During photolysis of
the IF molecule in the matrix cage it dissociates into F and I
atoms. In the case of the OC¥¥¥FI photolysis, FC(O)I is im-
mediately reformed via the COF radical. In the case of
OC¥¥¥IF, the F atom must migrate before it can attack the
CO molecule.


All experimental and calculated wavenumbers and shifts
of the CO/IF complexes are listed in Table 5.


The thermal stability of FC(O)I was studied in a separate
experiment. Heating of the spray-on nozzle to 400 8C caused
no change in the resulting IR matrix spectra. Hence the
molecule is resistant against C�I bond fission and its ther-
mal instability in the condensed phase may be attributed to
bimolecular (or heterogeneous) reactions.


Ab initio calculations of the structure and spectroscopy of
CO/IF complexes : As mentioned in the previous section,
there are four connectivities between CO and IF: OC¥¥¥IF
(1), OC¥¥¥FI (2), CO¥¥¥IF (3), CO¥¥¥FI (4). We performed pre-
liminary optimizations with the LANL2DZ effective core
basis set with the B3LYP, MP2, QCISD, and CCSD(T)
methods. Minimum energy structures were only obtained
for the first three connectivities (Table 6). We were not suc-
cessful in finding a stable minimum for the CO¥¥¥FI configu-
ration. It was verified that the minima found for the OC¥¥¥IF,
OC¥¥¥FI, and CO¥¥¥IF complexes were indeed true minima
by vibrational frequency calculations in which no imaginary
frequencies were obtained. The relative stability of FC(O)I
in comparison with the complexes is also presented in
Table 6. The preliminary structures of the complexes were


Figure 6. Difference matrix IR spectra of FC(O)I photolysis (before
minus after). Upper trace: 60 min photolysis with a Xe arc lamp (150 W)
and an interference filter (l = 254 nm). Bands of the CO/IF complexes
are pointing upwards and those of FC(O)I are pointing downwards.
Middle trace: Photolysis of FC(O)I with the unfiltered light of a low-
pressure mercury lamp (35 W) for 60 min (l<254 nm). Lower trace:
photolysis of the CO/IF complexes with a Xe arc lamp with a cut-off
filter (l = 320 nm).


Table 5. Calculated and observed fundamental vibrational wavenumbers
and wavenumber shifts for CO/IF complexes.


CCSD(T) Wavenumber shift[a,b]


Species Mode
number


aug-cc-
pVDZ


aug-cc-
pVTZ


Dn(CO) Dn(IF)


OC¥FI 1 (S) 2105 2144 0
(2138.2)[c] (�0.1)


2 (S) 609 615 �2
(600.1) (�3)


3 (P) 101 100
4 (S) 42 43
5 (P) 39 37
6 (P) 30 29


OC¥IF 1 (S) 2132 2166 +22
(2156.3) (+18)


2 (S) 584 585 �32
(574.8) (�28)


3 (P) 251 278
4 (S) 93 106
5 (P) 73 77


CO¥IF 1 (S) 2093 2131 �13
2 (S) 608 615 �2
3 (P) 85 89
4 (S) 72 75
5 (P) 38 39


[a] Dn(CO) = n(CO)complex�n(CO)free ; Dn(IF) = n(IF)complex�n(IF)free.
[b] Calculated at the CCSD(T)/aug-cc-pVTZ level of theory. [c] Values in
parenthesis are the experimental data
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then used as initial starting structures for the CCSD(T) ge-
ometry optimizations with correlation-consistent basis sets.
The optimized geometries for the three complexes are given
in Table 7. It is unexpected that the complex OC¥¥¥FI shows
an OCF angle close to 1028. Calculated geometry differences
in the C±O and I±F bonds as a result of complexation are
given in Table 8. It is interesting to note that the largest
structural shift in the three complexes comes from the
OC¥¥¥IF complex, particularly in the I�F bond. All the calcu-
lations (CCSD(T)/aug-cc-pVDZ, CCSD(T)/aug-cc-pVTZ,
and CCSD(T)/aug-cc-pVQZ methods) predicted a geometry
shift of �+ 0.024	0.001 ä in the I�F bond length. The


next shift is in the C�O bond
where theory consistently
shows a shortening of the C�O
bond by 0.004 ä. These are sig-
nificant geometry shifts when
compared to shifts for the
OC¥¥¥FI and CO¥¥¥IF complexes,
where the structural interac-
tions are less. The structure that
shows the largest interaction, as
shown in Table 6, is the struc-
ture that is most stable. This is
also consistent with observa-
tions in the literature for com-
plexes of CO with BrCl.[9] We
estimated that the binding
energy in OC¥¥¥IF is �7 kcal
mol�1 at the CCSD(T)/aug-cc-
pVQZ level of theory. This is


the strongest binding of the three complexes; the values of
other structures lie between 1 and 2 kcalmol�1. Because
there is a large shift in the bonds of the CO and IF mole-
cules in the OC¥¥¥IF complex, these structural changes
should produce significant shifts in the vibrational spectrum.
The fundamental vibrational frequencies for the complexes
are listed in Table 5. The geometry change in the C±O bond
is for the bond to contract. A shorter C±O bond should
result in a shift to a higher frequency. Indeed, the calcula-
tions at the CCSD(T)/aug-cc-pVTZ level of theory show a
shift to higher wavenumbers of 22 cm�1. Experiments show
this shift to be 18 cm�1, which is in excellent agreement with


the calculations. The largest ge-
ometry change is in the I�F
bond, where the I�F bond is
elongated by 0.024	0.001 ä in
the complex, suggesting a weak-
ening of this bond. The
CCSD(T)/aug-cc-pVTZ vibra-
tional frequencies and shift
show that the I�F bond is lower
in frequency and is shifted to a
lower wavenumber by 32 cm�1.
The red shift in the experiment
is observed to be 28 cm�1, which
is also in excellent agreement
with the calculations.


Experimental Section and Computational Methods


Caution: As for other carbonyl halides, FC(O)I must be considered to be
a toxic gas.


Apparatus: Volatile materials were manipulated in a glass vacuum line
equipped with two capacity pressure gauges (221AHS-1000 and
221AHS-100, MKS Baratron (USA)), three U-traps and valves with
PTFE stems (Young (UK)). The vacuum line was connected to an IR gas
cell (optical path length 200 mm, Si wafer windows, 0.6 mm thick) con-
tained in the sample compartment of the FTIR instrument (Nicolet Im-
pact400D). This arrangement made it possible to follow the course of re-
actions and the purification process of the products. The products were


Table 6. Total energies, relative stability, and bond energies for FC(O)I complexes.


Species
CCSD(T) OC¥FI OC¥IF CO¥IF FC(O)I


Total energies (Hartree)
aug-cc-pVDZ �509.4737622 �509.4819852 �509.4755469 �509.50912
aug-cc-pVTZ �509.6959032 �509.7053999 �509.6978851 �509.73796
aug-cc-pVQZ �509.7687047 �509.7782012 �509.7705940 �509.81060


relative stability [kcalmol�1]
aug-cc-pVDZ 5.16 0.0 4.04
aug-cc-pVTZ 5.96 0.0 4.71
aug-cc-pVQZ 5.96 0.0 4.78


bond energies, De [kcalmol�1]
aug-cc-pVDZ 1.26 6.42 2.38
aug-cc-pVTZ 1.12 7.08 2.37
aug-cc-pVQZ 1.03 6.99 2.21


stability relative to FC(O)I [kcalmol�1]
aug-cc-pVDZ 22.1 17.0 21.1
aug-cc-pVTZ 26.4 20.4 25.1
aug-cc-pVQZ 26.3 20.3 25.1


Table 7. Calculated equilibrium geometries for OC¥FI, OC¥IF, and CO¥IF complexes.


Coordinates
Species CCSD(T) r(CO) r(CF) r(IF) r(CI) r(OI) q(XYZ)[a]


OC¥FI aug-cc-pVDZ 1.147 3.030 1.955 102.5
aug-cc-pVTZ 1.136 3.013 1.929 102.1
aug-cc-pVQZ 1.132 3.037 1.917 101.3


OC¥IF aug-cc-pVDZ 1.143 1.974 2.648 180
aug-cc-pVTZ 1.132 1.950 2.556 180
aug-cc-pVQZ 1.128 1.941 2.545 180


CO¥IF aug-cc-pVDZ 1.149 1.956 3.047 180
aug-cc-pVTZ 1.138 1.929 3.019 180
aug-cc-pVQZ 1.133 1.918 3.007 180


[a] X = O or C, Y = C or O, Z = F or I.


Table 8. Calculated geometry differences[a] for the different complexes as
well as for free CO and IF.


Molecular complex CCSD(T) Dr(CO) Dr(IF)


OC¥FI aug-cc-pVDZ 0.000 +0.001
aug-cc-pVTZ 0.000 +0.002
aug-cc-pVQZ 0.000 +0.001


OC¥IF aug-cc-pVDZ �0.004 +0.020
aug-cc-pVTZ �0.004 +0.023
aug-cc-pVQZ �0.004 +0.025


CO¥IF aug-cc-pVDZ +0.002 +0.002
aug-cc-pVTZ +0.002 +0.002
aug-cc-pVQZ +0.001 +0.002


[a]Dr(CO) = r(CO)complex�r(CO)free, Dr(IF) = r(IF)complex�r(IF)free.


¹ 2004 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 917 ± 924922


FULL PAPER G. A. Arg¸ello, H. Willner et al.



www.chemeurj.org





stored in flame-sealed glass ampoules in liquid nitrogen. The ampoules
were opened at the vacuum line by means of an ampoule key,[25] and ap-
propriate amounts were taken out and before the ampoules were flame-
sealed again.


Synthesis of FC(O)I : The synthesis was carried out in a train of three
traps connected with standard connectors and joints and provided with
glass valves with PTFE stems (Young, (UK)). A slow flow of CO gas was
passed through a U-trap containing a mixture of IF5:2 I2 at 90 8C. Down-
stream, two cold traps were used to collect the volatile products. In the
first one, at �30 8C, the iodine and IF5 were retained, and in the second
one, kept at �183 8C, the FC(O)I was trapped together with F2C(O),
CO2, and SiF4. The raw product was purified by trap-to-trap condensa-
tions through three U-traps held at �90 8C, �120 8C, and �196 8C, respec-
tively. In addition to molecular iodine (not detected in the IR spectra),
other compounds found during the purification process were COF2, CO2,
and SiF4, which had been produced by the title compound reacting with
H2O on the glass walls. All of them were identified by their known IR
spectra and discarded. The distillation was repeated several times, and
the content of the trap at �120 8C was collected in a storage vessel held
at �196 8C. Subsequently, 2 g of FC(O)I with traces of iodine were ob-
tained (about 5% yield related to CO). Further attempts at purification
were unsuccessful since the product reacted with the glass walls to pro-
duce more I2, COF2, SiF4, and CO2. In addition, the purity of the sample
was checked by 19F, 13C, and 17O NMR measurements (>98%).


Gas electron diffraction : Electron diffraction intensities for FC(O)I were
recorded with a Gasdiffraktograph KD-G2[26] at 25 and 50 cm nozzle-to-
plate distances and with an accelerating voltage of �60 kV. The sample
reservoir was cooled to �50 8C. The inlet system with the nozzle was at
room temperature. Two photographic plates of each nozzle-to-plate dis-
tance were analyzed with an Agfa DuoscanHiD scanner. Total scattering
intensities were derived with the program SCAN3.[27]


Theoretical force fields for FC(O)I were calculated with the B3LYP
method and SDD basis sets. Polarization functions were added for first-
row atoms. Vibrational amplitudes and vibrational corrections, Dr =


ra�ra, were derived from these force fields with the program SHRINK.[28]


IR, Raman, and UV measurements : IR spectra of gaseous samples of
FC(O)I were measured in the range 4000±400 cm�1 with a Bruker
IFS66v spectrometer (Bruker (Germany)) with an optical resolution of
2 cm�1, and 128 scans were co-added for each spectrum.


FT-Raman spectra of a solid sample were measured in the region 3000±
50 cm�1 on a Bruker RFS100/SFT Raman spectrometer with 1064 nm ex-
citation (500 mW) from a Nd:YAG laser. For this purpose, the sample
was condensed as a spot on a nickel-plated copper finger kept at �196 8C
in a high vacuum. The solid sample was then excited with the laser
through a quartz window. For each spectrum, 256 scans were co-added
with a resolution of 4 cm�1.


The gas-phase UV spectrum of FC(O)I was recorded with an Agi-
lent8453 UV/Vis spectrometer with diode array detection, in the spectral
region 190±400 nm. An integration time of 0.5 s and a resolution of 1 nm
were used. The sample filled a quartz cell with a 10 cm optical path-
length.


NMR measurements : The 19F, 13C, and 17O NMR spectra of a sample
mixed in a 1:1 ratio with CD2Cl2 and a trace of CFCl3 as internal stand-
ards were recorded at �40 8C on a Bruker Avance300 spectrometer with
a 19F/1H dual or a multinuclear probe head operating at 282.41, 75.47, or
40.69 MHz, respectively. The 5 mm o.d. sample tube equipped with a ro-
tational symmetrical PTFE valve[29] was charged at the vacuum line. The
d(17O) value is referenced against external H2O.


Mass spectrometry measurements : Mass spectra were recorded with a
Finnigan 3300F-100 quadrupole mass spectrometer and the gas samples
were introduced by direct injection. A standard ionization energy of
70 eV was used to produce the pattern of fragmentations.


Matrix isolation : The matrix IR spectra were recorded on a Bruker
IFS66v FTIR instrument in reflectance mode with a transfer optic. A
DTGS detector and a KBr/Ge beam splitter were used in the 5000±
400 cm�1 region. 64 scans were added for each spectrum with apodized
resolutions of 1.2 cm�1. Details of the matrix apparatus have been descri-
bed elsewhere.[30] For matrix measurements, small amounts of pure
FC(O)I samples (�0.1 mmol) were transferred in vacuo into a small U-
trap kept at �196 8C. This U-trap was mounted in front of the matrix


support and allowed to reach a temperature of �130 8C. A stream of
argon gas (1±4 mmolh�1) was directed over the solid FC(O)I, and the re-
sulting gas mixture was immediately quenched on the matrix support at
15 K. A total of 6 matrices with varying amounts (1±5 mmol) and concen-
trations were prepared and investigated. The photolysis experiments
were carried out with a 35 W NNI 40/20 low-pressure mercury lamp
(Heraeus Noblelight GmbH, Germany) and a 150 W high-pressure Xe
lamp (Amko, Germany) in combination with a water-cooled quartz lens
optic, a l>320 nm cut-off, and a 254 nm interference filter (Schott, Ger-
many).


Computational methods : The MOLPRO[31] program suite was used to
calculate the equilibrium structure and harmonic vibrational frequencies
of [CO]¥¥¥[IF] complexes at the coupled-cluster singles and doubles level
of theory with a perturbative treatment of connected triple excitations,
CCSD(T).[32,33] Several basis sets were used in this work. For preliminary
geometry optimizations, the LanL2DZ basis set augmented with a d-po-
larization function[34] and a single set of diffuse functions was used for
iodine [double zeta (DZ) plus polarization (P) and s and p diffuse func-
tions (+) and a relativistic effective core potential, DZ+P-RECP] to-
gether with 6-31+G(d’) basis sets for carbon, fluorine, and oxygen atoms
(DZ+P). In the final calculations, recently developed diffuse-function-
augmented correlation-consistent basis sets for iodine, aug-cc-pVnZ-PP,
were used that included a new, small-core (28 electron) relativistic effec-
tive core potential (ECP) on iodine.[35] These ranged in size from
[5s4p3d] for the aug-cc-pVDZ-PP to [7s7p4d3f2g] for the aug-cc-pVQZ-
PP basis set. Small molecule benchmark calculations[35] have indicated
that any additional errors resulting from the pseudopotential approxima-
tion are very small with these ECPs and basis sets. Standard aug-cc-
pVnZ (n = D, T, Q) basis sets were utilized for carbon, fluorine, and
oxygen.[36,37] In the text and tables, both the aug-cc-pVnZ-PP and aug-cc-
pVnZ basis sets will be referred to as simply aug-cc-pVnZ (n = D, T,
Q).
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Nanostructured Pure g-Fe2O3 via Forced Precipitation in an Organic Solvent


Abbas A. Khaleel*[a]


Introduction


Metal oxides in nanometer-sized particles have attracted
great attention in recent years due to the significantly
unique properties which these materials exhibit compared
with their bulk counterparts. The unique properties hold
promises for remarkable performance in several important
fields of applications including catalytic, magnetic, mechani-
cal and biological applications.


In addition to the special interest to chemists for the sig-
nificant role in catalysis, ultra fine powders of iron oxides
are of great interest to physicists for their potential magnetic
applications on which a wide range of technologies
depend.[1±3] It has been well established that the perform-
ance of magnetic iron oxides is significantly improved by
fabricating such materials from particles of average diame-
ter below 50 nm (nanoscale particles), a behavior that is
often referred to as nanomagnetism.[4]


On the other hand, iron oxides and iron oxides-containing
composites have shown strong catalytic and adsorptive po-
tentials in a variety of processes, including environmentally
important reactions. Several studies have shown that iron
oxides and composites containing iron oxides have a signifi-


cant potential to adsorb and catalytically decompose volatile
organic compounds[5,6] including chlorinated hydrocar-
bons.[7±9] In a previously patented work, we have discovered
a unique catalytic behavior for iron oxides supported on
high-surface-area magnesium oxide.[7] This potential catalyst
was tested for the adsorption and decomposition of carbon
tetrachloride where remarkable reactivity was found com-
pared with that of pure magnesium oxide and other conven-
tional catalysts. The unique catalytic behavior of iron oxides
has driven our interest to investigate new methods to pre-
pare nanometer-sized particles of iron oxides and compo-
sites containing iron oxides.


To date, the most widely studied chemical method to pre-
pare iron oxides has been the precipitation of iron ions from
aqueous solutions of their nitrate, chloride, perchlorate, or
sulfate salts. This method has been reviewed and is well es-
tablished in the literature.[10±15] The precipitation of ferric
ions is usually driven by thermolysis or by the addition of a
base to the aqueous solution. The product×s phase and parti-
cle size have been found to depend on the precipitation con-
ditions, especially the concentration of the iron ions, the
nature of the counterions present, and the pH of the solu-
tion. Goethite (a-FeOOH), ferrihydrite (Fe5HO8¥4H2O) or
akagenite (b-FeOOH) are usually the initial precipitates,
which are converted to crystalline low surface area a-Fe2O3


upon moderate heat treatment.[10,11, 16,17]


The preparation of nanoscale particles of phase-pure iron
oxides has been a real challenge due to the difficulties that
usually accompany this process.[18±20] This is, in part, due to
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Abstract: Pure maghemite, g-Fe2O3,
was prepared as ultra fine particles in
the nanometer-sized range via the
forced precipitation method in an or-
ganic solvent. The precipitation of
iron(iii) ions, from iron(iii) chloride in
2-propanol led selectively to highly dis-
persed particles of ferrihydrite, which
upon treatment with temperatures
higher than 200 8C under dynamic
vacuum resulted in high-surface-area
particles of g-Fe2O3. Precipitation in
water also led to ferrihydrite, but the


final product, after heating at 300 8C,
contained a mixture of g-Fe2O3 and a-
Fe2O3 (hematite). The precipitation
from iron(iii) nitrate in water resulted
in goethite which was converted to
hematite upon heating. On the other
hand, the final product in 2-propanol
was a mixture of maghemite and hema-


tite. The products were characterized
by FTIR, TGA, XRD, and gas sorption
analysis. Nitrogen gas adsorption stud-
ies for the pure g-Fe2O3 samples re-
vealed mesoporous particles with high
surface areas in the range of 70±
120 m2g�1 after heat treatment at
300 8C. The g-Fe2O3 particles retained
their g-phase as well as their mesopo-
rous structure at relatively high tem-
peratures, as high as 400 8C.


Keywords: forced precipitation ¥
hydrolysis ¥ maghemite ¥ mesopo-
rous materials ¥ nanostructures
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the different iron oxidation states, which can lead to various
oxides, FeO, Fe2O3, and Fe3O4. Moreover, Fe2O3 exhibits dif-
ferent phases, among which is hematite, a-Fe2O3, the most
thermodynamically stable form. Finally, preparation of g-
Fe2O3 in nanometer-sized particles has been especially diffi-
cult due to the fact that it tends to aggregate into large par-
ticles, which makes the g±a phase transition easier.[21] Sever-
al people have attempted to stabilize g-Fe2O3 nanoparticles
by dispersing them in polymeric[22,23] or ceramic matri-
ces,[1,24±28] carbon nanotubes,[29] zeolites,[30] or by coating
them with organic monolayers.[31,32] Besides the aqueous pre-
cipitation method,[13±15,17] other procedures to prepare nano-
structured g-Fe2O3 have been reported including microemul-
sion method[33,34] and decomposition of iron precursors.[35±38]


Herein we report the results of our recent work on the
preparation of nanoparticles of pure g-Fe2O3 via the precipi-
tation of iron(iii) ions in an organic solvent, 2-propanol.


Results and Discussion


Precipitation in aqueous versus alcohol solvents : The behav-
ior of iron(iii) ions in water has been well investigated and
established in the literature.[7,8,20,21] The initial octahedral
aqua complex of iron(iii) which is formed in water,
Fe(H2O)3þ


6 , instantaneously decomposes into several soluble
low-molecular-weight species via deprotonation of co-
ordinated water molecules. Some of the species which have
been discussed include [Fe(OH2)5(OH)]2+, [Fe(OH2)4(OH)2]


+,
and the dimeric species [Fe2(OH2)10(OH)2]


4+ .[10, 11] Further
deprotonation and condensation of these intermediates
usually lead to the formation of a soluble red cationic poly-
meric species, which was first isolated and characterized
by Spiro et al. and was found to have a composition of
the formula Fe4O3(OH)4(NO3)2¥1.5H2O, where nitrate was
the counterion present in the solution.[39] The formation
of this soluble polymeric species is promoted by adding
a base in amounts insufficient to precipitate pure oxy-
hydroxides.[10,39]


In the current study, iron(iii) chloride in water gave a
stable yellow-gold clear solution showing no color change or
any precipitate over a period of 5 d. The stability of the
yellow-gold aqueous solution indicated that only low-molec-
ular-weight soluble intermediates formed via deprotonation
of coordinated water molecules, as indicated by the pH of
the solution, which dropped from 5.4 for the pure water to
1.9 after the addition of FeCl3.


The behavior of iron(iii) ion in several alcoholic solvents
was studied. In all systems the rate of the deprotonation and
condensation process was dependent on the type of alcohol;
however, in all of them it was significantly higher than that
in water. This behavior was well indicated by the darker
color of solutions and the deposition of precipitate in some
cases. Water impurity from the solvents and atmospheric
water was believed to play a role in the condensation and
precipitation as a result of the formation of hydroxyl groups
besides the alkoxy groups in the intermediate, which allows
the elimination of alcohol molecules forming oxo bridges.
The colors of the solutions ranged from orange to dark red.


The intensities of the color and the rate of precipitate depo-
sition increased as the alkyl group of the alcohol became
larger. In methanol, a yellow orange solution was obtained
initially, which developed to a darker orange solution over a
period of 5 d without any precipitate. A dark red ethanol
solution started depositing a precipitate very slowly after
about 48 h. After five days, a small amount of red-brown
precipitate and red solution was obtained. In 2-propanol
fine red-brown precipitate started forming after ~8 h, and
the solution was turbid red. When the 2-propanol solution
was decanted and the precipitate was dried in a water bath
at 90 8C, a red-brown powder was obtained. This powder
was very soluble in water giving a red solution. The FTIR
spectrum of this powder, as obtained, showed strong absorp-
tions at 415 and 685 cm�1. It was an amorphous powder
showing no diffraction pattern in its XRD analysis.


When the same study was carried out using the nitrate
precursor, Fe(NO3)3¥9H2O, similar behavior was observed,
but the deprotonation±condensation process was much
faster. Darker solutions and larger amounts of precipitate
were generally obtained, although the concentrations of the
nitrate solutions were less than those of the chloride. It is
very likely that this behavior is due to the presence of more
hydroxyl groups in the soluble intermediate resulting from
the water in the nitrate precursor. The red water-soluble
product isolated from 2-propanol solution showed very simi-
lar FTIR absorption features with two major peaks at 660
and 436 cm�1. The powder converted to ferrihydrite upon
drying in an oven at 125 8C. When heated under vacuum at
300 8C for 4 h, the powder appeared to contain a mixture of
hematite and maghemite as indicated from its FTIR spec-
trum (Figure 1), and powder XRD analysis. Its strong attrac-
tive magnetic behavior further supports the presence of the
magnetic phase, maghemite. Their high solubility in water


Figure 1. FTIR spectra of the soluble red polymeric alcoholysis product
as obtained (a), after oven drying at 125 8C (b) and after heat treatment
at 300 8C (c).
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and their FTIR spectra indicated that these products were
different from all known iron oxides or oxyhydroxides.
These two characteristics of the products closely match
those of the water-soluble product, Fe4O3(OH)4(NO3)2¥1.5 -
H2O, isolated by Spiro et al. , which has shown IR absorp-
tions at 450 and 700 cm�1 attributed to oxy- and hydroxy-
bent bridges.[40]


In conclusion, based on the comparisons discussed above,
we believe that analogous to hydrolysis, alcoholysis took
place via deprotonation of coordinated alcohol molecules.
Further deprotonation and condensation of the soluble in-
termediates resulted into a precipitate without the need to
add any base as a precipitating reagent, in contrast to the
behavior in water. The precipitates obtained form both pre-
cursors and their thermal decomposition are the focus of an
ongoing study but are believed to be analogous to that iso-
lated in aqueous media by Spiro et al.[39,40]


Forced precipitation : Forced precipitation refers to the pre-
cipitation of metal ions by thermal treatment or by adding a
base to their aqueous solution. As we have discussed in the
previous section, hydrolysis of iron ions results in soluble in-
termediates, which upon adding a base, usually leads to a-
Fe2O3, a-FeOOH, g-FeOOH (lepidocrocite), Fe5HO8¥4H2O
or b-FeOOH. The type of product depends mainly on the
pH of the solution and the type of counterions present, that
is, chloride, nitrate, sulfate, and so on.[10] At pH values be-
tween 4 and 10, hydrolysis of Fe3+ ions in aqueous solutions
of iron(iii) chloride has usually favored the formation of b-
FeOOH instead of a-FeOOH (favored in the presence of
other counterions).[10, 16,20] In one study, this has been con-
firmed to be due to the presence of chloride ions, where the
addition of some Cl� to the solution of iron(iii) nitrate
during the aging of the red polymer has led to akaganeite,
while the product was goethite in the absence of the chlo-
ride ions.[20] At pH values above 10 or below 4, goethite or
hematite formed, respectively, even in the presence of chlo-
ride ions where akaganeite, if formed, converted to goethite
or hematite.[41,42] All oxyhydroxides including goethite and
ferrihydrite usually convert to hematite upon subsequent
heating at temperatures above 200 8C.[10,17]


Interestingly, we found that forced precipitation of iron-
(iii) ions in 2-propanol solution of FeCl3 or Fe(NO3)3¥9H2O
has led selectively to ferrihydrite (Fe5HO8¥4H2O) with some
unique characteristics. When a sodium tert-butoxide solution
was added to the red solution of FeCl3, red-brown fine pre-
cipitate formed. As discussed above, the red solution indi-
cated the formation of soluble polymeric intermediates via
deprotonation of coordinated alcohol molecules followed by
condensation. The addition of the basic solution has resulted
in the completion of the deprotonation and condensation
process, where very fine precipitate and almost clear super-
natant solution were obtained. Besides removing counter-
ions, water which was added later was expected to hydrolyze
all iron-coordinated alkoxy groups in the precipitate inter-
mediate. The type of precipitate was found to be dependent
on the type of the counterion present and on the solvent.
Starting with FeCl3, the product was selectively ferrihydrite
in either solvent, 2-propanol or water. On the other hand,


when Fe(NO3)3¥9H2O was used as the starting precursor,
the product was always goethite in water while it was ferri-
hydrite in 2-propanol. Although both solvents have resulted
in the same product using iron chloride, unique characteris-
tics were observed when 2-propanol was employed. This in-
cludes higher surface areas and selective conversion to high-
surface-area pure g-Fe2O3 upon heat treatment at elevated
temperatures as discussed below. The selective formation of
ferrihydrite initially can be considered as an advantage since
ferrihydrite is a poorly crystalline solid and is usually ob-
tained as a high-surface-area powder compared with goe-
thite (obtained from most other methods)[10,17] which strong-
ly agglomerates into large particles or crystallites.


Ferrihydrite and goethite (dried in an oven at 125 8C)
were characterized by FTIR spectroscopy and TGA analy-
sis. The brown color of ferrihydrite is clearly different from
the yellow color of goethite. The FTIR spectra of both com-
pounds are shown in Figure 2. The absence of the goethite
deformation band at 880 cm�1 in the ferrihhydrite spectrum
indicates that it was free of goethite.


The TGA analysis (Figure 3) showed that the major
weight loss in the case of ferrihydrite, which is due mainly
to dehydration, took place at temperatures below 150 8C.
This low-temperature weight loss can be due only to adsor-
bed water. This behavior again distinguishes ferrihydrite
from goethite where the removal of structural hydroxyl
groups (in goethite and other oxyhroxides) requires temper-
atures above 250 8C. Also, the larger final mass loss of about
21 versus 15% for goethite further distinguishes ferrihydrite.
This difference is due to the larger amount of water that can
be removed from ferrihydrite of the formula Fe5HO8¥4H2O
as compared with other forms of oxyhydroxides of the
FeOOH formula. The XRD analysis showed no diffraction
patterns as the samples were too amorphous.


Figure 2. FTIR spectra of goethite obtained from an aqueous solution of
Fe(NO3)3¥9H2O, ferrihydrite obtained in 2-propanol solution of FeCl3,
and hematite obtained from the thermolysis of goethite at 300 8C in
vacuo.
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Heat treatment and phase transformations of goethite and
ferrihydrite : All goethite samples converted to hematite
when heat-treated under dynamic vacuum at 300 8C. This
transformation was well indicated by the change in color
from yellow to red, FTIR spectroscopy (Figure 2), and XRD
analysis.


Ferrihydrite is known to transform easily to goethite or
hematite upon heating.[10,17] In the current study, ferrihydrite
prepared from FeCl3 in 2-propanol converted to pure g-
Fe2O3 upon heating at temperatures between 200 and
350 8C. Ferrihydrite samples prepared from Fe(NO3)3¥9H2O
in 2-propanol or from FeCl3 in water have resulted in a mix-
ture of a-Fe2O3 and g-Fe2O3 as characterized by XRD. Be-
sides the XRD analysis, the presence of the g-phase was
also confirmed by the fact that the product was attracted to
a magnet, a characteristic of g-Fe2O3 or Fe3O4, magnetite.
The pure g-Fe2O3 samples and their characteristics will be
the main focus in the rest of this study.


The formation of pure g-Fe2O3 was studied by FTIR spec-
troscopy where spectra were recorded for samples after heat
treatment at different temperatures (Figure 4). Upon heat-
ing, the absorption bands centered at 445 and 714 cm�1 in
the ferrihydrite spectrum decreased considerably in intensity
while the peaks at 561, 581, and 632 cm�1 increased. These
changes in the region of 400±700 cm�1, indicated the gradual
conversion to the typical spectrum of g-Fe2O3.


[17] Other no-
table features in the FTIR spectra are the absorption peaks
between 2800 and 3000 cm�1, and the strong ñOH band cen-
tering at about 3430 cm�1. These two features indicated the
presence of relatively stable organic and hydroxyl groups,
respectively, adsorbed on the surface after heating at 350 8C.
We believe that the preservation of the organophilic species
on the surface played an important role in determining
some characteristics of the product, which will be discussed
below.


Thermal decomposition of ferrihydrite to g-Fe2O3 was
also studied by powder XRD. Powder XRD analysis of a
sample after heat treatment at 200 and 350 8C is shown in


Figure 5. The diffraction patterns perfectly matched the data
of the JCPDS file of g-Fe2O3. Wide peaks in the pattern
after heating at 350 8C indicated the significantly small size
of the crystallites. The brown color of the powder further
verifies that it was g-Fe2O3 and not Fe3O4 (black) of the
same spinnel structure and very similar XRD pattern. The
fact that Fe3O4 transforms easily to g-Fe2O3 at low tempera-
tures, as low as 100 8C, further supports this conclusion.


TEM micrograph of a sample heat-treated at 250 8C
showed aggregates of spherical primary particles with an
average diameter of about 5 nm (Figure 6). Particle sizes es-
timated from TEM micrographs were in good agreement
with crystallite sizes calculated by the Scherrer equation[43]


based on XRD data.


Figure 3. TGA analysis of ferrihydrite and goethite.
Figure 4. FTIR spectra of Ferrihydrite heat-treated at different tempera-
tures under vacuum.


Figure 5. Powder XRD patterns for g-Fe2O3 samples from ferrihydrite
heat-treated at 200 and 350 8C.
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N2 Sorption analysis : One of the interesting characteristics
of the samples prepared in 2-propanol was the relatively
high surface area. Ranges of BET specific surface areas
(SSA) measured for initial products, ferrihydrate or goe-
thite, and heat treatment at 300 8C, are shown in Table 1.
Three conclusions can be extracted from this data. First, it is
noticed that for the initial products, higher surface areas are
generally obtained from the 2-propanol solutions as com-
pared with water. Second, ferrihydrite samples have shown
much higher surface areas than goethite samples. Third,
pure g-Fe2O3 samples exhibited surface areas significantly
higher than values reported in the literature.[1,17±20]


It is obvious that the use of 2-propanol as a solvent
played an important role in the relatively high surface areas
of the ferrihydrite and maghemite samples. Ferrihydrite is
known to form fine particles with high surface areas (larger
than 150 m2g�1) and poor crystallinity.[10] Poor crystallinity is
also known to be enhanced by the presence of organic sol-
vents,[10] which corresponds to the high surface areas of sam-
ples we obtained in 2-propanol. The presence of organic
groups in the coordination spheres of the iron ions of the
starting soluble intermediates, as discussed in a previous sec-


tion, is believed to have limited the nucleation of the pri-
mary particles through steric effect resulting in an unusually
noncrystalline and high-surface-area ferrihydrite.


Furthermore, the remaining of stable organic moieties ad-
sorbed on the surface at higher temperatures as indicated by
the FTIR spectra (Figure 4, the region between 2800 and
3000 cm�1) played a similar role during the heating/dehydra-
tion process that resulted into the conversion of ferrihydrite
into high-surface-area maghemite. The presence of such spe-
cies on the surface inhibited the sintering process by mini-
mizing the contacts between reactive centers that otherwise
would have led to adhesion of primary particles× surfaces.


Full N2 adsorption±desorption isotherms were measured
for g-Fe2O3 samples pretreated at 300 8C. A typical isotherm
is shown in Figure 7, which resembles an IUPAC H3 type
with a well defined hysteresis loop indicating mesoporous
material with mixed pore systems.[44] The desorption cumu-
lative pore volume curve is shown in Figure 8 and the pore
size distribution is shown in Figure 9. Total pore volume was
0.34 cm3g�1 for all pores of diameter smaller than 103.5 nm.
The pore size distribution in Figure 9 shows a predominant
pore diameter around 8.8 nm.


Changes in the surface area and pore characteristics were
studied as a function of heat-treatment temperature. Table 2
shows the surface area, the total pore volume, and the aver-
age pore diameter of a sample after heating at different
temperatures. The specific surface area decreased slightly as
the sample was heated to 200 8C then decreased considera-
bly as it was heated to 300 8C, beyond which a gradual de-
crease was observed. The effect of heating on the total pore
volume was minimal, but generally a decrease was observed.
On the other hand, a slight increase was observed in the
average pore diameter upon heating. This behavior is usual-
ly due to sintering as a result of heating and subsequent de-
hydration resulting in bridging between primary particles
and hence agglomeration into larger particles. This adhesion
between outer surfaces of primary particles decreased the


Figure 6. TEM micrograph of a g-Fe2O3 sample heat-treated at 250 8C.


Table 1. BET specific surface areas [m2g�1] versus heat-treatment.


FeCl3 Fe(NO3)3¥9H2O


solvent 2-propanol water 2-propanol water
initial
product[a]


ferrihydrite ferrihydrite ferrihydrite goethite


SSA[a] 250±270 160±190 130±170 85±90
final
product[b]


g-Fe2O3 g-Fe2O3 +


a-Fe2O3


g-Fe2O3 +


a-Fe2O3


a-Fe2O3


SSA[b] 70±120 40±60 50±100 80±90


[a] Oven-dried at 125 8C for 4 h. [b] After heat-treatment at 300 8C under
vacuum for 4 h.


Figure 7. N2 adsorption/desoprtion isotherm for a g-Fe2O3 sample heat
treated at 300 8C.
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exposed surface and hence the surface area, while the pore
structure was only slightly affected. With these changes in
the surface area and porosity, the mesoporous structure was
still preserved.


Another interesting characteristic of the nanoparticles of
g-Fe2O3 is their phase thermal stability where their g-phase
was retained at temperatures as high as 400 8C. Convention-
al g-Fe2O3 is known to convert to the a-phase upon heating


at temperatures above 250 8C.[45] Based on several literature
reports, it is very likely that this high thermal stability, is
due to particle size effect.[27, 28,45±47] g-Fe2O3 nanoparticles
(~5 nm) encapsulated in silica matrix were found to retain
their g-phase after heat treatment at 700 8C.[27,28] In another
study, upon preparation of nanocrystalline Fe2O3 through re-
verse micelle methods, it was found that below a crystal size
of 30 nm only maghemite was produced while above this
size, only hematite was obtained.[46] This dependence is still
not well understood and it has been the subject of several
studies.[46,48]


Mechanistic considerations in the g-phase formation : a-
Fe2O3, has been reported to be the most likely product from
the thermal decomposition of pure ferrihydrite obtained
from aqueous systems.[10,17] It is worth mentioning that the
conventional method to prepare g-Fe2O3 has been through
reducing a-Fe2O3 to Fe3O4 which is then oxidized back to
give g-Fe2O3.


[48] This procedure results in a crystalline g-
Fe2O3 of a surface area in the range of 20±30 m2g�1. From
our discussion in the previous sections, it is obvious that
among the factors that control the formation of the g-phase
are the type of solvent and the counterions. Under the cur-
rent experimental conditions, the use of FeCl3 precursor in
2-propanol has resulted in the formation of pure g-Fe2O3,
while all other routes have led to the formation of a-Fe2O3


or a mixture of g-Fe2O3 and a-Fe2O3. It is evident that the
chloride ions have played a major role in the g-phase forma-
tion, which is still to be examined. On the other hand, the
use of the organic solvent, 2-propanol, was another impor-
tant determining factor that ensured the formation of pure
g-phase product. One possible role of the organic solvent is
through the reducing effect of its carbonaceous residues
during heating. These carbonaceous species may have
caused partial reduction of Fe3+ ions giving magnetite
(Fe3O4) which transforms to g-Fe2O3 of the same spinel
structure. The reducing effect of some organic species is
well established in the literature, which allowed us to pro-
pose this role of the solvent in the g-phase formation.[49±51]


The oxidation of the divalent centers (in magnetite) back to
trivalent (in maghemite) could be a result of possible gener-
ation of reactive oxidative species, for example, hydroxyl
radicals from surface hydroxyl groups during heating.


Conclusion


The precipitation of iron(iii) ions from iron(iii) chloride in 2-
propanol has led selectively to highly divided particles of
ferrihydrite. Heat treatment at temperatures higher than
200 8C under dynamic vacuum has resulted in high-surface-
area mesoporous particles of pure g-Fe2O3. When the iron-
(iii) nitrate precursor was employed under the same condi-
tions, the final product, after heat treatment of the initial
precipitate at 300 8C, was a mixture of a-Fe2O3 and g-Fe2O3.
On the other hand, employing water as the solvent resulted
in pure a-Fe2O3 when the iron(iii) nitrate precursor was
used, while a mixture of a-Fe2O3 and g-Fe2O3 was obtained
in the case of the iron(iii) chloride precursor.


Figure 8. Desorption cumulative pore volume curve.


Figure 9. BJH pore size distribution; dV/d[logD] (desorption).


Table 2. Surface areas and pore characteristics of a ferrihydrite[a] sample
heat-treated at different temperatures.


T
[8C]


Surface area
[m2g�1]


Total pore volume
[cm3g�1]


Average pore diameter
[nm]


125 260 0.32 7.9
200 215 0.34 10.9
300 114 0.33 11.8
350 102 0.30 12.2
400 93 0.30 12.5


[a] Converted to maghemite at T >200 8C.
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The use of an organic media is believed to play an impor-
tant role in the selectivity for g-phase formation as well as
in the high-surface area of the final product. The ultra fine
powder of g-Fe2O3 retained its g-phase at relatively high
temperatures, as high as 400 8C, which is believed to be due
to particle size effect.


In comparison with literature reports, the following re-
marks can be highlighted. First, our simple synthetic proce-
dure has resulted in pure nanoscale mesoporous particles of
g-Fe2O3, while most of the literature-reported work involved
stabilizing the particles by dispersion into organic or inor-
ganic matrices,[22±30] or by coating with relatively thick layer
of organic additives.[31,32,49] Second, all studies that have
been reported on the synthesis of pure g-Fe2O3 involved
extra steps such as the preparation of a-Fe2O3 first followed
by vaporization condensation to convert it to the g-phase,[38]


or the preparation of Fe3O4 first followed by oxidation to g-
Fe2O3.


[8,13] Direct precipitation in aqueous media under spe-
cific conditions has also resulted in g-Fe2O3, but this method
is very sensitive to experimental conditions especially the
pH of the solution which makes the formation of impurities
very likely to occur.[10,17] Third, in the current study smaller
particle sizes and higher specific surface areas were obtained
as compared to literature values of 10±50 nm particles and
specific surface areas in the range between 30 and
50 m2g�1.[8,13,17, 35,38,52]


Experimental Section


Chemicals and instrumentation : FeCl3 (anhydrous, 98%),
Fe(NO3)3¥9H2O, sodium tert-butoxide (99%), and 2-propanol (99%),
ethanol, and methanol (99%) were purchased from Aldrich and used as
received. FTIR spectra were recorded on a Nicolet Magna 560 spectro-
photometer using KBr pellets. Powder x-ray diffraction analysis was per-
formed on a Philips diffractometer model PW/1840 using a CuKa radia-
tion source. Data was collected in the 2q angle range of 20±85 8. TGA
analysis was performed on a TA 2950 instrument. TEM micrographs
were obtained using a Philips 201 electron microscope. BET surface area
and Barrett±Joyner±Halenda (BJH) cumulative pore volume and pore
volume distribution measurements were obtained using nitrogen gas ad-
sorption at 77 K employing a Quantochrome NOVA-1000 volumetric gas
sorption instrument. Prior to the N2 sorption analysis, all samples were
heat-treated under vacuum at 120 8C for 15 minutes to remove physisor-
bed water.


Free precipitation of iron(iii) ions in aqueous versus alcohol solvents : To
compare the behavior of iron(iii) ions in alcohol solvents with that in
water without the addition of any precipitating reagent, anhydrous FeCl3
(2.0 g, 0.012 mol) or Fe(NO3)3¥9H2O (2.0 g, 0.005 mol) was dissolved at
room temperature in 2-propanol (100 mL), ethanol, methanol, or water
in closed Erlenmeyer flasks under air. The behavior of each solution, in
regards to color change and precipitate deposition was monitored for a
period of five days. Precipitates obtained were characterized by FTIR
spectroscopy and powder XRD.


Forced precipitation : In a typical experiment anhydrous FeCl3 (1.62 g,
0.01 mol) or Fe(NO3)3¥9H2O (4.0 g, 0.01 mol) were dissolved in 2-propa-
nol (150 mL), in a closed 500 mL round bottom flask, giving orange-red
solutions. Sodium tert-butoxide (3.0 g, 0.03 mol) dissolved in ethanol
(80 mL) was added drop wise over a period of 30 min. As the alkali solu-
tion was added, very fine colloidal orange-red particles started forming
and the mixtures were stirred for additional four hours. The solutions
were then allowed to stand for 12 h where orange-brown fine precipitates
and slightly yellowish supernatant solutions were obtained. Doubly distil-
led water (150 mL) was added and the solutions were stirred again for an


additional hour. The solutions were allowed to stand for another hour
where complete precipitation and yellowish clear supernatant were ob-
tained. The precipitates were vacuum-filtered, washed with three 25 mL
portions of doubly distilled water and dried in an oven at 125 8C for 4 h.
The dry products were grinded resulting in brown powders. Similar syn-
thetic procedure was carried out in water under the same conditions.
Some selected samples were heat-treated under dynamic vacuum at ele-
vated temperatures. The products obtained were characterized by FTIR,
XRD, TGA, TEM and N2 sorption analysis.
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A Critical Evaluation of the Factors Determining the Effect of Intramolecular
Hydrogen Bonding on the O�H Bond Dissociation Enthalpy of Catechol and
of Flavonoid Antioxidants


Marco Lucarini,*[a] Gian Franco Pedulli,*[a] and Maurizio Guerra*[b]


Introduction


The large interest in the bioactivity of the flavonoids of
higher plants is at least in part due to the potential health
benefits of these polyphenolic components.[1] Their activity
derives from their capability to inhibit the oxidative degra-
dation of membranes by scavenging the peroxyl radicals of
phospholipids responsible for propagating the autoxidation


reaction. Free radical scavenging takes place through trans-
fer of the hydroxylic hydrogen of phenols to the peroxyl
oxygen atom, and one of the factors characterising effective
antioxidant behaviour in phenols is therefore a low value of
the O�H bond dissociation enthalpy (BDE) since this facili-
tates the H-atom transfer.
In a recent paper[2] we reported the determination, by the


EPR radical equilibration technique,[3] of the O�H BDE of
3,5-di-tert-butylcatechol (1 A) and propyl gallate, which rep-
resent model compounds for flavonoid antioxidants. The
BDE value of 1 A was obtained by measuring the room-tem-
perature equilibrium constant for its reaction, in a benzene/
di-tert-butyl peroxide mixture (9:1 v/v), with the phenoxyl
radical from 2,6-di-tert-butyl-4-methylphenol (BHT)
(Scheme 1), under the assumption that the entropic term
can be neglected [Eq. (1)].


BDEð1 AÞ ffi BDEðBHTÞ�RT ln ðK1Þ ð1Þ


The measured O�H bond strength of 1 A (79.3�0.3 kcal -
mol�1) was found to be much lower than the value calculat-
ed by the group additivity rule (83.7 kcalmol�1) with the
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Abstract: New experimental results on
the determination of the bond dissocia-
tion enthalpy (BDE) value of 3,5-di-
tert-butylcatechol, a model compound
for flavonoid antioxidants, by the EPR
radical equilibration technique are re-
ported. By measurement of the equili-
brium constant for the reaction be-
tween 3,5-di-tert-butylcatechol and the
2,6-di-tert-butyl-4-methylphenoxyl radi-
cal, in UV irradiated isooctane solu-
tions at different temperatures, it has
been shown that the thermodynamic
parameters for this reaction are DH8
= �2.8�0.1 kcalmol�1 and DS8 =


+1.3�0.2 calmol�1K�1. This demon-
strates that the entropic variations in
the hydrogen exchange reaction be-


tween phenols and the corresponding
phenoxyl radicals are also negligible
when one of the reacting species is a
polyphenol and that the EPR radical
equilibration technique also allows the
determination of the O�H BDEs in in-
tramolecularly hydrogen-bonded poly-
phenols.
The BDE of 3,5-di-tert-butylcatechol


(78.2 kcalmol�1) was determined to be
identical to that of a-tocopherol.
Through use of the group additivity
rule, this piece of data was also used to


calculate the strength of the intramo-
lecular hydrogen bond between the hy-
droxyl proton and the oxygen radical
centre in the corresponding semiqui-
none radical (5.6 kcalmol�1), which is
responsible both for the excellent anti-
oxidant properties of catechols and for
the BDE of catechol (81.8 kcalmol�1).
These values are in poor agreement
with those predicted by DFT calcula-
tions reported in the literature
(9.5 kcalmol�1 and 77.6 kcalmol�1, re-
spectively). Extensive theoretical calcu-
lations indicate that the BDE of cate-
chol is reproduced well (81.6 kcal -
mol�1) by use of diffuse functions on
oxygen and the CCSD method.


Keywords: ab initio calculations ¥
antioxidants ¥ EPR spectroscopy ¥
flavonoids ¥ radicals
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contributions of the various substituents being those ob-
tained from monophenols.[4] The difference between the cal-
culated and the experimentally determined BDE values
(4.4 kcalmol�1), much larger than the average deviation
(�0.3 kcalmol�1) between predicted and measured BDE
values in monophenols,[3,4] was attributed to the stabilisation
of the semiquinone radical (1 BC) from 3,5-di-tert-butylcate-
chol through the formation of an intramolecular hydrogen
bond between the residual O�H group and the oxygen radi-
cal centre (Scheme 1). Since the H-bond strength in the un-
substituted catechol (2 A) has been estimated to be 4.0 kcal -
mol�1,[5] it can be deduced that in the semiquinone radical
1 BC the O�H BDE value should be only slightly larger than
in the parent catechol. The group additivity rule can also be
used to calculate the BDE value of catechol (2 A) as
82.9 kcalmol�1, if it is recalled that the contributions due to
the two tert-butyl groups in the 3- and 5-positions to the
BDE of 1 A are �1.7 and �1.9 kcalmol�1,[4a] respectively.
Therefore, the ortho-hydroxyl effect with respect to phenol
(87.6 kcalmol�1) turns out to be �4.7 kcalmol�1.
In contrast with this result, Zhang et al.[6] have recently


reported a density functional theory (DFT) study of the
BDEs of catechol and related compounds, predicting an
ortho-hydroxyl effect of 10.0 kcalmol�1; that is, about twice
as large as that found experimentally by the EPR radical
equilibration technique.[2] Thus, on the basis of these compu-


tational results, catechol, the O�H BDE
value of which is calculated to be very close
to that of a-tocopherol (a-TOH) (78.2 kcal -
mol�1),[2] should show antioxidant properties
almost as good as those of a-tocopherol,
while the larger value estimated by EPR
(82.9 kcalmol�1) implies a worse radical-
scavenging ability. Zhang et al.[6] emphasize
the fact that their estimate is in agreement


with previous ones obtained by the same DFT computation-
al technique,[7] and that 3,5-di-tert-butylcatechol is three
times better than a-TOH at scavenging DPPH radicals in
non-polar solvents,[8] a result more consistent with their esti-
mate of the BDE values of catechols. They therefore con-
clude that, because of the complexity of the H-atom abstrac-
tion reaction, the EPR equilibration technique is not appro-
priate for determination of the O�H BDEs in intramolecu-
larly hydrogen-bonded polyphenols, although the method
may still be applicable to monophenols or polyphenols with-
out intramolecular hydrogen bonding, such as hydroquinones.
Herein we report new experimental and theoretical re-


sults that definitively demonstrate that the EPR equilibra-
tion technique also allows the determination of the O�H
BDEs in intramolecularly hydrogen-bonded polyphenols.


Results and Discussion


The reasons given by Zhang et al. for judging the EPR equi-
libration technique inappropriate are that this method relies
on the following two assumptions: i) the H-abstraction from
3,5-di-tert-butylcatechol to give 1 BC is regarded as a one-step
reaction while probably being a two-step reaction as shown
in Figure 1, and ii) the entropy change for the equilibration
reaction is neglected.


Scheme 1. Equilibration between 1A and the phenoxyl radical from 2,6-di-tert-butyl-4-methyl-
phenol (BHT).


Figure 1. Vibrational spectrum of 3,5-di-tert-butylcatechol (1A) in the 3100±4000 cm�1 region and EPR spectrum of the corresponding semiquinone radi-
cal (1BC).
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The first point is hardly understandable, since thermody-
namics requires that the free energy difference between two
states is independent of the reaction pathway, being the
same no matter how complex the overall reaction. The only
problem might concern the identification of the initial and
final states of the reaction. In the case of 3,5-di-tert-butylca-
techol the structure of the initial state (1 A in Figure 1), in
CCl4 solution at the same concentration (0.1m) as used in
the EPR equilibration studies, was determined by FT-IR
spectroscopy (see Figure 1), which showed two sharp peaks
of similar intensity centred at 3617 cm�1, characteristic of a
free OH group in position 1, and at 3555 cm�1 due to the in-
tramolecularly H-bonded OH in position 2. The final state,
on the other hand, was unambiguously identified on the
basis of the EPR spectral parameters (a(1Hring) = 1.74 G,
a(1Hring) = 0.31 G, a(1HOH) = 1.45 G, a(9HBu) = 0.39 G, g
= 2.0044), consistent with structure 1 BC.[2]


The formation of the other possible species 1 AC, with the
radical centred on the oxygen in position 1, can be discount-
ed since larger splittings (ca. 10 and 5 G from the protons at
positions 4 and 6, respectively) would be expected in this
case. Of course, we can not exclude the possibility that this
species is initially formed, since it would immediately rear-
range to the observed thermodynamically more stable radi-
cal.[9]


As far as the second point is concerned, the neglecting of
the entropy of reaction in the specific case of catechol 1 A
was an extrapolation based on previous experiments show-
ing that the entropy of a hydrogen exchange reaction for
several pairs of monophenols is negligible.[3] In addition, the
equilibration reaction in benzene between 2,4,6-trimethyl-
phenol and a bisphenol in which both hydroxyl hydrogens
are intramolecularly hydrogen bonded was found to be char-
acterised by a negligible entropy variation.[10] On the other
hand, a large DS would only be expected for the reaction
shown in Scheme 1 if intramolecular hydrogen bond forma-
tion were associated with a large entropy change. As early
as the 1950s, it had instead been shown that this is not the
case in ortho-substituted phenols,[11] and additional evidence
was also recently reported by Mulder and co-workers.[4b]


The reason for this behaviour is that the contribution of the
O�H vibration to the overall entropy is already negligible in
a free hydroxyl group.
However, to confirm on an experimental basis that the


entropy variation associated with the H atom transfer reac-
tion shown in Scheme 1 can safely be neglected, we carried
out a very careful study of the temperature dependence of
the equilibrium constant K1. Initially, the equilibrium was
studied in the 296±383 K temperature range in a toluene/di-
tert-butyl peroxide (9:1 v/v) solution. From these measure-
ments the van’t Hoff plot shown in Figure 2 was obtained,
providing DH8= �0.2�0.2 kcalmol�1 and DS8 = ++5.0�
0.6 calmol�1K�1. These values unexpectedly indicate that
the entropic contribution to the hydrogen atom exchange re-
action is significantly positive and that the enthalpic term is
close to zero, which implies that some interaction with a fa-
vourable enthalpy and a negative entropy is lost on passing
from left to right in the reaction shown in Scheme 1. This
result is opposite to what would be expected (vide infra) on


the basis of the results reported in reference [6], and is hard
to interpret without admitting the intervention of solvent
molecule in the reaction.
Actually, catechols have been found to experience strong


kinetic solvent effects in hydrogen atom abstraction by ni-
trogen- and oxygen-centred radicals.[8] Moreover, by measur-
ing the equilibrium constant for the reaction shown in
Scheme 1 in a hydrogen-bond-accepting (HBA) solvent such
as tert-butyl alcohol we found an O�H BDE value for 1 A
1.4 kcalmol�1 larger than that determined in the benzene/di-
tert-butyl peroxide (9:1) mixture.[2] Thus, the substituted cat-
echol behaves similarly to other phenolic antioxidants in
which hydrogen bonding by HBA solvents induces an in-
crease in the BDE value, through preferential stabilisation
of the starting phenol rather than of the phenoxyl radical.[12]


These determinations were carried out under the assump-
tion that the O�H bond energy of BHT in Me3COH is the
same as in hydrocarbons, due to the steric protection of the
hydroxyl group by the ortho tert-butyl substituents in BHT,
which prevents its solvation by HBA solvents.[13]


Thus, the van’t Hoff plot shown in Figure 2 seems to sug-
gest that the experiments performed in benzene containing
some di-tert-butyl peroxide as radical photoinitiator are also
somewhat affected by solute±solvent interactions. It should
be pointed out that our previous determinations of BDE
values of phenolic antioxidants were carried out in benzene
(bH2 = 0.14), as many autoxidation experiments are usually
performed in styrene, which is characterised by a similar bH2
value (0.18).[14]


To determine the contributions of both benzene and per-
oxide to the solvent effect we studied the equilibrium shown
in Scheme 1 in pure isooctane, pure benzene and pure di-
tert-butyl peroxide. EPR radical equilibration experiments
(Figure 3) carried out at room temperature provided the
equilibrium constants at 296 K as 250 in isooctane, as 51 in
benzene, and as 6.3 in pure di-tert-butyl peroxide.
Ingold and co-workers have recently proposed an empiri-


cal equation, which quantifies the kinetic solvent effect at
room temperature.[15] The equation can be expressed as:
log KS


1 = log K0
1�8.3aH2 bH2 , where K0


1 refers to the equilibri-
um constant in a non-HBA solvent for which bH2 = 0, such
as isooctane, and KS


1 is the corresponding equilibrium con-


Figure 2. Experimentally determined van’t Hoff plot for the equilibrium
shown in Scheme 1 in a toluene/di-tert-butyl peroxide (9:1 v/v) solution
(full circles) and in isooctane (full squares).
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stant in the HBA solvent S. By using bH2 = 0.14 for benzene,
bH2 = 0.33 for di-tert-butyl peroxide[16] and aH2 = 0.62 for
the catechol[17] we obtained KBenzene


1 = 48 and KPeroxide
1 = 5,


in very good agreement with the experimentally ascertained
EPR values (51 and 6.3, respectively). This result implies
that, with phenols characterised by high hydrogen bond
donor (HBD) abilities, the presence of some peroxide in the
solution can also significantly influence the results. On the
other hand, with phenols bearing electron-donating substitu-
ents, such as a-tocopherol, characterised by a weaker hydro-
gen bond donating ability, the presence of a small amount
of peroxide in the reaction mixture does not significantly
affect the EPR equilibration measurements.[3]


On the basis of the above considerations and in order to
avoid any effect due to solute±solvent interactions, the tem-
perature dependence of the equilibrium constant for the re-
action shown in Scheme 1 was investigated in isooctane sol-
utions devoid even of trace amounts of peroxide. When
these solutions, previously deoxygenated by bubbling nitro-
gen, were irradiated, reasonably intense EPR signals were
observed. Analysis of the van’t Hoff plot (see Figure 2) pro-
vided the following thermodynamic parameters: DH8 =


�2.8�0.1 kcalmol�1 and DS8 = ++1.3�0.2 calmol�1K�1.
Since the O�H BDE value of the reference phenol BHT is
81.0 kcalmol�1, this means that the BDE of 3,5-di-tert-butyl-
catechol (1 A) is 78.2 kcalmol�1; that is, identical to that of
a-tocopherol. Through subtraction of the contributions due
to the 3- and 5-tert-butyl groups, the BDE of catechol 2 A is
calculated as 81.8 kcalmol�1 and the ortho hydroxyl effect
will thus be �5.8 kcalmol�1; that is, 4.2 kcalmol�1 lower than
that computed by Zhang and co-workers.[6]


To validate the large difference between these experimen-
tal results and those reported in reference [6], the DH8 and
DS8 values for the reaction shown in Scheme 1 were estimat-
ed by assuming the ortho-hydroxyl effect of 10.0 kcalmol�1


given by Zhang et al.[6] and a DG8 value of the reaction
equal to the value measured by EPR spectroscopy
(�3.2 kcalmol�1) at 296 K. The calculated values (DH8 =


�7.0 kcalmol�1 and DS8 = �12.8 kcalmol�1)[18] indicate that
Zhang×s parameters would predict a largely negative reac-


tion entropy, in disagreement with these experimental re-
sults.
The above data can also be used to calculate the strength


of the intramolecular hydrogen bond between the hydroxyl
proton and the oxygen radical centre in the semiquinone
radical 1 BC. By use of the group additivity rule again and by
considering the contribution of an ortho-hydroxyl group to
be identical to that of an ortho-methoxy substituent
(�0.2),[4a] the predicted BDE value is computed to be
5.6 kcalmol�1 higher than the experimentally measured
value of 78.2 kcalmol�1. This difference can be attributed to
the formation of the intramolecular hydrogen bond in radi-
cal 1 BC and therefore represents the strength of this H-
bond. This is larger than the corresponding H�bond
strength (ca. 4.0 kcalmol�1)[5] in the parent catechol, by
about 1.6 kcalmol�1. The intramolecular H-bond in the sem-
iquinone radical 1 BC is therefore much weaker than predict-
ed by the DFT calculations reported in the literature (ca. 8±
9.5 kcalmol�1).[6,7]


Recently, we have shown that the BDEs of para-substitut-
ed phenols (ArOH) are predicted very well by the DFT
method at the simple B3LYP6±31G* level in conjunction
with the isodesmic approach by use of Equation 2.


BDEðArOHÞ ¼ BDEexpðPhOHÞþ
½EcalcdðArOCÞ�EcalcdðArOHÞ	�½ðEcalcdðPhOCÞ�EcalcdðPhOHÞ	


ð2Þ


Estimation of zero point vibrational energy (ZPVE), ther-
mal correction to the enthalpy and enlargement of the basis
set (6±311++G**) were found to have negligible effect.[19]


The BDE of catechol 2 A (Scheme 2) is computed by the
isodesmic approach to be 77.0 kcalmol�1 at the simple
B3LYP/6±31G* level; that is, an ortho-hydroxyl effect


(10.6 kcalmol�1) comparable to that computed at the
B3LYP/6±31G** level by Zhang et al.,[6] as would be expect-
ed since Equation (2) provides relative BDEs with respect
to phenol (PhOH). In Scheme 2 the total number and types
of bonds is conserved, so there should be cancellation of
errors due mainly to electron correlation on the two sides of
the reaction. Thus, the large difference between the ortho-
hydroxyl effect (�10.0 kcalmol�1) on the BDE of catechol
computed at the B3LYP/6±31G** level and that determined
by the EPR radical equilibration technique (�5.8 kcalmolA1)
is surprising.
Calculations were then performed on the substituted cate-


chol 1 in order to compare theory and experiment directly.
B3LYP/6±31G* calculations predict the semiquinone radical


Figure 3. EPR spectra (296 K) obtained by photolysis of BHT/1A mix-
tures in isooctane (a, [BHT]/[1A] = 21.3), benzene (b, [BHT]/[1 A] =


21.3) and di-tert-butyl peroxide (c, BHT]/[1 A] = 2.90).


Scheme 2. Bond dissociation of catechol 2A.
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1 AC to be considerably less stable than 1 BC (by 2.4 kcalmol�1


including the ZPVE correction of 0.1 kcalmol�1), with a rel-
atively low barrier to isomerisation (4.9 kcalmol�1 including
the ZPVE correction of 2.3 kcalmol�1), in agreement with
the ESR evidence. The BDE of 1 A is computed to be
73.5 kcalmol�1 by the isodesmic approach and without the
ZPVE correction; that is, the two tert-butyl groups reduce
the BDE of catechol by 3.5 kcalmol�1, in excellent agree-
ment with the value estimated from the group additivity
rule (3.6 kcalmol�1). This suggests that the simple B3LYP/6±
31G* level, in conjunction with the isodesmic approach, pre-
dicts the effects on the BDE due to electronic perturbations
very well, but is inadequate to describe correctly the intra-
molecular H-bonding present in catechol but absent in
phenol. Subsequently, the effects of vibrations and basis set
on the BDE of the unsubstituted catechol 2 A were investi-
gated by the DFT-B3LYP method. Interestingly, the ZPVE
correction cannot be neglected as in para-substituted phe-
nols, being as large as 0.9 kcalmol�1. Furthermore, Table 1


shows that addition of diffuse functions on oxygen (6±31+
G*) sizeably increases (1.4 kcalmol�1) the BDE of catechol.
Addition of polarisation functions and diffuse functions on
hydrogen (6±31++G**) as well as enlargement of the basis
set from the valence double z (6±31++G**) to the valence
triple z (6±311++G**) basis set has little effect. It should
be noted that the barrier to the 1 AC!1 BC isomerisation de-
creases significantly on going from the 6±31G* (4.9 kcal -
mol�1) to the 6±31++G** (3.8 kcalmol�1) basis set. This
value is slightly higher than the barrier (2.8 kcalmol�1) to
isomerisation between the two equivalent sites in the 3,6-di-
tert-butyl semiquinone radical determined experimentally by
ESR spectroscopy.[20] As expected, the relative stability is
much less affected by the enlargement of the basis set, being
computed to be 2.2 kcalmol�1 at the B3LYP/6±31++G**
level.


Anyway, the BDE of catechol 2 A remains significantly
underestimated with respect to the experimentally measured
value, by about 2 kcalmol�1 with use of the B3LYP method
and moderately large basis sets. The BDE of catechol was
therefore also estimated by the more reliable coupled clus-
ter method with single and double excitations (CCSD). The
BDE values reported in Table 1 confirm that addition of po-
larisation and diffuse functions on hydrogen also has negligi-
ble effect on the BDE values when an ab initio method in-
cluding electron correlation is used. Importantly, the BDE
of catechol increases by about 2 kcalmol�1 on going from
the B3LYP to the CCSD method, so that agreement be-
tween theory and experiment becomes excellent.
The H�bond interaction in catechol 2 A and in semiqui-


none radical 2 BC were then estimated by also carrying out
calculations on the less stable conformers 2 C and 2 CC,
where the H�bond interaction is absent.


Table 1 shows that the HB interaction in catechol 2 A de-
pends little on the basis set and increases slightly (by about
0.5 kcalmol�1) on going from the DFT method to the corre-
lated CCSD method. Its value (about 4.5 kcal) is in accord
with previous estimates. The ZPVE correction is negligible,
being computed as 0.01 kcalmol�1 at the B3LYP/6±31G*
level. On the other hand, the HB interaction in the semiqui-
none radical 2 BC depends on the theoretical method and is
significantly affected by addition of diffuse functions on
heavy atoms. Interestingly, the ZPVE correction is comput-
ed to be considerable (�0.52 kcalmol�1). The decrease of
1.6 kcalmol�1 on going from the B3LYP/6±31G** to the
CCSD/6±31++G** level accounts for about 40% of the
discrepancy between the experimentally determined value
and previous theoretical DFT calculations. However, the
best theoretical value (7.9 kcalmol�1 at the CCSD/6±31+
+G** level) is 2.3 kcalmol�1 higher than the value deter-
mined by the group additivity rule (5.6 kcalmol�1). Since the
experimental BDE value of 2 A is reproduced well by
CCSD/6±31++G** calculations in conjunction with the iso-
desmic approach, the discrepancy between experiment and
theory in the HBI value in the semiquinone 2 BC could be
due to a different estimate of the o-OH effect. Indeed,
Table 1 shows that the value of �0.2 kcalmol�1 is about
2 kcal lower than that estimated at the CCSD/6±31++G**
level.
A possible explanation for this discrepancy could be at-


tributable to the ability of the 2-methoxyphenoxyl radical to
adopt two different conformations: one with the methyl
group directed toward the OC radical centre interacting with
a weak hydrogen bond, the other with the methyl group
pointing away. DFT calculations have shown that the former
conformer is 1.6±1.9 kcalmol�1 more stable than that point-
ing away from the OC radical centre.[4b] On these basis the


Table 1. O�H BDE for catechol 2A computed at different levels of
theory by the isodesmic approach [Eq. (2)]. The H-bond interaction
(HBI) in catechol 2A and in the parent semiquinone radical 2BC, togeth-
er with the ortho-OH effect in 2 CC[a] , are also reported.[b]


Method BDE HBI in
2A


HBI in
2BC


o-OH effect on BDE
2 A/2CC


B3LYP/6±31G* 77.9 4.2 9.5 �0.2
B3LYP/6±31G** 77.9 4.2 9.4 �0.3
B3LYP/6±
31+G*


79.3 4.3 8.8 0.4


B3LYP/6±
31++G**


79.3 4.3 8.7 0.4


B3LYP/6±
311++G**


79.2 4.3 8.6 0.3


CCSD/6±31G* 80.6 4.6 8.3 0.8
CCSD/6±31+G* 81.6 4.7 8.0 1.9
CCSD/6±
31++G**


81.5 4.7 7.9 1.8


exp 81.8 5.6[c]


[a] The ortho-OH contribution to BDE without the HB interaction in the
semiquinone radical (2CC). [b] Energy values (kcalmol�1) include the
ZPVE correction estimated at the B3LYP/6±31G* level. [c] Estimated by
the group additivity rule.
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additive contribution for an ortho-OH is calculated to be
about 1.4±1.7 kcalmol�1 and the hydrogen bond interaction
in 2 BC is estimated to be 7.0±7.3 kcalmol�1, in satisfactory
agreement with the CCSD/6±31++G** value.
It should be remarked that the theoretical BDE values


are computed in the gas phase. Attempts to estimate the sol-
vent influence on the BDE with a continuum model such as
the PCM[22] method failed. At the PCM/B3LYP/6±31++


G**//B3LYP/6±31++G** level the variation in BDE is
negligible on going from benzene to n-heptane and etha-
nol–being 0.1 and �0.3 kcalmol�1, respectively–in evident
contrast with experimental evidence. For example, the BDE
of 3,5-di-tert-butylcatechol 1 A has been found to increase
significantly (by 1.4 kcalmol�1) on going from benzene to
tert-butanol.[2] This is because large variations in BDE in the
liquid phase are due essentially to formation of H-bonding.
However, the theoretical BDE values can be safely com-
pared with the experimental values obtained in isooctane,
since we have shown[19] that explicit interaction of two mole-
cules of an apolar solvent such as propane with phenol and
the phenoxyl radical (supermolecule approach) is negligible,
whereas two large variations of the BDE in opposite direc-
tions have been computed on employing two molecules of a
HBA solvent such as isopropanol and of a HBD solvent
such as 1,1,1,3,3,3-hexafluoroisopropan-2-ol, in agreement
with experimentation. Unfortunately, calculations by such a
simple supermolecule approach cannot be carried out on
catechol since there are two interaction sites at short dis-
tance.


Conclusion


In conclusion, there seems to be little doubt that 3,5-di-tert-
butylcatechol and a-tocopherol are characterised by the
same O�H bond dissociation enthalpy, this also being sup-
ported by their reactivities, which, at least in hydrocarbons,
are quite similar. An examination of literature data actually
shows that, in reaction with DPPH radicals in hexane at
30 8C, 1 A is about three times more reactive than an a-
TOH analogue (2,2,5,7,8-pentamethyl-6-hydroxychroman),
while in the reaction with peroxyl radicals in styrene at
30 8C its reactivity is about half that of a-TOH.[8] The unsub-
stituted catechol–which, on the basis of the ortho-hydroxyl
effect computed by Zhang et al. (10.0 kcalmol�1), should
have a BDE value lower than of a-tocopherol and thus
should be more reactive than the latter, and also in view of
the lower steric crowding in the proximity of the OH
groups–is instead six time less reactive in styrene solu-
tion.[8] Therefore, even an appropriate analysis of the availa-
ble kinetic data indicates that the BDE values for catechols
calculated by Zhang et al. are unrealistic. Extensive theoret-
ical calculations indicate that half of the discrepancy be-
tween the B3LYP/6±31G** BDE value and experiment is
due to the absence of diffuse functions on oxygen (B3LYP/
6±31+G*). Furthermore, the DFT method with the B3LYP
functional underestimates the BDE of catechol with respect
to the more reliable ab initio CCSD method. This accounts
for the other half of the discrepancy, so that the BDE of cat-


echol determined by the EPR radical equilibration techni-
que is well reproduced by CCSD/6±31+G* calculations in
conjunction with the isodesmic approach.[21]


Experimental Section


Determination of the equilibrium constant K1: Deoxygenated isooctane
or toluene solutions containing 1 A (0.04±0.15m) and BHT (0.1±1m) were
sealed under nitrogen in a Suprasil quartz EPR tube. The sample was in-
serted in the thermostatted cavity of an EPR spectrometer (Bruker
ESP 300) and photolysed with the unfiltered light from a 500 W high-
pressure mercury lamp. The temperature was controlled with a standard
variable temperature accessory and was monitored before and after each
run with a copper±constantan thermocouple. The molar ratio of the two
equilibrating radicals was obtained from the EPR spectra and used to de-
termine the equilibrium constant K1, by introduction of the initial con-
centrations of the two reactants into Scheme 1. Initial concentrations
were high enough to avoid significant consumption during the course of
the experiment. Relative radical concentrations were determined by com-
parison of the digitised experimental spectra with computer-simulated
ones. In these cases an iterative least-squares fitting procedure based on
the systematic application of the Monte Carlo method was performed in
order to obtain the experimental spectral parameters of the two species,
including their relative intensities.[4a]


FT-IR measurements : The FT-IR spectra were measured from 4000 to
3000 cm�1 with a Nicolet Protÿgÿ 460 spectrometer with a resolution of
2 cm�1. Tetrachloromethane solutions of catechol 1 A (0.1m) were exam-
ined in a sealed KBr cell with 0.1 mm optical path.


Computational details : DFT calculations employing the B3LYP function-
al[23,24] were carried out on catechol (isomers 2 A and 2 C) and on the
parent semiquinone radical (isomers 2BC and 2CC) by use of the GAUS-
SIAN98 system of programs.[25] Calculations were also performed on
phenol and phenoxyl radical to estimate the BDE values by the isodes-
mic approach [Eq. (2)], using BDEexp(Ph�OH) = 87.6.[4a] Unrestricted
wavefunction was used for radical species. Geometries and BDE values
were computed with different basis sets. Firstly, a valence double-z basis
set supplemented with polarisation d-functions on heavy atoms[26]


(6±31G*) and also polarisation p-functions on hydrogens (6±31G**) was
employed. Standard diffuse functions[27] were then added to heavy atoms
(6±31+G*) and also to hydrogens (6±31++G**). Finally, calculations
were performed by employing a triple-z basis[28] set supplemented with
both polarisation and diffuse functions (6±311++G**). The BDE values
were also estimated by the coupled-cluster method with single and
double excitations (CCSD).[29] The core electron were held frozen in esti-
mation of electron correlation, since their inclusion would not be expect-
ed to influence the optimum geometries significantly. DFT calculations
were also performed on the 3,5-di-tert-butylcatechol 1 A and on the
parent semiquinone radical (isomers 1AC and 1BC) at the B3LYP/6±31G*
and B3LYP/6±31++G** levels to compute the BDE, the relative stabili-
ty of the radical isomers, and the barrier to 1AC!1BC isomerisation. DFT
and CCSD energies were corrected for the zero point vibrational ener-
gies (ZPVEs) computed at the B3LYP/6±31G* level by frequency calcu-
lations using a scaling factor of 0.9806 to account for anharmonicity.[30]
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Ring Currents as Probes of the Aromaticity of Inorganic Monocycles : P5
�,


As5
�, S2N2, S3N3


�, S4N3
+ , S4N4


2+ , S5N5
+ , S4


2+ and Se4
2+


Frank De Proft,[a] Patrick W. Fowler,[b] Remco W. A. Havenith,[b]


Paul von Raguÿ Schleyer,[c] Gregory Van Lier,[a] and Paul Geerlings*[a]


Introduction


Aromaticity, an essential term in the working vocabulary of
organic chemistry,[1] has been used in thousands of papers[2]


to rationalise stability, patterns of reactivity, reaction mecha-
nisms and physical properties of delocalised ring systems.


One conventional measure of aromaticity is the ability of
a system to sustain a diatropic ring current,[3] often diag-
nosed by calculation of the nucleus-independent chemical
shift (NICS)[4] at or near the ring centre. Other criteria,
from more traditional structural and energetic[5a,b] to recent
conceptual DFT-based measures,[5c,d] and their application
are discussed at length in reference [1e]. There is a long tra-
dition of extension of the aromaticity concept to the domain
of inorganic chemistry to help clarify the electronic structure
of species such as borazine,[4b,6a] deltahedral boranes[6b,c] and


pnictogen rings and clusters.[4b,6d] A striking recent develop-
ment is the identification of ™all-metal aromatics∫, in which
the rings involve only metal atoms.[7] All these extensions
carry implications about the ring currents to be expected in
purely inorganic rings.


Modern theoretical methods allow direct visualisation of
the current density induced by a magnetic field, and distrib-
uted-gauge mapping techniques[8] have been applied to
many polycyclic organic[9] and some inorganic species.[10]


The current-density map shows, for example, that borazine,
the ™inorganic benzene,∫ is in fact nonaromatic according to
this magnetic criterion,[9a] whereas 2p-electron Al4


2� has a
ring current, but of s origin.[10a] We use the ipsocentric[9d]


distributed-gauge method here to visualise the ring current,
analyse its orbital origin and hence probe aromaticity in a
number of simple inorganic rings that are accessible experi-
mentally.[11a] Comparison is also made with NICS calcula-
tions. The species considered are P5


� , As5
� , S2N2, S3N3


� ,
S4N3


+ , S4N4
2+ , S5N5


+ , S4
2+ and Se4


2+ .
The first series consists of P5


� and As5
� .[11b] P5


� , the all-
phosphorus analogue of the cyclopentadienide anion Cp� ,
has been isolated in alkali metal salts[11c] and has been incor-
porated in several mixed sandwich complexes, for example,
[(h5-C5Me5)Fe(h


5-P5)], [(h5-C5Me5)2Fe2(h
5-P5)] and [(h5-


C5Me5)2Cr2(h
5-P5)2].


[11d] Recently, the carbon-free sandwich
complex [(h5-P5)2Ti]2


� was prepared and characterised.[11e]


Sandwich complexes containing As5
� are also known.[11b, f]


Previous theoretical studies showed that P5
� is almost as ar-


omatic as Cp� .[11g] Recently, the electronic structures of X5
�


(X=P, As, Sb and Bi) were investigated by a combination of
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Abstract: Current-density maps were
calculated by the ipsocentric CTOCD-
DZ/6-311G** (CTOCD-DZ=continu-
ous transformation of origin of current
density-diamagnetic zero) approach for
three sets of inorganic monocycles:
S4


2+ , Se4
2+ , S2N2, P5


� and As5
� with 6 p


electrons; S3N3
� , S4N3


+ and S4N4
2+


with 10 p electrons; and S5N5
+ with 14


p electrons. Ipsocentric orbital analysis


was used to partition the currents into
contributions from small groups of
active electrons and to interpret the
contributions in terms of symmetry-


and energy-based selection rules. All
nine systems were found to support di-
atropic p currents, reinforced by s cir-
culations in P5


� , As5
� , S3N3


� , S4N3
+ ,


S4N4
2+ and S5N5


+ , but opposed by
them in S4


2+ , Se4
2+ and S2N2. The op-


position of p and s effects in the four-
membered rings is compatible with
height profiles of calculated NICS (nu-
cleus-independent chemical shifts).


Keywords: aromaticity ¥ density
functional calculations ¥ inorganic
monocycles ¥ nucleus independent
chemical shifts ¥ ring currents
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photoelectron spectroscopy and ab initio calculations. All
were found to have D5h structures with nearby, but higher
lying, C2v isomers. On the basis of energetic arguments and
analysis of the molecular orbitals, these compounds are all
thought to be aromatic, although their valence MO ordering
differs from that in Cp� .[6d]


Our second series comprises four charged sulfur±nitrogen
rings, typical of a large number of SN compounds which
have been characterised experimentally.[11a,h] The cage com-
pound S4N4, prepared by the reaction of NH3 and S2Cl2 or
SCl2, is the main precursor for the preparation of other SN
compounds.[11a,h] Thermal decomposition of S4N4 over Ag
wool yields the unstable S2N2, which has a square-planar
ring (D2h) and is isoelectronic with S4


2+ (vide infra).[10a,h]


S3N3
� is formed when S4N4 is treated with azides or with po-


tassium metal.[11i] Reaction of S3N2Cl2 with S2Cl2 produces a
salt containing the S4N3


+ ion.[11a,h] Oxidation of S4N4 with
AsF5 or SbF5 yields the salts [S4N4


2+](EF6
�)2 (E=As or


Sb).[11a,h, j] Depending on the counteranion, S4N4
2+ can adopt


planar structures, either with equal bond lengths or with al-
ternating distances and different angles at S and N, or non-
planar boat-shaped forms.[11a,h, ] We also considered the 14p-
electron azulene-like isomer of the S5N5


+ ion.[11a,h,k]


The square-planar chalcogen dications S4
2+ and Se4


2+ also
have been characterised in detail.[11a, l] These species are ob-
tained as salts by selective oxidation of the elements with
SbF5 or AsF5 in liquid HF or with S2O2F2 in HSO3F. Their
bond lengths are about 3% shorter than typical E�E single
bonds.[11a, l] Along with the isoelectronic, neutral four-mem-
bered ring S2N2, these constitute our third series.


We find that each of these ring systems supports a strong
p diatropic current, as expected from the presence of 4n+2
p electrons. However, the s electrons of these inorganic
rings also give rise to significant ring-current effects, which
can reinforce or oppose the diatropicity of the p electrons,
and have analogues in the diatropic ™s aromaticity∫ of cy-
clopropane and the paratropic ring-current activity of cyclo-
butane, ascribed on the basis of NICS analysis.[12] The differ-
ent roles of s and p electrons are explained by an ipsocen-
tric orbital model that gives a clear rationale for the sense
of rotation of the current and the number of electrons in-
volved in producing that current.


Method


Optimised geometries of S4
2+ , Se4


2+ , P5
� , As5


� , S2N2, S3N3
� , S4N3


+ ,
S4N4


2+ and S5N5
+ (Scheme 1) were obtained at the B3LYP/6-311+G**


DFT level by using Gaussian98.[13] All but S3N3
� and S5N5


+ have planar
minima, as confirmed by diagonalisation of the Hessian matrix. The D3h


structure of S3N3
� has a single imaginary frequency and relaxes to a C3v-


symmetric minimum. The planar azulene-like C2v structure of S5N5
+ con-


sidered here has a single imaginary frequency; it relaxes to nonplanar C1


symmetry on full optimisation, but this form was not analysed further.


Current-density maps for all molecules in their planar geometries were
calculated at the coupled Hartree±Fock level in the 6-311G** basis by
using the distributed-origin method of Keith and Bader,[8a±b] as developed
by the Modena group[8c±d] and implemented in the SYSMO program.[14]


The diamagnetic zero (DZ) variant of the CTOCD (continuous transfor-
mation of origin of current density) method, in which the current density
at each point in space is calculated with that point as origin, was used.


This choice of an ipsocentric[9d] origin of vector potential has all the usual
advantages of distributed-origin approaches: superior convergence with
basis-set size and physically realistic[9e,f] current maps with modest basis
sets. It also provides a specific partition of the first-order wavefunction,
and therefore of the induced current density, into nonredundant orbital
contributions that involve only occupied-to-virtual transitions and obey
simple symmetry-based selection rules.[9c,d] This simplicity proves crucial
for the interpretation of the results. In a p system subjected to a perpen-
dicular magnetic field, nonvanishing orbital contributions arise only from
transitions that are induced either by linear momentum operators that
span the symmetry of in-plane translations, or by an angular momentum
operator that has the symmetry of a rotation about the field direction.
Expressed with respect to the molecular centre, the contributions of the
first type are diamagnetic (diatropic), and those of the second are para-
magnetic (paratropic). The terms diamagnetic and paramagnetic describe
a circulation by its accordance with or opposition to Lenz×s law; diatro-
picity and paratropicity refer to its effect on chemical shift of a test (and,
in the present case, fictitious) nucleus.


In the maps, current densities induced by a magnetic field of unit
strength acting along the principal axis are plotted in a plane parallel to
that of the central ring. Contours denote the modulus of the current den-
sity at values 0.001î4neh/2pmea


4
0, and the vectors represent the in-plane


projection of the current. A cutoff is applied to remove the very large
vectors that arise in the vicinity of the nuclei for plots in the molecular
plane. In all plots, diamagnetic circulation is counterclockwise and para-
magnetic circulation clockwise. For carbon-based rings, maps have usual-
ly been plotted for a height of 1a0, which is close to the maximum of p
charge and current densities, and leads to current that is essentially per-
pendicular to the inducing field. For each system in the present paper, we


Scheme 1. Selected geometrical parameters of P5
� (D5h), As5


� (D5h), S2N2


(D2h), S3N3
� (D3h), S4N3


+ (C2v), S4N4
2+ (D4h), S4


2+ (D4h), Se4
2+ (D4h) and


S5N5
+ (C2v), obtained at the B3LYP/6±311+G** level. Calculated bond


lengths and angles are compared with experimental values (in parenthe-
ses).[10a] In the case of P5


� and As5
� the bond lengths are compared with


the CCSD(T)/6-311+G** values, taken from ref. [5c]
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plot the total (s + p) current density in two planes: at a height h where
the p current is close to maximal, and in the molecular plane, where the
p contribution is vanishing due to symmetry. The height at which the p


current density reaches its maximum strength was estimated from side-
view plots of the p current density to be about 1a0 above the molecular
plane for species containing only second-row elements, and about 1.5a0
above the plane for species including third-row elements. The side views
also confirmed the current at these heights to be essentially parallel to
the molecular plane in each case. The analysis of the total density into or-
bital contributions is illustrated for each system and shows currents aris-
ing from active p orbitals in plots at height h, as well as those arising
from active s orbitals in this or the molecular plane, depending on the
system. Schematic energy-level diagrams are given to illustrate the appli-
cation of the selection rules.


To indicate the effects of the currents
shown in the maps on integrated mo-
lecular properties, NICS values were
calculated at ring centres (NICS(0))
and at a height of 1 ä (NICS(1)).
Comparison of the isotropically aver-
aged NICS value at these two heights
is one way of estimating relative con-
tributions of s and p electrons to this
property, and by inference, to the ring
current itself. Since the s effects
should fall off more rapidly with
height from the ring centre, total
NICS(1) values are often good indica-
tors of the p effects.[4b,12b,5c,15] These
results are reported in Table 1 for all
nine species considered in the cur-
rent-density maps.


Other methods for making such a
separation include the ™dissected lo-
calised NICS∫[4b,12] (LMO-NICS)
method, in which the Pipek±Mezey
orbital localization scheme[16] is used
in conjunction with the SOS-DFPT[17]


method at the PW91/IGLOIII
level.[18,19]


Results and Discussion


P5
� and As5


� : In the ground
state, P5


� has a planar D5h geo-
metry.[6c] Figure 1 shows the
calculated maps for the current
density induced in this mole-
cule by a perpendicular mag-
netic field. At a height of 1.0a0
(Figure 1a), the map shows an
apparently classic example of a
diatropic ring current, but in
fact this feature persists all the
way down to the molecular
plane (Figure 1b) and so is not
solely a conventional p cur-
rent. The orbital analysis ex-
plains these two features. The
current density at 1.0a0 has ap-
proximately equal contribu-
tions from the four electrons in
the 2e001 HOMO (p, Figure 1c)
and the four in the 6e02


Table 1. Compilation of NICS values [ppm], calculated at the geometri-
cal ring centre (NICS(0)) and 1 ä above it (NICS(1)).


Molecule NICS(0) NICS(1)


P5
� D5h �18.5 �18.3


As D5h �20.5 �19.5
S3N3


� D3h �14.9 �10.0
S4N3


+ C2v �12.1 �10.7
S4N4


2+ D4h �20.6 �17.0
S5N5


2+ C2v �18.9 �16.0
S2N2 D2h �2.6 �4.7
S4


2+ D4h �10.6 �7.9
Se4


2+ D4h �9.8 �7.6


Figure 1. Calculated current-density maps and orbital contributions to ring current for P5
� : a) total (s+p) cur-


rent density plotted at a height of 1.0a0 ; b) total current density in the molecular plane; c) p current density
arising from the four electrons of the 2e001 HOMO (at height 1.0a0); d) current density arising from the four
electrons of the s 6e01 HOMO�1 (molecular plane); e) current density arising from the four electrons of the s


6e02 HOMO�2 (at height 1.0a0); f) current density arising from the four electrons of the s 6e02 HOMO�2 (mo-
lecular plane).
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HOMO-2 (s, Figure 1e). The HOMO-1 6e01 electrons con-
tribute an additional small net paratropic current at this
height. In the molecular plane, the p current vanishes, and
the current from 6e02 (Figure 1 f) remains as a strong diatrop-
ic circulation at the molecular periphery. In the interior of
the ring, localised paratropic eddies are contributed by the
HOMO-1 6e01 (Figure 1d). The diatropic sense of the
HOMO and HOMO-2 and the paratropic sense of the
HOMO-1 currents follow from the translational and rota-
tional selection rules of the ipsocentric model (Figure 2).


The corresponding maps for As5
� (Figure 2) show a simi-


lar pattern of currents and orbital contributions, which
follow from the match in frontier orbital symmetries. Thus,
these two inorganic rings are both like and unlike the
carbon homologue in their aromaticity. Both X5


� systems
sustain a p current that has the diatropic sense and the four-
electron character expected of a 6p analogue of the cyclo-
pentadienyl anion, but with a flat NICS height profile (see
Table 1) that indicates cooperation of s electrons in the
overall diatropicity of the current density pattern.


S3N3
� , S4N3


+ and S4N4
2+ : These three 10p-electron systems


all show marked diatropic ring currents (Figures 3±5,
Table 1). Analysis of MO contributions indicates that the
current density can be attribut-
ed mainly to the four HOMO
electrons in each case. The
HOMO±LUMO excitation is
translationally allowed; this ul-
timately derives from the (L=


2)!(L=3) transition of the
idealised monocyclic ring,[9c] in
which the orbital angular mo-
mentum jumps by one unit,
consistent with an electric-
dipole transition. In the D3h


point group of planar S3N3
� ,


the L=2 HOMO remains de-
generate, as an e’’ pair. In the
C2v and D4h point groups the
HOMO is split into a2 + b1


and b1u + b2u, respectively. The
translationally (rotationally) al-
lowed excitations, producing
diatropic (paratropic) currents,
are: in D3h, e’’!a001, a


00
2, e’’ (e’’);


in C2v, a2 + b1!a2 + b1 (a2 +
b1); in D4h, b1u + b2u!eg
(b1u + b2u). The main active
transitions for all three systems
are marked on energy level di-
agrams in Figure 6. In all cases
the nodal character of HOMO
and LUMO inherited from the
idealised monocycle ensures
that the translational excita-
tions dominate.


The s electrons contribute
localised diamagnetic circula-


Figure 2. Energy-level diagrams and important translationally (T) and ro-
tationally (R) allowed transitions leading to diatropic and paratropic cur-
rents for P5


� and As5
� .


Figure 3. Calculated current-density maps and orbital contributions to ring current for S3N3
� : a) total (s+p)


current density plotted at a height of 1.0a0; b) total current density in the molecular plane; c) p current density
arising from the four electrons of the 3e’’ HOMO (at height 1.0a0); d) current density arising from the four
electrons of the s 9e’ HOMO�1 (molecular plane). Nitrogen centres are represented by a barred circle, and
sulfur centres by an open circle.
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tions on the N sites of all three rings, with maximal strength
in the plane, but these do not constitute coherent ring cur-
rents. The sum of these localised circulations necessarily
gives rise to a net paratropic circulation at the centre of the
ring, which can be observed as a small inner feature of total
current density in the out-of-plane plot for S3N3


� (Fig-
ure 3a). The diatropic p current is strongest in S4N4


2+ . In
S4N3


+ , the p current is less uniform than in the other two
molecules, and is weakest in the long S�S bond, where the
4a2 component of the HOMO has a node. These trends are
compatible with the NICS(0) and NICS(1) values reported
in Table 1.


All three SxNy
q systems sustain a p current with the dia-


tropic sense and four-electron character expected of a
planar 10p-electron monocycle. All three systems are 4e di-
amagnetic in the terminology of reference [9c]. Apparently,
the localised character of the energetically disparate S and
N lone pairs prevents their contributing to a global current.


In the orbital picture, similar results can be expected for
the next 4n+2 p system, the 14p-electron S5N5


+ , in a planar
geometry. As Figure 7 shows, this ring sustains a 4e diamag-
netic p current arising from DL=++1 transitions of the near-
degenerate 7b1 HOMO and 5a2 HOMO�1 orbitals. The s


electrons contribute in-plane localised diamagnetic circula-


Figure 4. Calculated current-density maps and orbital contributions to ring current for S4N3
+ : a) total (s+p) current density plotted at a height of 1.0a0 ;


b) total current density in the molecular plane; c) p current density arising from the two electrons of the 5b1 HOMO (at height 1.0a0); d) p current densi-
ty arising from the two electrons of the 4a2 HOMO�1 (at height 1.0a0); e) total p current density (at height 1.0a0); f) current density arising from the
two electrons of the s 18a1 HOMO�2 (at height 1.0a0). Nitrogen centres are represented by a barred circle, and sulfur centres by an open circle.
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tions on the nitrogen centres, as in the other members of the
series. Comparison of NICS(0) and NICS(1) values
(Table 1) indicates dominance of the diatropic p compo-
nents.


S4
2+ , Se4


2+ and S2N2 : The two X4
2+ 6p-electron systems


show similar patterns of total (s + p) current density in the
out-of-plane maps (Figures 8 and 9). In both cases, the cur-
rent is dominated by a peripheral diatropic circulation
which encloses a paratropic central feature. The p contribu-


tions to the ring current in these dications arise from the
four HOMO electrons through a translationally allowed
transition to the p* LUMO (eg!b2u; Figure 10). The central
paramagnetic feature is contributed by s electrons, and
hence has maximum strength in the molecular plane
(Figure 11).


This feature arises as a result of partial cancellation be-
tween an inner paratropic current from the HOMO�1 eu
pair, and an outer diatropic current that runs in and out
over the edges of the X4 square and arises from the


Figure 5. Calculated current-density maps and orbital contributions to ring current for S4N4
2+ : a) total (s+p) current density plotted at a height of 1.0a0 ;


b) total current density in the molecular plane; c) p current density arising from the two electrons of the 2b1u HOMO (at height 1.0a0); d) p current den-
sity arising from the two electrons of the 1b2u HOMO�1 (at height 1.0a0); e) Total p current density (at height 1.0a0); f) current density arising from the
four electrons of the s 9eu HOMO�3 (at height 1.0a0). Nitrogen centres are represented by a barred circle, and sulfur centres by an open circle.
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Figure 6. Energy-level diagrams and important translationally (T) and rotationally (R) allowed transitions leading to diatropic and paratropic currents
for S3N3


� , S4N3
+ and S4N4


2+ .


Figure 7. Calculated current-density maps and orbital contributions to ring current for S5N5
+ : a) total (s+p) current density plotted at a height of 1.0a0 ;


b) total current density in the molecular plane; c) p current density arising from the two electrons of the 7b1 HOMO (at height 1.0a0); d) p current densi-
ty arising from the two electrons of the 5a2 HOMO� (at height 1.0a0); e) total p current density (at height 1.0a0). Nitrogen centres are represented by a
barred circle, and sulfur centres by an open circle.
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Figure 9. Calculated current-density maps and orbital contributions to ring current for Se4
2+ in a plane at a height of 1.5a0: a) total current density; b) p


current density arising from the four electrons of the 5eg HOMO; c) current density arising from the four electrons of the s 12eu HOMO�1; d) current
density arising from the two electrons of the s 4b2g HOMO�4.


Figure 8. Calculated current-density maps and orbital contributions to ring current for S4
2+ in a plane at a height of 1.0a0: a) total current density; b) p


current density arising from the four electrons of the 2eg HOMO; c) current density arising from the four electrons of the s 6eu HOMO�1; d) current
density arising from the two electrons of the s 2b2g HOMO�4.
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HOMO�4 b2g orbital. The s orbitals of X2þ
4 can be qualita-


tively understood as combinations of four radial lone-pair
(a1g + eu + b1g) and four edge-bond (a1g + eu + b2g) local-
ised orbitals, and, as Figure 12 shows, the eu molecular orbi-
tals responsible for the paratropic s current are the anti-
bonding combinations of the eu lone-pair and edge-bond lo-
calised functions. The s molecular orbital responsible for
the diatropic current is the antibonding combination of edge
bonds. The opposite sense of the two s orbital currents is
compatible with the selection rules for transitions to the s*
LUMO+1 (eu): b2gîeu=eu (translational) and euîa2g=eu
(rotational). The presence of the diatropic p current density
accounts for the negative NICS(1) values for these two mol-
ecules (Table 1).


The calculated current-density maps for S2N2 (Figure 13)
show strong similarities with those of the more symmetrical
X2þ


4 systems. Again there is a 4e diatropic p current arising
from the HOMO and HOMO�1 (1b1g and 2b2g in D2h), and


Figure 10. Energy-level diagrams and important translationally (T) and
rotationally (R) allowed transitions leading to diatropic and paratropic
currents for S4


2+ and Se4
2+ .


Figure 11. Calculated current-density maps and orbital contributions to ring current for S4
2+ and Se4


2+ in the molecular plane: a) total current density
(S4


2+); b) total current density (Se4
2+); c) current density arising from the four electrons of the s 6eu HOMO�1 (S4


2+); d) current density arising from
the four electrons of the s 12eu HOMO�1 (Se4


2+); e) current density arising from the two electrons of the s 2b2g HOMO�4 (S4
2+); f) current density


arising from the two electrons of the s 4b2g HOMO�4 (Se4
2+).
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in the p plotting plane at 1a0 above the nuclei, there is
again a net paratropic contribution from six electrons in
high-lying s orbitals. This s contribution is made up of a
paratropic current from 4b2u (HOMO�2) and 5b1u


(HOMO�3), and a diatropic current from 2b3g (HOMO�6).
Unlike the previous examples, the current-density maps


for the X2þ
4 and S2N2 systems do not yield a clear-cut answer


to the question of aromaticity, as their current is not a
simple circulation. From the p current alone, these systems
are apparently aromatic; from the s current alone, they are
apparently antiaromatic. The ™aromaticity∫ of the whole
current-density distribution is then equivocal, and would
depend on which property was used to sample it. The small
negative values of NICS(0) and NICS(1) (Table 1) suggest a
near cancellation of s and p effects.


Conclusion


This survey of some simple in-
organic monocycles shows that
such systems can exhibit dia-
tropic p ring currents and re-
semble the archetypal p-isoe-
lectronic aromatic [n]annulenes.
In both the inorganic and or-
ganic series, the s electron con-
tributions, especially in the ring
planes, can be large (especially
in four-membered rings) and
may oppose the p current. The
diagnosis of aromaticity on the
basis of the ipsocentric ring-cur-
rent criterion for the systems
with larger rings is clear. The
6p-electron P5


� and As5
� five-


membered rings, akin to N5
�


and the cyclopentadienyl anion,
the 10p-electron S3N3


� , S4N3
�


and S4N4
2+ systems, akin to the


C8H8
2� dianion, and the 14p-


electron S5N5
+ ring in its planar


form are examples thereof. The
number of participating elec-
trons and sense of the p cur-
rent, as shown by the ipsocen-
tric model, follow simple
H¸ckel considerations. The
NICS analysis agrees with the
main conclusions drawn from
the detailed current-density
maps. The connection between
the clearly defined physical
magnetic aromaticity criteria
and the chemical properties of
such a wide range of systems is
necessarily a more complex
question and could be a subject
for future research.


Figure 13. Calculated current-density maps and orbital contributions to ring current for S2N2 in a plane at a
height of 1.0a0 : a) total current density; b) total p current density; c) current density arising from the two
electrons of the s 4b2u HOMO�2; d) current density arising from the two electrons of the s 5b1u HOMO�3;
e) current density arising from the two electrons of the s 2b3g HOMO�6; f) the three s orbitals that make
significant contributions to the current-density maps of S2N2, displayed with respect to the short S�S non-
bonding contact (2.359 ä, B3LYP/6-311+G**).


Figure 12. Orbitals with significant contributions to the current-density
maps of Se4


2+ : a) 5eg HOMO; b) 12eu HOMO�1 c) 4b2g HOMO�4.
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Three-Phase Microemulsion/Sol±Gel System for Aqueous Catalysis with
Hydrophobic Chemicals


Raed Abu-Reziq,[a] Jochanan Blum,*[b] and David Avnir*[a]


Introduction


The three-phase emulsion/solid transport process : In this
study, we have merged two domains, each of which proved
to be very useful and fruitful for the general field of cataly-
sis. One domain is the application of sol±gel materials[1] as
heterogeneous carriers of catalysts,[2] and the other is the
use of microemulsions for solubilization.[3] We show that by
the careful combination of these two methodologies, one
can carry out catalytic reactions in water, whereby both the
catalyst and its substrate are hydrophobic. Since the majori-
ty of catalytic reactions involve hydrophobic components, a
general method that allows the replacement of the tradition-
ally required organic solvents by water, may become useful
when environmental issues are to be considered.[4]


Towards this goal we developed recently a novel and gen-
eral approach that eliminates the need of organic solvents in


hydrophobic heterogeneous catalysis (and in fact in hetero-
geneous reactions in general).[5] It relies on a three-phase
emulsion/solid transport (EST) method illustrated in
Scheme 1. The hydrophobic substrate is emulsified in water


(an oil-in-water (o/w) emulsion) with a carefully selected
surfactant and then is subjected to the (organometallic) cat-
alyst, which is entrapped within a partially hydrophobized
sol±gel matrix. The surfactant molecules that carry the hy-
drophobic substrate adsorb/desorb reversibly on the surface
of the sol±gel matrix,[5] breaking the micellar structure[6] and
spilling their substrate load into the porous medium that
contains the metal-complex catalyst. A catalytic reaction
then takes place within the ceramic material to form the de-
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Abstract: A facile three-phase trans-
port process is described that allows to
carry out catalytic reactions in water,
whereby all components are hydropho-
bic. According to this process a hydro-
phobic substrate is microemulsified in
water and subjected to an organome-
tallic catalyst, which is entrapped
within a partially hydrophobized sol±
gel matrix. The surfactant molecules,
which carry the hydrophobic substrate,


adsorb/desorb reversibly on the surface
of the sol±gel matrix breaking the mi-
cellar structure, spilling their substrate
load into the porous medium that con-
tains the catalyst. A catalytic reaction


then takes place within the ceramic
material to form the desired products
that are extracted by the desorbing sur-
factant, carrying the emulsified product
back into the solution. The method is
general and versatile and has been
demonstrated with the catalytic hydro-
genations of alkenes, alkynes, aromatic
C=C bonds, and nitro and cyano
groups.


Keywords: heterogeneous
catalysis ¥ hydrogenation ¥
microemulsion ¥ sol±gel processes ¥
three-phases transport


Scheme 1. A flow-chart of the emulsion/solid transport three-phase pro-
cess. The advantageous microemulsion process follows similar steps.
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sired products that are extracted by the desorbing surfac-
tant, carrying the emulsified product back into the solution.
The free products are finally obtained by breaking the emul-
sion.


A major improvement we introduce here to this EST
process, and which we recommend as a standard procedure
over our previously reported procedure,[5] is to move from
an emulsion to a microemulsion. We recall that microemul-
sions are defined as thermodynamically stable and optically
transparent macroscopically homogeneous mixtures of oils,
water, and surfactants.[3,7] Being based on aqueous media
they are economically favored and environmentally safer
than conventional organic solvents, while overcoming re-
agent incompatibility with water. Microemulsions have been
used as microreactors,[8] and, owing to their large interfacial
area, were found to accelerate chemical processes and to
induce regioselectivity in organic reactions as a function of
their composition.[9] Microemulsions have also been used in
various catalytic processes. Examples include oxidation,[10]


hydroformylation,[11] carbonylation,[12] dehalogenation,[13]


and free-radical chain polymerization.[14] In the application
to the three-phase catalysis reported herewith the o/w mi-
croemulsion is used as a carrier of both the substrate and
the product. Since the catalysis takes place within the non-
soluble ceramic component of the system, it can be filtered
off and re-used. There are several advantages of replacing
the regular emulsion by a microemulsion in the EST
method.


1) Temperature flexibility: a whole range of convenient
temperatures can be used (as opposed to the narrow
window around 80 8C needed for the regular emulsion
method[5]).


2) A wider range of surfactants can be used (unlike the reg-
ular emulsion described in our previous study,[5] which
we could affect only with cetyl(trimethylammonium) 4-
toluenesulfonate).


3) The large surface area of the microemulsion makes the
transport process into and out of the solid more effi-
cient.


Since the EST methodology
involves several equilibria
which take place in a rather
complex system, the main art
that had to be practiced is the
tailoring of the right HLB (hy-
drophilic/lipophilic balance) of
both the surfactant and the
solid matrix. The micro-EST
(for short, we shall continue to
use EST for microemulsions as
well) systems described below
are composed of either anionic
surfactants (sodium dodecylsul-
fate (SDS), sodium 4-dodecyl-
benzenesulfonate (SDBS)) or
cationic surfactants (cetyltri-
methylammonium bromide


(CTAB), N,N-dimethyl-N-dodecyl-N-(2-hydroxyethyl)am-
monium bromide (DDHAB)); and of partially hydrophobi-
cally derivatized silicas, namely octylated and phenylated
sol±gel matrices. The catalysts [(CH3)(C8H17)3N]+


[RhCl4]
�¥nH2O and [Rh(cod)(PPh3)2]


+PF6
� were entrapped


within these matrices (and, for comparative purposes,
[Rh(cod)(PPh3)2]


+PF6
� was also entrapped in hydrophilic


silica) and used for the selective hydrogenation of unsaturat-
ed hydrophobic substrates.


Experimental Section


Chemicals : [Rh(cod)(PPh3)2]
+PF6


�[15] and N,N-dimethyl-N-dodecyl-N-(2-
hydroxyethyl)ammonium bromide[16] were synthesized according to pub-
lished procedures. All other chemicals are commercial.


Microemulsification procedures : Two general procedures were employed
for the microemulsification of the various substrates.


Procedure A : A mixture of an appropriate surfactant (1.0±1.4 g) in triply
distilled water (TDW; 10 mL) and the organic substrate (9.7±24 mmol)
was emulsified by vigorous stirring. The resulting emulsion was then ti-
trated with either n-butanol or n-amyl alcohol (typically, 2±5 mL) until a
clear transparent microemulsion was obtained. In case the exact end-
point had been passed by excess alcohol (turbidity appears), back-titra-
tion was carried out by adding more of the surfactant. The solution was
then sonicated for 5±10 min. (A simple test for a successful microemulsi-
fication, in addition to its transparency, is the shining of the light of a
laser pointer through the solution: the beam is clearly seen.) The micro-
emulsions so formed proved stable at the reaction temperatures of 80±
100 8C. Breaking of the emulsion at the end of the reaction was achieved
by agitation with NaCl (0.2 g). If during the emulsification foam was
formed, sonication for 20 minutes solved this problem.


Procedure B (suitable in particular for polycyclic arenes): The substrate
(4±9 mmol) dissolved in either methylcyclohexane (2.0 mL) or warm bu-
tanol (3.0 mL) was added to a stirred solution of SDS (3±4 mmol) in
TDW (10 mL); the resulting emulsion was heated to 60 8C and titrated
with n-butanol (2±3 mL) to form the transparent microemulsion. It was
then sonicated for 5 min. Representative data for the formation of micro-
emulsions with several substrates are summarized in Table 1.


Entrapment of the catalysts in organically modified sol±gel matrices


Catalyst 1: A solution of octyltriethoxysilane (2.1 mL, 6.72 mmol) in
EtOH (5.6 mL, 95.6 mmol) was hydrolyzed by TDW (0.36 mL) at 84 8C
for 4 d. The resulting solution was added to a mixture of tetramethoxysi-
lane (TMOS, 5.0 mL, 33.6 mmol) and TDW (4 mL) and stirred for 1 h
(the molar ratio octyltriethoxysilane:TMOS is 1:5). A solution of
[Rh(cod)(PPh3)2]


+PF6
� (40 mg, 0.0454 mmol) dissolved in a mixture of


Table 1. Composition of representative microemulsions


Entry Substrate (%)[a] Surfactant (%)[b] Precentage Percentage
of n-butanol of water


1 1-octene (10.1) DDHAB (8.2) 11.4 70.3
2 1-octene (9.6) SDS (7.8) 15.3 67.3
3 1-hexene (12.3) SDS (7.3) 19.7 60.7
4 1-undecene (10.4) CTAB (6.9) 13.5[c] 69.2
5 styrene (9.4) DDHAB(8.3) 11.3 71.0
6 phenylacetylene (9.8) DDHAB (9) 6.1 75.1
7 ethylbenzene (11.2) SDBS (8.4) 15.7 64.7
8 naphthalene (3.0) SDBS (7.7) 15.4[d] 59.6
9 nitrobenzene (13.7) SDBS (7.5) 21.4 57.4


10 diphenylamine (8.8) SDBS (8.2) 24.3 58.7
11 benzonitrile (12.2) SDBS (7.8) 19.6 60.4


[a] Except for the microemulsions of naphthalene and diphenylamine that were prepared by procedure B, all
others were prepared by procedure A. [b] DDHAB: N,N-dimethyl-N-dodecyl-N-(2-hydroxyethyl)ammonium
bromide, SDS: sodium dodecylsulfate, CTAB: cetyltrimethylammonium bromide, SDBS: sodium 4-dodecyl-
benzene sulfonate. [c] n-Pentanol was used here. [d] And 14.3% methylcyclohexane.
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acetone (2 mL) and THF (8 mL) was added. After stirring for 5 min a
solution of 0.1m tetrabutylammonium fluoride (0.2 mL) in THF was
added. Gellation occurred within 1 h. The resulting material was dried at
0.5 mm for 24 h at 54 8C; the so-formed xerogel was treated with CH2Cl2
(20 mL) under reflux for 30 min. The material was dried at 0.5 mm for
3 h, sonicated with the same solvent for 30 min and dried again (3 h).
The final weight of the ceramic catalyst, [Rh(cod)(PPh3)2]


+PF6
�@


(C8H17)-SG, (catalyst 1), was 3.9 g and the catalyst loading was
0.0116 mmolg�1. No detectable leaching of the entrapped catalyst was
evident neither in 1 nor in the catalysts described next.


Catalyst 2 : For comparative purposes, [Rh(cod)(PPh3)2]
+PF6


� was also
entrapped in hydrophilic silica sol±gel matrix by the following procedure.
A solution of TMOS (5.0 mL, 33.6 mmol) and TDW (4 mL) in EtOH
(5.6 mL) was stirred for 1 h. A solution of [Rh(cod)(PPh3)2]


+PF6
�


(40 mg, 0.0454 mmol) in a mixture of acetone (2 mL) and THF (8 mL)
was added. After stirring for 5 min a solution of 0.1m of tetrabutylammo-
nium fluoride (0.2 mL) in THF was added and gellation occurred within
15 min. The resulting gel was treated as described for catalyst 1 to give
2.8 g of [Rh(cod)(PPh3)2]


+PF6
�@SG (catalyst 2). The catalyst loading was


0.0162 mmolg�1.


Catalyst 3 : A solution of phenyltrimethoxysilane (0.63 mL, 3.37 mmol) in
EtOH (2.0 mL) was hydrolyzed with TDW (0.18 mL) by heating the solu-
tion at 60 8C for 24 h. The resulting solution of the hydrolyzed silane was
added to a stirred solution of TMOS (5.0 mL, 33.6 mmol; molar ratio of
phenyltrimethoxysilane:TMOS is 1:10), TDW (4.0 mL), methyltrioctyl-
ammonium chloride (65 mg, 0.16 mmol) and RhCl3¥3H2O (43 mg,
0.16 mmol) dissolved in MeOH (5.0 mL). The combined solutions were
stirred for 5 min and then a solution of 0.1m tetrabutylammonium fluo-
ride in tetrahydrofuran (0.2 mL) was added. Stirring was continued until
the mixture gelled (2±3 d). The resulting material was dried at 0.5 mm
for 48 h at room temperature and then treated as above with CH2Cl2,
yielding 2.95 g of {[(CH3)(C8H17)3N]+[RhCl4]


�}@(C6H5)-SG, (catalyst 3).
The catalyst loading was 0.0542 mmolg�1.


Catalyst 4 : This catalyst was prepared similarly to catalyst 3, except that
the hydrophobic silane monomer used was octyltrimethoxysilane
(0.43 mL, 1.664 mmol, octyltrimethoxysilane:TMOS=1:20), which was
hydrolyzed with TDW (0.09 mL) in ethanol (2.0 mL) at 60 8C for 24 h.
An amount of 2.75 g of the ceramic catalyst, {[(CH3)(C8H17)3N]+


[RhCl4]
�}@[C8H17)]-SG, (catalyst 4), was obtained. The catalyst loading


was 0.0581 mmolg�1.


The catalytic reactions : A freshly prepared microemulsion (typically 15±
20 mL) with the appropriate substrate (in the range of 3.6±24 mmol), pre-
pared according to either procedure A or B, was added to the catalytic
material (typically in the range of 0.02±0.08 mmol rhodium complex) in a
50 mL glass-lined stainless-steel autoclave equipped with a magnetic stir-
rer and a sampling device. After sealing the reaction vessel, it was
purged three times with hydrogen, pressurized to 200 psi H2 and heated
with stirring at 80 8C for the required length of time. Upon completion of
the reaction, the autoclave was cooled to room temperature and un-
sealed. The ceramic catalyst was separated from the reaction mixture by
filtration and the microemulsion broken by adding NaCl as described
above. The resulting two phases were separated, the organic phase was
worked up in the usual manner and the resulting products analyzed by
GC-MS, GC, and NMR spectroscopy. All products are known and were
compared with authentic samples. For re-use, the catalyst was refluxed in
MeOH (20 mL) for 30 min, dried at 0.5 mm for 3 h at room temperature,
sonicated with CH2Cl2 (20 mL) for 30 min and dried again at 0.5 mm for
2 h at room temperature.


Results and Discussion


Hydrogenation of 1-octene : [Rh(cod)(PPh3)2]
+PF6


� entrap-
ped in octylated silica (prepared from a 1:5 molar ratio of
octyltriethoxysilane/TMOS; catalyst 1) promoted quantita-
tive transformation (98%) of a microemulsion of 1-octene
(see entry 1 in Table 1), to n-octane within 4 h under the
conditions given in the Experimental Section. Lower molar


ratios (lower hydrophobicities) were tested as well. Thus,
1:20, 1:15 and 1:10 molar ratios yielded n-octane and un-hy-
drogenized isomerization products at ratios of 89:9.5, 92:7
and 95:4%, respectively.


As mentioned above, an advantage of the microemulsion
approach over the emulsion approach is the possibility to
employ a wider range of surfactants. Thus, in addition to the
cationic surfactant DDHAB, we were able to hydrogenate
1-octene in a microemulsion prepared with an anionic sur-
factant. When 1-octene was microemulsified in the presence
of sodium dodecyl sulfate (SDS) (entry 2, Table 1), the hy-
drogenation with catalyst 1 yielded 96% of n-octane (along
with just 2% of isomerization products). One may wonder
how it is possible that both types of surfactants are suitable
for the EST process. As is well known,[6] the cationic and
anionic surfactants adsorb differently on the partially hydro-
phobic silica surface (Scheme 2a,b), namely with the cation-


ic head pointing to the surface or the anionic head pointing
away from the surface, respectively. However, the final out-
come is similar for the EST purpose: Reversible rupture of
the (hemi)micellar[6] structure, spilling its content into the
porous material, or collecting the product from it.


When–for comparative purposes–[Rh(cod)(PPh3)2]
+


PF6
� was entrapped in the nonhydrophobized silica sol±gel


matrix (catalyst 2) and used for the hydrogenation of 1-
octene (80 8C and 200 psi of H2) in heptane as solvent, 63%
of n-octane and 37% of isomerization products were ob-
tained after 4 h (compared to the hydrogenation by catalyst
1 under the microemulsion conditions which produced, as
described above, n-octane in an almost quantitative yield).
Thus, under these ™standard∫ organic-solvent conditions, the
isomerization products do not reside long enough within the
hydrophilic catalytic material to be converted to n-octane.
Similar results, but with some improvement, were obtained


Scheme 2. Illustration of the adsorption of surfactants: a) a cationic sur-
factant on a partially hydrophobic silica surface; b) an anionic surfactant
on a partially hydrophobic silica surface; c) a cationic surfactant on a hy-
drophilic silica surface; d) an anionic surfactant on a hydrophilic silica
surface.
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with the hydrophilic catalyst 2 when heptane was replaced
by the cationic (DDHAB) microemulsion: a fast reaction
took place (full conversion within 4 h); however, again sub-
stantial isomerization competed with the hydrogenation
process [29% of isomerization products (cis- and trans-2-
octene and trans-3-octene) and 70% n-octane].


It can be concluded therefore that the process of hydro-
phobization of the silica surface by surfactant adsorption is
less efficient than the hydrophobization by partial surface
derivatization (catalyst 1). The existing hydrophobic chains
on catalyst 1 interact with the chains of the cationic surfac-
tant, promoting its adsorption. Interestingly, however, when
the anionic SDS microemulsion was used with catalyst 2, the
percentage of full reduction to n-octane increased to 90
(along with 10% of isomerization). We are currently in a
position to only speculate as to the origin of this surprising
apparent pronounced hydrophobization. When a cationic
micelle opens and adsorbs, the individual surfactant mole-
cules are dispersed on the surface (Scheme 2c) in a way that
follows the dispersion of the silanols (about 4±5 sila-
nolsnm�2 [17]). However, when anionic surfactant molecules
adsorb, heterogeneous clusters of hydrophobic chains are
energetically preferred over homogeneous dispersion, and,
thus, on a local microscopic level, adsorbed anionic surfac-
tants form islands of pronounced hydrophobicity
(Scheme 2d); this facilitates the EST process at these sites.


Hydrogenation of other alkenes and alkynes : 1-Hexene and
1-undecene were hydrogenated best in microemulsions by
[(CH3)(C8H17)3N]+[RhCl4]


�¥nH2O entrapped in octylated
silica sol±gel (catalyst 4). 1-Hexene was microemulsified as
specified in entry 3 (Table 1). After 6 h under the conditions
given in the Expermental Section, 90% of the hexene was
converted into alkene-free n-hexane. Unlike 1-hexene and
1-octene, 1-undecene could be neither microemulsified by
SDS nor by DDHAB, but required a surfactant with a
longer chain, such as cetyltrimethylammonium bromide. It is
also worth noting the fact that n-butanol proved unsuitable
as the co-surfactant in this system, but n-amyl alcohol led to
the formation of a stable microemulsion (entry 4, Table 1)
that afforded a quantitave yield of pure undecane after a 4 h
period of hydrogenation.


Alkenes and alkynes substituted by aromatic moieties
could be microemulsified by the same procedure as em-
ployed for octene. The amount of co-surfactant required for
these substrates was, however, smaller than that needed for
the non-aromatic alkenes (see, for example, entries 5 and 6,
Table 1). The microemulsified styrene was smoothly hydro-
genated to ethylbenzene [74% within 4 h, Eq. (1)] and mi-
croemulsified phenylacetylene formed, in a stepwise way,
styrene and ethylbenzene [Eq. (2)].


Hydrogenation of the aromatic ring : Ion pair
[(CH3)(C8H17)3N]+[RhCl4]


�¥nH2O entrapped in a phenylat-
ed silica sol±gel matrix (catalyst 3) was found most suitable
for the EST hydrogenation of the aromatic C=C bonds of
ethylbenzene. Structural similarity between the component
of the catalyst and the substrate seems to be necessary for
successful catalytic reactions in the EST system. In fact the
hydrogenation of the arene was found to proceed best when
the surfactant contained a phenyl ring as well (cf. the re-
quirement of a longer surfactant for the long chained 1-un-
decene than that for 1-octene). Thus, ethylbenzene was mi-
croemulsified with SDS (entry 7, Table 1). Naturally, the
arene ring hydrogenation proceeded slower than the satura-
tion of the above-mentioned alkenes, so that ethylbenzene
afforded 63% of ethylcyclohexane (as the only reaction
product) after 24 h under the conditions described in the
Expermental Section [Eq. (3)]. Aromatic polycylics reacted
even slower. For example, the microemulsion of naphtha-
lene (entry 8, Table 1) gave after 24 h at 80 8C only a mix-
ture of 9% tetralin, 11% of cis- and 7% of trans-decalin
[Eq. (4)].


Hydrogenation of the nitro and cyano moieties : The EST
methodology was also applied to the hydrogenation of nitro
and cyano moieties. The microemulsion described in entry 9
(Table 1) was hydrogenated gradually to give initially aniline
(after 13 h at 80 8C 98% of aniline was isolated), which was
further transformed to cyclohexylamine and dicyclohexyl-
amine. The latter becomes finally the major product. After
24 h the mixture of products consisted of 69% dicyclohexyl-


amine, 25% cyclohexylamine, and 6% aniline, [Eq. (5)]. Di-
phenylamine seems not to be a reaction precursor of dicy-
clohexylamine. Careful continuous analysis of the reaction
neither revealed any traces of this compound nor of its par-
tial hydrogenation products. The hydrogenation of diphenyl-
amine listed in Table 1 (entry 10) is slow and affords after
17 h 12% of dicylohexylamine and 4% of phenylcyclohexyl-
amine [Eq. (6)].
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The hydrogenation of a microemulsion of benzonitrile,
(see entry 11) afforded after 12 h in the presence of catalyst
3 43% of dibenzylamine [Eq. (7)]. We recall that the ion


pair [(CH3)(C8H17)3N]+[RhCl4]
�¥nH2O encapsulated in a hy-


drophilic sol±gel promotes hydrogenation of nitrobenzene
and benzonitrile to give mainly aniline and benzylamine, re-
spectively.[18] Here we observed that modification of the
sol±gel matrix with the hydrophobic group changes the se-
lectivity of the catalyst. (Modification of selectivity was also
observed in the regular emulsion system.[5])


Finally, it should be noted that in all of the hydrogenation
catalyses we were able to recover the solid-state components
of the system simply by filtration and re-use the catalyst for
three consecutive runs.


In conclusion, we have shown the versatility of the three-
phase emulsion-surface transport (EST) methodology by uti-
lizing microemulsified substrates. The concept is general and
we believe that carrying out many-hydrophobic reactions in
aqueous media will prove feasible and be of economical and
environmental benefit.
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The Control of the Nitrogen Inversion in Alkyl-Substituted Diaziridines�


O. Trapp,[a] V. Schurig,*[b] and R. G. Kostyanovsky*[c]


Introduction


In 1967, Mannschreck et al. discovered that nitrogen inver-
sion in diaziridines is hindered on the NMR[1a] time scale.
They later determined the inversion barriers
(108±113 kJmol�1) by means of an NMR method.[1b] The
first optically active diaziridines were reported in 1974,[2a]


and their absolute configurations were established by X-ray
diffraction analysis.[2e,g,m] Chiroptical properties[2q,r] and con-
figurational stability were studied by racemization kinetics.[2]


In 1979, Mannschreck et al. applied chiral chromatography


to the optical resolution of diaziridines and also measured
the inversion barriers by racemization kinetics.[1e,f] In all
known examples, the inversion barriers of diaziridines did
not exceed 117 kJmol�1 (see review in ref. [3]). However,
there are possibilities to increase the inversion barriers in di-
aziridines.


First, the inversion barriers in 3,3-unsubstituted diaziri-
dines were not measured until now and an increase of the
inversion barrier could be expected on account of the lack
of 1,2-nonbonding interactions that destabilize the ground
state. This is supported by the nitrogen inversion barrier in
1-methylaziridine being 7.1 kJmol�1 higher than those in
1,2,2-trimethylaziridine.[3]


Next, there is an opportunity for steric hindrance of the
inversion in diaziridines at the cost of a destabilization of
the inversion transition state.[4] Indeed, in 1-alkylaziridines
the transfer from methyl to tert-butyl substituents results in
a decrease of the barrier by 8.4 kJmol�1,[3] whereas in 1,2-di-
tert-butyl-substituted pentacyclic hydrazines the inversion
barrier is the highest found so far for heterocycles of this
kind.[4]


In the present study, the enantiomerization barriers of
1,2-di-tert-butyldiaziridine (1),[2] 1,2-di-n-butyldiaziridine
(2),[1g,2r] 1-n-butyl-3,3-dimethyldiaziridine (3),[1c,e] and 1,2,3,3-
tetramethyldiaziridine (4)[1c,e] were elucidated by two con-
temporary enantioselective gas chromatographic methods
(Scheme 1).
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Abstract: For the first time the nitro-
gen inversion barriers in 3,3-unsubsti-
tuted trans-diaziridines, such as 1,2-di-
tert-butyldiaziridine (1) and 1,2-di-n-
butyldiaziridine (2) were determined.
Enantioselective stopped-flow multidi-
mensional gas chromatography was
used to investigate the enantiomeriza-
tion barrier of 1 between 126.2 and
171.0 8C (DG�


gas(150.7 8C) = 135.8�
0.2 kJmol�1, DH�


gas = 116.1�
2.5 kJmol�1, DS�


gas = �46�
2 JK�1mol�1). The separation of the


enantiomers has been achieved in pres-
ence of the chiral stationary phase
(CSP) Chirasil-b-Dex with a high sepa-
ration factor (a = 1.44 at 80 8C). In a
complementary approach, the enantio-
merization barriers of 1,2-di-tert-butyl-
diaziridine (1), 1,2-di-n-butyldiaziridine


(2), 1-n-butyl-3,3-dimethyldiaziridine
(3), and 1,2,3,3-tetramethyldiaziridine
(4) were determined for comparison by
enantioselective dynamic chromatogra-
phy (DGC) and computer simulation
of the dynamic elution profiles.


The enantiomerization barrier of 2
was shown to be the highest among the
nonsterically hindered diaziridines
studied so far, whereas 1 exhibited the
highest value found for strained nitro-
gen-containing rings, that is, aziridines,
diaziridines and oxaziridines.


Keywords: chirality ¥ enantiomeri-
zation barrier ¥ gas
chromatography ¥ N heterocycles ¥
steric hindrance
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Results and Discussion


The enantiomers of 1, 2, 3, and 4 were separated by enantio-
selective gas chromatography in the presence of the chiral
stationary phase (CSP) Chirasil-b-Dex[5] with a considerable
separation factor (a) for 1 (a(80 8C) = 1.44; Figure 1),
whereas the a value of 2 was only 1.05 under the same chro-
matographic conditions as given in Figure 1, the a value for


3 was 1.08 at 70 8C (50 m Chirasil-b-Dex, 0.25 mm i.d., film
thickness 0.3 mm, carrier gas: H2, column head pressure
0.95 r) and for 4 a = 1.09 at 65 8C (50 m Chirasil-b-Dex,
0.25 mm i.d., film thickness 0.3 mm, carrier gas: H2, column
head pressure 0.5 bar).


To quantify the enantiomerization barrier of 1 in the inert
gas phase, the enantioselective stopped-flow multidimen-
sional gas chromatographic method (sfMDGC),[6] which was
recently developed for the determination of very high enan-
tiomerization (inversion) barriers, was applied to determine
the enantiomerization rate constants kgas


1 , as described in the
Experimental Section. The sfMDGC experiment can easily
be carried out at different temperatures (Table 1), yielding
the activation parameters DH�


gas and DS�
gas. The enantiomeri-


zation barrier (DG�
gas = 135.8�0.2 kJmol�1 at 150.7 8C) of 1


represents the highest value found for nitrogen inversion in
a three-membered ring compound.


The mean values of ln (kgas
1 /T) were plotted as a function


of T�1 according to the Eyring equation. By regression anal-
ysis (agreement factor r = 0.999, residual standard devia-
tion sy = 0.031) DH�


gas was found to be 116.1�2.5 kJmol�1


and DS�
gas = �46�2 JK�1mol�1 (Figure 2).


In a complementary approach the enantiomerization bar-
rier of 1 was also determined by enantioselective dynamic
gas chromatography (DGC).[7] Dynamic chromatographic
experiments require only nanomolar amounts of the unre-
solved stereoisomers (enantiomers). This also applies to the
previously mentioned enantioselective sfMDGC. However,
the prerequisite of dynamic chromatography is the quantita-
tive on-column separation of the stereoisomers by a stereo-
selective stationary phase.


The elution profile of interconverting enantiomers in an
enantioselective dynamic chromatographic experiment is
characterized by plateau formation between the first enan-
tiomer (eluted with peak tailing) and the second enantiomer
(eluted with peak fronting). To evaluate the rate constants
by computer simulation of elution profiles in dynamic chro-
matography, two basic models can be employed: i) the theo-
retical plate model[8] or ii) the stochastic model.[9] Recently,
a mathematical function was derived to calculate the enan-
tiomerization barriers directly.[10] The barrier of enantiome-
rization DG� of interconverting enantiomers is obtained as


Scheme 1. Enantiomerization of 1,2-di-tert-butyldiaziridine (1, R1 = R2


= Me3C, R
3 = H), 1,2-di-n-butyldiaziridine (2, R1 = R2 = Me(CH2)3-,


R3 = H), 1-n-butyl-3,3-dimethyldiaziridine (3, R1 = Me(CH2)3-, R
2 =


H, R3 = Me), and 1,2,3,3-tetramethyldiaziridine (4, R1 = R2 = R3 =


Me).


Table 1. Results of the temperature-dependent sfMDGC experiments of
the enantiomerization of 1,2-di-tert-butyldiaziridine (1). Where e.r. de-
notes the de novo enantiomeric ratio found after enantiomerization at
temperature T for t minutes. Mean values and standard deviations were
calculated from at least three experiments at each temperature.


T t e.r. kgas
1 DG�


gas


[8C] [min] [s�1] [kJmol�1]


126.2 15.0 53.8 2.08î10�5 134.6�0.3
138.2 21.0 12.0 6.78î10�5 134.7�0.6
150.7 20.3 5.4 1.63î10�4 135.8�0.2
162.0 12.3 3.4 4.20î10�4 136.1�0.2
171.0 10.0 2.2 8.17î10�4 136.5�0.1


Figure 1. Separation of the enantiomers of 1,2-di-tert-butyldiaziridine (1)
at 80 8C in presence of the CSP Chirasil-b-Dex (separation factor a =


1.44). Chromatographic conditions: 25 m Chirasil-b-Dex (0.25 mm i.d.,
film thickness 0.5 mm). Carrier gas: H2, column head pressure 0.25 bar.


Figure 2. Eyring plot for the determination of the activation parameters
DH� and DS� of 1,2-di-tert-butyldiaziridine (1) from the sfMDGC experi-
ment. The upper and lower curves represent the error bands of the linear
regression with a level of confidence of 95%.
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a mean of the apparent enantiomerization rate constants
kapp
1 and kapp


�1 .
The apparent rate constants represent a weighted mean of


the rate constants in the gas phase kgas
1 (vide supra; kgas


�1 is
equal for enantiomerization) and the different rate constants
in the chiral stationary phase (CSP) kstat


1 and kstat
�1 (Scheme 2


and Equations (1a) and (1b) with the retention factor k’ =
(tR�tM)/tM)).


kapp
1 ¼ 1


1 þ k0
A


kgas
1 þ k0


A


1 þ k0
A


kstat
1 ð1aÞ


kapp
�1 ¼ 1


1 þ k0
B


kgas
�1 þ k0


B


1 þ k0
B


kstat
�1 ð1bÞ


The forward and backward rate constants in the chiral sta-
tionary phase are distinct, namely, kstat


1 >kstat
�1 because the


enantiomers A and B have a different thermodynamic free
Gibbs energy (�DB,ADG) in the presence of the chiral sta-
tionary phase (K0


B>K0
A). The apparent rate constants them-


selves are varied until the simulated chromatogram coin-
cides with the experimental chromatogram.


The elution profiles of the temperature-dependent enan-
tioselective dynamic chromatographic experiments of 1
show a distinct plateau formation (110 and 119.7 8C) and
peak tailing of the first eluted enantiomer and peak fronting
of the second eluted enantiomer (127±140 8C) as the temper-
ature increases between 100.0±140.0 8C (Figure 3).


Selected experimental values of the enantioselective
DGC experiments and the corresponding rate constants ob-
tained by computer simulation with ChromWin[11] are given
in Table 2. For the computer simulation, only elution pro-
files between 110.0 and 140.0 8C were considered (28 experi-


ments) because there was no plateau formation at lower
temperatures.


For the evaluation of the activation parameters in the
presence of the CSP Chirasil-b-Dex,[5] the reaction rate con-
stants of the enantiomerization process in the stationary
phase were calculated according to Equations (1). The mean
values of ln(kstat


1 /T) were plotted as a function of T�1 accord-
ing to the Eyring equation. By regression analysis (agree-
ment factor r = 0.982, residual standard deviation sy =


0.073) DH�
stat was found to be 113.0�2.0 kJmol�1 and DS�


stat


= �44�5 JK�1mol�1.
As evident from the values obtained by sfMDGC and


DGC, the enantiomerization barriers DG� and activation
parameters DH� and DS� of 1 agree very well.


In an effort to compare the enantiomerization barrier of 1
with structurally similar compounds, 2, 3, and 4 were synthe-
sized and the enantiomerization barriers were investigated
by enantioselective DGC. The elution profiles of the tem-
perature-dependent enantioselective dynamic chromato-
graphic experiments of 2, 3 and 4 show plateau formation
and peak broadening (peak tailing of the first eluted enan-
tiomer and peak fronting of the second eluted enantiomer)
as the temperature increases between 80.0 and 115.0 8C for 2
(Figure 4a), 70.0 8C and 110.0 8C for 3 (Figure 4b) and
65.0 8C and 92.3 8C for 4 (Figure 4c).


Selected experimental values
of the enantioselective DGC
experiments and the corre-
sponding rate constants ob-
tained by computer simulation
with ChromWin[11] are given in
Table 3 for 2, in Table 4 for 3
and in Table 5 for 4. For the
computer-assisted evaluation of
the elution profiles, 21 experi-
ments were considered for 2,


Scheme 2. Equilibria of interconverting enantiomers on a single gas-chro-
matographic theoretical plate. A denotes the first eluted enantiomer, B
denotes the second eluted enantiomer, k represents the rate constant and
K’ represents the distribution constant of the equilibrium between the
mobile gas phase and the chiral stationary phase.


Figure 3. Chromatograms from the temperature-dependent DGC experi-
ment for 1,2-di-tert-butyldiaziridine (1). Chromatographic conditions:
50 m Chirasil-b-Dex5 (0.25 mm i.d., film thickness 0.3 mm). Carrier gas:
H2. Top: experimental chromatograms. Bottom: simulated elution pro-
files (ChromWin, SM+ , method: ™find enantiomerization barrier II∫).


Table 2. Selected experimental data from the temperature-dependent dynamic gas chromatographic experi-
ment and rate constants of the enantiomerization of 1,2-di-tert-butyldiaziridine (1) in the presence of CSP
Chirasil-b-Dex.


T tM tAR tBR wA wB hplateau kapp
1 DG�


app


[8C] [min] [min] [min] [s] [s] [%] [10�5 s�1] [kJmol�1]


110.0 7.6 13.2 14.1 6.7 7.0 0.1 0.48 131.5
119.7 10.9 16.5 17.3 11.5 11.8 0.8 1.10 132.1
127.3 11.1 15.7 16.2 10.1 10.2 5.2 2.00 132.8
134.0 17.9 26.1 27.2 19.3 19.9 4.9 3.70 133.0
140.0 13.4 22.1 23.6 33.6 37.0 10.9 5.50 133.6
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25 experiments for 3 and 28 ex-
periments for 4.


To evaluate the activation pa-
rameters of 2, 3 and 4, the
mean values of ln(kapp


1 /T) were
plotted as a function of T�1 ac-
cording to the Eyring equation.
A regression analysis was used
to obtain the activation enthal-
pies DH�


app and activation entro-
pies DS�


app of 2 (agreement
factor r = 0.998, residual stan-
dard deviation sy = 0.089), 3 (r
= 0.9920, sy = 0.1024) and 4 (r
= 0.9905, sy = 0.1307).


The activation parameters
DG�, DH�, and DS� of the
compounds investigated here
are summarized in Table 6. In
contrast to tertiary amines and
aziridines, where the barrier of
nitrogen inversion decreases
with increasing size of the sub-
stituents on the nitrogen atom
as the pyramidal conformation
is destabilized by steric interac-
tion of bulky substituents,[3] the
nitrogen inversion barrier in di-
aziridines increases with in-
creasing size of the substitu-
ents.[3] Our experimentally de-
termined enantiomerization
barriers DG� corroborate the
expected tendency: 1-n-butyl-
3,3-dimethyldiaziridine (3)
<1,2,3,3-tetramethyldiaziridine
(4)<1,2-di-n-butyldiaziridine
(2)<1,2-di-tert-butyldiaziridine
(1, Table 6).[1]


A comparison of the enantio-
merization barriers of 1 (DG�


app


= 132.5 kJmol�1, DG�
gas =


133.3 kJmol�1 and DG�
stat =


129.4 kJmol�1) and 2 (DG�
app =


125.2 kJmol�1) at an elevated
temperature (150.7 8C) reveals
a significant increase in the bar-
rier for sterically hindered tert-
butyl substituted diaziridine 1.


The low activation enthalpies
DH� and highly negative acti-
vation entropies DS�, particu-
larly for 3 and 4, can be attrib-
uted to steric and electronic ef-
fects of the twofold nitrogen in-
version via a monoplanar tran-
sition state or may be
considered as evidence for a
dissociative mechanism of the


Figure 4. Chromatograms from the temperature-dependent DGC experiments of a) 1,2-dibutyldiaziridine (2),
b) 1-butyl-3,3-dimethyldiaziridine (3), and c) 1,2,3,3-tetramethyldiaziridine (4). Chromatographic conditions:
50 m Chirasil-b-Dex (0.25 mm i.d., film thickness 0.3 mm). Carrier gas: H2. Top: experimental chromatograms.
Bottom: simulated elution profiles (ChromWin, SM+ , method: ™finding enantiomerization barrier II∫
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enantiomerization process (Scheme 3). The increase in the
negative entropy DS� is characteristic for charge separation
in heterolytic processes,[11a,12] but not for homolytic process-
es.[13]


For a heterolytic process, a mechanism via a thermally fa-
vored conrotatory electrocyclic ring opening±ring closing
can be envisaged, as proposed for oxiranes and aziridines by
Huisgen et al.[12b] The intermediate of the conrotatory elec-
trocyclic ring opening in Scheme 3 shows charge separation
and can be considered to be a heteroallyl anion with a con-
siderable resonance energy.


Experimental Section


1,2-Di-tert-butyldiaziridine (1): This
was prepared according to the
method of Kostyanovsky et al. :[2r] N-
Methylene-tert-butylamine (42.5 g,
0.5 mol), tert-butylamine
(106 mL,1.0 mol), and tert-butylhypo-
chlorite (54 g, 0.5 mol) were dissolved
in anhydrous diethyl ether (120 mL)
in a 500 mL flask equipped with a
magnetic stirrer and a drying tube.
After stirring for six days at room
temperature, the mixture was filtrat-
ed, and heated with solid KOH for
2 h. Diaziridine 1 was obtained as a
colourless liquid after distillation
under reduced pressure in 11.5%
(9.0 g) yield. B.p. 40±42 8C (22 mbar);
1H NMR (250 MHz, CDCl3, 25 8C,
TMS): d = 0.96 (s, 18H, C(CH3)3),
2.29 ppm (s, 2H, N-CH2-N);
13C NMR (63 MHz, CDCl3): d = 26.0
(CH3), 41.9 (C-N), 54.4 ppm (NC-
CH2-N); MS (EI, 200 8C, 70 eV): m/z
(%): 156 (7) [M]+ , 141 (1), 100 (15),
85 (10), 70 (10), 57 (100), 45 (12), 44
(11), 41 (10), 29 (8).


1,2-Di-n-butyldiaziridine (2): This was
prepared according to the method of
Ohme et al. :[1g] n-butylamine
(100 mL, 1 mol) and 2n NaOH
(250 mL) were combined in a 1 L
flask equipped with a magnetic stirrer
and cooled to �20 8C. First concen-
trated formaldehyde solution (50 mL,
36% w/w) and then sodium hypo-
chlorite solution (300 mL, 13% w/w)
were added dropwise. The mixture
was stirred at room temperature for
13 h, then the organic layer was sepa-
rated and washed with diluted sodium
thiosulfate solution and water. After
the mixture was dried over KOH, fil-
tered, and distilled under reduced
pressure, 2 was obtained as a color-
less liquid in 72.0% (56.0 g) yield.
B.p. 34±36 8C (15 mbar); 1H NMR
(400 MHz, CDCl3): d = 0.92 (t, 6H;
Me), 1.38 (qt, 3J(H,H) = 7.0 Hz and
7.3 Hz, 4H, CH2Me), 1.57 (tdd,
3J(H,H) = 7.3 Hz, 7.0 Hz and 7.9 Hz,
4H, CH2Et), 2.35 (m, 4H, CH2-N),
2.43 ppm (s, 2H, N-CH2-N);
13C NMR (63 MHz, CDCl3): d =


13.16 (CH3), 19.69, 30.04 (CH2), 48.17
(CH2N), 55.77 ppm (N-CH2-N).


1-n-Butyl-3,3-dimethyl-diaziridine (3) and 1,2,3,3-tetramethyldiaziridine
(4) were prepared as previously described.[1c,e,g]


Enantioselective stopped-flow multidimensional gas chromatography
(sfMDGC): Enantioselective stopped-flow MDGC was performed on a
Siemens Sichromat2 gas chromatograph equipped with two ovens, a
pneumatically controlled six-port valve (Valco), a cooling trap in oven2
for use with liquid nitrogen, two flame-ionization detectors and a Shi-
madzu C-R6A integrator. The whole process was monitored by a control
computer.


For the separation of enantiomers of 1, a fused silica column coated with
Chirasil-b-Dex[5] (12.5 mî0.25 mm i.d., 0.4 mm film thickness, 80 8C,
0.5 bar column head pressure) in oven 1 was employed. Either the first or
second eluted (pure) enantiomer of 1 was trapped in the reactor column,


Table 3. Selected experimental data from the temperature-dependent dynamic gas chromatographic experi-
ment and rate constants of the enantiomerization of 1,2-di-n-butyldiaziridine (2) in presence of the CSP Chira-
sil-b-Dex.


T tM tAR tBR wA wB hplateau kapp
1 DG�


app


[8C] [min] [min] [min] [s] [s] [%] [10�5 s�1] [kJmol�1]


80.0 3.4 33.4 34.0 13.5 13.3 1.0 0.30 122.3
90.0 4.6 29.9 30.4 11.3 11.8 2.0 0.65 123.5
95.0 5.6 36.2 36.8 13.5 15.6 3.2 1.24 123.3


100.0 7.3 32.5 33.0 11.9 12.4 6.5 1.36 124.7
110.0 7.2 23.3 23.6 8.3 8.5 11.7 5.29 123.8
115.0 7.3 20.4 20.6 7.2 7.6 23.8 10.50 123.3


Table 4. Selected experimental data from the temperature-dependent dynamic gas chromatographic experi-
ment and rate constants of the enantiomerization of 1-n-butyl-3,3-dimethyldiaziridine (3) in presence of the
CSP Chirasil-b-Dex.


T tM tAR tBR wA wB hplateau kapp
1 DG�


app


[8C] [min] [min] [min] [s] [s] [%] [10�5 s�1] [kJmol�1]


70.0 3.1 23.2 24.9 24.8 29.5 3.2 4.70 110.90
80.0 3.4 17.3 18.2 14.2 15.4 5.2 9.87 112.04
90.0 3.4 12.3 12.8 12.6 14.0 16.4 20.14 113.14


100.0 4.5 12.2 12.5 11.1 12.2 52.0 30.87 115.03
105.0 4.6 11.2 11.4 7.8 10.0 63.3 43.12 115.55
110.0 4.1 10.9 11.2 8.5 8.3 33.3 45.50 116.95


Table 5. Selected experimental data from the temperature-dependent dynamic gas chromatographic experi-
ment and rate constants of the enantiomerization of 1,2,3,3-tetramethyldiaziridine (4) in presence of the CSP
Chirasil-b-Dex.


T tM tAR tBR wA wB hplateau kapp
1 DG�


app


[8C] [min] [min] [min] [s] [s] [%] [10�5 s�1] [kJmol�1]


65.0 6.6 12.9 13.5 15.6 18.2 15.8 2.43 111.1
71.5 6.5 10.9 11.2 8.2 9.6 7.4 3.50 112.2
74.4 9.9 14.3 14.6 10.8 13.5 49.0 4.54 112.5
80.9 12.5 19.5 19.9 14.9 19.0 60.2 9.79 112.4
85.9 12.6 18.4 18.7 13.0 19.1 83.9 12.25 113.3
92.3 12.8 17.7 17.9 11.9 16.7 90.0 25.31 113.2


Table 6. Summary of the activation parameters for the enantiomerization of 1,2-di-tert-butyldiaziridine (1),
1,2-di-n-butyldiaziridine (2), 1-n-butyl-3,3-dimethyldiaziridine (3) and 1,2,3,3-tetramethyldiaziridine (4).


Compound sfMDGC DGC
DG�


298K DH� DS� DG�
298K DH� DS�


[kJmol�1] [kJmol�1] [JK�1mol�1] [kJmol�1] [kJmol�1] [JK�1mol�1]


1 129.8�1.3[a] 116.1�2.5[a] �46�2[a] 126.1�1.2[b] 113.0�2.0[b] �44�5[b]


2 -- ± ± 124.0�0.8[c] 118.9�1.0[c] �17�3[c]


3 -- ± ± 106.1�1.1[c] 61.7�1.6[c] �149�14[c]


4 -- ± ± 110.5�1.6[c] 86.7�2.0[c] �80�5[c]


[a] In the gas phase (gas). [b] In the stationary phase (stat). [c] In the gas and stationary phase (app).
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a deactivated fused silica column coated with dimethylpolysiloxane
(1 mî0.25 mm i.d., 0.002 mm film thickness). The reactor column was
quickly heated to temperature Twhereby enantiomerization commenced.
After the contact time t, the reactor column was rapidly cooled with
liquid nitrogen and the de novo enantiomeric mixture was transferred at
the separation temperature into the second separation column coated
with Chirasil-b-Dex[5] (12.5 mî0.25 mm i.d., 0.4 mm film thickness, 80 8C,
0.8 bar column head pressure at column 1), where the enantiomers were
separated. Helium was used as the inert carrier gas. The experiment was
repeated three times at each temperature. The enantiomerization rate
constant in the gas phase kgas


1 was calculated from the observed de novo
enantiomeric ratio (% er) of the major peak area, the temperature T and
the contact time t according to Equation (2).


kgas
1 ¼ 1


2t
ln


er þ 1
er � 1


ð2Þ


The mean values of ln (kgas/T) were plotted as a function of T�1 according
to the Eyring equation. A linear fit was used to obtain DH�


gas and DS�


gas


from the slope and the y intercept, respectively. A statistical factor k of
0.5 for a reversible inversion process was applied.


Enantioselective dynamic gas chromatography (DGC): The enantiomeric
separation of 1, 2, 3, and 4 was performed on a Carlo Erba MEGA gas
chromatograph, equipped with a liquid injector (250 8C), a flame-ionisa-
tion detector (250 8C) and a Shimadzu C-R6A integrator and employed a
fused silica column (50 mî0.25 mm i.d.) coated with Chirasil-b-Dex[5]


(0.3 mm film thickness). Dihydrogen was used as the carrier gas. The
measurements were repeated at least three times at each temperature
from 100.0±140.0 8C for 1, 80.0±115.0 8C for 2, 70.0±110 8C for 3 and 65.0±
92.3 8C for 4.


Computer simulation : The elution profiles obtained by DGC were evalu-
ated with the ChromWin software,[11] specifically developed for the simu-
lation of chromatographic elution profiles and the calculation of rate con-
stants of reactions occurring on the partitioning time-scale. The experi-
mentally determined chromatographic parameters, namely, the mobile
phase hold-up time tM (using methane), total retention times tR, peak
half-with wh, peak heights hA and hB and the plateau height of the inter-
converting peaks hplateau, were used as input parameters for the simulation
procedure. Peak form analysis was performed with the improved stochas-
tic model (SM+ )[11b] and ™find enantiomerization barrier II∫ method in
order to find the best agreement of the simulated and experimental elu-
tion profiles in only a few simulation steps, which yielded the apparent
rate constants kapp


1 and kapp
�1 of enantiomerization in the presence of the


chiral selectors whereby kapp
�1 was calculated with Equations (1) from kapp


�1


according to the principle of microscopic reversibility.[7a]


To reduce the computation time, enantiomerization rate constants were
calculated with the approximation function (AF)[10] and used as the start-
ing point for the iterative simulation (in average only three steps were
necessary).
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Theoretical Studies on the Smallest Fullerene: from Monomer to Oligomers
and Solid States


Zhongfang Chen,*[a] Thomas Heine,*[c] Haijun Jiao,[d] Andreas Hirsch,[b]


Walter Thiel,[e] and Paul von Raguÿ Schleyer[a]


Introduction


The chemistry of the smaller fullerenes is exemplified by
C20, which can form the most basic cage. Consisting solely of


condensed, unsaturated pentagons with extreme curvature,
this enormously strained fullerene should be very reactive
and have only a fleeting existence in the condensed states.
C20 has been the subject of many investigations. Depending
on the sophistication of the theoretical methods employed,[1]


ring and bowl C20 structures have been computed to be
more stable than the cage. Some prior investigations even
favored bicyclic rings[2,3] and linear chains.[4] Whatever the
C20 global minimum may be, the basically dodecahedral ful-
lerene (the focus of our attention here) was confirmed to
have the lowest energy among all the mathematically possi-
ble 20-vertex trivalent polyhedral cages.[5]


The viability of the C20 cage was established experimental-
ly by its gas-phase synthesis; the chemical route employed
opens a gateway to new carbon materials.[6] C20 was charac-
terized by anion photoelectron spectroscopy[6] and further
confirmed by comparison with computed vibronic fine struc-
ture[7] and systematic computations of the free energies,
electron affinities, and vibrational progressions of more than
ten possible isomers.[8] To assist the characterization, the
low-energy electron-scattering resonant structures,[9] the op-
tical absorption,[10] IR, Raman, and anion photoelectron[11]


spectra, as well as NMR chemical shifts of C20 isomers[12]


also have been computed.
Moreover, the vibronic coupling of the C20 cage should be


larger than that of C60. Solids based on C20 have been con-
sidered as superconductivity candidates.[13] Like C36, whose
macroscopic solid-state synthesis has been claimed,[14] C20
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structures with different symmetries and relative energies.


Abstract: Hybrid B3LYP and density-
functional-based tight-binding (DFTB)
computations on the solid-state struc-
tures and electronic properties of the
C20 fullerene monomer and oligomers
are reported. C20 cages with C2, C2h, Ci,
D3d, and D2h symmetries have similar
energies and geometries. Release of
the very high C20 strain is, in theory, re-
sponsible for the ready oligomerization
and the formation of different solid
phases. Open [2+2] bonding is prefer-


red both in the oligomers and in the in-
finite one-dimensional solids; the latter
may exhibit metallic character. Two
types of three-dimensional solids, the
open [2+2] simple cubic and the body-
centered cubic (bcc) forms, are pro-
posed. The energy of the latter is lower


due to the better oligomer bonding.
The open [2+2] simple cubic solid
should be a conductor, whereas the bcc
solids are insulators. The most stable
three-dimensional solid-state structure,
an anisotropically compressed form of
the bcc solid, has a HOMO±LUMO
gap of approximately 2 eV and a larger
binding energy than that of the pro-
posed C36 solid.


Keywords: C20 ¥ density functional
calculations ¥ fullerenes ¥
oligomers ¥ solid-state structures


Chem. Eur. J. 2004, 10, 963 ± 970 DOI: 10.1002/chem.200305538 ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 963


FULL PAPER







cages should also condense into various aggregates. Indeed,
solid C20 was prepared recently by ion-beam irradiation;[15]


C20 cages appeared to serve as building blocks in the hexag-
onal crystals that formed.[15] Computations show that C20


cages can condense in different ways; such materials under
carrier doping are superconductor candidates.[16] Further-
more, (C20)


þ
k oligomers (k=1±13), formed by coalescence of


C20 cages, have been identified experimentally.[17] Most re-
cently, the C20 [2+2] cycloaddition dimerization mechanism
was elucidated theoretically.[18]


This new C20 cage building block for organic solids poses
many questions. We address some of these by employing
hybrid B3LYP density functional and density-functional-
based tight-binding (DFTB) computations. What is the most
stable structure of the isolated C20 cage? How easily does
C20 condense? What is the most likely solid-state structure
of C20? Our goal is to gain deeper insight and to facilitate
experimental investigations on these promising materials.


Computational Methods


C20 monomer structures were fully optimized in the chosen symmetry
and then characterized as mimima by vibrational frequency computations
at the B3LYP6-31G* density-functional level. The geometries were re-
computed at the electron-correlated MP2/6-31G* level of ab initio
theory, also employing the Gaussian 98 suite of programs.[19] The oligo-
mers (Tables 1 and 2 and Figures 2±4 later) were fully optimized with
symmetry constraints at the B3LYP6-31G* level. The choice of starting
three-dimensional solid-state geometry was based on the preferred bond-
ing of 1) the oligomers as well as one-dimensional chains, and 2) the iso-
structural cells (i.e., with intercage bonds replacing the C�H addition
pattern) of the particularly stable C20H8 molecule (Scheme 1). The final
connectivities in the aggregates, that is, the inter- and intracage bonds,
depend on the size of the unit cells. DFTB[20] calculations were also per-
formed on oligomers and periodic solid-state structrures. In the latter, ge-
ometry optimizations were carried out in unit cells of 40 atoms with 81 k-
points per cell (3î3î3). Both coordinates and cell parameters were fully
optimized. The unit cells were enlarged to super cells of 320 atoms for
the density-of-states (DOS) calculations and the G point approximation
was applied.


Results and Discussion


C20 monomer structures : It is well known that the symmetry
of cage C20 is reduced from the perfect Ih due to Jahn±Teller
distortion.[21] However, the lowest energy form of C20 is still
in doubt. Previous Hartree±Fock (HF) and conventional
DFT (local density approximation and the generalized gra-
dient approximation proposed by Perdew, Burke, and Ern-


zerhof) calculations disagreed on the symmetry of the best
geometry (see ref. [22] for a recent review). We computed
five possible C20 structures with C2, C2h, Ci, D3d, and D2h


point groups at both the B3LYP6-31G* and MP2/6-31G*
levels. All were characterized to be true minima by frequen-
cy analysis at the B3LYP6-31G* level. The B3LYP6-31G*
optimized C2 structure is shown in Figure 1 (see Supporting


Information for the energies and geometries of the other
structures). Not only do we find these five isomers to be iso-
energetic to within 0.2 kcalmol�1 at the B3LYP level (the
same is at the MP2 level, except D2h, which is 0.5 kcalmol�1


higher in energy than the lowest energy isomer), but they
have essentially the same structural parameters at both
B3LYP and MP2 levels (see Supporting Information).
Hence, we expect the C20 cage monomer to be highly fluxion-
al, converting from one structure to another with negligible
barriers.


The less strained C20H8 (Th) molecule–building block of the
aggregated solids : Graphed theoretically, the presence of
eight isolated sp3 carbons can separate the dodecahedron
cage into the six essentially ethylene-like C=C units shown
for C20H8 (Th) in Scheme 1. Its isostructural analogues,
C12N8 and C12P8, have been discussed recently.[23] On the
basis of isodesmic reactions [Eqs. (1) and (2)], C20H8 (Th) is
less strained than C20H12 (Th). The latter is a spherical ho-
moaromatic system,[24] and also a molecular model for the
simple-cubic-like lattice of solid-state C20.


[16a] The smaller
strain energy in C20H8 (Th) can also been seen from the en-
ergies (per H2) of the hydrogenation reactions ([Eqs. (3)±
(5)]; �67.0, �36.5, and �61.9 kcalmol�1 for C20H8, C20H12,
and C20H20, respectively).


4Me2C¼CMe2 þ C20H20ðIhÞ ¼ 4Me2CH�CHMe2 þ C20H12ðThÞ
DH ¼ 273:2 kcalmol�1 ð1Þ


6Me2C¼CMe2 þ C20H20ðIhÞ ¼ 6Me2CH�CHMe2 þ C20H8ðThÞ
DH ¼ 149:4 kcalmol�1 ð2Þ


C20þ 4H2¼C20H8ðThÞ DH ðper H2Þ¼�67:0 kcalmol�1 ð3Þ


C20þ6H2¼ C20H12ðThÞ DH ðper H2Þ¼�36:5 kcalmol�1 ð4Þ


C20 þ 10H2 ¼ C20H20ðIhÞ DH ðper H2Þ¼�61:9 kcalmol�1 ð5Þ


Scheme 1. Structures of C20H8 (Th) (left) and C20H12 (Th) (right).


Figure 1. The B3LYP6-31G* optimized structure of C20 (C2). The arrow
points to the invisible C�C bond.
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The smaller strain energy in C20H8 (Th), compared with that
in C20H12 (Th), indicates that the solid-state material with
the same bonding as in C20H8 (Th), may be more stable ther-
modynamically (see the solid-state part).


Dimer structures : Both the singlet and triplet states of five
C20 dimers were investigated (Table 1 and Figure 2): 1) the
closed [2+2] dimer (1), in which two cage±cage junction
C�C bonds form a four-membered ring; 2) the single-bond
dimer (2) with only one linking C�C bond; 3) the face-to-
face dimer (3) with five bonds connecting two neighboring
C20 molecules; 4) the open [2+2] dimer (4) with broken in-
tracage bonds, and 5) the twisted dimer (5) with opened C20


cages.
Consistent with the results of Choi and Lee,[18] the open


[2+2] dimer singlet (4) is the lowest energy isomer among
all the singlet and triplet alternatives considered; these are
approximately 20±88 kcalmol�1 less stable, but their dimeri-
zation energies are still considerable. The two most stable
isomers, 4 and 5, do not have four-membered rings. The en-
ergies of the 1 and 4 triplets are 26.7 and 30.5 kcalmol�1, re-
spectively, higher than the corresponding singlets, but the 2,
3, and 5 triplets are 13.3, 5.2, and 8.7 kcalmol�1, respectively,
more stable than their singlet forms.


Singlet 4 has the largest HOMO±LUMO gap (2.47 eV),
greater than that of the C20 monomer (1.95 eV). In contrast,
the HOMO±LUMO gap (1.01 eV) of the second-most-
stable singlet, 5, is much smaller. Thus, singlet isomer 4,
with a dimerization energy of 138.2 kcalmol�1, is the most
probable dimer structure. Note that the best (C20)2 dimer
structure (4) and its binding energy differ considerably from
those of the weakly-bound (C60)2,


[25] and (C36)2
[26] (52.8 kcal -


mol�1 at the B3LYP6-31G* level). The following discussion
only considers the singlets.


The optimized structures of the dianions are depicted in
Figure 2. The addition of two electrons lengthens the inter-
fullerene bonds of all the isomers and changes their stability
order. As expected, the open-caged structures, 42� and 52�,
are the two most stable dianions. However, 42� is 13.7 kcal
mol�1 higher in energy than 52�.


Trimer and tetramer structures : Guided by the experience
with the dimers, we can easily imagine chain structures 6±10
for the trimer and 11±14 for the tetramer. Their optimized
geometries are summarized in Figures 3 and 4, respectively,
and their energies are given in Table 2. These structures can


be extended further into one-
dimensional chain polymers. As
expected, the open [2+2] trimer
9 has the lowest energy by far;
the second most stable isomer
10 (with a twisted open-cage
structure) is 55.3 kcalmol�1


higher in energy. Moreover, 9
has a larger HOMO±LUMO
gap (2.16 eV) than the mono-
mer, whereas the gap for 10 is
much smaller (0.45 eV).


Like the dimer and trimer,
the linear open [2+2] bonded
ladderlike tetramer 13 is ap-
proximately 78 kcalmol�1 more
stable than 14, and is 104±
188 kcalmol�1 lower in energy
than the other tetramer candi-


Figure 2. The B3LYP6-31G* optimized structures of (C20)2 and its dianion
(normal for singlet, italic for triplet, underlined for dianion).


Table 1. The B3LYP6-31G* relative energies [Erel, kcalmol�1], HOMO±LUMO gap [eV], binding energies
[DE, kcalmol�1], vertical ionization potentials [VIP, eV], DFTB relative energies [Erel, kcalmol�1], and
HOMO±LUMO gap [eV] of C20 dimers (Figure 2).


Species Erel Gap [eV] DE VIP [eV] Erel
[a] Gap[a] [eV]


C20 ± 1.95 ± 6.88 ± 1.37
(C20)2 1 singlet[b] 35.5 2.30 102.7 6.84 34.5 1.21


triplet 62.2 ± 76.0 ± ± ±
(C20)2 2 singlet[b] 87.8 0.52 50.4 5.62 59.7 1.08


triplet 74.5 ± 63.7 ± ± ±
(C20)2 3 singlet 75.3 1.11 62.9 6.69 77.7 0.38


triplet 70.1 ± 68.1 ± ± ±
(C20)2 4 singlet[b] 0.0 2.47 138.2 7.01 0.0 1.27


triplet 30.4 ± 107.7 ± ± ±
(C20)2 5 singlet 28.8 1.01 109.4 6.11 5.8 1.03


triplet 20.1 ± 118.1 ± ± ±
(C20)2 1


2� 45.8 ± ± ± ± ±
(C20)2 2


2� 57.6 ± ± ± ± ±
(C20)2 3


2� 28.8 ± ± ± ± ±
(C20)2 4


2� 13.7 ± ± ± ± ±
(C20)2 5


2� 0.0 ± ± ± ± ±


[a] at DFTB level. [b] These species have recently been computed at HF/6-31G* (ref. [18]).
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dates (Table 2). The high stability of 13, which suggests that
it might be realized experimentally, is due to the absence of
unfavorable four-membered rings. This is also true for the
twisted open-caged [2+2] bonded tetramer 14, the second-
most-stable tetramer. The lowest energy tetramer, 13, has a
large HOMO±LUMP gap (2.00 eV), whereas the gap for 14
(0.2 eV) is much smaller.


As an aid to characterization, the theoretical vertical ion-
ization potentials (VIP) for the dimers, trimers, and most
stable tetramers have been computed (Tables 1 and 2). The
VIPs are based on the energy difference between the neu-
tral and the cation, both computed at the optimized neutral
geometry. The VIPs of the most stable oligomers are in the
6.49 to 7.01 eV range; the C60


VIP is somewhat larger (experi-
mental 7.57�0.01 eV;[27] com-
puted 7.21 eV at B3LYP6-
31G*). The VIPs of the next
best isomers, the twisted forms,
are approximately 1 eV smaller
than those of the best forms;
this difference might be used to
distinguish these two structures
experimentally.


Linear structures : DFTB repro-
duces the DFT relative energy


order (see Tables 1 and 2) and has also performed well in in-
vestigations of other solid-state forms of carbon,[28] C36-
based solids,[26,29] higher fullerenes,[30] and highly reactive
mono- and bicyclic carbon structures.[1l,31] We employed this
less-time-consuming computational method to investigate
the infinite C20 chains and solids: the most reasonable linear
aggregates are connected by open [2+2] bridges, by closed
[2+2] bridges, or have twisted structures, as revealed by
computations on oligomers. The three chain forms extending
from dimers 4, 5, and 1 were computed by using DFTB
theory with periodic boundary conditions. Four C20 units
were included in the unit cell resulting in cell sizes with z di-
mensions exceeding 20 ä, and computations using the G


point approximation were performed. The c parameter of
the unit cell was optimized, while the x and y cell parame-
ters were fixed at 100 ä to avoid spurious interactions.


Local minima were found for the opened [2+2] and the
twisted forms. In contrast to Miyamoto and Saito×s find-
ings,[16a] the closed [2+2] form transformed into one of the
other two isomers (15 and 16, Figure 5) during our DFTB
optimization of the cell size. The open [2+2] structure 15


Figure 4. The B3LYP6-31G* optimized structure of (C20)4.


Figure 3. The B3LYP/6-31G* optimized structure of (C20)3.


Table 2. The B3LYP6-31G* relative energies [Erel, kcalmol�1], HOMO±LUMO gap [eV], binding energies
[DE, kcalmol�1], vertical ionization potentials [VIP, eV], DFTB relative energies [Erel, kcalmol�1], and
HOMO±LUMO gap [eV] of C20 trimers (Figure 3) and tetramers (Figure 4).


Species Symm Erel DE Gap [eV] VIP [eV] Erel
[a] Gap[a] [eV]


(C20)3 6 D2h 69.7 196.5 2.34 6.63 67.7 0.97
(C20)3 7 C2h 175.1 91.1 0.23 5.27 125.6 1.15
(C20)3 8 C2h 135.3 130.9 0.42 6.10 143.9 0.07
(C20)3 9 D2h 0.0 266.2 2.16 6.49 0.0 1.11
(C20)3 10 C2h 55.3 210.9 0.45 5.47 13.7 0.87
(C20)4 11 D2h 103.8 290.3 2.21 ± 99.9 0.96
(C20)4 12 C2v 188.1 205.9 0.21 ± 198.4 0.65
(C20)4 13 D2h 0.0 394.0 2.00 6.21 0.0 0.93
(C20)4 14 C2h 78.3 315.7 0.20 5.19 20.6 0.81


[a] at DFTB level.
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has a c parameter of 5.70 ä per C20 unit; this value is 5.50 ä
per C20 for the twisted structure 16. The energy of the open
[2+2] form 15 is 0.27 eV per C20 lower than the twisted form
16 (see Table 3, in which the energies of other forms of
carbon are also given for comparison). The electronic struc-
tures of 15 and 16 are very similar: neither have a gap at the
Fermi level, but have a low density-of-states (DOS) at this
Fermi level (Figure 5). There is a gap of approximately 5 eV
above the Fermi energy. Thus, these forms should exhibit
metallic character; one-dimensional conduction is possible.


Three-dimensional solid-state structures : Since many three-
dimensional solid-state topologies can be formed by aggre-
gation of C20 units, we only investigated the most reasonable
possibilities. These were based on our experience with the


C20 oligomers and from previous calculations on C20
[16] and


C36 solids.
[26, 29,32] The first group of three related candidates


were derived from the linear oligomer structures discussed
above: the opened (I), closed, and half-opened [2+2] bridg-
ed structures. The simple cubic (SC) lattice configuration
based on the closed structure was studied in Miyamoto and
Saito×s first paper on C20.


[16a] However, in agreement with
their later work,[16b] the closed structure is much less stable
than other alternatives. DFTB optimization of the unit cell
opens the [2+2] bridge. Furthermore, the half-opened form
is stabilized further by transformation into the more stable
opened [2+2]-bridged structure. Consequently, the latter
was the only form we investigated further in this first SC
group. (Twisted chain extensions require large tilts of the
C20 units and are therefore not realistic.)


The second group is based on the extraordinarily stable
C20H8 isomer, whose ™C20H8±8H∫ cage is used as the build-
ing block. When these units are joined by transforming the
C�H bonds into intercage C�C bonds, a body-centered
cubic (bcc) structure (II) is created. Within the bcc lattice,
no stable structure with additional intercage bonds was
found in our computations. However, introducing anisotro-
py, as suggested earlier,[16b] does lead to the formation of
such bonds, either in one- or in two-dimensions (see
Figure 6), and consequently considerable further stabiliza-
tion of the solid (see Table 3). These bonds are [2+2]
bridges at the same positions as for the SC solid, which may
open with changing the cell size. By employing this tech-
nique various new structures can be found, depending on
the intercage linkages and the degree of anisotropy intro-
duced into the solid. Four of them, III±VI, have been con-
sidered in our study. All of them have similar binding ener-
gies, at least half of their carbons are tetracoordinate, and
their densities are approximately 2.8±2.9 gcm�3 (see
Table 3). Such high densities are similar to that of a C22


solid-state structure, proposed recently by Spagnoletti
et al.[16c]


One of these structures, IV, has been studied earlier by
Okada et al.[16b] It has [2+2] bridges in two layers (xz and yz
in our orientation, see Figure 6d). These bridges are ar-
ranged in an alternating way: for example in the xz plane,
[2+2] bridges connect cages in the z direction in one layer.
At the next layer the [2+2] bridges connect cages in the x
direction. The analogous arrangement is also found in the
yz plane. This structure (IV) is very stable, in agreement
with a previous finding.[16b] Its binding energy is 8.6 eV per
carbon atom, only 0.25 eV per carbon atom less than in C60.
80% of the carbons in IV are tetracoordinate (saturated);
its density, 2.8 gcm�3, is much higher than that of graphite
and approaches the diamond value (~3.15 gcm�3).


We have found two structures even more stable than IV.
The most stable of these, III, contains both small planar sp2


areas and cagelike sp3 regions (see Figure 6c); the tetracoor-
dinate carbon content is relatively low (50%). As a conse-
quence, III has a binding energy of 8.7 eVcarbon�1 (see
Table 3) and the highest density (2.91 gcm�2) among all the
C20-based solids we studied. The bond lengths, including
those of intercage connections, are unexceptional and range


Table 3. DFTB binding energies (with respect to the free, spherical,
closed-shell atoms) for C20 solids and other carbon materials.


Structure DFTB binding Density Saturation[d]


energy [eVatom�1] [g cm�3]


diamond 9.22[a] 3.15±3.513[c] 100%
graphite 9.24[a] 1.9±2.3[c] 0%
C60 8.85[a] ± 0%
C36 monomer 8.51[b] ± 0%
C36 hexagonal solid 8.67[b] 1.720 33.3%
C20 monomer 8.01 ± 0%
C20 open [2+2] chain (15) 8.27 ± 20%
C20 twisted chain (16) 8.25 ± 0%
3D C20 solid (I) 8.48 2.494 0%
3D C20 solid (II) 8.53 2.443 40%
3D C20 solid (III) 8.70 2.911 50%
3D C20 solid (IV) 8.60 2.803 80%
3D C20 solid (V) 8.59 2.844 60%
3D C20 solid (VI) 8.67 2.862 70%


[a] From ref. [28]. [b] From ref. [26]. [c] Experimental. [d] The degree of
saturation is the percentage of saturated versus the total number of car-
bons.


Figure 5. The DFTB-optimized structures and DOS of infinite chains of
C20: an open [2+2] chain (15) and a twisted chain (16).
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Figure 6. The DFTB-optimized structures and DOS of three-dimensional C20 solids: a)±f) are for solids I±VI, respectively.
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from 1.34 ä for the sp2±sp2 bonds to 1.55 ä for the sp3±sp3


bonds.
Extrapolation of the above approach to a fully saturated


bcc structure with [2+2] bridges in each spatial direction for
every C20 unit was unsuccessful. In the recently described
hexagonal crystal,[15] C20 units act as building blocks. The in-
termolecular bond length is about 1.5 ä, as expected from
strong, covalent bonding. The hexagonal symmetry shown
by the electron diffraction pattern[15] is consistent with struc-
tures II±VI. Note that III±VI were derived from the bcc
solid-state form, II.


So far, no direct experimental X-ray structure determina-
tion of the C20 solid has been reported. The electronic densi-
ty-of-states (DOS) of solid-state C36 has been measured re-
cently by scanning tunneling spectroscopy.[32a] This tech-
nique, which could also be carried out on the C20 solid, re-
quires only small amounts of material deposited on a sur-
face.


To assist future experimental investigations, we computed
DOS for C20 solids discussed here. Only I had metallic char-
acter (see Figure 6a) due to its small DOS at the Fermi
level. At higher energy (6 eV above the Fermi level) it has a
remarkably large gap of 10 eV. The bcc structure II shows
its insulating character clearly: its 3.5 eV gap is quite large
(Figure 6b) and its DOS has a strong, characteristic peak ~
1.7 eV above the Fermi level. The DOS×s of III±VI are relat-
ed to II, except that their anisotropy smears the DOS con-
siderably. In particular, the sharp peak of II is broadened
considerably in III±VI. Evidently, these states belong to the
p bonds of the C2 units (II), or, in III±VI, by the [2+2] inter-
cage bonds (and remaining C2 units). In III and IV, the
DOS above the Fermi level is split into two major parts. In
all cases besides the ™best∫ structure III, for which both
parts are comparable, the higher-energy DOS is significantly
denser than the lower energy part. In III±VI the gap is re-
duced to ~2 eV.


Conclusion


The geometries and energies of C20 fullerene minima with
different symmetries are nearly the same. Consistent with
the recent synthesis of a solid C20 crystallite,[15] C20 is com-
puted to be very reactive, even more than C36, and forms
solid phases with different dimensions easily. The relative
stabilities of C20 oligomers and solids depend primarily on
their strain energies. The thermodynamically most favorable
structures of linear oligomers are linked by cyclic C4 units
formed through a [2+2] cycloaddition with subsequent ring
opening. The corresponding linear aggregate should exhibit
metallic character. Two stable three-dimensional solids,
open [2+2] simple cubic and body-centered cubic (bcc)
forms, are proposed. As expected from the preferred bond-
ing of the oligomers and the maximum strain-energy release
principle, the bcc form is more thermodynamically stable.
The open [2+2] simple cubic solid should be a conductor,
whereas the bcc solids are insulators. The most stable solid
structure, III, can be viewed as an anisotropically com-
pressed form of the standard bcc solid. The HOMO±LUMO


gap of III is ~2 eV and its binding energy is greater than
that of the proposed C36 solid. Our computed DOS might
assist the characterization of III.
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Prompt Chemoenzymatic Synthesis of Diverse Complex-Type
Oligosaccharides and Its Application to the Solid-Phase Synthesis of a
Glycopeptide with Asn-Linked Sialyl-undeca- and Asialo-nonasaccharides


Yasuhiro Kajihara,*[a] Yasuhiro Suzuki,[a] Naoki Yamamoto,[a] Ken Sasaki,[b]


Tohru Sakakibara,[a] and Lekh Raj Juneja[b]


Introduction


Cell-surface oligosaccharides are responsible for several bio-
logical processes such as cell±cell adhesion, differentiation,
inflammation and immune responce.[1] Oligosaccharides are
mainly divided into two groups, glycolipids and glycopro-
teins. In the case of glycoproteins, oligosaccharides are
known to be O-glycans and N-glycans. The N-glycans are
further divided into highmannose-, complex- and hybrid-
types. These N-glycans on the protein surface play essential


roles to physicochemical- and chemical-behavior such as
protein folding, resistance to proteolysis, and clearance of
glycoproteins.[1d] N-Glycans are attached to the asparagine
residue of the Asn-X-Thr/Ser (X is any amino acid except
for proline) sequence in the protein backbone as a post-
translational modification[2] and are then transported to the
golgi apparatus for further modification by glycosyltransfer-
ases. However, most glycoproteins have many various oligo-
saccharide structures (glycoforms) depending on the struc-
tural diversity of their N-glycans. N-Glycans show micro-
heterogeneity at the nonreducing terminal and can show
over one hundred of glycoforms. However, there is no evi-
dence for why glycoproteins have glycoforms. In order to in-
vestigate the roles of the oligosaccharides, chemical and che-
moenzymatic syntheses of these oligosaccharides have been
performed.[3] Especially, in the past decade, synthetic tech-
nologies for the synthesis of large oligosaccharides have ad-
vanced considerably.[4] In order to study why the glycopro-
teins show different glycoforms, N-glycans of diverse struc-
ture must be promptly prepared and then tested in bioas-
says. Although N-glycans have been generally synthesized
from the corresponding monosaccharides, their complex
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Abstract: We describe herein the prep-
aration of 24 pure asparagine-linked
oligosaccharides (Asn-oligosacchar-
ides) from asparagine-linked bianten-
nary complex-type sialylundecasacchar-
ide [(NeuAc-a-2,6-Gal-b-1,4-GlcNAc-
b-1,2-Man-a-1,6/1,3-)2-Man-b-1,4-
GlcNAc-b-1,4-GlcNAc-b-1-asparagine,
2] obtained from egg yolk. Our syn-
thetic strategy aimed at adapting
branch specific exo-glycosidases diges-
tion (b-d-galactosidase, N-acetyl-b-d-
glucosaminidase and a-d-mannosidase)
of the individual asialo-branch after
preparation of monosialyloligosacchar-
ides obtained from 2 by acid hydrolysis


of NeuAc. In order to perform branch
specific exo-glycosidase digestion, iso-
lation of pure monosialyloligosacchar-
ides obtained was essential. However,
isolation of two kinds of monosialyloli-
gosaccharides are difficult by HPLC
due to their highly hydrophilic nature.
Therefore, we examined chemical pro-
tection with hydrophobic protecting
(Fmoc and benzyl) groups. These
chemical protection enabled us to sepa-
rate the monosialyloligosaccharides by


use of a HPLC column (ODS) on syn-
thetic scales. Using these pure mono-
sialiloligosaccharides enable us to
obtain 24 Asn-linked oligosaccharides
(100 mg scale) within a few weeks by
branch specific exo-glycosidase diges-
tions (a-d-neuraminidase, b-d-galacto-
sidase, N-acetyl-b-d-glucosaminidase
and a-d-mannosidase). In addition,
solid-phase synthesis of glycopeptide
having Asn-linked sialyl-undeca- and
asialo-nonasaccharides thus obtained,
was also performed on an acid labile
HMPA-PEGA resin.Keywords: carbohydrates ¥


glycoproteins ¥ oligosaccharides
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structures result in time consuming syntheses due to repeti-
tive protection and deprotection of hydroxyl groups.
Recently, semisynthetic methods have been developed.[5]


In this approach, oligosaccharides from natural sources such
as commercially available glycoproteins are used to afford
large quantities of pure oligosaccharides. This methodology
has advantages compared with chemical and chemoenzymat-
ic synthesis, because most glycosylation reactions and pro-
tection/deprotection steps can be omitted. On the other
hand, the disadvantage is the inability to introduce branch
specific modification of N-glycan structure. Complex type
N-glycans generally form bi-, tri- and tetra-branch structures
in which the branches consist of NeuAc-a-2,6/3-Gal-b-1,4-
GlcNAc-b-1,2-Man-a sequences. In order to synthesize di-
verse oligosaccharides by the semisynthetic method, branch
specific removal of the sugar residues from a single NeuAc-
a-2,6/3-Gal-b-1,4-GlcNAc-b-1,2-Man-a structure is necessa-
ry. Therefore, we set out to synthesize over 20 pure aspara-
gine-linked oligosaccharides (Asn-oligosaccharides) using
branch-specific exo-glycosidase digestion from the aspara-
gine-linked biantennary complex-type sialylundecasacchar-
ide 2 obtained in large scale
from egg yolk (Figure 1). If we
could prepare pure monosialy-
loligosaccharides from 2 by se-
lective acid hydrolysis of a
NeuAc, we would be able to
obtain diverse pure Asn-oligo-
saccharides by subsequent
branch specific exo-glycosidase
digestion (b-d-galactosidase,
N-acetyl-b-d-glucosaminidase
and a-d-mannosidase) of the
individual asialo-branches.
However, this simple strategy
has troublesome drawbacks as
shown in Figure 2. Acid hy-
drolysis of the NeuAc may not
be selective and may afford
various products (step 1 in
Figure 2): the disialyloligosac-
charide (substrate), two kinds
of monosialyoligosaccharides
and the asialooligosaccharide
(the over-reaction product). If
these Asn-oligosaccharides can
be purified on a synthetic scale
(>100 mg scale), subsequent
branch specific exo-glycosidase
digestions would afford many
kinds of diverse Asn-oligosac-
charides. However, oligosac-
charides have a highly hydro-
philic nature, therefore the pu-
rification by HPLC is known
to be very difficult on a syn-
thetic scale. In order to purify
these oligosaccharides, we
added hydrophobic protecting


groups to increase the degree of interaction between the oli-
gosaccharides and ODS-HPLC column (step 2 in Figure 2).
Successful purification would enable us to obtain many di-


Figure 1. Structure of sialylglycopeptide.


Figure 2. Synthetic strategy of diverse Asn-linked oligosaccharides.
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verse oligosaccharides by branch specific exo-glycosidase di-
gestion as shown in step 3 and 4 of Figure 2.
In this paper, we report the highly efficient chemoenzy-


matic semisynthesis of 24 different, diverse Asn-oligosac-
charides and its application to the solid-phase synthesis of
sialylglycopetides by use of the asparagine linked oligosac-
charides thus obtained.


Results and Discussion


It is known that sialylglycopeptide 1 can be easily prepared
from egg yolk with large scale.[6] As shown in Figure 1, this
oligosaccharide has general biantennary complex-type struc-
ture. If this sialylglycopeptide can be used to make diverse
oligosaccharides, this sialyloligosaccharide would be a valua-
ble source for large scale preparation. However, in order to
use this sialylglycopeptide as a versatile oligosaccharide
block, unnecessary amino acid sequences should be removed
(Figure 1, bottom right). Therefore, we first had to remove
the amino acids in order to convert the asparagine-linked
sialyloligosaccharide 2[7] by protease digestion (Actinase-E).
The asparagine-linked biantennary oligosaccharide 2 thus


obtained was then treated by acid hydrolysis to remove one
of the two NeuAc residues of 2 (Scheme 1). For these acidic
conditions, we have found a 40 mm of HCl solution to be
the most suitable condition for removing the NeuAc resi-
due.[8] However, as expected, this acid hydrolysis afforded
four different Asn-oligosaccharides 2±5 along with 6 and 7
as side-products. In order to use these oligosaccharides, the
Asn-oligosaccharides needed to be purified at this point.
However, since these Asn-oligosaccharides are very hydro-
philic, purification by HPLC with an ODS-column was un-
successful on scales greater than a 1 mg. Indeed, it is known
that large scale separation (mg scale) of oligosaccharide
mixtures prepared from natural sources is very difficult even
using several different HPLC columns. Therefore, we exam-
ined the addition of hydrophobic protecting groups to these
Asn-oligosaccharides in order to increase the interaction be-
tween hydrophobic protected Asn-oligosaccharides and the
ODS column. Among several protecting groups examined,
the 9-fluorenylmethyl (Fmoc) group was found to be suita-
ble for hydrophobicity as well as its application to Fmoc
solid phase glycopeptide synthesis. 9-Fluorenylmethyl-N-suc-
cimidylcarbonate[9] was added to a mixture of Asn-oligosac-
charides 2±7, affording the corresponding Fmoc-Asn-oligo-


Scheme 1.
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saccharides 8±13 in almost quantitative yields. As shown in
Figure 3, all the Fmoc-Asn-oligosaccharides can be purified
on a HPLC column except for 9 and 10. This purification
scale is limited to a 30 mg mixture 8±13 per purification
(ODS column 120 mmî250 mm). In order to obtain each
Fmoc-Asn-oligosaccharides in a few hundred mg scale, we
performed this purification repeatedly. Since the purification
of a mixture takes less 1 h, this semisynthetic method is
preferable compared with the chemical synthesis which
takes a few months up to a half year. If a large ODS column
can be used for this purification, a large scale purification
could be easily performed. In order to separate monosialyl-
oligosaccharides 9 and 10, further protection with hydropho-
bic groups was then examined. Since NeuAc residues have a
carboxylic group, this functional group should be protected
selectively by esterification. For this protection, we have
found benzylesterification to occur selectively on the car-
boxylic acid of the two NeuAc in 8 without protection of
the asparagine.[10] Therefore, this benzylesterification condi-
tion was applied to the mono-benzyl esterification of the
monosialyloligosaccharides 9 and 10 to afford the corre-
sponding products 14 and 15 in moderate yields. The in-
creased hydrophobicity of the benzyl esters enabled us to
separate Fmoc-Asn-oligosaccharides 14 and 15 (Scheme 2).


The limit of this purification is about 10 mg per purification
(ODS column 120 mmî250 mm). The structure of oligo-
saccharide 14 and 15 was determined by conversion into 16
and 12, respectively, by galactosidase digestion and subse-
quent deprotection. The Fmoc-Asn-oligosaccharide 14 and
15 can also be used in synthesis of glycopeptides with mono-
sialyl biantennary oligosaccharides which are abundant
among cell surface glycoproteins.


Since the limit per purification of 14 and 15 is about
10 mg, we examined another condition to afford more mon-
osialooligosaccharides easily. Therefore we also examined
purification of monosialyloligosaccharides each other after
galactosidase digestion toward mixture of 9 and 10. We per-
formed exo-b-d-galactosidase digestion on a mixture of 9
and 10. We used commercially available b-d-galactosidase
containing less than 5% of other glycosidases as impurities.
This galactosidase digestion afforded monosialyl Asn-oligo-
saccharides 12 and 16 in 48 and 41% yield, respectively
(Scheme 3). Purification of these Asn-oligosaccharides can
also be performed by HPLC as shown in Figure 4. This puri-
fication (ODS column 120 mmî250 mm) can be per-
formed on a 20 mg scale of mixture of 12 and 16. Indeed,
we obtained each monosialyloligosaccharides on a 200 mg
scale by repetitive purification. In this purification, the re-
tention time of 16 was faster than that of 12. The structures
of Asn-oligosaccharides 12 and 16 were determined by 1H
NMR signals of the reporter group,[11] after conversion into
41 and 19, respectively, by glycosidase digestions. Because
the anomeric protons of the three mannosides are empirical-
ly observed with the corresponding chemical shifts in the
NMR spectrum, the structures of 19 and 41 can be identified
based on disappearance of 4H-1 and 4’H-1, respectively. As
shown in Figure 5 and Table 1, although differences in 1H
NMR data of 12 and 16 are only small, the retention time
by HPLC is clearly visible (Figure 4).
In order to modify pure Asn-oligosaccharide 16, sequen-


tial exo-glycosidase digestions were performed as shown in
Scheme 4. These exo-glycosidase digestions can be per-
formed in >100 mg scale with yields in the range 60±90%
and reactions finished within one day depending on the
enzyme quantities added. Each reactions can be easily moni-
tored by HPLC and their products 18±22 were easily puri-
fied by the same HPLC conditions. We also examined de-
protection of the N-Fmoc group by morphorine after isola-Scheme 2.


Figure 3. HPLC profile (analytical scale) of acid hydrolysis reaction.
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tion of the each Fmoc-Asn-oligosaccharides 18±22. Com-
plete deprotection reactions afforded Asn-oligosaccharides
23±27 in good yields.
In order to further modify the Asn-oligosaccharides, we


examined a variety of sequence for glycosidases digestion as
shown in Scheme 5. These digestions can be performed on a
100 mg scale and no over-reaction products were observed
in HPLC and NMR analysis by good commercially available
glycosidase (less than 5% of other glycosidases as contami-
nant). For the asialooligosaccharides 11 and 34 (Scheme 5),
slight branch specificity was observed. However since excess
glycosidase were used, the digestions proceeded smoothly.
The diverse Asn-oligosaccharides shown in Scheme 5 were
also deprotected by morphorine to afford Asn-oligosacchar-
ides 29, 32, 33, 5, 36, and 37 in good yield.
In Figure 6, several Asn-oligosaccharides are shown which


were prepared from pure Asn-monosialyloligosaccharide 12.


Since those structures are positional isomers to those in
Schemes 4 and 5, that is, 40 and 18, 41 and 19, the structural-
ly diverse Asn-oligosaccharides shown in Figure 6 were pre-
pared by the same procedure shown in Schemes 4 and 5. For
Jack beans a-d-mannosidase digestion, large excess of a-d-
mannosidase is essential. Hydrolysis of 1!6 branched a-d-
mannoside in Asn-oligosaccharide 40 (Figure 6) to afford 41
required a 27 fold excess of enzyme over substrate 18
(Scheme 4). This branch specificity of Jack beans a-d-man-
nosidase digestion is reversed compared with Asn-penta-oli-
gosaccharide 37.[12] Brossmer reported that the 1!6
branched in mannoside in 37 was easier digested than the
1!3-branched mannoside. Attachment of the branched
NeuAc-a-2,6-Gal-b-1,4-GlcNAc-b-1,2 sequence to the man-
noside-4 may alter the substrate specificity of mannosidase
digestion. In the NMR analysis, a remarkable phenomenon
was observed. When GlcNAc-5’ residue of 12, 13 and 34, re-
spectively, was removed by N-acetyl-b-d-glucosaminidase,
the H-2 of Man-4’ was remarkably shifted upfield. This ten-
dency have been also reported by Vliegenthart.[11] As seen
in Schemes 4 and 5, Asn-oligosaccharides were obtained by
glycosidase digestion from the pure Asn-monosialyloligosac-
charide 16. Glycosidase digestion to obtain Asn-oligosac-
charides can also be performed by use of a mixture of 9 and
10 as a starting substrate, and then purified by HPLC as
shown in Scheme 6. In this one-pot procedure, b-d-galactosi-
dase and N-acetyl-b-d-glucosaminidase were added to a
mixture of 9 and 10 and the reaction was monitored by
HPLC. After removal of N-acetyl-b-d-glucosaminide, the re-
action mixture was heated under reflux for 5 min in order to
deactivate glycosidases and then a-d-neuraminidase was
added to the reaction mixture. If b-d-galactosidase and N-
acetyl-b-d-glucosaminidase activities remained after a-d-
neuraminidase digestion, the reaction mixture would afford


Scheme 3.


Figure 4. HPLC profile (analytical scale) of galactosidase digestion of 9
and 10.


Figure 5. 1H NMR spectra of monosialo-nonasaccharides 12 (top) and 16
(bottom).
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multiple compounds including over-reaction products, such
as 35. The reflux time is dependent on the quantity of glyco-
sidases added. A series of those one-pot glycosidase diges-
tions afforded the structural isomers 30 and 38. These iso-


mers can be easily purified by HPLC to afford pure 30 and
38. Although the separation of 9 and 10 is a little difficult,
the other positional isomers can easily be separated from
one another.
As shown in Schemes 2±6 and Figure 6, this procedure


can easily afford more than 100 mg of these Asn-oligosac-
charides by repetitive enzymatic reactions. Since these Asn-
oligosaccharides contain a-sialyl- and b-mannosyl linkages
which are the most difficult during chemical glycosylation,
our semisynthetic method is the first efficient procedure to
prepare such a variety of Asn-oligosaccharides. Although
some Asn-oligosaccharides were prepared by a chemical
method consisting of many steps, our method can easily
yield the desired biantennary Asn-oligosaccharides in a few
weeks. In order to increase the variety of Asn-oligosacchar-
ides, use of glycosyltransferases and sugar nucleotide ana-
logues should be employed.


Solid-phase synthesis of glycopeptide with several Asn-oli-
gosaccharides : Glycoproteins with N-glycan or O-glycan
linkages, have several different oligosaccharides on their
peptide backbones. Therefore, a synthetic technology for
glycopeptides consisting of several oligosaccharides is essen-
tial in order to elucidate the roles of glycopeptides and gly-
coproteins. However, although synthetic methods for glyco-
peptides have been developed,[13] preparation of oligosac-
charides is also time consuming, which hinders further bio-
logical investigations. Especially, the synthesis of Asn-linked
oligosaccharide such as 8 require sophisticated synthetic
techniques and is very time consuming. In addition, solid-
phase synthesis of sialylglycopeptides is very difficult, be-
cause the sialyl linkage in the glycopeptide is very labile
during trifluoroacetic acid (or HF in Boc method) treatment
to release the sialylglycopeptide from the solid phase. In this
respect, a-2,6 sialyl linkages are more labile than a-2,3-sialyl
linkages. In order for a-2±6 sialyloligosaccharide to resist
acid hydrolysis, an electron-withdrawing group such as an
acetyl group should be used as a protecting group.[13n]


Our semisynthetic method solved the above time consum-
ing problems during preparation of oligosaccharide and pro-
vides adequate quantities. In addition, asparagine is already
protected with the Fmoc group which is convenient for
Fmoc solid phase peptide synthesis. However, in order to
use Fmoc-Asn sialyloligosaccharide 8 for the synthesis of
sialylglycopeptides, selective protection of the carboxylic
acid groups in NeuAc is essential. For this problem, we have
already found a selective benzyl esterification method for
the carboxylic acid of NeuAc to afford benzyl esterified
Fmoc-Asn-sialyloligosaccharide 52 (Scheme 7)[10] In addi-
tion, we also found that benzyl esterified Fmoc-Asn-sialylo-
ligosaccharide 52 is stable towards treatment with 95% TFA
for 3 h; this is a conventional condition in solid-phase syn-
thesis to cleave the peptide from the solid phase. These new
finding enabled us to synthesize sialyloligopeptide
(ALLVNSS: N is Asn-oligosaccharide 8) on a solid phase.[10]


Since native proteins have several different oligosacchar-
ides on the peptide backbone, we next examined the synthe-
sis of a glycopeptide with two kinds of large Asn-oligosac-
charides, 8 and 11, prepared using our semisynthetic


Scheme 4. a) N-Acetyl-b-d-glycosaminidase; b) a-d-mannosidase; c) a-d-
neuraminidase; d) b-d-galactosidase.
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Scheme 5.
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method. The peptide backbone we selected contains twelve
amino acids, ALLV N(asialooligosaccharide)ALLVN(sialyl-
oligosaccharide)SS. The sequence ALLVNSS is a fragment
of erythropoietin 85±95.[14] Although the natural type eryth-
ropoietin has Asn-linked triantennary oligosaccharide at the
asparagine in ALLVNSS, we added a biantennary oligosac-
charide for use as a model compound.
In addition, we added ALLVN(asialo-biantennary oligo-


saccharide) to the ALLVN(sialyloligosaccharide)SS in order
to perform a model solid-phase synthesis of a glycopeptide
with two different large oligosaccharides. In this amino acid
sequence, valine is attached to the asparagine. Because
steric hindrance between the isopropyl residue of valine and
the Asn-oligosaccharide may occur, this synthesis also gives
the limitations of this method. The synthetic technique is
based on the Meldal procedure.[5b] After two serines were
attached to the HMPA-PEGA resin, protected sialyloligo-
saccharide 52 was attached by 2-(1H-9-azobenzotriazole-1-
yl)-1,1,3,3-tetramethyluronium hexafluorophosphonate
(HATU) and diisopropylethylamine in DMSO/DMF for
24 h (yield 38%).[10] The peptide was then elongated by ad-
dition of valine, leucine, alanine using Fmoc-amino acid acti-
vated by pentafluorophenol (OPfp) esters in the presence of
3,4-dihydro-4-oxo-1,2,3-benzotriazin-3-yl (Dhbt) as the cata-
lyst.[5b] Coupling of Fmoc-Val-OPfp was stopped at 85%
yield by monitoring the disappearance of the yellow Dhbt
color. If coupling of Val is continued, esterification by
amino acid toward hydroxyl groups on oligosaccharide oc-
curred. This undesired esterification was observed by HPLC
analysis after release of the glycopeptide from the solid
phase. When the sample was treated with NaOHaq (pH 11),


many peaks appeared simplify in the HPLC analysis. This
indicates that undesired esterification occurred. Therefore,
we terminated the coupling reaction of Val at 85% yield.
The problem may result from steric hindrance between Val
and the oligosaccharide. Coupling of other amino acids
(Leu, Leu, Ala) by the OPfp method occurred in quantita-
tive yield by monitoring the Dhbt color, and no esterifica-
tion of the hydroxyl group of the oligosaccharide was ob-
served. Subsequently the Fmoc-Asn-asialooligosaccharide
11 was attached in 48% yield under the same conditions as
the disialyloligosaccharide 52. Coupling of Val, Leu, Leu,
Ala was also performed by the same pentafluorophenol
method. In this step, the coupling yields of Val, Leu, Leu,
Ala showed quantitative yield. In this case, coupling of a
second valine to asialooligosaccharyl-Asn might be good
yield, since the terminal asialooligosaccharide appear to be
flexible compared with the sialyloligosaccharide due to the
distance from the solid phase. After construction of the gly-
copeptide, the glycopeptide was deprotected and cleaved
from the resin by treatment with TFA/water (95:5) for 3 h.
In this case, the sialyl linkage was stable toward acid treat-
ment. Removal of the benzyl ester was carefully performed
using aqueous sodium hydroxide at pH 11. The crude prod-
ucts were then subjected to RP-HPLC purification. Pure
compound 53 was obtained and characterized by 1H NMR
spectroscopy (2D-TOCSY). WatergateTOCSY shows corre-
sponding amide hydrogens in the 2D NMR spectra (Sup-
porting Information). Since the coupling yield of Asn-oligo-
saccharide and valine was not high on the solid phase, sever-
al glycopeptides fragments were afforded in the final reac-
tion mixture released from solid phase. Nevertheless, the de-
sired glycopeptide with two different large Asn-
oligosaccharides can be synthesized by the solid-phase
method.


Conclusion


In the past decade, many kinds of oligosaccharides have
been synthesized by chemical and chemoenzymatic methods.
However, since asparagine linked oligosaccharides have
complicated structures, synthesis of these oligosaccharides is
very difficult. In addition, in order to examine solid phase
glycopeptide synthesis, at least 100 mg of the oligosacchar-
ide should be necessary to optimize several coupling reac-
tions as well as for obtaining an adequate quantity of target
glycopeptide. Furthermore, in order to record the 1H,15N
HSQC and its HSQC-TOCSY and HSQC-NOESY spectra,
which is a general method in structural biology of peptides
and proteins, a minimum 10 mm concentration of glycopep-
tide should be prepared if natural abundance of 15N is used
for the measurement.[15]


Our semisynthetic method has solved these problems for
the synthesis of biantennary complex type oligosaccharides
and affords 24 different, diverse Asn-oligosaccharides. Al-
though this semisynthetic method is based on a laboratory
HPLC purification procedure for the preparation of Asn-oli-
gosaccharides as a starting materials, we believe that this
method is the most convenient chemoenzymatic method for


Scheme 6.
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diverse Asn-oligosaccharides, which can then be used for
further biological research and synthesis of other glycocon-
jugates. For this application, we demonstrated the solid-
phase synthesis of sialyloligopeptides with two large Asn-oli-
gosaccharides. Research to increase the quantity of several
target glycopeptides is in progress. We have applied our
method to the synthesis of glycoproteins by use of native
chemical ligation or the intein method[16] in order to investi-
gate the influence of oligosaccharides on glycoprotein con-
formation and bioactivity.


Experimental Section


General methods : Jack beans b-d-galactosidase was purchased from Sei-
kagakukogyo Co. Ltd. (Japan). Jack beans N-acetyl-b-d-glucosaminidase,
Jack beans a-d-mannosidase and vibrio cholera a-d-neuraminidase were


purchased from SIGMA (USA). NMR spectra were measured with
Bruker Avance 400 (30 8C, internal standard HOD=4.718 ppm; external
(or internal) standard acetone=2.225 ppm)[11] instrument. Pure sialylgly-
copeptide 1 was prepared by the reported method.[6]


Asparagine linked sialylundecasaccharide 2


Method A : Actinase-E (9 mg) was added to a solution of sialylglycopep-
tide 1[6] (60 mg) and NaN3 in a Tris-HCl buffer (50 mm, CaCl2 10 mm,
pH 7.5, 3 mL) and this mixture was incubated for 2 d at 37 8C. During in-
cubation, the pH was kept at 7.5. This reaction was monitored by TLC
(1m NH4OAc/isopropanol 1:1). After the reaction was finished, the mix-
ture was lyophilized and purification of the residue by gel permeation
(Sephadex-G-25, 12.0 cmî20 cm, H2O) afforded pure asparagine-linked
sialyloligosaccharide 2[7] (42 mg, 86%).


Method B : Crude sialylglycopeptide 1 containing egg yolk peptides (ca.
1:1 weight%) was also used for the preparation of 2. The crude material
was easily prepared by repetitive purification (2±3 times) with Sephadex
G-25 (H2O) after extraction from ca. 80 egg yolks.[6] Actinase-E (263 mg,
Tris-HCl buffer 8 mL) was added to a solution of this crude sialylglyco-
peptide 1 (809 mg) and NaN3 in a Tris-HCl buffer (50 mm, CaCl2 10 mm,


Figure 6. Structure of oligosaccharide derivatives.


Chem. Eur. J. 2004, 10, 971 ± 985 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 979


Complex-Type Oligosaccharides 971 ± 985



www.chemeurj.org





Table 1. 1H NMR data of diverse Asn-oligosaccharides.[a]


8 : R =


Fmoc
2 : R=


H
14 : R = Fmoc 15 : R = Fmoc 12 : R =


Fmoc
6 : R =


H
16 : R =


Fmoc
17: R =


H
40 : R =


Fmoc
46 : R =


H


1 H-1 5.00 5.07 4.99 4.99 5.00 5.06 5.00 5.07 5.00 5.06
2 H-1 4.60 4.61 4.58 4.58 4.61 4.61 4.60 4.62 4.62±4.49 4.61
3 H-1 4.77 4.77 4.76 4.76 4.77 4.77 4.77 4.78 4.78 4.77
4 H-1 5.14 5.13 5.12 5.12 5.14 5.13 5.12 5.13 5.14 5.12
4’H-1 4.95 4.95 4.93 4.93 4.92 4.91 4.94 4.95 4.92 4.91
5 H-1 4.60 4.60 4.58 4.58 4.56 4.60 4.55 4.56 4.62±4.49 4.59
5’H-1 4.60 4.60 4.58 4.58 4.56 4.55 4.55 4.62 ± ±
6 H-1 4.45 4.44 4.46 4.33 4.45 4.44 ± ± 4.44 4.43
6’H-1 4.45 4.44 4.33 4.47 ± ± 4.45 4.52 ± ±
3 H-2 4.25 4.25 4.24 4.24 4.25 4.24 4.25 4.25 4.25 4.24
4 H-2 4.20 4.20 4.19 4.19 4.20 4.19 4.19 4.19 4.20 4.18
4’H-2 4.11 4.12 4.11 4.11 4.11 4.10 4.11 4.12 <4.0 <4.0
7 H-3ax 1.72 1.71 ± 1.84 1.72 1.71 ± ± 1.72 1.70
7 H-3eq 2.67 2.67 ± 2.68 2.67 2.66 ± ± 2.67 2.66
7’H-3ax 1.72 1.71 1.84 ± ± ± 1.79 1.72 ± ±
7’H-3eq 2.67 2.67 2.68 ± ± ± 2.67 2.68 ± ±
Asn-
CH2


2.73, 2.52 2.94,
2.85


2.72, 2.52 2.72, 2.52 2.72, 2.54 2.90,
2.80


2.72, 2.52 2.94, 2.85 2.73, 2.52 2.91, 2.81


Ac 2.07, 2.07 2.07,
2.06


2.06, 2.05 2.06, 2.05 2.07, 2.07 2.07,
2.06


2.06, 2.06 2.08, 2.07 2.07, 2.07 2.06, 2.06


2.07, 2.03 2.06,
2.02


2.04, 2.02 2.04, 2.02 2.05, 2.03 2.05,
2.02


2.05, 2.03 2.06, 2.04 2.03, 1.89 2.02, 2.00


1.89 2.02 1.89 1.89 1.89 2.01 1.89 2.02
Fmoc 7.92, 7.72 7.91, 7.71 7.91, 7.71 7.92, 7.71 7.92, 7.71 7.92, 7.72


7.51, 7.44 7.53±7.41 (Fmoc and
Ph)


7.53±7.41 (Fmoc and
Ph)


7.51, 7.43 7.51, 7.44 7.50, 7.44


other 5.38, 5.31 (CH2) 5.38, 5.31 (CH2)


18 : R =


Fmoc
23 : R =


H
41: R =


Fmoc
47: R =


H
19 : R =


Fmoc
24 : R =


H
11: R =


Fmoc
5 : R =


H
34 : R =


Fmoc
36 : R =


H
35 : R =


Fmoc
37: R =


H


1 H-1 5.00 5.08 5.00 5.07 5.00 5.07 5.00 5.07 4.99 5.07 4.99 5.07
2 H-1 4.62±4.56 4.62 4.63±4.50 4.61 4.64±4.53 4.61 4.58 4.62 4.55 4.61 4.58±4.52 4.61
3 H-1 4.77 4.78 4.78 4.78 4.77 4.76 4.76 4.76 4.76 4.77 4.77 4.78
4 H-1 5.11 5.11 5.14 5.14 ± ± 5.12 5.12 5.11 5.11 5.10 5.10
4’H-1 4.95 4.95 ± ± 4.94 4.94 4.93 4.92 4.91 4.91 4.91 4.91
5 H-1 ± ± 4.63±4.50 4.60 ± ± 4.58 4.58 4.55 4.55 ± ±
5’H-1 4.62±4.56 4.62 ± ± 4.64±4.53 4.59 4.58 4.58 4.55 4.55 ± ±
6 H-1 ± ± 4.45 4.44 ± ± 4.47 4.47 ± ± ± ±
6’H-1 4.45 4.45 ± ± 4.45 4.44 4.47 4.47 ± ± ± ±
3 H-2 4.25 4.26 4.23 4.23 4.28 4.07 4.24 4.24 4.24 4.24 4.24 4.25
4 H-2 4.07 4.08 4.20 4.19 ± ± 4.19 4.19 4.18 4.18 4.06 4.06
4’H-2 4.12 4.12 ± ± 4.11 4.10 4.11 4.12 4.10 4.10 3.97 3.97
7H-3ax ± ± 1.72 1.71 ± ± ± ± ± ± ± ±
7H-3eq ± ± 2.67 2.67 ± ± ± ± ± ± ± ±
7’H-3ax 1.72 1.72 ± ± 1.72 1.71 ± ± ± ± ± ±
7’H-3eq 2.68 2.68 ± ± 2.68 2.67 ± ± ± ± ± ±
Asn-
CH2


2.73, 2.53 2.94,
2.85


2.73, 2.52 2.92,
2.83


2.73, 2.55 2.93,
2.85


2.72, 2.52 2.93,
2.84


2.72, 2.51 2.80,
2.63


2.72, 2.53 2.79,
2.61


Ac 2.07, 2.07 2.09,
2.07


2.07, 2.05 2.06,
2.06


2.07, 2.07 2.08,
2.06


2.07, 2.05 2.08,
2.05


2.06, 2.05 2.07,
2.05


2.05, 1.88 2.07,
2.01


2.03, 1.89 2.04,
2.02


2.03, 1.89 2.03,
2.01


2.03, 1.89 2.02,
2.01


2.05, 1.88 2.05,
2.01


2.05, 1.89 2.05,
2.01


Fmoc 7.92, 7.72 7.92, 7.72 7.93, 7.72 7.91, 7.70 7.91, 7.71 7.91, 7.70
7.51, 7.44 7.51, 7.44 7.51, 7.44 7.50, 7.43 7.50, 7.43 7.50, 7.43
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pH 7.5, 32 mL) and this mixture was incubated for 60 h at 37 8C. During
incubation, the pH was kept at 7.5. After 60 h, to this mixture was added
Actinase-E (25 mg) and this mixture was further incubated for 55 h. This
reaction was monitored by TLC (1m NH4OAc/isopropanol 1:1). After
the reaction was finished, the mixture was lyophilized and purification of
the residue by gel permeation (Sephadex-G-25, 12.5cmî100 cm, H2O)
afforded pure asparagine-linked sialyloligosaccharide 2 (301 mg).


Fmoc-oligosaccharides 8±11: An HCl solution (80 mm, 11.4 mL) was
added to a solution of pure Asn-oligosaccharide 2 (1.07 g, 456 mmol) in
water (11.4 mL) and this mixture was stirred at 37 8C. After 6 h, the mix-


ture was cooled to 4 8C and neutralized with aq NaHCO3, and lyophi-
lized. Purification of the residue by gel permeation column (Sephadex G-
25: 12.5 cmî100 cm, water) afforded a mixture (778 mg) of disialo sub-
strate 2, monosialyl oligosaccharides 3, 4 and asialooligosaccharide 5[5a]


along with 6 and 7. This mixture was then used for next protecting reac-
tion after lyophilization. To a solution of this mixture (778 mg) in H2O/
acetone (3.8±5.7 mL) was added NaHCO3 (162 mg, 1.93 mmol) and 9-flu-
orenylmethyl-N-succimidylcarbonate (432 mg, 1.28 mmol), and the mix-
ture was stirred at room temperature. After 2 h, the mixture was evapo-
rated to remove acetone, and desalted with ODS-column (120 mmî


13 : R =


Fmoc
7: R =


H
28 : R =


Fmoc
29 : R =


H
38 : R =


Fmoc
39 : R =


H
30 : R =


Fmoc
32 : R =


H
45 : R =


Fmoc
51: R =


H
31: R =


Fmoc
33 : R =


H


1 H-1 5.00 5.06 4.99 5.06 4.99 5.07 4.99 5.07 4.99 5.06 4.99 5.06
2 H-1 4.57 4.60 4.58 4.61 4.57 4.61 4.58 4.61 4.55 4.60 4.55 4.61
3 H-1 4.76 4.76 4.76 4.75 4.77 4.77 4.76 4.76 4.76 4.77 4.76 4.76
4 H-1 5.12 5.11 5.12 5.11 5.12 5.11 5.10 5.10 5.11 5.11 5.10 5.09
4’H-1 4.92 4.91 4.92 4.92 4.91 4.91 4.92 4.92 4.91 4.91 4.91 4.91
5 H-1 4.55 4.57 4.55 4.57 4.57 4.57 ± ± 4.55 4.54 ± ±
5’H-1 4.55 4.55 4.55 4.55 ± ± 4.58 4.57 ± ± 4.55 4.54
6 H-1 4.46 4.46 ± ± 4.46 4.46 ± ± ± ± ± ±
6’H-1 ± ± 4.47 4.46 ± ± 4.47 4.47 ± ± ± ±
3 H-2 4.24 4.28 4.24 4.23 4.24 4.24 4.24 4.24 4.24 4.24 4.24 4.24
4 H-2 4.19 4.18 4.18 4.18 4.19 4.18 4.07 4.06 4.18 4.18 4.06 4.06
4’H-2 4.11 4.10 4.11 4.10 <4.0 <4.0 4.11 4.10 3.97 3.96 4.10 4.10
7 H-3ax ± ± ± ± ± ± ± ± ± ± ± ±
7 H-3eq ± ± ± ± ± ± ± ± ± ± ± ±
7’H-3ax ± ± ± ± ± ± ± ± ± ± ± ±
7’H-3eq ± ± ± ± ± ± ± ± ± ± ± ±
Asn-
CH2


2.72, 2.51 2.88,
2.77


2.72, 2.52 2.87,
2.76


2.72, 2.52 2.90,
2.80


2.72, 2.52 2.90,
2.81


2.72, 2.52 2.88,
2.77


2.72, 2.52 2.87,
2.76


Ac 2.06, 2.05 2.07,
2.04


2.06, 2.05 2.07,
2.04


2.06, 2.05 2.07,
2.04


2.06, 2.04 2.07,
2.04


2.06, 2.05 2.06,
2.04


2.06, 2.05 2.07,
2.04


2.05, 1.89 2.04,
2.00


2.04, 1.89 2.04,
2.00


1.89 2.01 1.89 2.01 1.89 2.00 1.89 2.00


Fmoc 7.92, 7.72 7.91, 7.71 7.92, 7.71 7.92, 7.71 7.90, 7.70 7.91, 7.70
7.51, 7.44 7.51, 7.43 7.51, 7.43 7.51, 7.44 7.49, 7.42 7.50, 7.43


42 : R =


Fmoc
48 : R =


H
20 : R =


Fmoc
25 : R =


H
43 : R =


Fmoc
49 : R =


H
21: R =


Fmoc
26 : R =


H
44 : R =


Fmoc
50 : R =


H
22 : R =


Fmoc
27: R =


H


1 H-1 4.99 5.06 5.00 5.07 4.99 5.07 4.99 5.07 4.99 5.06 5.00 5.07
2 H-1 4.57 4.61 4.58 4.62 4.55 4.61 4.55 4.62 4.57 4.61 4.58 4.62
3 H-1 4.77 4.77 4.75 4.75 4.76 4.77 nd 4.76 4.77 4.77 4.76 4.76
4 H-1 5.12 5.11 ± ± 5.12 5.12 ± ± 5.11 5.10 ± ±
4’H-1 ± ± 4.92 4.92 ± ± 4.91 4.91 ± ± 4.91 4.91
5 H-1 4.57 4.57 ± ± 4.55 4.54 ± ± ± ± ± ±
5’H-1 ± ± 4.58 4.58 ± ± 4.55 4.55 ± ± ± ±
6 H-1 4.46 4.46 ± ± ± ± ± ± ± ± ± ±
6’H-1 ± ± 4.47 4.47 ± ± ± ± ± ± ± ±
3 H-2 4.22 4.22 4.07 4.08 4.22 4.22 4.07 4.07 4.22 4.22 4.07 4.08
4 H-2 4.19 4.18 ± ± 4.18 4.18 ± ± 4.07 4.07 ± ±
4’H-2 ± ± 4.10 4.09 ± ± 4.09 4.10 ± ± 3.97 3.97
7 H-3ax ± ± ± ± ± ± ± ± ± ± ± ±
7 H-3eq ± ± ± ± ± ± ± ± ± ± ± ±
7’H-3ax ± ± ± ± ± ± ± ± ± ± ± ±
7’H-3eq ± ± ± ± ± ± ± ± ± ± ± ±
Asn-
CH2


2.72, 2.52 2.91,
2.82


2.72, 2.52 2.91,
2.81


2.72, 2.54 2.89,
2.78


2.72, 2.56 2.89,
2.79


2.72, 2.52 2.90,
2.80


2.72, 2.52 2.92,
2.83


Ac 2.05, 2.05 2.05,
2.04


2.07, 2.05 2.08,
2.04


2.05, 2.05 2.06,
2.05


2.07, 2.05 2.07,
2.05


2.05, 1.89 2.05,
2.01


2.07, 1.89 2.07,
2.01


1.89 2.01 1.89 2.01 1.88 2.01 1.89 2.01
Fmoc 7.92, 7.71 7.92, 7.71 7.87, 7.67 7.89, 7.68 7.91, 7.70 7.91, 7.71


7.50, 7.43 7.51, 7.44 7.48, 7.41 7.49, 7.42 7.50, 7.43 7.50, 7.43


[a] NeuAc, Gal, GlcNAc, Man.


Table 1. (Continued)
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250 mm; eluted with H2O, 100 mL and then 25% MeCN,
200 mL) afforded a mixture of Fmoc-oligosaccharides 8±13
(681 mg). This mixture was further purified by HPLC: ODS
column (YMC packed column D-ODS-5-A 120A, 120 mmî
250 mm, 50 mm NH4OAc/MeCN 82:18, 7.5 mLmin�1, moni-
toring at 215 nm) to obtain disialyloligosaccharide 8 (tR =


15.7 min), mixture of monosialyloligosaccharide 9, 10 (tR =


19.5 min) and asialooligosaccharide 11[5a] (tR =25.5 min). In
addition, monosialylnonasaccharide 12 (tR =23.3 min) and
asialooctasaccharide 13 (28.2 min) were also obtained. This
purification was performed repeatedly with ca. 30 mg of mix-
ture each time (total ca. 680 mg). The individual oligosac-
charides thus obtained were combined, lyophilized and then
desalted with HPLC (ODS-column: 15 mmî150 mm;
eluted with H2O, 100 mL then 25% MeCN, 200 mL) afforded
pure oligosaccharides 8 (148 mg, 13%), mixture of 9 and 10
(249 mg, 24%), 11 (101 mg, 11%), 12 (68 mg, 7%) and 13
(35 mg, 4%).


Disialooligosaccharide 8 : HRMS: calcd for C103H154N8NaO66:
2581.8838; found: 2581.8821 [M+Na]+ .


Asialooligosaccharide 11: HRMS: calcd for C81H120N6NaO50:
1999.6930; found: 1999.6939 [M+Na]+ .


Monosialyloligosaccharide 12 : HRMS: calcd for
C86H125N7Na3O53: 2172.6995; found: 2172.7084 [M+Na]+ .


Asialooctasaccharide 13 : HRMS: calcd for C75H110N6NaO45:
1837.6402; found: 1837.6418 [M+Na]+ .


Benzyl esterification of monosialyloligosaccharides 14 and
15 : A solution of a mixture of Fmoc-monosialyldecasacchar-
ide 9 and 10 (5.0 mg) in cold H2O (1 mL, 4 8C) was passed
through to a column (10.5 cmî5 cm containing Dowex-
50Wî8(H+) resin), and the column was washed with cold
water (10 mL). The eluant and the washing were pooled and
lyophilized. This residue was dissolved in H2O (0.22 mL) and
neutralized (pH 7) by stepwise addition of a solution of
Cs2CO3 (2.5 mgmL�1) monitoring with pH meter, and lyophi-
lized. The residue was dissolved in dry DMF (0.43 mL) and
was mixed with a solution of BnBr (6.6 mL) in DMF (20 mL)
and stirred at room temperature under argon atmosphere.
After 48 h, diethyl ether (5 mL) was added and the precipi-
tate formed was collected. Purification of the precipitated
material by HPLC (ODS column, 120 mmî250 mm, 50 mm


NH4OAc/MeCN 78:22) afforded monobenzyl-sialyloligosac-
charides 14 (91 min) and 15 (88 min). Desalting of the each
product by HPLC (ODS-column: 15 mmî150 mm; H2O
50 mL and then 25% MeCN, 100 mL) afforded pure mono-
benzyl-sialyloligosaccharides 14 (1.6 mg) and 15 (1.8 mg).


Saccharide 14 : FAB-MS: calcd for C99H143N17NaO58: 2380.8;
found: 2380.1 [M+H]+ .


Saccharide 15 : FAB-MS: calcd for C99H143N17NaO58: 2380.8;
found: 2380.5 [M+H]+ .


Galactosidase digestion of monosialyldecasaccharide 9 and
10 : b-d-Galactosidase (390 mU in 50 mm HEPES buffer,
100 mL, pH 6.0) was added to a mixture of monosialyldeca-
saccharides 9 and 10 (135 mg, 59.4 mmol) in HEPES buffer
(50 mm, pH 6.0, 5.6 mL) containing bovine serum albumin
(1.0 mg) and this mixture was incubated at 37 8C for 19 h,
and lyophilized. Purification of the residue by HPLC (YMC
packed column D-ODS-5-A120A, 120 mmî250 mm, 50 mm


NH4OAc/MeCN 82:18, 7.5 mLmin�1) afforded monosialyloli-
gosaccharide 16 (36 min) and 12 (39.2 min). This purification
was performed repeatedly with ca. 10±20 mg portions of the
reaction mixture (total ca. 120 mg). Desalting of each prod-
uct by HPLC (ODS-column: 15 mmî150 mm; H2O 100 mL
and then 25% MeCN solution 200 mL) yielded pure oligo-
saccharides 16 (51 mg, 41%) and 12 (60 mg, 48%).


Monosialylnonasaccharide 16 : HRMS: calcd for
C86H127N7NaO53: 2128.7356; found: 2128.7363 [M+Na]+ .


General purification method for exo-glycosidase digestion :
After exo-glycosidase digestion, the mixture was lyophilized,Scheme 7.
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and fractionated by HPLC (YMC packed column D-ODS-5 S-5 120A,
120 mmî250 mm, eluted with 50 mm NH4OAc/MeCN 8:2, 4.0 mLmin�1,
monitoring at 215 nm) afforded the oligosaccharide. The fraction contain-
ing the desired product was pooled and lyophilized. Removal of
NH4OAc was accomplished with HPLC (ODS-column: 15 mmî
150 mm; H2O, 100 mL then 25% MeCN, 200 mL, monitoring at 215 nm)
afforded the pure oligosaccharide.


General procedure for N-acetyl-b-d-glucosaminidase digestion : N-
Acetyl-b-d-glucosaminidase (ca. 1.6 U in 50 mm HEPES buffer, 100 mL,
pH 6.0) was added to a solution of substrate (48 mmol) in HEPES buffer
(50 mm, pH 6.0, 1.8 mL) containing bovine serum albumin (1 mg) and in-
cubated at 37 8C. After completion of the digestion (ca. one day) as
monitored by HPLC (ODS: 15 mmî150 mm, 50 mm NH4OAc/MeCN
8:2, monitoring at 215 nm), the mixture was lyophilized.


General procedure for a-d-mannosidase digestion : a-d-Mannosidase (ca.
0.5 U in 50 mm HEPES buffer, 50 mL, pH 6.0) was added to a solution of
substrate (24 mmol) in HEPES buffer (50 mm, pH 6.0, 0.9 mL) containing
bovine serum albumin (1 mg) and the solution was incubated at 37 8C. In
the case of substrate 40, 16 U of enzyme was used. After completion of
the digestion (ca. one day) as monitored by HPLC (ODS: 15 mmî
150 mm, 50 mm NH4OAc/MeCN 8:2, monitoring at 215 nm), the mixture
was lyophilized.


General procedure for a-d-neuraminidase digestion : a-d-Neuraminidase
(ca. 130 mU in 50 mm HEPES buffer, 50 mL, pH 6.0) was added to a solu-
tion of substrate (18.4 mmol) in HEPES buffer (50 mm, pH 6.0, 0.72 mL)
containing bovine serum albumin (1 mg) and this solution was incubated
at 37 8C. After completion of the digestion (ca. one day) as monitored by
HPLC (ODS: 15 mmî150 mm, 50 mm NH4OAc/MeCN 8:2, monitoring
215 nm), the mixture was lyophilized.


General procedure for b-d-galactosidase digestion : b-d-Galactosidase
(ca. 180 mU in 50 mm HEPES buffer, 50 mL, pH 6.0) was added to a solu-
tion of substrate (6.2 mmol) in HEPES buffer (50 mm, pH 6.0, 0.6 mL)
containing bovine serum albumin (1 mg) and this solution was incubated
at 37 8C. After completion of the digestion (ca. 30 h) as monitored by
HPLC (ODS 15 mmî150 mm, 50 mm NH4OAc/MeCN 8:2, monitoring
at 215 nm), the mixture was lyophilized.


Compound 13 : Substrate 12 (20 mg, 9.4 mmol); a-d-neuraminidase:
141 mU; reaction time: 18 h; 13 (13 mg, 76%).


Compound 18 : Substrate 16 (102 mg, 48 mmol); N-acetyl-b-d-glucosami-
nidase: 1.6 U; reaction time: 28 h; 18 (63 mg, 69%); HRMS: calcd for
C78H114N6NaO48: 1925.6562; found: 1925.6539 [M+Na]+ .


Compound 19 : Substrate 18 (45 mg, 24 mmol); a-d-mannosidase:
585 mU; reaction time: 20 h; 19 (28 mg, 69%); HRMS: calcd for
C72H104N6NaO43: 1763.6034; found: 1763.6074 [M+Na]+ .


Compound 20 : Substrate 19 (32 mg, 18.4 mmol); a-d-neuraminidase:
134 mU; reaction time: 17 h; 20 (13 mg, 52%); FAB-MS: calcd for
C61H88N5O35: 1450.5; found: 1450.3 [M+H+].


Compound 21: Substrate 20 (9 mg, 6.2 mmol); b-d-galactosidase: 186 mU;
reaction time: 32 h; 21 (5.4 mg, 68%); FAB-MS: calcd for
C55H77N5NaO30: 1310.5; found: 1310.2 [M+Na]+ .


Compound 22 : Substrate 21 (3.4 mg, 2.6 mmol); N-acetyl-b-d-glucosami-
nidase: 144 mU; reaction time: 24 h; 22 (2.1 mg, 75%); FAB-MS: calcd
for C47H65N4O25: 1085.4; found: 1085.3 [M+Na]+ .


Compound 28 : Substrate 16 (28 mg, 21 mmol); a-d-neuraminidase:
198 mU; reaction time: 20 h; 28 (17 mg, 70%); HRMS: calcd for
C75H110N6NaO45: 1837.6402; found: 1837.6471 [M+Na+].


Compound 30 : Substrate 18 (45 mg, 24 mmol); a-d-neuraminidase:
134 mU; reaction time: 14 h; 30 (28 mg, 74%); HRMS: calcd for
C67H97N5NaO40: 1634.5608; found: 1634.5564 [M+Na]+ .


Compound 31: Substrate 30 (11 mg, 6.8 mmol); b-d-galactosidase:
275 mU; reaction time: 14 h; 31 (6.3 mg, 64%); FAB-MS: calcd for
C61H88N5O35: 1450.5; found: 1450.4 [M+H]+ .


Compound 34 :[13q] Substrate 11 (123 mg, 62 mmol); b-d-galactosidase:
612 mU; reaction time: 61 h; 34 (71 mg, 70%); HRMS: calcd for
C69H100N6NaO40: 1675.5873; found: 1675.5841 [M+Na+].


Compound 35 : Substrate 34 (50 mg, 30 mmol); N-acetyl-b-d-glucosamini-
dase: 2.1 U; reaction time: 48 h; 35 (25 mg, 66%); MALDI-TOF: calcd
for C53H75N4O30: 1247.4, found 1248.0 [M+H]+ .


Compound 38 : Substrate 40 (47 mg, 25 mmol); a-d-neuraminidase:
369 mU; reaction time: 37 h; 38 (26 mg, 65%); HRMS: calcd for
C67H97N5NaO40: 1634.5608; found: 1634.5644 [M+Na]+ .


Compound 40 : Substrate 12 (100 mg, 47 mmol); N-acetyl-b-d-glucosami-
nidase: 1.65 U; reaction time: 20 h; 40 (63 mg, 70%); HRMS: calcd for
C78H114N6NaO48: 1925.6562; found: 1925.6533 [M+Na]+ .


Compound 41: Substrate 40 (51 mg, 26 mmol); a-d-mannosidase: 16 U;
reaction time: 25 h; 41 (22 mg, 48%); HRMS: calcd for C72H104N6NaO43:
1763.6034; found: 1763.6041 [M+Na]+ .


Compound 42 : Substrate 41 (28 mg, 16 mmol); a-d-neuraminidase:
117 mU; reaction time: 17 h; 42 (15 mg, 68%); FAB-MS: calcd for
C61H88N5O35: 1450.5; found: 1450.3 [M+H]+ .


Compound 43 : Substrate 42 (10 mg, 6.9 mmol); b-d-galactosidase:
205 mU; reaction time: 20 h; 43 (5.6 mg, 64%); FAB-MS: calcd for
C55H78N5O30: 1288.5; found: 1288.3 [M+H]+ .


Compound 44 : Substrate 43 (3.6 mg, 2.8 mmol); N-acetyl-b-d-glucosami-
nidase: 195 mU; reaction time: 24 h; 44 (2.3 mg, 77%); FAB-MS: calcd
for C47H65N4O25: 1085.4; found: 1085.3 [M+H]+ .


Compound 45 : Substrate 38 (12 mg, 7.4 mmol); b-d-galactosidase:
297 mU; reaction time: 46 h; 45 (6.6 mg, 61%); FAB-MS: calcd for
C61H88N5O35: 1450.5; found: 1450.3 [M+H]+ .


General procedure for Fmoc deprotection : Morpholine (160 mL) was
added to a solution of the Fmoc-substrate (1 mmol) in DMF (240 mL) and
this mixture was stirred at room temperature. After finish the reaction
(ca. 7±10 h), to this mixture was added Et2O (4.0 mL) and then precipi-
tate was collected. Purification of the residue by HPLC (ODS-column:
15 mmî150 mm; H2O, 100 mL then 25% MeCN, 200 mL, monitoring at
215 nm) afforded Asn-oligosaccharide.


Compound 6 : FAB-MS: calcd for C71H117N7NaO51: 1906.7; found: 1906.1
[M+Na]+ .


Compound 7: FAB-MS: calcd for C60H101N6O43: 1593.6; found: 1593.8
[M+H]+ .


Compound 17: FAB-MS: calcd for C71H118N7O51: 1884.7; found: 1884.5
[M+H]+ .


Compound 23 : FAB-MS: calcd for C63H104N6NaO46: 1703.6; found:
1703.1 [M+Na]+ .


Compound 24 : FAB-MS: calcd for C57H94N6NaO41: 1541.5; found: 1541.3
[M+Na]+ .


Compound 25 : FAB-MS: calcd for C46H77N5NaO33 1250.4; found: 1250.3
[M+Na]+ .


Compound 26 : FAB-MS: calcd for C40H67N5NaO28: 1088.4; found: 1088.2
[M+Na]+ .


Compound 27:[22] FAB-MS: calcd for C32H55N4O27: 863.3; found: 863.2
[M+H]+ .


Compound 29 : FAB-MS: calcd for C60H100N6NaO43: 1615.6; found:
1615.0 [M+Na]+ .


Compound 32 : FAB-MS: calcd for C52H88N5O38: 1390.5; found: 1390.1
[M+H]+ .


Compound 33 :[19] FAB-MS: calcd for C46H78N5O33: 1228.5; found: 1228.3
[M+H]+ .


Compound 36 :[13q,22c] FAB-MS: calcd for C54H90N6NaO38: 1453.5; found:
1453.2 [M+Na]+ .


Compound 37:[23] FAB-MS: calcd for C38H65N4O28: 1025.4; found: 1025.2
[M+H]+ .


Compound 39[20]: FAB-MS: calcd for C52H88N5O38: 1390.5; found: 1390.2
[M+H]+ .


Compound 46 :[18] FAB-MS: calcd for C63H104N6NaO46: 1703.6; found:
1703.0 [M+Na]+ .


Compound 47: FAB-MS: calcd for C57H94N6NaO41: 1541.5; found: 1541.2
[M+Na]+ .


Compound 48 : FAB-MS: calcd for C46H78N5O33: 1228.5; found: 1228.3
[M+H]+ .


Compound 49 :[22c] FAB-MS: calcd for C40H67N5NaO28: 1088.4; found:
1088.3 [M+Na]+ .


Compound 50 : FAB-MS: calcd for C32H55N4O23: 863.3; found: 863.3
[M+H]+ .
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Compound 51:[21] FAB-MS: calcd for C46H78N5O33: 1228.5; found: 1228.3
[M+H]+ .


Synthesis of 52 : A solution of Fmoc-disialyloligosaccharide 8 (20 mg) in
cold H2O (2 mL, 4 oC) was passed through to a pasteur pipette column
(10.5 cmî5 cm) containing resin of Dowex-50Wî8(H+). The eluant
was pooled and lyophilized. To a solution of this residue in H2O was neu-
tralized by addition of a solution of aq Cs2CO3 (2.5 mg in 1 mL H2O) and
this solution was adjusted to pH 6. This solution was then lyophilized. To
a solution of this residue in dry DMF (1.3 mL) was added BnBr (5.1 mL)
and then the mixture was stirred at room temperature under argon at-
mosphere. After 45 h, to a solution of this mixture was added diethyl
ether (10 mL) and then precipitate was collected. Purification of the resi-
due by ODS-column (11.6 cmî14 cm, H2O to 40% MeOH) afforded di-
benzyl-sialyloligosaccharide 52 (18.2 mg, 85%). 1H NMR (400 MHz,
30 8C in D2O, HOD at 4.81): d = 8.00 (d, 2H, Fmoc), 7.80 (d, 2H,
Fmoc), 7.65±7.50 (m, 12H, Ph, Fmoc), 5.46 (d, 2H, J=11.6 Hz, PhCH2),
5.40 (d, 2H, J=11.6 Hz, PhCH2), 5.21 (s, 1H, Man4-H-1), 5.08 (d, 1H,
J=9.3 Hz, GlcNAc1-H-1), 5.02 (s, 1H, Man4’-H-1), 4.86 (s, 1H, Man3-H-
1), 4.67 (m, 3H, GlcNAc2,5,5’-H-1), 4.41 (brd, 3H, Gal6, 6’-H-1, Fmoc),
4.33 (brd, 1H, Man3-H-2), 4.27 (brd, 1H, Man4’-H-2), 4.20 (d, 1H,
Man4-H-2), 2.79 (brd, 3H, Asn-b-CH2, NeuAc7, 7’-H3eq), 2.61 (brdd,
1H, Asn-b-CH2), 2.15 (s, 3H, Ac), 2.12 (s, 6H, Acî2), 2.10 (s, 6H, Acî
2), 1.98 (s, 3H, Ac), 1.93 (dd, 2H, J=12.2, 12.2 Hz, NeuAc7, 7’-H-3ax);
HRMS: m/z : calcd for C117H165N8Na2O66: 2783.9597, found 2783.9501
[M+Na]+ .


Glycopeptide 53 : Peptide synthesis on solid phase was performed by
Meldal×s group procedure[5b] with the HMPA-PEGA resin. The solid
phase syntheses were performed by manual procedure using a polypropy-
lene column (Tokyo Rika, No. 183470). The HMPA-PEGA resin (35 mg)
was washed with CH2Cl2/DMF and then dried in desiccator. The first
serine was attached by addition of a solution of Fmoc-Ser(OtBu)-OH
(3.8 mg, 10 mmol), MSNT (1-mesitylenesulfonyl-3-nitro-1,2,4-triazole,
2.3 mg, 10 mmol), and N-methyimidazole (0.8 mg, 7 mmol) in CH2Cl2
(1 mL) and the solution was stirred. After 3 h, this resin was washed by
CH2Cl2, isopropanol and DMF and then the resin was treated by capping
reaction with 20% acetic anhydride in DMF for 20 min. The mixture was
washed with DMF and then treated with 20% piperidine/DMF (1.5 mL)
for 20 min. After washing of the resin with DMF, the second serine was
attached to the first serine by the addition of a solution of Fmoc-Ser(Ot-
Bu)-OH (4.6 mg, 12 mmol), HOBt¥H2O (1-hydroxybenzotriazole monohy-
drate, 1.6 mg, 12 mmol) and DIPCDI (diisopopylcarbodiimide, 1.6 mg,
12 mmol) in DMF (1 mL). An identical washing procedure was performed
as for the first serine. Attachment of Asn-linked disialyloligosaccharide
52 (18 mg, 6.3 mmol) was performed with HATU (O-(7-azabenzotriazol-
1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphonate, 2.4 mg,
9.4 mmol) and DIPEA (diisopropylethylamine, 0.8 mg, 6.3 mmol) in DMF/
DMSO (0.5±0.5 mL) at room temperature. After 24 h, washing, capping
and de-N-Fmoc group were performed by the procedure above descri-
bed. Attachment of valine, leucineî2, alanine was performed with corre-
sponding activated pentafluorophenol amino acid (Fmoc-AA-Opfp;
valine (4 mg, 8.1 mmol), leucine (3.4 mg, 6.5 mmol), alanine (3.1 mg,
6.5 mmol) in the presence of Dhbt (3,4-dihydro-4-oxo-1,2,3-benzotriazin-
3-yl, 0.1 equiv).[5b] The reaction was monitored by the yellow color of
Dhbt. Washing, capping and de-N-Fmoc group were performed by the
above conventional procedure. However, capping procedure was only ex-
amined after attachment of Val. After completion of condensation with
alanine, attachment of asialooligosaccharide 11 was performed using the
same procedure as with 52. Elongation of valine, leucineî2 and alanine
were also examined using the same procedure. After elongation, this gly-
copeptide was treated with 95% TFA (1 mL). After 3 h, the glycopeptide
was eluted from the reaction column by washing with 95% TFA and this
solution was then concentrated in vacuo at room temperature. After lyo-
philization of the residue, saponification (pH 11, NaOH solution) of
benzyl ester afforded disialylglycopeptide. The saponification (20 min)
was performed in NMR tube and monitored by 1H NMR. After neutrali-
zation of this mixture by acetic acid, the mixture was lyophilized. Purifi-
cation of this residue by HPLC (YMC-Pack ODS-A 13.0 mmî250 mm,
linear gradient: from 0.1% TFA solution to 0.1% TFA containing
MeCN 90% in 90 min) afforded the desired glycopeptide 53 (3.4 mg,
total 3.2% based on first serine attached). 1H NMR (400 MHz, 30 8C in
D2O, HOD=d 4.81): d = 5.22, 5.21 (2s, 2î1H, Man4’-H1, Man4’’’-H1),


5.11 (d, 2H, GlcNAc1-H1, GlcNAc1’’-H1), 5.03, 5.01 (2s, 2î1H, Man4-
H1, Man4’’-H-1), 4.86 (dd, 2H, Asn-a), 4.69±4.66 (GlcNAc2, 2’’, 5, 5’, 5’’,
5’’’-H1), 4.61±4.48 (Leu-aî4, Ser-aî2, Gal6, 6’, 6’’, 6’’’-H1), 4.33 (br s,
2H, Man3, 3’’-H2), 4.28 (br s, 2H, Man4’, 4’’’-H2), 4.20 (br s, 2H, Man4,
4’’-H2), 4.20±4.17 (Val-aî2, Ala-aî2), 3.00 (dd, 2H, Asn-bî2), 2.83 (dd,
2H, Asn-bî2), 2.76 (dd, 2H, NeuAc7, 7’-H3eq), 2.16±2.10 (Acî10, Val-
bî2), 1.82 (dd, 2H, NeuAc7, 7’-H3ax), 1.70±1.60 (m, Leu-b, -g), 1.60,
1.49 (2d, 2î3H, Ala-b), 1.02±0.96 (m, 36H, Val-gCH3î4, Leu-CH3î8);
MALDI-TOF: m/z : calcd for C200H334N24O123: 5040.05, found: 5041.64
[M+H+].
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Supramolecular Self-Assembly of Conjugated Diblock Copolymers


Hengbin Wang,[a] Wei You,[a] Ping Jiang,[a] Luping Yu,*[a] and H. Hau Wang[b]


Introduction


Semicrystalline rod±coil block copolymers exhibit consider-
able morphological richness arising from the two forces that
drive the microphase separation between the different
blocks in the melt.[1±6] The dissimilarity of the two blocks
favors the formation of segregated nanometer-scale domains
(e.g., spheres, cylinders, lamellae), and crystallization of one
block favors the formation of alternating amorphous and
crystalline layers. Similarly, rod±coil block copolymers in a
selective solvent could self-assemble into a variety of supra-
molecular structures through mutual interactions between
polymer segments and solvent.[7±21] Conjugated polymers are
rigid macromolecules and have been developed as advanced
materials for photonic or electronic applications.[22±31] If the
conjugated polymer chains can be organized into higher-
order structures, novel functions at the molecular level may
translate into solid-state bulk properties due to their unique
p-electron system. Therefore, self-assembly of p-conjugated
block copolymers constitutes a promising strategy for the
construction of well-defined and stable nanometer-sized
structures with chemical functionalities and physical proper-
ties that are of potential use in optoelectronic devi-
ces.[7±17,32,33] In our previous work we described the synthesis
and phase-separation behavior of an oligo[(phenylene vinyl-


ene)-co-poly(ethylene glycol)] , (OPV-PEG), system.[9]


These diblock copolymers possess remarkable self-assem-
bling abilities, forming long cylindrical micelles (>1 mm).
Transmission electron microscopy (TEM), atomic force mi-
croscopy (AFM), and small-angle neutron scattering
(SANS) studies showed that the core of the micelles had a
diameter of ~8±10 nm and was composed of OPV segments.


Since the PEGs with high-molecular weights are crystal-
line materials, the driving force for phase separation in
OPV-PEG is high. In this paper we describe a new diblock-
copolymer system consisting of a monodispersed rodlike
conjugated oligo(phenylene vinylene), covalently bonded to
a coil-like segment of poly(propylene glycol) (OPV-PPG). It
was found that although the PPG is a less hydrophilic and
amorphous material, the resulting copolymers still exhibit a
strong driving force for phase separation. It was found that
these copolymers could be aligned if a proper substrate was
used. In this work we also discuss evidence of the fiber
packing structures for both OPV-co-PEG and OPV-co-PPG
copolymers.


Results and Discussion


Synthesis : These block copolymers were synthesized accord-
ing to Scheme 1; the synthesis of the oligo(phenylene vinyl-
ene) building blocks is the same as previously reported.[9]


This approach facilitates purification of the final block co-
polymers, and synthesis of triblock copolymers and other ar-
chitectures. Three poly(propylene glycol) (PPG) polymers
with molecular weights of 1000, 2500, and 4500 were used.
The resulting copolymers were purified by column chroma-
tography (silica gel) using an eluent mixture of chloroform/
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Chicago, IL 60637 (USA)
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Abstract: This paper describes the syn-
thesis and characterization of a novel
series of copolymers with different
lengths of oligo(phenylene vinylene)
(OPV) as the rod block, and poly(pro-
pylene oxide) as the coil block. De-
tailed characterization by means of
transmission electron microscopy
(TEM), atomic force microscopy


(AFM), and small-angle neutron scat-
tering (SANS) revealed the strong ten-
dency of these copolymers to self-as-
semble into cylindrical micelles in solu-


tion and as-casted films on a nanome-
ter scale. These micelles have a cylin-
drical OPV core surrounded by a
poly(propylene glycol) (PPG) corona
and readily align with each other to
form parallel packed structures when
mica is used as the substrate. A pack-
ing model has been proposed for these
cylindrical micelles.


Keywords: conjugation ¥ diblock
copolymers ¥ micelles ¥ oligo-
(phenylene vinylene) ¥ self-assembly
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methanol. All of the resulting block copolymers showed a
narrow molecular-weight distribution with polydispersities
of less than 1.1, as determined from gas-permeation chroma-
tography (GPC). Mass spectrometry studies by means of


MALDI±TOF measurements
showed a close match between
the calculated and experimental
molecular weight (Figure 1).
The chemical structures of
these copolymers were con-
firmed by using 1H NMR spec-
troscopy.


Phase separation behavior : Di-
luted solutions of these diblock
copolymers, in mixed THF/H2O
or CHCl3/CH3OH solvents at
various volume ratios, were
used for the self-assembly stud-
ies. Water or methanol was
used as the nonsolvent. Films
cast from a solution
(0.5 mgmL�1) were studied by
TEM and AFM under various
conditions. Figure 2 shows the
TEM image of copolymer 3C
(OPV13-PPG70) obtained when
a carbon-coated copper grid
was used as the substrate for
the casting film. It shows that
the whole film is composed of
interwoven fibers with lengths
of several thousand nanometers


and diameters around 8±10 nm. These images were obtained
without staining the sample. The widths of the fibers indi-
cate that the dark fiber images are actually the core OPV
part only (see below).


Figure 1. MS spectrum of copolymer 3A.


Scheme 1. Synthesis of OPV-PPG block copolymers.
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SANS was used to study the self-assembly properties of
OPV-PPG block copolymers in solution.[9] A very diluted
solution (0.2 mgmL�1) was used because the solubility of
the OPV-PPG copolymer in [D8]THF/D2O is not as high as
that of OPV-PEG copolymers that we studied previously.[9]


Solutions of copolymers 3A and 3C were both studied; they
have different lengths in PPG blocks and behave very differ-
ently from each other in SANS experiments. Figure 3 shows


the scattering intensities as a function of scattering vectors
(Q) of copolymer 3A (OPV13-PPG16) in [D8]THF and
[D8]THF/D2O mixed solvents. Modified Guinier analyses
were carried out for both rodlike and spherical particles in
the low Q region. The rodlike form factor clearly gave a
much better fit (details for 3C are given in Figure 5). The
scattering curves show that copolymer 3A scattered strongly
and self-assembly occurred without D2O present in the solu-
tion. A small amount of D2O (6% w/w) doubled the scatter-
ing intensity. However, the increase was not as dramatic as
in the OPV-PEG system. This indicates that the packing of


the molecules inside the fibers is not so well organized. Con-
tinual increase of the D2O/THF ratio from 6 to 12% gave
only a slight increase in the scattering intensities. When a
critical concentration of about 17% of D2O was reached, a
dramatic change in the scattering pattern was observed. The
forward scattering intensity increased by about one order of
magnitude. At the same time, a correlation peak appeared
at a value of Q=0.035, which corresponded to the diameter
of a swelled nanofiber (~18 nm) as described above. This
means that the originally distinct rodlike aggregates con-
dense into a phase of packed rods. The cross-sectional radii
(R) calculated from modified Guinier analyses (with QmaxRc


between 1.0 and 1.3) are also reported in Figure 3 and show
that the radii of the fibers slightly increase with the addition
of D2O. The radius is only 8.7 nm when there is no D2O
present, which increases to 9.7 nm with 12% of D2O. This
implies water molecules swell the fibers. The results are con-
sistent with the model that giant rodlike aggregates have a
packed crystalline OPV core and a PPG shell.


In SANS experiments, the behavior of copolymer 3C,
with a long PPG block (n=70), was shown to be different
from copolymer 3A, with a short PPG block (n=16). We
know that PPG will form the corona of the cylindrical mi-
celles and determines the compatibility of the micelles with
the solvent. With only 16 propylene oxide units in 3A, the
PPG block cannot cover the lateral fiber surface of the
OPV block completely. In addition, the packing structure of
3A is not very ordered. With the long-coil block of copoly-
mer 3C, the PPG blocks can protect the OPV block from
unfavorable interaction with nonsolvent molecules and a
well-defined packing structure can be expected. SANS re-
sults, as shown in Figure 4, indicate that 3C, in pure
[D8]THF and in [D8]THF with 3% D2O, shows no micelle
formation. However, when the D2O/THF ratio was in-
creased to 6% the scattering intensity increased by about
one order of magnitude, which clearly indicated assembly.
Modified Guinier analyses were carried out for the rodlike
particles in the low Q region. The results for 6 and 12%
D2O/THF, with QmaxRc between 1.0 and 1.3, are shown in


Figure 2. TEM image of copolymer 3C on a carbon-coated copper grid.


Figure 3. Small-angle neutron scattering curves of copolymer 3A in
[D8]THF/D2O mixed solvents (0%, 6%, 9%, 12%, 17%, and 21% D2O)
showing scattering intensity versus scattering vector.


Figure 4. Small-angle neutron scattering curves of copolymer 3C in
[D8]THF/D2O mixed solvents (3%, 6%, 12%, and 14% D2O) showing
scattering intensity versus scattering vector.
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Figure 5. The scattering intensity increased continuously
when the D2O ratio was increased, but the shape of the scat-
tering pattern did not change before a critical concentration.


This indicates that the fibers continuously swelled and no
aggregation among fibers occurred. The calculated cross-sec-
tional radii (R) slightly increased with the addition of D2O.
When a critical concentration of about 14% of D2O was
reached, a dramatic change in the scattering curve was ob-
served. The forward-scattering intensity rises and at the
same time a very sharp correlation peak appears at a Q
value of 0.0294, corresponding to the distances between
swelled nanofibers. This indicates again that the originally
distinct rodlike aggregates condense into a phase of packed
rods. Here we should point out that the correlation peak is
much sharper than what appeared in the copolymer 3A and
5 systems; this means the aggregate of fibers is more or-
dered. Figure 6 gives a schematic representation of the self-


assembly of copolymer 3C in solution with varying D2O
content.


The aggregate of fibers in solution was directly observed
by fluorescence microscopy. The fibers gave a strong yellow
fluorescence, which comes from the aggregated OPV block.
Bundles of fibers are clearly observed at their critical water
content (Figure 7). As expected, copolymer 3C formed long
and regular bundles and 3A formed only short bundles.


Although cylindrical micelles were clearly observed by
TEM and confirmed by SANS studies, what about the pack-
ing structure of the diblock molecules? This question was
not explicitly answered in our previous work on OPV-PEG
copolymers. Traditional micelle organization, with rigid
head groups (OPV) on the outer layer and flexible coils
(PPG or PEG) in the core, is not consistent with the TEM
and SANS results, since the length of the conjugated block
is about 8.5 nm, which corresponds to the diameter of the
fiber measured from TEM studies. Based upon SANS and


Figure 5. Modified Guinier analyses of 3C for rodlike particles in 6 and
12% D2O/THF in the low Q region.


Figure 6. Schematic representation of the self-assembly of copolymer 3C
in solution.


Figure 7. Fluorescence micrographs of copolymer 3A (top) and 3C
(bottom) (î600).
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small-angle X-ray scattering (SAXS) studies, as well as our
previous studies on OPV-PEG block copolymers, it is clear
that the packing structures for these systems consist of a hy-
drophobic OPV inner core and a hydrophilic PEG or PPG
outer shell. This model is also consistent with SANS results
of copolymer 6, in which the PEG block is fully deuterated.
SANS measurements on OPV-[D]PEG in [D8]THF gave a
radius of 5.2 nm, roughly corresponding to the diameter of
the OPV cores (10 nm).


Another important question is the arrangement of OPV
segments inside the micelles. Two possible packing models
are proposed in Figure 8 (monolayer above, bilayer below).
Both packing models provide the same cross-sectional area.
To differentiate between the two packing models, a PEG-
OPV-PEG triblock copolymer was studied (copolymer 7).
TEM studies show this triblock copolymer forms similar cyl-
indrical micelles, with a diameter of 10 nm, as did the di-
block copolymers; this indicates they have the same kind of
OPV core structure. In the SANS study with pure [D8]THF
or low water concentration no micelle formation was ob-
served. This is because the triblock copolymer is more solu-
ble in the solvent with two long PEG blocks at the outside.
However, when 7% of water was added, the scattering in-
tensity increased by one order of magnitude and the scatter-
ing curves fit the infinite-fiber model well, indicating micelle
formation. By using the modified Guinier analysis for rod-
like objects, a radius of 8.9 nm was obtained. Since it is un-
likely for the triblock copoly-
mer to form bilayer packing
during the micelle formation,
these results strongly suggest
that the monolayer packing
could be the more favored
packing model for those block
copolymers.


Preliminary alignment studies :
Since the OPV-PPG diblock co-
polymers self-assemble into
nanofibers, it is interesting to
study their alignment on vari-
ous substrates. Different sub-
strates including polyimide,
mica, and glass were studied.
AFM images of copolymer 3C
showed the formation of long
fibers on polyimide (Figure 9a).
These fibers are randomly
stacked; no alignment effect
was observed. Compared to the
TEM image of the copolymers,
the diameters of these fibers
are much larger; this means the
fibers might aggregate together
to form small bundles. Poly-
imide films rubbed with a
Teflon bar were used as the
substrate; no surface alignment
was observed and random


fibers were obtained. However, when mica was used as the
substrate for copolymer 3C, the fibers were aligned very
well over a range as long as tens-of-micrometers without


Figure 8. Schematic representation of two possible packing models (mon-
olayer upper, bilayer lower) for OPV-PEO or OPV-PPO copolymers.


Figure 9. AFM images of copolymer a) 3C on polyimide, b) and c) 3C on mica, and d) 3A on mica.
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any special treatment (Figure 9b and c). The average diame-
ter of the fibers was about 17 nm, which matches the SANS
results of cylindrical micelles very well. It was also found
that copolymer 3A does not form a well-aligned structure
on mica (Figure 9d).


These results indicate that both the substrate and the
properties of coil blocks play important roles in the fiber
alignment. Since the diblock copolymers exist in bundles of
fibers, when the solvent evaporates or when the nonsolvent
ratio increases to a critical content, interactions between
PPG blocks and the surface will determine the orientation
of the fibers. It is known that the surface dipoles of the
newly cleaved mica exhibit a regular orientation and could
have strong and directed interactions with the ether moieties
in PPG.[34] The fiber bundles in copolymer 3C are more or-
ganized and have more interacting ether sites than those in
copolymer 3A. The adhesion of the first layer of fiber bun-
dles of copolymer 3C is thus stronger than those of 3A.
After the first layer deposition, this layer plays the role of
template to direct further orientation of fiber bundles.
Shorter fiber lengths and less correlated bundles in copoly-
mer 3A are, therefore, responsible for less ordering of 3A
on the mica surface.


Thermotropic phase behavior: The OPV blocks, which have
all-trans structures, are rigid rodlike molecules due to the
delocalized p-conjugation. It is not surprising that all of the
copolymers exhibit a reversible thermotropic liquid-crystal-
line phase. Differential scanning calorimetry (DSC) traces
of the diblock copolymers indicated that the liquid-crystal
isotropic transitions of three copolymers were at 223 8C,
212 8C, and 211 8C for 3A, 3B, and 3C, respectively
(Figure 10). Reversed transitions were observed from DSC
traces of cooling scans at 210 8C, 200 8C, and 195 8C for co-
polymers 3A, 3B, and 3C, respectively. Glass-transition
temperatures of the copolymers were not observed and no
melting peak of the PPG block was observed; this means
that the PPG block is amorphous at room temperature. The
values of the critical temperature (Tc) decreased as the size
of the coil block increased. This is consistent with our previ-
ous studies of OPV-PEG block copolymers; a visible crystal-
line melting peak of an OPV block can be observed only for
an OPV with 13 or more phenyl rings.[9] With the increase
of the amorphous poly(propylene oxide) ratio, the melting
temperature of the OPV block and the liquid-crystal iso-


tropic transition decreased slightly. Polarized optical micro-
scopic studies of these copolymers confirmed the liquid-crys-
tal isotropic-phase transition temperature.


Conclusion


A novel series of amphiphilic rod±coil copolymers with dif-
ferent lengths of oligo(phenylene vinylene) as the rod block
and poly(propylene oxide) as the coil block were synthe-
sized and characterized. These copolymers organize into cyl-
indrical micelles in solution and as-cast films on a nanome-
ter scale, as observed by using TEM, AFM, and SANS stud-
ies. These micelles have a cylindrical OPV core surrounded
by a PPG corona. Based on the experimental results, a pack-
ing model was proposed for cylindrical micelles. It was
found that the cylindrical micelles from copolymer 3C read-
ily aligned with each other to form parallel packed struc-
tures, especially when mica was used as the substrate.


Experimental Section


Materials : 1,4-Dichlorobenzene, 1-bromohexane, methyl 4-methyl ben-
zoate, triethyl phosphite, poly(propylene oxide) methyl ether (average
Mn ca. 1000, 2500, 4500, from Aldrich), and the other conventional re-
agents were used as received. Divinylbenzene was purified according to
literature procedures.[8,9] Tetrahydrofuran was dried by distillation from
sodium metal. Ethylene glycol dimethyl ether and N,N-dimethylform-
amide were dried by distillation from calcium hydride.


Techniques : 1H NMR spectra were recorded in CDCl3 on a Bruker
AM500 spectrometer. Thermal analyses were performed on a Shimazu
DSC-60 and TGA-50 under a nitrogen atmosphere at a heating rate of
10 8Cmin�1. A Nikon Optiphoto-2 optical polarized microscope (magnifi-
cation: î400), equipped with a Creative Devices 50-600 high-tempera-
ture stage, was used to observe the thermal transitions and to analyze the
anisotropic texture. Molecular-weight distributions were determined by
using gel-permeation chromatography (GPC) with a Waters Associates
liquid chromatograph equipped with a Waters 510 HPLC pump, Waters
410 differential refractometer, and Waters 486 tunable absorbance detec-
tor; THF was used as the solvent and polystyrene as the standard. Ele-
mental analyses were performed by Atlantic Microlab. MALDI-TOF
spectra were carried out in the Washington University Resource for Bio-
medical and Bio-organic Mass Spectrometry laboratory, with dithranol as
the matrix. UV/Vis spectra were collected by using a Shimadzu UV-
2401PC Recording Spectrophotometer. Emission Spectra were recorded
using a Shimadzu RF-5301PC Spectrofluorophotometer.


Transmission electron microscopy : As-cast films were prepared by plac-
ing a drop of the copolymer solution onto carbon-coated or holey TEM
grids. The grids were air-dried or dried in the atmosphere of the solvent.
The specimen was examined in a Philips CM120 electron microscope op-
erated at 120 kV.


Atomic force microscopy : The tapping mode AFM imaging of the
sample was performed in air with a Multimode Nanoscope IIIA Scanning
Probe Microscope (MMAFM, Digital Instruments). Cantilevers, with an
Olympus Tapping Mode Etched Silicon Probe (Digital Instruments) with
a nominal spring constant of 42 Nm�1, were used in the tapping mode
with a type E scanner. The drive frequency was 270±350 kHz, and the
drive amplitude was between 0.7 V and 1.1 V. The setpoint was usually
around 0.6±0.9 of the free amplitude in our experiments. The pictures
shown are height mode with a frame rate of 512.


Small-angle neutron scattering : Scattering experiments were performed
by using the time-of-flight instrument SAND at the Intense Pulsed Neu-
tron Source (IPNS) at Argonne National Laboratory. By using neutrons
with wavelengths in the range of 0.5±14.0 ä by time-of-flight and a 40î
40 cm2 position sensitive proportional counter at a fixed sample-to-detec-Figure 10. DSC traces of copolymer A) 3A, B) 3B, and C) 3C.
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tor distance of 2 m, SAND produced data in the scattering vector Q
(Q=4psin(q/l), whereby q is half the scattering angle and l is the wave-
length of the incident neutrons) of the range 0.004±0.8 ä�1 in a single
measurement. To obtain the best contrast for the SANS signals, deuterat-
ed THF was used as a solvent. In addition, D2O was used for the investi-
gation into the effect of water on the self-assembly of the diblock copoly-
mer in deuterated THF. The solutions were measured in Suprasil
(quartz) cylindrical cells with a 2 mm path length. The data for each
sample were corrected for the backgrounds from the instrument, the Su-
prasil cell, solvent, and sample transmission. It was then placed on an ab-
solute scale by using the routine procedures at IPNS.[10]


Synthesis : A general synthetic procedure is outlined in Scheme 1. Oligo-
(phenylene vinylene) segments were synthesized according to similar pro-
cedures described previously.[8,9]


Compound 2A : Compound 1 (0.8355 g, 0.679 mmol) and KOH (0.183 g,
3.4 mmol) were dissolved in THF (15 mL), and H2O (0.6 mL) was added.
The resulting solution was refluxed for 12 h and then poured into meth-
anol (100 mL) at room temperature. The precipitate was collected by suc-
tion filtration and washed with methanol. The product was further puri-
fied by flash chromatography, using an eluent mixture of chloroform and
methanol, to give a yellow solid (OPV6-acid). The mixture of poly(pro-
pylene oxide) monomethyl ether (Mn=1000) (0.33 g, 0.33 mmol), OPV6-
acid (0.368 g, 0.3 mmol), and PPh3 (87 mg, 0.33 mmol), in THF (15 mL),
was heated to 80 8C. When all the starting material dissolved, it was
cooled to 35 8C and diethyl azodicarboxylate (DEAD) (63 mg,
0.36 mmol) was added. The resulting solution was stirred at 35 8C for 24 h
and then the DMF was removed by vacuum distillation. The product was
further purified by flash chromatography, using an eluent mixture of
chloroform and methanol, to give compound 2 as a yellow solid.


Compound 2A : 1H NMR (500 MHz, CDCl3): d=8.06 (d, J=8 Hz, 2H),
7.58 (d, J=8 Hz, 2H), 7.54±7.52 (m, 8H), 7.49±7.46 (m, 6H), 7.44 (s,
1H), 7.39 (d, J=16 Hz, 2H), 7.38 (d, J=16 Hz, 1H), 7.28 (d, J=16 Hz,
1H), 7.07 (d, J=16 Hz, 2H), 7.06 (d, J=16 Hz, 1H), 7.05 (d, J=16 Hz,
1H), 7.00 (d, J=16 Hz, 1H), 4.01 (d, J=5.5 Hz, 1H), 3.58±3.50 (m,
32H), 3.49±3.40 (m, 15H), 2.78 (m, 8H), 2.68 (m, 4H), 1.66 (m, 12H),
1.43 (m, 12H), 1.35 (m, 24H), 1.14 (m, 48H), 0.91 ppm (m, 18H); ele-
mental analysis calcd (%) for C135H211BrO18: C 73.63, H 9.66, Br 3.63;
found: C 73.21, H 9.78.


Compound 2B : 1H NMR (500 MHz, CDCl3): d=8.06 (d, J=8 Hz, 2H),
7.58 (d, J=8 Hz, 2H), 7.54±7.52 (m, 8H), 7.49±7.46 (m, 6H), 7.44 (s,
1H), 7.39 (d, J=16 Hz, 2H), 7.38 (d, J=16 Hz, 1H), 7.28 (d, J=16 Hz,
1H), 7.07 (d, J=16 Hz, 2H), 7.06 (d, J=16 Hz, 1H), 7.05 (d, J=16 Hz,
1H), 7.00 (d, J=16 Hz, 1H), 4.01 (d, J=5.5 Hz, 1H), 3.58±3.50 (m,
80H), 3.49±3.40 (m, 40H), 2.78 (m, 8H), 2.68 (m, 4H), 1.66 (m, 12H),
1.43 (m, 12H), 1.35 (m, 24H), 1.14 (m, 120H), 0.91 ppm (m, 18H); ele-
mental analysis calcd (%) for C207H355BrO42: C 69.14, H 9.95, Br 2.22;
found: C 68.72, H 10.05.


Compound 2C : 1H NMR (500 MHz, CDCl3): d=8.06 (d, J=8 Hz, 2H),
7.58 (d, J=8 Hz, 2H), 7.54±7.52 (m, 8H), 7.49±7.46 (m, 6H), 7.44 (s,
1H), 7.39 (d, J=16 Hz, 2H), 7.38 (d, J=16 Hz, 1H), 7.28 (d, J=16 Hz,
1H), 7.07 (d, J=16 Hz, 2H), 7.06 (d, J=16 Hz, 1H), 7.05 (d, J=16 Hz,
1H), 7.00 (d, J=16 Hz, 1H), 4.01 (d, J=5.5 Hz, 1H), 3.58±3.50 (m,
140H), 3.49±3.40 (m, 70H), 2.78 (m, 8H), 2.68 (m, 4H), 1.66 (m, 12H),
1.43 (m, 12H), 1.35 (m, 24H), 1.14 (m, 210H), 0.91 ppm (m, 18H); ele-
mental analysis calcd (%) for C297H535BrO72: C 66.83, H 10.10, Br 1.50;
found: C 66.23, H 10.35.


Compound 3A : 1H NMR (500 MHz, CDCl3): d=8.04 (d, J=8 Hz, 2H),
7.58±7.52 (m, 21H), 7.47±7.37 (m, 26H), 7.32 (d, J=16 Hz, 2H), 7.19 (d,
J=8 Hz, 2H), 7.06 (d, J=16 Hz, 10H), 7.03 (d, J=16 Hz, 1H), 4.01 (d,
J=5.5 Hz, 1H), 3.58±3.50 (m, 32H), 3.49±3.40 (m, 15H), 2.78 (m, 12H),
2.38 (s, 3H), 1.66 (m, 12H), 1.43 (m, 12H), 1.35 (m, 24H), 1.14 (m,
48H), 0.91 ppm (m, 18H); elemental analysis calcd (%) for C228H328O18:
C 81.57, H 9.85; found: C 81.32, H 9.96.


Compound 3B : 1H NMR (500 MHz, CDCl3): d=8.04 (d, J=8 Hz, 2H),
7.58±7.52 (m, 21H), 7.47±7.37 (m, 26H), 7.31 (d, J=16 Hz, 2H), 7.19 (d,
J=8 Hz, 2H), 7.06 (d, J=16 Hz, 10H), 7.04 (d, J=16 Hz, 1H), 4.01 (d,
J=5.5 Hz, 1H), 3.58±3.50 (m, 80H), 3.49±3.40 (m, 40H), 2.78 (m, 12H),
2.37 (s, 3H), 1.66 (m, 12H), 1.43 (m, 12H), 1.35 (m, 24H), 1.14 (m,
120H), 0.91 ppm (m, 18H); elemental analysis calcd (%) for C300H472O42:
C 75.84, H 10.01; found: C 75.62, H 10.34.


Compound 3C : 1H NMR (500 MHz, CDCl3): d=8.05 (d, J=8 Hz, 2H),
7.58±7.52 (m, 21H), 7.47±7.37 (m, 26H), 7.31 (d, J=16 Hz, 2H), 7.19 (d,
J=8 Hz, 2H), 7.06 (d, J=16 Hz, 10H), 7.03 (d, J=16 Hz, 1H), 4.01 (d,
J=5.5 Hz, 1H), 3.58±3.50 (m, 140H), 3.49±3.40 (m, 70H), 2.78 (m, 12H),
2.38 (s, 3H), 1.66 (m, 12H), 1.43 (m, 12H), 1.35 (m, 24H), 1.14 (m,
210H), 0.91 ppm (m, 18H); elemental analysis calcd (%) for C390H652O72:
C 72.14, H 10.12; found: C 72.01, H 10.25.


Acknowledgement


We gratefully acknowledge the financial support of the National Science
Foundation, AFOSR, and the NSF MRSEC program at the University of
Chicago. Partial support was also provided by the UC-Argonne Nano-
science consortium and The Petroleum Research Fund, administered by
the ACS. Work at Argonne National Laboratory is sponsored by the U.S.
Department of Energy, Office of Basic Energy Science, Division of Mate-
rials Science, under Contract W-31-109-ENG-38. H.H. Wang acknowledg-
es support from DOE S&P center, Smart Structures based on Electroac-
tive Polymers, and the use of the ANL/IPNS facility.


[1] D. R. M. Williams, G. H. Fredrickson, Macromolecules 1992, 25,
3561.


[2] J. L. Radzilowsk, S. I. Stupp, Macromolecules 1994, 27, 7747.
[3] G. Widawski, M. Rawiso, B. Francois, Nature 1994, 369, 387.
[4] S. I. Stupp, V. Lebonheur, K. Walker, L. S. Li, K. E. Huggins, M.


Keser, A. Amstutz, Science 1997, 276, 384.
[5] M. Lee, B.-K. Cho, H. Kim, W.-C. Zin, Angew. Chem. 1998, 110,


661; Angew. Chem. Int. Ed. 1998, 37, 638.
[6] J. T. Chen, E. L. Thomas, C. K. Ober, G. Mao, Science 1996, 273,


343.
[7] W. J. Li, L. P. Yu, Macromolecules 1996, 29, 7329, .
[8] W. Li, H. Wang, L. Yu, T. L. Morkved, H. M. Jaeger, Macromole-


cules 1999, 32, 3034.
[9] H. B. Wang, H. Wang, V. S. Urban, P. Thiyagarajan, K. C. Littrell,


L. P. Yu, J. Am. Chem. Soc. 2000, 122, 6855.
[10] V. Urban, H. H. Wang, P. Thiyagarajan, K. C. Littrell, H. B. Wang,


L. Yu, J. Appl. Crystallogr. 2000, 33, 645.
[11] J. Massey, K. N. Power, I. Manners, M. A. Winnik, J. Am. Chem.


Soc. 1998, 120, 9533.
[12] S. A. Jenekhe, X. L. Chen, Science 1998, 279, 1903.
[13] M. A. Hempenius, B. M. W. Langeveld-Voss, J. A. E. H. van Haare,


R. A. J. Janssen, S. S. Sheiko, J. P. Spatz, M. Mˆller, E. W. Meijer, J.
Am. Chem. Soc. 1998, 120, 2798.


[14] P. Leclõre, A. Calderone, D. Marsitzky, V. Francke, Y. Geerts, K.
M¸llen, J. L. Brÿdas, R. Lazzaroni, Adv. Mater. 2000, 12, 1042.


[15] G. N. Tew, M. U. Pralle, S. I. Stupp, J. Am. Chem. Soc. 1999, 121,
9852.


[16] U. Stalmach, B. de Boer, C. Videlot, P. F. van Hutten, G. Hadziioan-
nou, J. Am. Chem. Soc. 2000, 122, 5464.


[17] M. Lee, Y.-S. Jeong, B.-K. Cho, N.-K. Oh, W.-C. Zin, Chem. Eur. J.
2002, 8, 876.


[18] J. T. Chen, E. L. Thomas, C. K. Ober, S. S. Hwang, Macromolecules
1995, 28, 1688.


[19] Y. Tu, X. Wan, D. Zhang, Q. Zhou, C. Wu, J. Am. Chem. Soc. 2000,
122, 10201.


[20] J. L. Radzilowsk, B. O. Carragher, S. I. Stupp, Macromolecules 1997,
30, 2110.


[21] S. I. Stupp, V. Lebonheur, K. Walker, L. S. Li, K. E. Huggins, M.
Keser, A. Amstutz, Science 1997, 276, 384.


[22] N. C. Greenham, S. C. Moratti, D. D. C. Bradley, R. H. Friend, A. B.
Holmes, Nature 1993, 365, 628.


[23] D. Braun, A. J. Heeger, Appl. Phys. Lett. 1991, 58, 1982.
[24] F. Hide, M. A. Diazgarcia, B. J. Schwartz, M. R. Anderson, Q. B.


Pei, A. J. Heeger, Science 1996, 273, 1833.
[25] H. Sirringhaus, N. Tessler, R. H. Friend, Science 1998, 280, 1741.
[26] T. Cassagneau, F. Caruso, Adv. Mater. 2002, 14, 1837.
[27] J. W. Hong, B. S. Gaylord, G. C. Bazan, J. Am. Chem. Soc. 2002, 124,


11868.


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 986 ± 993992


FULL PAPER L. Yu et al.



www.chemeurj.org





[28] L. Schmidt-Mende, A. Fechtenkˆtter, K. M¸llen, E. Moons, R. H.
Friend, J. D. MacKenzie, Science 2001, 293, 1119.


[29] W. U. Huynh, J. J. Dittmer, A. P. Alivisatos, Science 2002, 295, 2425.
[30] Z. G. Zhu, T. M. Swager, J. Am. Chem. Soc. 2002, 124, 9670.
[31] W. Lu, A. G. Fadeev, B. H. Qi, E. Smela, B. R. Mattes, J. Ding,


G. M. Spinks, J. Mazurkiewicz, D. Z. Zhou, G. G. Wallace, D. R.
MacFarlane, S. A. Forsyth, M. Forsyth, Science 2002, 297, 983.


[32] P. Leclõre, E. Hennebicq, A. Calderone, P. Brocorens, A. C. Grims-
dale, K. Mullen, J. L. Brÿdas, R. Lazzaroni, Prog. Polym. Sci. 2003,
28, 55.


[33] H. B. Wang, M.-K. Ng, L. P. Yu, B. H. Lin, M. Meron, Y. N. Xiao,
Chem. Eur. J. 2002, 8, 3246±3253.


[34] F. Balzer, H.-G. Rubahn, Surf. Sci. 2002, 507±510, 588.


Received: September 19, 2003 [F5554]


Chem. Eur. J. 2004, 10, 986 ± 993 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 993


Self-Assembly of Diblock Copolymers 986 ± 993



www.chemeurj.org






Three-Coordinate Organoboron Compounds BAr2R (Ar = Mesityl,
R = 7-Azaindolyl- or 2,2’-Dipyridylamino-Functionalized Aryl or Thienyl)
for Electroluminescent Devices and Supramolecular Assembly


Wen-Li Jia,[a] Dong-Ren Bai,[a] Theresa McCormick,[a] Qin-De Liu,[a] Michael Motala,[a]


Rui-Yao Wang,[a] Corey Seward,[a] Ye Tao,[b] and Suning Wang*[a]


Introduction


Three-coordinate organoboron compounds have recently
emerged as an important and very promising class of materi-
als for various photonic and optoelectronic applications.[1]


Marder and others have carried out extensive studies on
three-coordinate organoboron compounds and have demon-
strated their potential uses as frequency-doubling materials
in nonlinear optics.[2,3] Shirota and co-workers have recently
reported several classes of very elegant three-coordinate or-
ganoboron compounds involving aryl and thienyl groups,


and have demonstrated their uses as emitters and as elec-
tron-transport and hole-blocking materials in organic light-
emitting diodes (OLEDs).[4] Yamaguchi, Tamao, and others
have recently shown that three-coordinate organoboron
compounds can be used as effective fluorescent sensors for
Lewis donors such as fluoride.[5] These demonstrated appli-
cations of the previously reported three-coordinate organo-
boron compounds stem from three important and character-
istic features of these molecules. First, the empty and rela-
tively low-lying 2pp orbital on the boron center makes the
three-coordinate boron compounds good electron acceptors.
The reversible binding of the boron compounds to an exter-
nal electron donor (Lewis base) or electrons provides the
capability of the three-coordinate boron compounds to act
as fluorescent sensors for Lewis bases or as electron-trans-
port materials in OLEDs. The presence of an internal elec-
tron donor group in the three-coordinate boron compounds
produces polarized donor±acceptor electronic transition, a
prerequisite for nonlinear optical applications. Second, the
presence of luminescent chromophores makes it possible to
use these three-coordinate boron compounds as emitters in
OLEDs and fluorescent sensors as well. Third, the electron-
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Dr. R.-Y. Wang, C. Seward, Prof. Dr. S. Wang
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Abstract: Eight novel three-coordinate
boron compounds with the general for-
mula BAr2L, in which Ar is mesityl
and L is a 7-azaindolyl- or a 2,2’-dipyri-
dylamino-functionalized aryl or thienyl
ligand, have been synthesized by
Suzuki coupling, Ullmann condensa-
tion methods, or simple substitution re-
actions (L = p-(2,2’-dipyridylamino)-
phenyl, 1; p-(2,2’-dipyridylamino)bi-
phenyl, 2 ; p-(7-azaindolyl)phenyl, 3 ; p-
(7-azaindolyl)biphenyl, 4 ; 3,5-bis(2,2’-
dipyridylamino)phenyl, 5 ; 3,5-bis(7-
azaindolyl)phenyl, 6 ; p-[3,5-bis(2,2’-di-
pyridylamino)phenyl]phenyl, 7; 5-[p-
(2,2’-dipyridylamino)phenyl]-2-thienyl,


8). The structures of 1, 3, and 5±7 have
been determined by X-ray diffraction
analyses. These new boron compounds
are bright blue emitters. Electrolumi-
nescent devices using compound 2 or 8
as the emitter and the electron-trans-
port layer have been successfully fabri-
cated. Molecular orbital calculations
(Gaussian 98) have established that the
blue emission of compounds 1±8 origi-
nates from charge transfer between the


p orbital of the ligand L and the pp or-
bital of the boron center. The ability of
these boron compounds to bind to
metal centers to form supramolecular
assemblies was demonstrated by treat-
ment of compound 2 with
Zn(O2CCF3)2, which generated a 1:1
chelate complex {2¥Zn(O2CCF3)2} (10),
and also by treatment of compound 4
with AgNO3, yielding a 2:1 coordina-
tion compound {(4)2¥Ag(NO3)} (11). In
the solid state, compounds 10 and 11
form interesting head-to-head and tail-
to-tail extended structures that host
solvent molecules such as benzene.


Keywords: blue emitter ¥ boron ¥
coordination chemistry ¥
luminescence ¥ N ligands ¥ OLEDs
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deficient boron centers in the three-coordinate boron com-
pounds are protected by bulky substituent groups, which
provide the boron compounds with sufficient chemical sta-
bility for useful practical applications. Despite the attractive
features and the demonstrated potential applications of
three-coordinate organoboron compounds described above,
examples of useful three-coordinate boron materials in pho-
tonic and optoelectronic applications remain scarce. Further-
more, although research in OLEDs has made tremendous
progress in the past decade, with full-color display OLED
devices emerging as commercial products, stable blue emit-
ters and charge-transport materials (hole- or electron-trans-
port) that are either transparent in the visible region or emit
in the blue or near UV region are still in great demand in
the OLEDs industry.[6] Alq3 (q = 8-hydroxyquinolinato) is
one of the best electron-transport materials.[6,7] However, its
application in OLEDs is rather limited by its intense emis-
sion band in the green region. Shirota×s work indicated that
three-coordinate boron compounds (BAr3) may be very val-
uable as electron-transport materials in OLEDs.[4] Based on
these considerations, our group initiated research on new
three-coordinate boron compounds for applications in
OLEDs. We recently reported several blue luminescent
BAr3 molecules in which Ar is an extended p-conjugated
ligand functionalized by a 2,2’-dipyridylamino chromo-
phore.[8] Although these BAr3 molecules are very bright
blue emitters, attempts to use them in OLEDs were unsuc-
cessful, due to the difficulty of
vacuum-depositing these large
molecular weight molecules
onto the substrate. To over-
come this problem, we have
developed synthetic methods
for new and relatively smaller
molecules BAr2R, where Ar =


mesityl and R = 2,2’-dipyridy-
lamino- or 7-azaindolyl-func-
tionalized aryl or thienyl
groups. The inclusion of 2,2’-
dipyridylamino or 7-azaindolyl
groups in the new boron com-
pounds is based on two estab-
lished facts[9]: 1) these two
groups are efficient fluorescent
chromophores in the UV/blue
region (depending on the sub-
stituent groups), and 2) these
two groups are capable of
binding to Lewis acids such as
a metal ion via the nitrogen
donor site, thus providing the
potential to act as building
blocks for luminescent supra-
molecular materials. The new
boron molecules can indeed be
sublimed and show promising
properties for OLEDs applica-
tions and coordination chemis-
try. Here we report the results


of our comprehensive study of this class of new three-coor-
dinate boron compounds.


Results and Discussion


Syntheses : The new organoboron compounds BAr2L (Ar =


mesityl, L = p-(2,2’-dipyridylamino)phenyl, 1; p-(2,2’-dipyri-
dylamino)biphenyl, 2 ; p-(7-azaindolyl)phenyl, 3 ; p-(7-azain-
dolyl)biphenyl, 4 ; 3,5-bis(2,2’-dipyridylamino)phenyl, 5 ; 3,5-
bis(7-azaindolyl)phenyl, 6 ; p-[3,5-bis(2,2’-dipyridylamino)-
phenyl]phenyl, 7; 5-[p-(2,2’-dipyridylamino)phenyl]-2-thien-
yl, 8) can be divided into three groups. The first group con-
tains a phenyl or a biphenyl group functionalized at the 4-
or 4’-position either by a 2,2’-dipyridylamino or by a 7-azain-
dolyl group (compounds 1±4 ; see Scheme 1). The second
group contains a phenyl or a biphenyl functionalized by two
2,2’-dipyridylamino groups or two 7-azaindolyl groups at the
3- and the 5-positions or the 3’- and 5’-positions (compounds
5±7). The third group contains a thienyl group functional-
ized by a p-(2,2’-dipyridylamino)phenyl group (compound
8). As shown in Scheme 1, the first group of compounds was
synthesized in good yields (78±90%) by treatment of the ap-
propriate aryl bromide at �78 8C with butyllithium (BuLi)
and subsequently with BAr2F (Ar = mesityl). The function-
alized phenyl compounds 5 and 6 in the second group were
obtained in good yield by a procedure similar to that used


Scheme 1. a) 2,2’-Dipyridylamine or 7-azaindole, KOH (or K2CO3), CuSO4, 210 8C; b) nBuLi, (Mes)2BF,
�78 8C; c) nBuLi, B(OMe)3, �78 8C; d) [Pd(PPh3)4], 5a, NaOH.


Chem. Eur. J. 2004, 10, 994 ± 1006 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 995


994 ± 1006



www.chemeurj.org





for 1±4. The bis(2,2’-dipyridylamino)-substituted biphenyl
compound 7 was obtained by a two-step reaction. First, 1,4-
dibromobenzene was treated with one equivalent of BuLi
and one equivalent of BAr2F to produce BAr2(4-Br-phenyl),
which was converted into the boronic acid BAr2(4-B(OH)2-
phenyl) by treatment with BuLi and B(OCH3)3 at �78 8C.
Through the use of Pd-catalyzed Suzuki±Miyaura cross-cou-
pling reactions[10] and [Pd(PPh3)4] as the catalyst in the pres-
ence of NaOH, the reaction of BAr2(4-B(OH)2-phenyl) with
1-bromo-3,5-bis(2,2’-dipyridylamino)benzene produced com-
pound 7 in 21% yield. Compound 8 was obtained by two
different methods, as shown in Scheme 2. The first method
involves treatment of p-(2,2’-dipyridylamino)-2-thienylben-
zene (8a) with BuLi and BAr2F at �78 8C, producing 8 in a
relatively low yield (25%). The second method involves
treatment of p-(2,2’-dipyridylamino)phenyl-2-bromo-5-thio-
phene (8b) with BuLi and BAr2F at �78 8C, producing com-
pound 8 in 62% yield.


The starting materials, aromatic bromide compounds,
were prepared in moderate yields (43±68%) by treatment of
p-dibromobenzene, p-dibromobiphenyl, or 1,3,5-tribromo-
benzene with 7-azaindole or 2,2’-dipyridylamine by Ullmann
condensation methods with K2CO3/KOH and CuSO4 as a
base and a catalyst, respectively[11] (Scheme 1). The signifi-
cant factors in the synthesis of these aromatic bromides are
the reaction temperatures and reaction times. For example,
for the synthesis of 3,5-di-(2,2’-dipyridylamino)-1-bromoben-
zene, if the reaction temperature is not sufficiently high
(<190 8C), no reaction occurs. If the reaction temperature is
too high (>210 8C) or the reaction time too long (>12 h),
the main product is 1,3,5-tris-(2,2’-dipyridylamino)benzene.
If the reaction time is shorter than 5 h, monosubstituted
compound is the main product. The optimum reaction con-
ditions are 200±205 8C, 10 h with a 1:2 ratio of 1,3,5-tribro-
mobenzene and 2,2’-dipyridylamine. The ligand 8a was pre-
pared by treatment of 2-thienylzinc bromide with p-(2,2’-di-
pyridylamino)-bromophenyl in the presence of
[Pd(PPh3)2Cl2] and diisobutylaluminium hydride in �60%
yield. The ligand 8b was prepared by Suzuki±Miyaura cross-
coupling[10] of 2,5-dibromothiophene and p-(2,2-dipyridyl-
amino)phenylboronic acid in 80% yield. The syntheses of
the ligands and the three groups of boron compounds are
summarized in Scheme 1.


Crystal structures : The new boron compounds 1±8 were
fully characterized by NMR and elemental analyses. To es-
tablish the full structural parameters to aid our investigation


into the relationship of structures and electronic properties,
we also carried out structural determination by single-crystal
X-ray diffraction methods for compounds 1, 3, and 5±7,
which produced suitable single crystals. Crystal data are pro-
vided in Table 1. Selected bond lengths and angles for these
compounds are provided in Table 2. The structures of 1, 3,
and 5±7 are shown in Figures 1, 2, 3, 4, and 5, respectively.


The boron centers in all five structures adopt nearly ideal
trigonal planar geometries. The largest deviation from the
ideal trigonal planar geometry was observed in compound 7,
in which the C-B-C angles range from 113.7(7)8 to 128.7(7)8.
The B(mesityl)2 units in all five structures are not coplanar
with their adjacent phenyl rings. The dihedral angles be-
tween the BC3 planes and the adjacent phenyl rings are
26.9, 26.3, 24.2, 28.6, and 30.08 in 1, 3, 5, 6, and 7, respective-
ly. Similar dihedral angles have been observed in (mesi-
tyl)2B-aryl-B(mesityl)2 compounds reported by Marder and
co-workers.[2a] The lack of coplanarity between BC3 unit and
phenyl ring can be attributed to steric interactions imposed
by the methyl groups. Figures 1±5 show clearly that the
boron centers in these compounds are well protected by the
methyl groups of the mesityl ligands. The amino nitrogen
atoms of the 2,2’-dipyridylamino units in compounds 1, 5,
and 7 adopt typical trigonal planar geometries. However,
the NC3 planes of the amino nitrogens in all three com-
pounds are not coplanar with the adjacent phenyl rings, as is
evident from the dihedral angles, ranging from 43.9 to 89.38.
The lack of coplanarity between the 2,2’-dipyridylamino
groups and the phenyl rings is apparent in the side view of
molecule 5 as shown in Figure 3b, in which the pyridyl
groups are oriented above and below the central phenyl
ring, respectively. In contrast, the dihedral angles between
the 7-azaindolyl units and the adjacent phenyl rings in 3 and
6 are much smaller (38.98 in 3, 39.78 and 40.18 in 6), due to
much reduced steric interactions. The biphenyl unit in 7 is
not coplanar, but with a dihedral angle between the two
phenyl rings of 20.28. Previously we have reported a number
of symmetrically 1,3,5-substituted starburst molecules based
on benzene or triazine frameworks and involving 2,2’-dipyri-
dylamino or 7-azaindolyl substituent groups.[9a] Compounds
5 and 6 can be viewed as new starburst molecules with two
different types of substituents–an electron-donor substitu-
ent (dipyridylamino or 7-azaindolyl) and an electron-accept-
or substituent (BAr2)–coexisting in the same molecule. The
B�C and N�C bond lengths in compounds 1, 3, and 5±7 are
typical and similar to previously reported three-coordinate
boron compounds and 2,2’-dipyridylamino or 7-azaindolyl


Scheme 2. a) 2-Thienylzinc bromide, DIBAH, [Pd(PPh3)2Cl2]; b) 1) nBuLi, B(OMe)3, �78 8C, 2) 2,5-dibromothiophene, [Pd(PPh3)4], Na2CO3; c) nBuLi,
(Mes)2BF, �78 8C.
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derivatives.[8,9] No significant intermolecular p stacking in-
teractions are observed in any of the five structures.


Physical properties : All eight new boron compounds are
stable in solution and in the solid state upon extended expo-
sure to air. This remarkable chemical stability in this class of
molecules is attributable to the presence of the bulky mesi-
tyl groups and is consistent with the behavior of previously
reported BAr3 molecules with bulky protecting groups.[1±5,12]


These new boron compounds also exhibit remarkable ther-
mal stability, with melting points ranging from 141 8C (7) to
260 8C (2). Glass transition temperatures were observed for
compounds 1 (Tg = 81 8C), 2 (Tg = 132 8C), and 3 (Tg =


68 8C) by DSC analyses, indicating that these new boron
compounds are capable of forming amorphous phases. De-
spite repeated attempts, no glass transition temperatures
were observed for compounds 4±8. The glass-forming capa-
bility of similar three-coordinate boron compounds has pre-
viously been extensively examined by Shirota et al.[4g] Com-
pounds 1±8 have moderate solubility in CH2Cl2 and are only
slightly soluble in THF.


Electronic properties : Compounds 1±8 are colorless and
each has a characteristic broad absorption band in the 300±
400 nm region, which can be attributed to ligand!boron
charge-transfer transitions. Sharp and intense absorption
bands in the 200±300 nm region are also observed for 1±8,
and can be assigned to ligand-centered p±p* transitions. The
UV/Vis absorption bands are given in Table 3. Compounds
1±8 display both reversible reduction peaks and pseudo-re-


versible oxidation peaks in cyclic voltammetry measure-
ments. The reduction potentials were measured in THF solu-
tions. No reduction potentials could be obtained for some of
the compounds, due to poor solubility in THF. The oxida-
tion potentials were measured in CH2Cl2 solutions. The re-
duction potentials (versus Ag/AgCl) of 1±8 were determined
to be at �1.60 V to �1.84 V, while the first oxidation poten-
tials of 1±8 were found to span a considerable range (1.20 V
to 1.80 V). For compounds 5 and 7, two pseudo-reversible
(the heights of ic and ia are not symmetrical) oxidation
peaks (1.23 V and 1.54 V for 5 ; 1.54 V and 1.88 V for 7)
were observed, presumably due to two consecutive oxida-
tions of the two 2,2’-dipyridylamino groups on the phenyl
and the biphenyl moieties. For compound 8, two pseudo-re-
versible oxidation peaks at 1.20 V and 1.68 V were observed,
and could be attributed to the oxidation of the thiophene
ring and the 2,2’-dipyridylamino group, respectively. The bi-
polar behavior of compounds 1±8 resembles that of three-
coordinate boron compounds reported by Shirota et al.[4]


From the redox potentials obtained by cyclovoltammetry
measurements and the absorption edges of the UV/Vis spec-
tra, we obtained the HOMO and LUMO energy levels for
compounds 1±8 (with the ferrocene oxidation potential as
the standard for the vacuum energy level[13]). The results are
listed in Table 4, which shows for the first group of boron
compounds (1±4) that the 2,2’-dipyridylamino-substituted
compounds have somewhat higher HOMO levels and small-
er band gaps than the 7-azaindolyl analogues. Similarly, the
2,2’-dipyridylamino-substituted compound 5 has a higher
HOMO level than the 7-azaindolyl analogue, compound 6.


Table 1. Crystallographic data.


1 3 5 6 7 10 11


formula C34H34BN3 C31H31BN2 C44H41BN6 C38H35BN4¥0.5CH2Cl2 C50H45BN6¥2CH2Cl2 C44H38BF6N3O4Zn¥C6H6 C74H70B2N5O3Ag¥
3C6H6¥0.5C6H14


fw 495.45 442.39 664.64 600.97 910.58 941.10 1477.19
T (K) 297 298 298 298 293 295 180
space group Pna21 P21 P1≈ P1≈ P1≈ P1≈ P1≈


a [ä] 11.179(3) 12.224(4) 11.144(2) 12.011(2) 8.234(2) 8.8127(17) 10.146(4)
b [ä] 22.942(7) 13.231(4) 12.088(3) 12.182(2) 15.670(4) 10.2718(19) 16.490(6)
c [ä] 11.332(3) 16.429(5) 15.629(3) 23.384(5) 20.651(5) 26.996(5) 23.695(8)
a [8] 90 90 104.225(3) 98.554 67.439(15) 79.591(3) 94.309(6)
b [8] 90 102.940 103.158(4) 100.405(4) 81.303(19) 87.205(3) 97.831(7)
g [8] 90 90 104.981(4) 95.243(5) 88.36(2) 87.065(4) 98.899(6)
V [ä3] 2906.1(14) 2589.6(13) 1873.7(7) 3303.3(11) 2431.2(11) 2398.4(8) 3861(2)
Z 4 4 2 4 2 2 2
1calcd [g cm�3] 1.132 1.135 1.178 1.208 1.244 1.303 1.270
m [mm�1] 0.066 0.065 0.070 0.149 0.285 0.581 0.317
2qmax [8] 56.56 56.74 56.60 56.74 57.42 56.60 56.72
no. of rflns meas-
ured


19908 18705 13585 24156 15296 17025 27214


no. of rflns used
(Rint)


6632
(0.0476)


10086
(0.0322)


8590
(0.0330)


15241 (0.0369) 10705 (0.369) 10771 (0.0182) 17451 (0.0422)


no. of parameters 343 613 460 788 567 635 871
final R (I>2s(I)),
R1[a]


0.0415 0.0589 0.0530 0.0926 0.1066 0.0475 0.0996


wR2[b] 0.0872 0.1396 0.1068 0.2540 0.1209 0.1136 0.2630
R (all data) 0.1432 0.1161 0.1901 0.2427 0.5128 0.0928 0.1932
R1[a]


wR2[b] 0.1053 0.1597 0.1376 0.3019 0.1994 0.1270 0.2888
Good. of fit on F2 0.757 0.872 0.778 0.835 0.708 0.893 1.058


[a] R1 = �[ jFo j� jFc j ]/� jFo j . [b] wR2 = {�[w(F2
o�F2


c)]/�(wF2
o)}


1/2, w = 1/[s2(F2
o) + (0.075P)2], where P = [Max(F2


o,0) + 2F2
c]/3
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The thienyl-containing compound 8 has the smallest band
gap.


Luminescence : Compounds 1±8 each emit an intense blue
color in solution and in the solid state when irradiated by


Table 2. Selected bond lengths [ä] and angles [8] for compounds 1, 3, 5±
7, and 10±11.


Compound 1
B(1)�C(14) 1.552(4) C(14)-B(1)-C(26) 118.4(2)
B(1)�C(26) 1.575(4) C(14)-B(1)-C(17) 120.8(2)
B(1)�C(17) 1.582(4) C(26)-B(1)-C(17) 120.7(2)
Compound 3
B(1)�C(11) 1.566(5) C(11)-B(1)-C(14) 117.9(3)
B(1)�C(14) 1.586(5) C(11)-B(1)-C(23) 119.7(3)
B(1)�C(23) 1.567(5) C(23)-B(1)-C(14) 122.4(3)
Compound 5
B(1)�C(1) 1.573(4) C(1)-B(1)-C(10) 121.5(2)
B(1)�C(10) 1.577(3) C(1)-B(1)-C(19) 119.1(2)
B(1)�C(19) 1.574(4) C(19)-B(1)-C(10) 119.4(2)
Compound 6
C(1)�B(1) 1.586(7) C(10)-B(1)-C(1) 122.4(5)
C(10)�B(1) 1.567(7) C(19)-B(1)-C(1) 120.5(5)
C(19)�B(1) 1.547(8) C(19)-B(1)-C(10) 117.1(4)
Compound 7
B(1)�C(10) 1.508(11) C(10)-B(1)-C(19) 113.7(7)
B(1)�C(19) 1.605(10) C(10)-B(1)-C(1) 128.6(7)
B(1)�C(1) 1.616(11) C(19)-B(1)-C(1) 117.3(8)
Compound 10
B(1)�C(33) 1.563(4) C(33)-B(1)-C(5) 117.6(2)
B(1)�C(5) 1.576(4) C(33)-B(1)-C(14) 119.7(2)
B(1)�C(14) 1.580(4) C(5)-B(1)-C(14) 122.7(2)
Zn(1)�O(1) 1.922(2) O(1)-Zn(1)-O(3) 96.30(10)
Zn(1)�O(3) 1.931(2) N(3)-Zn(1)-N(1) 91.20(8)
Zn(1)�N(3) 1.995(2) C(5)-B(1)-C(14) 122.7(2)
Zn(1)�N(1) 1.9993(18) C(5)-B(1)-C(14) 122.7(2)
Compound 11
B(1)�C(29) 1.565(9) C(29)-B(1)-C(17) 118.8(5)
B(1)�C(17) 1.582(9) C(29)-B(1)-C(20) 123.9(5)
B(1)�C(20) 1.582(9) C(17)-B(1)-C(20) 117.3(5)
B(2)�C(54) 1.555(8) C(54)-B(2)-C(57) 120.0(5)
B(2)�C(57) 1.569(9) C(54)-B(2)-C(66) 115.9(5)
B(2)�C(66) 1.575(9) C(57)-B(2)-C(66) 124.1(5)
Ag(1)�N(4) 2.236(6) N(4)-Ag(1)-N(2) 150.9(3)
Ag(1)�N(2) 2.237(6) O(2)-Ag(1)-O(1) 49.6(4)
Ag(1)�O(2) 2.473(11)
Ag(1)�O(1) 2.533(11)


Figure 1. Molecular structure of compound 1 with labeling schemes.


Figure 2. Molecule structure of compound 3 with labeling schemes.


Figure 3. a) Molecular structure of compound 5 with labeling schemes.
b) Side view of compound 5.


Figure 4. Molecular structure of compound 6 with labeling schemes.
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UV light. In CH2Cl2, the emission maxima of 1±8 range
from 381 nm (3) to 465 nm (8). In solution, the emission
maxima change with changes in solvent polarity, a common-
ly observed phenomenon for three-coordinate organoboron
compounds and attributable to the presence of a highly po-


larized excited state.[1±5] The absorption and emission spectra
of compound 2 in THF and DMF are provided in Figure 6
as a representative example to demonstrate the solvent
effect, the emission maximum of 2 shifting from 449 nm in
THF to 475 nm in DMF. The 7-azaindolyl-substituted com-
pounds emit at a higher energy than the corresponding 2,2’-
dipyridylamino-substituted compounds, consistently with the
trend in the band gaps determined by UV/Vis spectra. Com-
pounds 1, 2, 4, and 8 are the brightest emitters among this
group of molecules, based on their quantum yields measured
in CH2Cl2 with 9,10-diphenylanthracence as the standard.
From their emission lifetimes, the emission of the boron
compounds 1±8 at ambient temperature is fluorescence. As
an example, the decay lifetime of compound 2 was deter-
mined at Photon Technology International (Canada) Inc. to


be 1.113(4) ns, an indication of
fluorescent emission. Because
of the lack of easy access to fa-
cilities for fluorescent decay
lifetime measurement, the fluo-
rescent emission lifetimes of
the remaining compounds
were not measured. However,
from their structural similarity,
we believe that they all should
probably have decay lifetimes
in the ns time domain.


Molecular orbital calculations :
To have a better understanding
of the electronic and lumines-
cent properties of compounds
1±8, we carried out ab initio
molecular orbital calculations
on four representative com-
pounds: BAr2(p-(2,2’-dipyridyl-
amino)phenyl) (1), BAr2(p-(7-
azaindolyl)-phenyl) (3),
BAr2(1,3-bis(2,2’-dipyridylami-
no)-phenyl) (5), and a model
compound BAr2(5-(2,2’-dipyri-
dylamino)-2-thienyl) (9). The
geometric parameters from X-
ray diffraction analysis were
used for the calculations for
compounds 1, 3, and 5. Be-
cause of the lack of X-ray data
for compound 8, geometric pa-
rameters for 8 could only be
obtained by molecular model-
ing and geometric optimiza-
tion. To minimize the compu-
tational time required for
these calculations, we per-


formed the calculation for the related but smaller molecule
9 (synthetic efforts to obtain this molecule were not success-
ful). The geometric parameters for 9 were obtained by mo-
lecular modeling and geometric optimization. The Gaussian
suite of programs[14] (Gaussian 98) was employed for the cal-


Figure 5. Molecular structure of compound 7 with labeling schemes.


Table 3. Absorption and luminescence data for compounds 1±8.


Compd UV/Vis absorption [nm]
(e, m�1 cm�1)[a]


Excitation
wavelength


[nm]


Emission
lmax


[nm]


Quantum
yields
(f)[b]


Conditions
298 K


1 230 (19720), 250 (11760), 320 (12540), 362
(23850)


360 411 99 CH2Cl2


384 417 solid
2 232 (48250), 270 (35660), 336 (40330) 351 449 63 CH2Cl2


354 440 solid
3 230 (22630), 286 (7750), 336 (17670) 338 381 21 CH2Cl2


348 398 solid
4 230 (38621), 256 (17230), 338 (49230) 357 413 66 CH2Cl2


349 463 solid
5 230 (65650), 266 (53630), 302 (64990) 345 448 17 CH2Cl2


320 449 solid
6 230 (75990), 258 (90420), 298 (23630), 336


(23480)
345 410 11 CH2Cl2


348 418(sh),[c]


456
solid


7 304 (very broad, 64102) 355 456 6 CH2Cl2
359 433 solid


8 230 (40720), 310 (20090), 382 (44490) 381 465 100 CH2Cl2
418 469 solid


[a] All data were collected for CH2Cl2 solution ([m] = 1.0î10�5±1.0î10�6) at ambient temperature. [b] Rela-
tive to 9,10-diphenylanthracene in CH2Cl2 at ambient temperature. [c] sh= shoulder.


Table 4. HOMO and LUMO energy levels for compounds 1±9.


Compound HOMO LUMO Experimental HOMO from MO LUMO from MO Band gap from MO
[eV] [eV] band gap (eV) calculation calculation calculation


(Hartree) (Hartree) (Hartree)


1 �5.7 �2.5 3.2 �0.19528 �0.06048 0.13480
2 �5.7 �2.5 3.2
3 �6.1 �2.7 3.4 �0.20940 �0.05429 0.15511
4 �5.8 �2.5 3.3
5 �5.5 �2.1 3.4 �0.19022 �0.05891 0.13131
6 �6.0 �2.6 3.4
7 �5.8 �2.6 3.2
8 �5.5 �2.6 2.9
9 �0.20155 �0.07473 0.12682
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culations. The calculations were performed with the 6±31G*
basis set[15] at an RHF (restricted Hartree±Fock) level of
computation. The orbital diagrams were generated by use of
the Molekel program.[16] All contour values are �0.03 a.u.
The calculated HOMO and LUMO energy levels and band
gaps for 1, 3, 5, and 9 are provided in Table 4. Compound 9
has the smallest calculated band gap, consistently with the
experimentally observed trend for compounds 1±8. The
smaller band gap of the thienyl compounds 8 and 9 could be
attributable to the effective conjugation between the boron
center and the thienyl group, effectively lowering the
LUMO level, hence the band gap. The LUMO levels for all


compounds predominately consist of the empty pp orbital on
the boron center with substantial contribution of p* orbitals
from the phenyl or the thienyl portion of the luminescent
ligand. The HOMO levels for all compounds are p orbitals
involving the entire luminescent ligand. The HOMO and
LUMO orbitals for 1, 5, and 9 (HOMO and LUMO orbitals
of 3 are omitted) are shown in Figure 7. LUMO orbitals
confirm the presence of conjugation between the p orbitals
of the phenyl (or thienyl) portion of the 2,2’-dipyridylamino-
functionalized ligand and the empty pp orbital of the central
boron atom. This is consistent with the fact that the B�C
(phenyl) bond lengths for most of the structures determined
by X-ray diffraction are slightly shorter than those of
B�mesityl bonds (with the exception of compound 7, in
which the B�C (thienyl) bond appears to be longer than
one of the B�C (mesityl) bonds. Because of the poor quality
of data for 7, however, there is much uncertainty on the
bond lengths listed for 7 in Table 2.). The MO calculation
results established unambiguously that the electronic transi-
tions responsible for the emission of compounds 1±8 origi-
nate from the p orbitals of the 2,2’-dipyridylamino- or 7-
azaindolyl-functionalized ligands to the p* orbitals involving
both boron and the luminescent ligand.


Electroluminescence : Compound 2 was chosen as a repre-
sentative example of compounds 1±7 for the study of elec-
troluminescent (EL) properties because of the following
considerations: 1) compound 2 has the highest melting point
and the highest Tg (132 8C), 2) compound 2 is one of the
brightest emitters of compounds 1±7, and 3) the emission
maximum (�450 nm) of 2 in solution (CH2Cl2) and in the


Figure 6. Absorption and emission spectra of compound 2 in THF and
DMF.


Figure 7. A diagram showing the HOMO and LUMO levels of compounds 1, 5, and 9.
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solid state (�440 nm) is in the ideal blue emission region
(430±450 nm). These three features make compound 2 the
best candidate out of compounds 1±7 as a blue emitter for
OLEDs. The presence of the thienyl group in compound 8
makes it a unique member among the eight new boron com-
pounds reported here, so compound 8 was also chosen for
the study of electroluminescent properties. Three types of
EL devices were fabricated for compound 2. Device 1 is a
double-layer device consisting of ITO (indium-tin-oxide)/
NPB (40 nm)/2 (40 nm)/LiF (2 nm)/Al, where NPB (N,N’-di-
1-naphthyl-N,N’-diphenylbenzidine) functions as a hole-
transport layer. This device produces a bright whitish-blue
emission with the EL maximum at 436 nm, which matches
well with that of PL (Figure 8). The turn-on voltage of
device 1 is 5 V and the maximum luminance is 2566 Cdm�2


at 17 V, indicating that device 1 is efficient and bright (Fig-
ures 9 and 10). The fact that no electron-transport material
was used for device 1 indicates that the boron compound 2
can function both as an emitter and as an electron-transport
material. The broad shoulder in the 500±700 nm region of
the EL spectrum of device 1 is believed to originate from
exciplex emission between the NPB and compound 2 layers.
To remove the exciplex emission, device 2 was constructed,
in which a bicarbazole hole-blocking layer[17] was inserted
between the NPB layer and compound 2 (ITO/NPB
(40 nm)/Bicarb (20 nm)/2 (40 nm)/LiF (1 nm)/Al). As shown
in Figure 8, the EL spectrum of device 2 matches the PL


spectrum of 2 very well, confirming that the broad shoulder
emission in device 1 is indeed from exciplex formation be-
tween NPB and compound 2. The turn-on voltage for
device 2 is 6 V and the maximum brightness is 388 Cdm�2 at
21 V. To improve the efficiency of the device further, an
electron-transport layer–PBD (2-(4-biphenyl)-5-(4-tert-bu-
tylphenyl)-1,3,4-oxadiazole)–was added in device 3 (ITO/
NPB (40 nm)/Bicarb (20 nm)/2 (40 nm)/PBD (20 nm)/LiF
(1 nm)/Al). The EL spectrum of device 3 is the same as that
of device 2 and the PL of compound 2. Device 3 is much
less efficient than device 2, however (turn-on voltage, 7 V,
maximum brightness, 208 cam�2 at 21 V). This could be due
to the fact that the LUMO level (�2.4 eV) of PBD is slight-
ly above that (�2.5 eV) of 2, which makes PBD an ineffec-
tive electron-transport material for the boron compound.


One type of EL device (device 4) for compound 8 was
fabricated, based on the EL information obtained for com-
pound 2. Device 4 consists of ITO/NPB (40 nm)/bicarb
(20 nm)/8 (40 nm)/LiF (1 nm)/Al. Device 4 produces a
bright blue emission with the EL maximum at 460 nm. The
EL and the PL spectra of 8 match very well (Figure 11). The
turn-on voltage of device 4 is 7 V (Figures 12 and 13). The
maximum brightness is 1510 Cdm�2 at 24 V (Figure 13). Al-
though the maximum luminance of the EL devices of com-
pounds 2 and 8 may not be as high as in some of the blue
EL devices reported previously, the new boron compounds
are very promising for applications in OLEDs due to their
capability to play dual roles–both as blue emitters and as
electron-transport materials–in the EL devices, as demon-
strated by EL devices 1±4. Further device modification and


Figure 8. EL of devices 1±3 and PL of compound 2.


Figure 9. I±V diagrams for devices 1±3.


Figure 10. L±V diagrams of devices 1±3.


Figure 11. EL of device 4 and PL of compound 8.
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optimization could lead to better performance of these im-
portant materials in OLEDs.


Coordination and supramolecular architectures : Lewis acidi-
ty represents the typical reactivity of most previously known
three-coordinate boron compounds.[5] One unique feature
that distinguishes compounds 1±8 from the previously re-
ported three-coordinate boron compounds is the presence
of Lewis base sites. In the 7-azaindolyl-containing com-
pounds 3, 4, and 6, the nitrogen atoms in the six-membered
rings of the 7-azaindolyl groups have lone pairs of electrons
and are capable of binding to Lewis acids such as metal ions
as a terminal ligand. In contrast, in the 2,2’-dipyridylamino-
containing compounds 1, 2, 5, 7, and 8, the two pyridyl
groups of the 2,2’-dipyridylamino units can function as bi-
dentate chelate ligands to bind to metal ions. Our previous
investigation into luminescent organic molecules containing
7-azaindolyl or 2,2’-dipyridylamino groups showed that in-
teractions of metal ions with these groups often lead to sub-
stantial changes in luminescence (emission energy shift or
quenching, depending on the metal ion involved).[9] Since
the emission of compounds 1±8 originates from a polarized
transition (ligand p orbital to p* dominated by boron pp or-
bital), as established by the experimental data and molecu-
lar orbital calculations, binding of the 7-azaindolyl or 2,2’-di-
pyridylamino groups in compounds 1±8 to metal ions may
have effects on the emission of the boron compounds. To in-
vestigate this, we synthesized two representative complexes:


a zinc(ii) complex of molecule 2–{BAr2(p-(2,2’-dipyriylami-
no)-biphenyl)}[Zn(O2CCF3)2] (10)–and a silver(i) complex
of molecule 4–{BAr2(p-(7-azaindolyl)-biphenyl)}2(AgNO3)
(11). Complex 10 was obtained by treatment of compound 2
with Zn(O2CCF3)2 in a 1:1 ratio while compound 11 was ob-
tained by treatment of compound 4 with AgNO3 in a 1:1
ratio. Both compounds were fully characterized by NMR
and X-ray diffraction analyses.


As shown in Figure 14, the Zn(O2CCF3)2 unit in 10 is che-
lated to the two pyridyl groups of the 2,2’-dipyridylamino
unit (a diagram with labeling scheme for 10 is available in
the Supporting Information). The ZnII ion has a distorted
tetrahedral geometry with bond angles ranging from


91.20(8)8 (N(1)-Zn(1)-N(3)) to 125.89(9)8 (O(1)-Zn(1)-
N(1)) and typical bond lengths.[9b,c] In the crystal lattice,
molecules of 10 are arranged in a head-to-head and tail-to-
tail manner such that void channels are formed. Benzene
solvent molecules are trapped in the channels (one benzene
per molecule of 10 ; Figure 14). The trapped benzene solvent
molecules are remarkably stable and had not escaped from
the crystal lattice even after the crystals had been isolated
from the solution and kept at ambient temperature for
weeks. In fact, after being kept under vacuum for two days,
the crystals of 10 still contained one benzene molecule per
molecule of 10, as revealed by CHN analysis. Space-filling
drawing shows that the benzene solvent channels are partial-


Figure 12. I±V diagram of device 4.


Figure 13. L±V diagram of device 4.


Figure 14. Top: The molecular structure of compound 10. Bottom: Unit
cell packing diagram showing the solvent channels in the crystal of 10
(N: blue; B: orange; Zn: gray-blue; O: red; F: light green; solvent mole-
cules: yellow).
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ly blocked by molecules of 10, which apparently hinder the
escape of the solvent molecules. It is very likely that the
Zn(O2CCF3)2 unit interacts in the same manner with other
2,2’-dipyriylamino-containing molecules (1, 5, 7, 8).


The structure of 11 is shown in Figure 15 (a diagram with
labeling scheme for 11 is available in the Supporting Infor-
mation). The AgNO3 unit is bound to two 7-azaindolyl
groups from two molecules of 4. Although a 1:1 ratio of 4


and AgNO3 was used in the synthesis, only the 2:1 product
was isolated, which is attributable to the tendency of the
AgI ion to achieve coordination saturation, thus binding to
two 7-azaindolyl groups. The coordination geometry around
the AgI center is irregular, with a large N(1)-AgI-N(2) angle
(150.9(3)8) and normal Ag�N bond lengths.[18] The nitrate
group is chelated to the AgI ion through two relatively long
Ag�O bonds (Ag(1)�O(1) = 2.533(11), Ag(1)�O(2) =


2.473(11) ä). Similar Ag�O bond distances have been ob-
served previously.[18±19] The two 7-azaindolyl-biphenyl groups
linked by the AgNO3 unit are almost parallel with the 7-
azaindolyl group, being situated almost directly above the
neighboring biphenyl unit. The shortest atomic separation
distance between these two groups is 3.39 ä, indicating the
presence of significant p±p stacking interactions. As can be
seen in the crystal lattice of 11 (Figure 15), the inorganic
portion involving the AgNO3 unit in compound 11 stacks to-
gether, while the organic portion of 11 stacks together in the
crystal lattice. As a result of such stacking, solvent channels
that host benzene and hexane (the hexane disordered and
not fully resolved by X-ray diffraction analysis) are formed


within the crystal lattice (Figure 15). The solvent molecules
in the crystals of 11 partially escape from the lattice at ambi-
ent temperature. However, after prolonged drying under
vacuum, some of the solvent molecules were still found in
the crystalline sample, as verified by CHN analysis results
(see Experimental Section). Again, this relative stability of
the trapped solvent molecules in crystals of 11 can be attrib-
uted to partial blockage of the solvent channels by mole-
cules of 11.


The luminescent properties of complexes 10 and 11 are
similar to those of compounds 2 and 4, respectively, in solu-
tion and in the solid state. For a given solvent, the emission
peaks of compounds 10 and 11 are essentially identical to
those of 2 and 4, respectively. The emission spectra of com-
pounds 10 and 11 display solvent-dependent shifts similar to
those of compounds 2 and 4. The emission intensities of 10
and 11 are only slightly lower than those of 2 and 4 at the
same concentrations. Emission spectral measurements for
solutions containing compounds 2 and Zn(O2CCF3)2 of vari-
ous ratios were conducted, and showed (Figure 16) that sig-
nificant emission intensity decrease only occurs when the
ratio of 2 and Zn(O2CCF3)2 is less than 1:2, attributable to


the presence of dissociation/association equilibria between
the Zn(O2CCF3)2, molecules of 2, and complex 10 in solu-
tion. AgNO3 was found to have a similar effect on the emis-
sion of compound 4. These data led us to conclude that
metal ions such as ZnII and AgI do not significantly alter the
emission energy of the three-coordinate boron compounds
1±8, but do partially quench their emission intensities, by co-
ordinating to the nitrogen donor site. Compounds such as 10
and 11 may be useful as fluorescent sensors for small organ-
ic molecules because of their luminescence and their porous
structures in the solid state. This is currently being explored
in our laboratory.


Conclusion


A new class of chemically and thermally stable, three-coor-
dinate boron compounds has been developed. We have
demonstrated that the members of this new class of boron


Figure 15. Top: The molecular structure of 11. Bottom: Unit cell packing
diagram showing the solvent channels in the crystal of 11 (N: blue; B:
orange; Zn: gray-blue; O: red; F: light green; solvent molecules: yellow).


Figure 16. The emission spectral change of compound 2 in THF in the
presence of various amounts of Zn(O2CCF3)2.
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compounds are bright blue emitters and are capable of func-
tioning in OLEDs both as blue emitters and as electron-
transport materials. Charge-transfer transitions from the lu-
minescent ligand to the pp orbital of the boron center are
primarily responsible for the observed luminescence. By uti-
lizing the Lewis base sites of 7-azaindolyl and 2,2’-dipyridy-
lamino, these new boron molecules can function as ligands
to bind to metal centers such as AgI and ZnII. As a conse-
quence of such metal±ligand interactions, the emission in-
tensities of the boron compounds are partially quenched
and interesting extended structures that can host molecules
such as benzene in the solid state have been obtained. Fur-
ther improvements on EL devices based on the new boron
compounds and further investigation into the usage of the
new boron compounds as building blocks for the formation
of new luminescent supramolecular structures and their po-
tential applications in fluorescent sensors will be conducted.


Experimental Section


All starting materials were purchased from Aldrich Chemical Company
and were used without further purification. Solvents were freshly distilled
over appropriate drying reagents. All experiments were carried out under
a dry nitrogen atmosphere by use of standard Schlenk techniques unless
otherwise stated. TLC was carried out on silica gel. Flash chromatogra-
phy was carried out on silica (silica gel 60, 70±230 mesh). 1H and 13C
NMR spectra were recorded on Bruker Avance 300 or 500 MHz spec-
trometers. 19F NMR spectra were recorded on a Bruker Avance 400 MHz
spectrometer. Excitation and emission spectra were recorded on a
Photon Technologies International QuantaMaster Model 2 spectrometer.
Elemental analyses were performed by Canadian Microanalytical Service
Ltd., Delta, British Columbia, Canada. Melting points were determined
on a Fisher±Johns melting point apparatus. All DSC measurements were
performed on a Perkin Elmer Pyris DSC 6. Cyclic voltammetry was per-
formed on a BAS CV-50W analyzer with scan rates of 100 mVs�1. The
electrolytic cell used was a conventional three-compartment cell, with a
Pt working electrode, Pt auxiliary electrode, and Ag/AgCl reference elec-
trode. All experiments were performed at room temperature with 0.10m
tetrabutylammonium hexafluorophosphate (TBAP)/acetonitrile as the
supporting electrolyte. The ferrocenium/ferrocene couple was used as the
internal standard. Aromatic bromides, p-(2,2’-dipyridylamino)bromoben-
zene,[11a] p-(2,2’-dipyridylamino)bromobiphenyl,[11a] p-(7-azaindolyl)bro-
mobenzene,[11a] p-(7-azaindolyl)bromobiphenyl,[11a] 3,5-bis(7-azaindolyl)-
bromobenzene,[20] and p-(2,2’-dipyridylamino)phenylboronic acid[8] were
synthesized by previously reported procedures.


Synthesis of 3,5-bis(2,2’-dipyridylamino)bromobenzene (5a): A mixture
of 2,2’-dipyridylamine (2.4 g, 14.1 mmol), 1,3,5-tribromobenzene (2.2 g,
7.0 mmol), CuSO4¥5H2O (0.17 g), and K2CO3 (2.9 g, 21.0 mmol) was
heated under N2 at 206 8C for 8 h. The mixture was extracted with
CH2Cl2 (3î25 mL) and the solvent was removed in vacuo. The residue
was passed through a column on silica gel with ethyl acetate/hexane (6:1)
as the eluent. The first fraction was 1,3-dibromo-5-(2,2’-dipyridylamino)-
benzene (11% yield). The second fraction was the target compound 3,5-
bis(2,2’-dipyridylamino)bromobenzene (43% yield). The third was 1,3,5-
tris(2,2’-dipyridylamino)benzene (14% yield).
1H NMR of 3,5-bis(2,2’-dipyridylamino)bromobenzene (CDCl3, 25 8C): d
= 8.37 (dd, J = 5.1, 1.2 Hz, 4H), 7.62 (ddd, J = 8.4, 7.5, 1.8 Hz, 4H),
7.12 (d, J = 1.8 Hz, 2H), 7.06 (dt, J = 8.4, 0.9 Hz, 4H), 6.99 (ddd, J =


7.2, 5.1, 0.9 Hz, 4H), 6.92 (t, J = 1.8 Hz, 1H) ppm.
1H NMR of 1,3-dibromo-5-(2,2’-dipyridylamino)benzene (CDCl3, 25 8C):
d = 8.39 (d, J = 3.7 Hz, 2H), 7.65 (ddd, J = 8.1, 7.5, 1.9 Hz, 2H), 7.48
(t, J = 1.8 Hz, 1H), 7.25 (d, J = 1.8 Hz, 2H), 7.00±7.06 (m, 4H) ppm.


Synthesis of p-(2,2’-dipyridylamino)phenyldimesitylborane (1): A hexane
solution of nBuLi (1.6m, 1.3 mL, 2.08 mmol) was added at �78 8C to a
solution of p-(2,2’-dipyridylamino)bromobenzene (0.652 g, 2 mmol) in


THF (20 mL), and the mixture was stirred for 1 h at that temperature. A
solution of dimesitylboron fluoride (0.595 g, 90%, 2.0 mmol) in Et2O
(20 mL) was added to the mixture. The reaction mixture was stirred for
1 h at �78 8C, allowed slowly to reach room temperature, and stirred
overnight. The solvents were removed under reduced pressure. The resi-
due was subjected to column chromatography on silica gel (THF/hexane,
1:2) to afford colorless compound 1 in 87% yield; m.p. 196±198 8C; 1H
NMR (CDCl3, 25 8C): d = 8.45 (d, J = 3.6 Hz, 2H), 7.63 (ddd, J = 8.1,
7.5, 1.8 Hz, 2H), 7.53 (d, J = 8.4 Hz, 2H), 7.11 (d, J = 8.4 Hz, 2H),
7.00±7.05 (m, 4H), 6.84 (s, 4H), 2.32 (s, 6H), 2.08 (s, 12H) ppm; 13C
NMR (CDCl3, 25 8C): d = 158.2, 149.1, 142.3, 141.4, 139.2, 139.0, 138.9,
138.7, 128.8, 125.1, 119.7, 118.6, 105.8, 24.2, 21.8 ppm; elemental analysis
calcd (%) for C34H34BN3: C 82.46, H 6.87, N 8.49; found: C 82.26, H
7.00, N 8.32.


Syntheses of Compounds 2±6 and 7a : These compounds were obtained
by a procedure similar to that described for compound 1. All boron com-
pounds were recrystallized from CH2Cl2 and hexane.


p-(2,2’-Dipyridylamino)biphenyldimesitylborane (2): Yield 90%; m.p.
260±261 8C; 1H NMR (CDCl3, 25 8C): d = 8.43 (d, J = 3.3 Hz, 2H), 7.69
(d, J = 8.4 Hz, 2H), 7.60±7.65 (m, 6H), 7.29 (d, J = 8.4 Hz, 2H), 6.98±
7.05 (m, 4H), 6.86 (s, 4H), 2.34 (s, 6H), 2.06 (s, 12H) ppm; 13C NMR
(CDCl3, 25 8C): d = 158.7, 149.0, 145.7, 145.0, 144.2, 142.2, 141.3, 139.3,
138.0, 137.9, 137.6, 128.7, 127.8, 126.9, 126.1, 118.9, 117.7, 23.2, 21.5 ppm;
elemental analysis calcd (%) for C40H38BN3¥0.5CH2Cl2: C 79.22, H 6.36,
N 6.85; found: C 79.46, H 6.68, N 6.59.


p-(7-Azaindolyl)phenyldimesitylborane (3): Yield 85%; m.p. 161±162 8C;
1H NMR (CDCl3, 25 8C): d = 8.42 (d, J = 4.8 Hz, 1H), 8.01 (dd, J =


7.8, 1.5 Hz, 1H), 7.89 (d, J = 8.1 Hz, 2H), 7.71 (d, J = 8.1 Hz, 2H), 7.63
(d, J = 3.6 Hz, 1H), 7.18 (dd, J = 7.8, 4.8 Hz, 1H), 6.86 (s, 4H), 6.68 (d,
J = 3.6 Hz, 1H), 2.35 (s, 6H), 2.08 (s, 12H) ppm; 13C NMR (CDCl3,
25 8C): d = 147.6, 143.7, 143.1, 141.8, 141.0, 138.8, 138.1, 129.4, 128.6,
128.4, 128.1, 127.6, 122.4, 117.1, 102.7, 23.7, 21.4 ppm; elemental analysis
calcd (%) for C31H31BN2: C 84.20, H 7.02, N 6.34; found: C 84.12, H
7.04, N 6.30.


p-(7-Azaindolyl)biphenyldimesitylborane (4): Yield 78%; m.p. 184±
186 8C; 1H NMR (CDCl3, 25 8C): d = 8.44 (dd, J = 4.8, 1.5 Hz, 1H), 8.03
(dd, J = 7.8, 1.5 Hz, 1H), 7.90 (dd, J = 6.6, 2.1 Hz, 2H), 7.83 (dd, J =


6.6, 2.1 Hz, 2H), 7.63±7.67 (m, 4H), 7.59 (d, J = 3.6 Hz, 1H), 7.19 (dd, J
= 7.8, 4.8 Hz, 1H), 6.87 (s, 4H), 6.70 (d, J = 3.6 Hz, 1H), 2.35 (s, 6H),
2.08 (s, 12H) ppm; 13C NMR (CDCl3, 25 8C): d = 147.8, 144.2, 144.0,
142.5, 141.2, 139.5, 139.3, 138.6, 137.8, 130.2, 129.0, 128.9, 128.8, 128.5,
127.2, 124.8, 122.6, 117.5, 102.7, 24.2, 21.9 ppm; elemental analysis calcd
(%) for C37H35BN2: C 85.71, H 6.76, N 5.40; found: C 85.37, H 6.96, N
4.88.


3,5-Bis(2,2’-dipyridylamino)phenyldimesitylborane (5): Yield 58%; m.p.
224±226 8C; 1H NMR (CDCl3, 25 8C): d = 8.30 (dd, J = 4.8, 1.2 Hz, 4H),
7.53 (ddd, J = 8.4, 6.6, 1.8 Hz, 4H), 7.14 (t, J = 2.1 Hz, 1H), 7.11 (d, J
= 2.1 Hz, 2H), 6.98 (d, J = 8.4 Hz, 4H), 6.90 (dd, J = 6.6, 5.1 Hz, 4H),
6.72 (s, 4H), 2.25 (s, 6H), 2.04 (s, 12H) ppm; 13C NMR (CDCl3, 25 8C): d
= 158.3, 149.6, 148.8, 146.2, 142.0, 141.4, 139.5, 138.2, 131.9, 129.6, 128.8,
118.9, 117.6, 24.1, 21.8 ppm; elemental analysis calcd (%) for C44H41BN6:
C 79.54, H 6.18, N 12.65; found: C 78.85, H 6.11, N 12.51.


3,5-Bis(7-azaindolyl)phenyldimesitylborane (6): Yield 67%; m.p. 196±
198 8C; 1H NMR (CDCl3, 25 8C): d = 8.83 (t, J = 2.1 Hz, 1H), 8.34 (dd,
J = 4.8, 1.5 Hz, 2H), 7.98 (dd, J = 7.8, 1.5 Hz, 2H), 7.73 (d, J = 2.1 Hz,
2H), 7.54 (d, J = 3.6 Hz, 2H), 7.13 (dd, J = 7.8, 4.8 Hz, 2H), 6.87 (s,
4H), 6.63 (d, 3.6 Hz, 2H), 2.34 (s, 6H) 2.15 (s, 12H) ppm; 13C NMR
(CDCl3, 25 8C): d = 148.2, 144.2, 141.8, 141.7, 139.9, 139.8, 129.7, 129.2,
129.1, 128.9, 128.7, 124.0, 122.3, 117.4, 102.4, 24.4, 22.0 ppm; elemental
analysis calcd (%) for C38H35BN4¥0.5CH2Cl2: C 76.97, H 6.00, N 9.33;
found: C 76.97, H 6.17, N 9.19.


Synthesis of p-bromophenyldimestylborane (7a): Yield 81%; 1H NMR
(CDCl3, 25 8C): d = 7.51 (d, J = 4.2 Hz, 2H), 7.40 (d, J = 4.2 Hz, 2H),
6.84 (s, 4H), 2.33 (s, 6H), 2.01 (s, 12H) ppm.


Synthesis of p-[3,5-bis(2,2’-dipyridylamino)phenyl]phenyldimesitylborane
(7): A hexane solution of nBuLi (1.6m, 0.73 mL, 1.2 mmol) was added at
�78 8C to a THF (20 mL) solution of 7a (0.410 g, 1.0 mmol). After being
stirred for 1 h at this temperature, the cold mixture was cannulated into a
solution of B(OMe)3 (0.3 mL, 3.6 mmol) in THF (20 mL) at �78 8C.
After the mixture had been stirred for another 1 h at �78 8C, it was al-


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 994 ± 10061004


FULL PAPER S. Wang et al.



www.chemeurj.org





lowed to warm to ambient temperature and stirred overnight. The solu-
tion was partitioned between saturated aqueous NH4Cl (30 mL) and
CH2Cl2 (30 mL). The aqueous layer was extracted further with CH2Cl2
(2î30 mL) and the combined organic layers were dried over MgSO4.
The product was purified by flash chromatography (THF/hexane, 1:2) to
provide the boronic acid in 60% yield. A mixture of 3,5-bis(2,2’-dipyridy-
lamino)bromobenzene (0.125 g, 0.25 mmol), [Pd(PPh3)4] (0.025 g,
0.022 mmol), and toluene (40 mL) was stirred for 10 min. The above bor-
onic acid (185 mg, 0.5 mmol) in 20 mL of EtOH and NaOH (0.8 g) in
20 mL of H2O were subsequently added. The mixture was stirred and
heated at reflux for 40 h and allowed to cool to room temperature. The
water layer was separated and extracted with CH2Cl2 (3î30 mL). The
combined organic layers were dried over MgSO4, and the solvents were
evaporated under reduced pressure. Purification of the crude product by
column chromatography (THF/hexane 2:1) afforded 7 as a colorless solid
in 21% yield; m.p. 141±143 8C; 1H NMR (CDCl3, 25 8C): d = 8.35 (d, J
= 3.3 Hz, 4H), 7.59 (t, J = 7.2 Hz, 4H), 7.51(d, J = 8.1 Hz, 2H), 7.44(d,
J = 8.1 Hz, 2H), 7.29 (d, J = 1.8 Hz, 2H), 7.13 (d, J = 8.1 Hz, 4H), 7.00
(t, J = 1.8 Hz, 1H), 6.96 (t, J = 6.0 Hz, 4H), 6.82 (s, 4H), 2.32 (s, 6H),
2.00 (s, 12H) ppm; 13C NMR (CDCl3, 25 8C): d = 158.2 148.9, 146.7,
145.3, 143.8, 143.6, 142.1, 141.2, 139.0, 138.1, 137.2, 128.6, 127.0, 124.8,
122.5, 118.9, 117.85, 23.8, 23.6 ppm; elemental analysis calcd (%) for
C50H45BN6¥0.3CH2Cl2: C 78.85, H 5.98, N 10.97; found: C 79.07, H 5.83,
N 10.87.


Synthesis of p-(2,2’-dipyridylamino)-2-thienylbenzene (8a): Diisobutyl-
aluminum hydride (1.0m in hexane, 0.32 mL, 0.32 mmol) was added to a
THF (10 mL) solution of [Pd(PPh3)2Cl2] (0.11 g, 0.157 mmol). After the
solution had been stirred for 10 min, p-(2,2’-dipyridylamino)bromoben-
zene (1.31 g, 4 mmol) in THF (10 mL) was added. After an additional
10 min stirring, 2-thienylzinc bromide (0.50m in THF, 9 mL, 4.5 mmol)
was slowly added by syringe and the mixture was heated at reflux for 6 h.
The mixture was allowed to cool to room temperature and poured into a
saturated aqueous solution of Na2CO3. The aqueous phase was extracted
with CH2Cl2 (3î20 mL), and the organic extracts were concentrated to
give a brown residue, which was purified by column with THF/hexanes
(2:3) as the eluent to obtain 8a (yield 63%); 1H NMR (CDCl3, 25 8C): d
= 8.39 (dd, J = 5.1, 1.2 Hz, 2H), 7.57±7.64 (m, 4H), 7.29 (dd, J = 3.6,
2.1 Hz, 2H), 7.22 (dt, J = 8.4, 1.8 Hz, 2H), 7.09 (dd, J = 5.1, 3.6 Hz,
1H), 7.05 (d, J = 8.4 Hz, 2H), 6.98 (ddd, J = 7.2, 5.1, 0.9 Hz, 2H) ppm.


Synthesis of p-(2,2’-dipyridylamino)phenyl-2-bromo-5-thiophene (8b):
2,5-Dibromothiophene (0.70 g, 2.89 mmol), [Pd(PPh3)4] (0.016 g,
0.014 mmol), and toluene (40 mL) were stirred for 10 min, and p-(2,2’-di-
pyridylamino)phenylboronic acid ( 0.88 g, 2.75 mmol) in EtOH (15 mL)
and Na2CO3 (0.60 g) in water (20 mL) were then added. The mixture was
heated at reflux for 24 h. After it had been allowed to cool to room tem-
perature, the aqueous phase was extracted with CH2Cl2 (25 mLî3). The
extracts were concentrated to give a yellow residue, which was purified
by column chromatograph with THF/hexanes (1:1) as the eluent to
obtain 8b (0.90 g, 80% yield); 1H NMR (CDCl3, 25 8C): d = 8.36 (dd, J
= 4.8, 1.2 Hz, 2H), 7.50±7.64 (m, 4H), 7.29 (d, J = 9.9 Hz, 1H), 7.21
(ddd, J = 8.7, 4.5, 2.1 Hz, 2H), 7.02±7.10 (m, 3H), 6.96 (ddd, J = 7.2,
4.8, 0.9 Hz, 2H) ppm.


Synthesis of 5-[p-(2,2’-dipyridylamino)phenyl]-2-thienyldimesitylborane
(8): Use of a procedure similar to that described for 1 provided yellow-
green solid 8 in 62% yield from 8b and 25% from 8a ; m.p. 193±194 8C;
1H NMR (CDCl3, 25 8C): d = 8.38 (d, J = 3.6 Hz, 2H), 7.68 (d, J =


8.4 Hz, 2H), 7.60 (ddd, J = 8.1, 7.2, 1.8 Hz, 2H), 7.43±7.46 (m Hz, 2H),
7.20 (d, J = 8.4 Hz, 2H), 7.05 (d, J = 8.1 Hz, 2H), 6.98 (dd, J = 7.2,
2.1 Hz, 2H), 6.89 (s, 4H), 2.39 (s, 6H), 2.18 (s, 12H) ppm; 13C NMR
(CDCl3, 25 8C): d = 158.5, 157.3, 150.0, 149.3, 145.8, 142.4, 141.9, 141.5,
139.2, 138.4, 131.8, 128.9, 128.1, 127.7, 125.9, 119.2, 117.9, 24.1, 21.9 ppm;
elemental analysis calcd (%) for C38H36BSN3¥0.5CH2Cl2: C 74.57, H 5.97,
N 6.78; found: C 74.70, H 6.48, N 6.24.


Synthesis of (p-(2,2’-dipyridylamino)biphenyldimesitylborane){Zn(CF3-
COO)2} (10): A mixture of compound 2 (20 mg, 0.035 mmol) and
Zn(CF3COO)2¥3H2O (0.0108 g, 0.037 mmol) was dissolved in a minimum
amount of THF, and a few drops of benzene were then layered. After the
solution had been allowed to stand for a few days, colorless crystals were
obtained in 59% yield; m.p. 158±160 8C; 1H NMR in CD2Cl2 (d, ppm,
25 8C): 8.67 (d, J = 4.2 Hz, 2H), 8.00 (d, J = 8.4 Hz, 2H), 7.83 (ddd, J
= 9.0, 7.2, 1.8 Hz, 2H), 7.73 (d, J = 8.1 Hz, 2H), 7.64 (m, 4H), 7.31 (t, J


= 6.0 Hz, 2H), 6.96 (d, 9.0 Hz, 2H), 6.89 (s, 4H) ppm; 13C NMR (CDCl3,
25 8C): d = 155.4, 146.8, 142.2, 141.5, 140.8, 140.3, 139.6, 139, 138.4,
136.6, 130.1, 129.8, 128.6, 127.8, 126.2, 118.8, 116.6 pm; 19F NMR (25 8C):
d = �75.71 ppm; elemental analysis calcd (%) for
C44H38BF6N3O4Zn¥C6H6: C 63.83, H 4.68, N 4.47; found: C 63.82, H 4.79,
N 4.45.


Synthesis of {p-(7-azaindolyl)biphenyldimesitylborane}2(AgNO3) (11): A
minimal amount of dichloromethane was used to dissolve compound 4
(50 mg, 0.0964 mmol). One molar equivalent (18 mg) of AgNO3 was dis-
solved in a minimal amount of methanol. The two solutions were mixed
and layered with benzene. Light yellow crystals of 11 formed after the
solution had been kept at ambient temperature for one week (37%
yield); 1H NMR (CDCl3, 25 8C): d = 8.23 (dd, J = 4.95, 1.27 Hz, 1H),
7.85 (dd, J = 7.75, 1.25 Hz, 1H), 7.59 (m, 4H), 7.50 (d, J = 8.50 Hz,
2H), 7.40 (m, 3H), 6.94 (dd, J = 7.85, 5.25 Hz, 1H), 6.896 (s, 4H), 6.66
(d, J = 3.5 Hz, 1H), 2.37 (s, 6H), 2.10 (s, 12H) ppm; 13C NMR (d,
25 8C): 145.9, 145.7, 145.4, 142.3, 142.1, 141.2, 140.4, 139.2, 137.3, 135.5,
131.4, 129.5, 128.7, 126.7, 125.1, 123.0, 117.4, 23.9, 21.7 ppm; elemental
analysis calcd (%) for C74H70B2N5O3Ag¥0.5C6H6: C 74.22, H 5.62, N 5.62;
found: C 74.03, H 5.91, N 5.32.


Photoluminescent quantum yield measurements : Emission quantum
yields were determined relative to 9,10-diphenylanthracene in CH2Cl2 at
298 K (Fr = 0.95).[21] The absorbances of all samples and the standard at
the excitation wavelength were approximately 0.096±0.104. The quantum
yields were calculated by previously reported procedures.[22]


X-ray crystallographic analysis : Single crystals of 1, 3, and 5±7 were ob-
tained from solutions of CH2Cl2 and hexane. Attempts to grow single
crystals of 2 and 4 by the same procedure were unsuccessful. Crystals of
10 and 11 were obtained from slow diffusion of benzene/hexane into
THF solutions. All crystals were mounted on glass fibers for data collec-
tion. Data were collected on a Siemens P4 single-crystal X-ray diffrac-
tometer with a CCD-1000 detector and graphite-monochromated MoKa


radiation, operating at 50 kV and 30 mA. Except for the data for com-
pound 11, collected at 180 K, all data collection was carried out at ambi-
ent temperature. The 2q data collection ranges are �3.00±57.008 for all
compounds. No significant decay was observed in any samples. Data
were processed on a PC with the aid of the Bruker SHELXTL software
package[23] (version 5.10) and are corrected for absorption effects. Com-
pounds 1 and 3 belong to the noncentric orthorhombic space group
Pna21 and the noncentric monoclinic space group P21, respectively. The
absolute structure of 1 cannot be reliably determined, while the crystal of
compound 3 was determined to consist of one enantiomer only, based on
the refinement of the Flack parameter. The remaining compounds all
belong to the centric triclinic space group P1≈ . All structures were solved
by direct methods. Disordered CH2Cl2 solvent molecules are located in
the crystal lattices of 6 and 7. For compound 7, the crystal decays rapidly
during data collection and the disordered solvent molecules could not be
completely modeled and refined, which contributed to the poor quality
of the structural data. One benzene solvent molecule per molecule of 10
was located in the crystal lattice and was refined successfully. Disordered
hexane and partially disordered solvent molecules were found in the
crystal lattice of 11 (3benzene, 0.5hexane per molecule of 11). The disor-
dering of some of the solvent molecules in 11 could not be fully modeled.
The CF3 groups in 10 display rotational disordering, which was modeled
and refined successfully. All non-hydrogen atoms except those on some
of the disordered solvent molecules were refined anisotropically. The po-
sitions of hydrogen atoms were either located directly from difference
Fourier maps or calculated and their contributions in structural factor
calculations included.


CCDC-222528 (1), CCDC-222529 (3), CCDC-222530 (5), CCDC-222531
(6), CCDC-222532 (7), CCDC-222533 (10), and CCDC-222534 (11) con-
tain the supplementary crystallographic data for this paper. These data
can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; fax: (+44)1223-336033; or de-
posit@ccdc.cam.uk).


Fabrication of electroluminescent devices : The EL devices with 2 or 8 as
the emitting layer and the electron-transport layer were fabricated on an
indium/tin oxide (ITO) substrate. Organic layers were deposited on the
substrate by conventional vapor vacuum deposition. Prior to the deposi-
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tion, all organic materials were purified by a train sublimation method.[24]


N,N’-Bis(1-naphthyl)-N,N’-diphenylbenzidine (NPB) was employed as
the hole-transport layer in all devices. 2-(4-Biphenyl)-5-(4-tert-butylphen-
yl)-1,3,4-oxadiazole (PBD) was used as the electron-transport layer in
one of the devices (device 3). N,N’- 4,4’-Bicarbazole-biphenyl (Bicarb)
was used as the hole blocking layer in devices 2±4. The cathode com-
posed of LiF and Al was deposited on the substrate by conventional ther-
mal vacuum deposition. The active device area is 1.0î5.0 mm2. The cur-
rent/voltage characteristics were measured with a Keithley 238 Source
Measure Unit. The EL spectra and the luminance for the devices were
measured with a Photo Research-650 Spectra Colorimeter.
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Comparative Dimerization of 1-Butene with a Variety of Metal Catalysts, and
the Investigation of a New Catalyst for C�H Bond Activation


Brooke L. Small*[a] and Roland Schmidt[b]


Introduction


The dimerization of olefins by homogeneous catalysts is an
area of academic as well as commercial importance.[1] For
example, ethylene dimerization to 1-butene is a potentially
attractive way to produce polyethylene comonomer, espe-
cially in regions where other sources of 1-butene are
scarce.[2] Dimerization of propylene and 1-butene is prac-
ticed widely, with the generally branched dimers finding ap-
plication as plasticizer alcohol precursors or gasoline addi-
tives. The dimerization of 1-butene is a particularly interest-
ing area to study, since there are a number of different proc-
esses that can happen during the reaction, some of which in-


clude branched dimer formation, linear dimer formation, 1-
butene isomerization, and butene oligomerization.


Recent reports by Wasserscheid et al.[3] and by ourselves[4]


illustrate the desirability of catalysts that promote linear di-
merization. While Keim and Wasserscheid reported that
nickel complexes with fluorinated acetylacetonate (acac) li-
gands dissolved in buffered ionic liquids catalyze linear di-
merization (TONs<3000, 50±70% linearity), we reported
that tridentate pyridine bisimine iron complexes, when acti-
vated with alumoxanes, are highly active and selective for
this process (TONs�75000, 65±80% linearity). This unpre-
cedented combination of activity and selectivity prompted
an investigation of several other catalysts and a comparison
of their tendencies regarding olefin dimerization. Herein are
reported the results of this study.


Results and Discussion


Although a number of different catalysts have been report-
ed for dimerizing olefins, the catalyst precursors utilized in
this work were chosen because they provide ample room for
comparison between well-known and newly emerging homo-
geneous systems. These six complexes are shown in
Scheme 1. Complexes 1±3, all of which may be activated by
alkyl alumoxanes, compare a series of pyridine bisimine cat-
alysts, using the recently reported iron-based system as a
useful benchmark. Diimine nickel complex 4, on which
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1862 Kingwood Drive, Kingwood, TX 77339±3097 (USA)
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. 1H NMR of vana-
dium-based 1-butene dimer; GC of vanadium-based 1-butene dimer,
1-butene trimer, and 1-hexene dimer with signals identified from MS
data; GC/MS of vanadium-based propylene dimer with signals identi-
fied.


Abstract: Catalytic dimerization of 1-
butene by a variety of catalysts is car-
ried out, and the products are analyzed
by gas chromatography and mass spec-
trometry. Catalysts based on cobalt and
iron can produce highly linear dimers,
with the cobalt-based dimers exceeding
97% linearity. Catalysts based on vana-
dium and aluminum prefer to make
branched dimers, which are most often
methyl-heptenes in the case of vanadi-
um and almost exclusively 2-ethyl-1-
butene in the case of aluminum. The


vanadium catalyst also produces sub-
stantial amounts of dienes and alkanes,
suggesting a competing hydrogenation/
dehydrogenation pathway that appears
to involve vinyl C�H bond activation.
Nickel catalysts are generally less se-
lective than those based on iron or
cobalt for making linear dimers, but


they can make dimers with 60% linear-
ity. The major by-products for the
nickel systems are trisubstituted inter-
nal olefins. An important side reaction
that must be considered for dimeriza-
tion reactions is 1-butene isomerization
to 2-butene, which makes recycling the
butene difficult for a linear dimeriza-
tion process. Aluminum, iron, and va-
nadium systems promote very little iso-
merization, but nickel and cobalt sys-
tems tend to isomerize the undimerized
substrate heavily.


Keywords: C�H activation ¥
dimerization ¥ homogeneous
catalysis ¥ vanadium
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Brookhart and Svejda have disclosed variations for propyl-
ene dimerization,[5] is included to extend the comparative
study of nitrogen-based ligands to nickel. Complex 5, which
is activated with diethylaluminum chloride, resembles the
types of catalysts used in the IFP Dimersol Process,[6] and is
included as an example of a relatively non-selective catalyst.
Catalyst 6, which is known to selectively make vinylidene
(2-alkyl-1-alkene) dimers,[7] is incorporated to illustrate the
diverse products that can be made from olefin dimerization.


To test each of the catalyst 1±6 for dimerization activity
and selectivity, a 500-mL Zipperclave reactor was used, and
an inert gas head pressure of at least 100 psig was used to
drive the butene into the reactor as a liquid and to keep the
butene liquefied during reaction heating.[8] The reactions
were typically run for three hours, but catalyst 3 was run


longer to improve the conversion. Table 1, which presents
the dimerization data, allows a number of comparisons to
be made regarding catalyst selectivity and productivity.


In terms of activity, the iron catalyst 2 is by far the high-
est, outpacing the other systems by approximately an order
of magnitude. This trend was not surprising, especially upon
comparison of the iron catalyst to its cobalt analogue 1. Pre-
vious reports of these systems for ethylene oligomerization[9]


have shown that iron is significantly more active than
cobalt. However, the activity of cobalt catalyst 1 compared
very favorably to that of catalysts 3±5. In fact, complex 1 is
significantly more active than the nickel or vanadium sys-
tems studied.


Along with the dimerization reaction, several of the cata-
lysts promoted the side reaction of butene isomerization.
For both nickel systems and for cobalt, isomerization is
rapid, and the amount of isomerized butene tends to exceed
the amount of dimer formed. In a process where linear di-
merization is desired, isomerization is detrimental because
incorporation of internal olefins, if they are able to incorpo-
rate, will cause the formation of branched products. Cata-
lysts 2 and 6 only promote modest isomerization, with the
highly active iron complex 2 preferring dimerization to iso-
merization by a factor of >20:1. Vanadium system 3[10] does
not heavily isomerize the starting olefin either, but it pro-
motes a unique hydrogen transfer process that leads to sev-
eral unexpected products. The mechanism of catalyst 3 will
be discussed in this report.


All of the catalysts 1±6 (Table 1) are quite selective for
producing dimers preferentially to higher oligomers. As a
first approximation, assuming that the sterically hindered di-
and trisubstituted dimer products do not react further (ex-
cluding possible isomerization) once they have undergone
chain transfer from the metal, the degree of dimer forma-
tion is simply a factor of the catalysts’ relative rates of prop-
agation and chain transfer. Thus, in complexes of type 1±5,
in which decreased steric bulk of the ligands has been
shown to promote oligomerization relative to polymeriza-
tion, the propensity for forming dimers is somewhat expect-


Scheme 1. Precatalysts for the dimerization of 1-butene.


Table 1. Results for the dimerization of 1-butene by catalysts 1±6.


Catalyst Reaction Yield %
Conv.


%
Dim.


%
LD[a]


%
MBD[b]


%
DBD[c]


Dimer
branch


Total Dim./
isom


conditions [g] index (BI)[d] TON[e] ratio[f]


1/
MMAO[g]


25 mg 1, Al:Co=500:1, 250 gC4, 30 8C,
3 h


97.7 39 99 97 3 trace 0.03 38000 0.7:1


2/MMAO 10 mg 2, Al:Fe=500:1, 250 gC4, 30 8C,
3 h


153 61 82 70 30 trace 0.30 147000 >20:1


3/MMAO 25 mg 3, Al:V=500:1, 250 gC4, 30 8C,
16 h


45.1 18 84 36[h] 62[h] 2 0.66 16000 >30:1


4/MMAO 25 mg 4, Al:Ni=500:1, 250 gC4, 30 8C,
3 h


31.6 13 72 62 38 trace 0.38 8300 1.1:1


5/DEAC [i] 25 mg 5, Al:Ni=500:1, 250 gC4, 60 8C,
3 h


26.1 10 84 55 31 13 0.57 12200 <0.1:1


6 16.6 g 6, 700 gC4, 1200 psig N2, 200 8C,
3 h


140 20 98 9 90 1 0.91 30 >20:1


[a] LD= linear dimer. [b] MBD=mono-branched dimer; further analysis included in Table 2. [c] DBD=di-branched dimer. [d] BI=average number
of branches per molecule in the C8 product fraction. [e] TON=moles of butene dimerized or oligomerized per mole of pre-catalyst. [f] Approximate
ratio of moles of 1-butene dimerized or oligomerized to moles of butene isomerized; since this value may change with changing substrate concentration,
it is only a general expression of a catalyst system×s tendency to isomerize or dimerize a-olefins. [g] MMAO= isobutyl-modified methylalumoxane, pur-
chased from Akzo. [h] Refer to the discussion on catalyst 3 and to Table 2 for more details on these numbers. [i] DEAC=diethylaluminum chloride.
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ed. The cobalt catalyst 1 is the most selective, producing
only traces of higher butene oligomers.


The composition of the C8 products made by catalysts 1±6
illustrates the diverse pathways for dimerizing a-olefins.
Table 1 breaks the C8 products from each reaction into
linear, monobranched, and dibranched components. The
branch index simply refers to the average number of branch-
es per C8 molecule. As is seen from the table, which was
composed using GC/MS data, the iron system produces pre-
dominantly linear octenes, but the octenes made by the
cobalt catalyst are 97% linear. We have recently reported
additional studies involving highly selective cobalt catalysts
for linear dimerization and isomerization.[11] Nickel catalysts
4 and 5 are also moderately selective for linear dimer forma-
tion, although the branch index of the bisphosphine complex
5 is inflated by its formation of dibranched products. In ad-
dition, the high levels of 2-butenes made by 4 and 5 tend to
make them poor candidates for linear dimerization, since
butene recycle or high substrate conversion (if possible)
would lead to significant increases in product branching.
Catalysts 3 and 6, on the other hand, make predominantly
branched dimers, albeit with different structures from each
other.


To more carefully analyze the branched dimers, Table 2
was constructed, and all of the monobranched dimers were
analyzed by GC/MS. While the iron and cobalt catalysts
make primarily 5-methyl-2-heptenes and 5-methyl-3-hep-
tenes, the vanadium system produces a mixture of methyl-
heptenes, vinylidene (2-ethyl-1-hexene), and methyl-heptane.
The origin of this saturated species will be discussed in
detail. The nickel systems make predominantly trisubstitut-
ed internal olefins, while the aluminum catalyst makes
almost exclusively 2-ethyl-1-hexene.


To better understand the different selectivities reported, it
is useful to examine Scheme 2, which illustrates the various
pathways available for 1-butene dimerization. Similar
schemes have been presented by Keim and Beach for ana-
lyzing butene dimers.[12] To simplify the picture somewhat,
incorporation of 2-butene has been omitted, since it is as-


sumed to constitute only a negligible percentage of product
formation. The various products shown in Scheme 2 can be
matched to the different dimers listed in Tables 1 and 2,
thus allowing the data in the tables to be presented in a
mechanistic format.


Upon analysis of the dimers made by vanadium catalyst 3,
the mass spectral data indicated a substantial presence of
both dienes and saturated species in the C8 products. Ap-
proximately 28 mol% of the total C8 products were identi-
fied as dienes, while about 19 mol% were identified as C8


alkanes. The fairly equal levels of these di-olefins and non-
olefins suggested that some form of hydrogen transfer was
responsible for the results, rather than only a dehydrogena-
tion step that would generate hydrogen gas. One possible
mechanistic explanation for this process is the dehydrogena-
tion of mono-olefins by the catalyst, followed by transfer of
the hydrogen to a second mono-olefin to generate a saturat-
ed species. However, several pieces of evidence made this
scenario unlikely. First, since the olefin with the highest con-
centration in solution is 1-butene, the transfer of hydrogen
would be expected to form much more butane than saturat-
ed C8 products. Analysis of the products indicated only
slightly elevated levels of butane, a result that may be better
explained by a different mechanism. Also, no dehydrogena-
tion of the heptane internal standard to heptenes was ob-


served; if a dehydrogenation
mechanism were at work, one
might surmise that C7 paraffins
and C8 mono-olefins should
both be susceptible to this pro-
cess. Furthermore, activation of
heptane by the catalyst would
not necessarily result in chain
transfer to form heptenes. A va-
nadium heptyl complex might
be able to react with butene to
produce C11 species. No C11 spe-
cies were observed in the prod-
ucts, thus indicating the relative
inertness of heptane in this
process.


Further analysis of the prod-
ucts provided the best clues re-
garding the vanadium dimeriza-
tion mechanism. The mass spec-


Table 2. Analysis of mono-branched dimers.


Catalyst % Vinylidene % Internal % Internal
(2-ethyl-1-hexene) trisubstututed disubstituted


methyl-heptene methyl-heptene


1/MMAO trace trace >99
2/MMAO 1.5 0.5 98.0
3/MMAO 24.3[a] trace 75.7[a]


4/MMAO trace 90.7[b] 9.3
5/DEAC trace 77.8[b] 22.0
6 98.2 1.8 trace


[a] Only the mono-branched, mono-olefins were included in this analysis
(products made by proposed complexes 9 and 12 in Scheme 2).
[b] Nickel catalysts 4 and 5 are capable of isomerizing the products.


Scheme 2. Pathways for 1-butene dimerization by migratory insertion.
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tral data showed that virtually all of the saturated C8 prod-
ucts contained methyl branches, and that almost all of the
dienes were linear. This segregation of alkanes and dienes
between the branched and the linear products, respectively,
combined with the relatively equal amounts of the two
product types, suggested a mechanism whereby the creation
of a molecule of one product would eventually lead to the
creation of a molecule of the other. Upon consideration of
this mole balance constraint, the dimerization mechanism in
Scheme 3 is proposed, in which competitive mechanisms of
chain transfer can be used to rationalize the unique product
distribution. Beginning with the unobserved vanadium-hy-
dride (’V�H’) species shown, an initial primary (1,2) inser-
tion of 1-butene produces the vanadium-n-butyl complex 7,
which can insert a second butene with secondary (2,1) or
primary (1,2) regiochemistry to give the two vanadium±octyl
complexes 8 and 9, respectively. Species 8, which according
to the product distribution represents the less likely inser-
tion product, may then undergo b-H elimination or b-H
transfer to form the linear internal olefin. Species 9, on the
other hand, undergoes a competing mechanism of chain
transfer. The catalyst may yield the product via the similar
b-H mechanism of 8 to produce 2-ethyl-1-hexene, or it can
undergo a net vinyl C�H bond metathesis reaction between
the vanadium±carbon bond and the vinyl carbon±hydrogen


bond of an incoming molecule of 1-butene. This reaction
generates an equivalent of 3-methyl-heptane and a new
complex 10 with a vanadium±butenyl group.


The vinylic C�H activation seems unlikely when one con-
siders that such a C�H bond (ca. 465 kJmol)[13] is much
stronger than, for example, a C�H bond[14] of an alkane
(�420 kJmol; 423 kJmol for ethane) or the H�H bond
(436 kJmol).[15] Surprisingly, despite these bond enthalpy
differences, metathesis reactions involving vinylic C�H and
metal±carbon bonds have often been proposed[16] to explain
such phenomena as formation of polymers and oligomers
with saturated end groups. These interpretations will be dis-
cussed in the next section.


At this juncture, an obvious question is why complexes 8
and 9 undergo different mechanisms of chain transfer. The
apparent answer is due to sterics, since 8 possesses an ethyl
branch at the a-carbon atom to the vanadium center, while
9 has an ethyl branch at the b-position. Complex 8 is appa-
rently too sterically hindered to facilitate the metathesis re-
action preferred by complex 9. Following the chain transfer
step of 9, the vanadium±butenyl species 10 may undergo the
same reactions as the vanadium±butyl complex; specifically
2,1 insertion of butene to form complex 11 or 1,2 insertion
to produce species 12. Both 11 and 12 will then undergo
chain transfer processes identical to their saturated ana-


logues 8 and 9, only this time
the products will be linear C8


dienes and methyl-branched C8


mono-olefins, with a very small
amount (~0.4%) of mono-
branched dienes.


Worth noting, the vanadium±
butyl complex 7 prefers the
second insertion of butene to
occur with primary (1,2) regio-
chemistry, but butenyl complex
10 has an approximately equal
propensity for 1,2 and 2,1 inser-
tion. These tendencies are esti-
mated by adding the respective
amounts of branched and linear
products that result from each
complex. To further investigate
why complexes 7 and 10 prefer
somewhat different modes of
insertion, we considered that
the methyl±heptene made by
complex 12 could be made by a
different route; specifically by
successive 2,1 insertions fol-
lowed by b-H elimination (see
Scheme 2). Formation of
methyl-heptenes via this route
would produce both 5-methyl-
2-heptene and 5-methyl-3-hep-
tene, for a total of four prod-
ucts when the cis and trans iso-
mers are counted. Complex 12,
however, would only make 5-


Scheme 3. Proposed mechanism for dimerization by vanadium complex 3. All of the percentages were deter-
mined by GC/MS. The presence of vinylidene product was confirmed by 1H NMR spectroscopy. All of the per-
centages refer to mole percent values. The dotted bond lines on products refer to ambiguities in the location
of the bonds due to the suggested isomerization/insertion mechanism of 10. The trans isomers are depicted for
clarity, but cis isomers are likely present for all of the disubstituted internal olefins.
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methyl-3-heptene. By use of commercially available GC
standards, the only methyl-heptene identified in the product
was trans-5-methyl-2-heptene, a result that is inconsistent
with either mechanism. This odd result may suggest that
complex 10 undergoes a double bond shift upon conversion
to 11 or 12, or that our speculative mechanism is incorrect.


In addition to the questions regarding species 7 and 10,
their respective insertion products 9 and 12 apparently ex-
hibit quite different tendencies in their modes of chain
transfer. Complex 9 undergoes chain transfer with only a
slight preference for the vinyl C�H activation route, while
complex 12 almost exclusively prefers this mechanism. Since
9 and 12 differ only in the presence of a double bond on the
alkyl fragment of complex 12, the disparate product compo-
sitions are another interesting and yet unexplained phenom-
enon.


Another consideration of the cycle proposed in Scheme 3
involves the disposition of vanadium complex 7. If relatively
unhindered species such as 9 and 12 undergo chain transfer
via a metathesis step, complex 7 would also be expected to
display this behavior to produce n-butane. In fact, by careful
inspection of Scheme 3, the amount of butane may be ap-
proximated by subtracting the number of moles of alkanes
from the number of moles of dienes: (mol. butane)= (mol.
diene)�(mol. alkane)


From the GC data, it was possible to calculate a total
C8+ yield of 45.1 g, which included 37.9 g of C8 fractions,
4.1 g of C12 fractions, and 2.9 g of C16 fractions. The molar
ratio of C8 dienes to C8 alkanes (from GC/MS) was then as-
sumed to be constant for the C12 and C16 fractions, for which
the GC/MS data could not be deconvoluted.[17] From the
overall diene to alkane ratio, the amount of ™missing∫ n-
butane was predicted to be 2.2 g, or about 9 mol% of the
total product (n-butane, C8, C12, C16). Finally, by using the
residual n-butane and 1-butene signals and the reaction con-
version (18%), the amount of n-butane formed in the reac-
tion was estimated at 3.0 g, or about 12 mol% of the total
product. These predicted and observed butane levels are in
fairly close agreement considering the limitations of the ex-
periment.


In separate experiments, 1-hexene was dimerized
(16,000:1 hexene:V ratio) to 60% conversion, in order to
determine the amount of n-hexane formed. The n-hexane
constituted 7.5 mol% of the final product (n-hexane, C12,
C18); but as with the butene trimers, we were not able to
achieve sufficient separation of the C12 species to quantify
the amounts of dienes and alkanes, thus preventing estima-
tion of the predicted amount of n-hexane formation. Finally,
propylene was also dimerized by catalyst 3 to see if any
additional information could be gained from examining the
C6 products. As with the 1-butene and 1-hexene dimeriza-
tions, numerous alkane and diene species were identified.
However, quantitative analysis was limited by the formation
of substantial amounts of higher oligomers. In addition,
the propylene dimers do not appear to form by the same re-
giochemical (2,1 versus 1,2) and steric constraints as the
butene dimers. GC/MS data for both the propylene and
1-hexene dimerizations are included in the Supporting Infor-
mation.


If the catalytic cycle in Scheme 3 is correct, it is possible
to establish the following ’rules’ for the vanadium-catalyzed
dimerization:


1) The first insertion of an a-olefin at vanadium occurs
with 1,2 regiochemistry (98+%).


2) If the second insertion is 2,1, then b-H elimination/trans-
fer to generate linear internal olefins is the preferred
chain transfer step (99+%).


3) If the second insertion is 1,2, then vinyl hydride transfer
(metathesis) is preferred.


4) The methylene (terminal) hydride of the incoming olefin
transfers exclusively when vinyl-hydride activation
occurs, thus giving an n-butenyl±vanadium complex.


Discussion


The proposed competing chain transfer pathways in
Scheme 3 raise the question of literature precedent for vana-
dium and other metals. For example, in polypropylene pro-
duced with a Sc-based constrained geometry catalyst,
Bercaw et al.[16b] found no evidence of vinylidene chain ends
(from H-transfer to monomer or metal center); hence, it
was speculated that olefin C�H bond metathesis might be
an important termination process. Ziegler et al.[18] published
several computational papers that examined vinylic s-bond
metathesis as a chain transfer route for scandium and titani-
um catalysts. Specifically, their computations indicated that
such a process would generally be less favorable than the
parallel C=C bond insertion (in terms of both overall exo-
thermicity and reaction barrier). However, the computed
energetics are not prohibitive enough to rule out vinylic
C�H metathesis as a minor process. Apparently, a well-de-
fined complex (i.e. adduct) with ethylene (or olefin) in a
head-on orientation toward the metal center is formed; it is
stabilized by an agostic interaction involving the vinylic
C�H bond as well as electrostatic interaction between the
olefin and the electron deficient metal center.


Recently the groups of Gibson and Gal have indepen-
dently reported the isolation of tridentate pyridinebisimine
CoI alkyl complexes. These CoI species do not undergo
olefin insertion, and the authors speculate that the catalysts
may achieve an active CoIII state via oxidative addition of a
vinyl C�H bond. These researchers clearly state that this ac-
tivation step is one of several possible ways to generate the
active species, if indeed the active catalyst is a CoIII spe-
cies.[19] In the case of vanadium complex 3, it is not clear if
the oxidation state of the metal in the active form is +3
(the same as the catalyst precursor) or if it is somewhat re-
duced. In any case, the described system likely consists of a
dn system with n�2. The agostic interactions and electro-
static stabilization that are deemed to favor vinylic C�H ac-
tivation in the case of the ScIII or TiIV catalysts would not be
that strong in the case of the vanadium catalyst. However,
this seemingly unlikely mode of chain transfer should not be
ruled out, particularly because there appears to be no other
good explanation for the formation of the alkane products.
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Furthermore, it is also noted that complex 3 possesses a sig-
nificantly different ligand set than the ScIII or TiIV catalysts.
Bearing that in mind, it is not inconceivable that the nitro-
gen-based ligand could also be involved in the C�H activa-
tion chemistry proposed for vanadium. The proposed mech-
anism of Scheme 3 should at this point only be invoked to
rationalize the product distribution, rather than to argue for
a specific mode of activation.


Although s-bond metathesis and vinyl C�H bond activa-
tion are known for a variety of transition metal complexes,
subsequent functionalization of the activated hydrocarbon is
less common. One area where several studies have been un-
dertaken is in the field of ethylene polymerization. Specifi-
cally, it has been proposed by Reinking et al. and Kissin
et al. that Zr- and V-based polymerization catalysts can pro-
mote long-chain branching (LCB) by intramolecular or in-
termolecular s-bond metathesis reactions with polyethylene
chains.[20,21] This theory has been proposed as an alternative
to the prevailing idea that LCB arises from the reincorpora-
tion of polymer chains with unsaturated end groups into an-
other growing polymer chain. However, in systems that uti-
lize hydrogen as a chain transfer agent, the number of avail-
able terminal olefin groups can be quite small, which indi-
cates another mechanism may be responsible for LCB. Ad-
ditionally, Reinking showed that simple alkanes such an n-
heptane and cyclohexane can be activated by VCl4 on silica
with an alkylaluminum cocatalyst.[20] In the presence of hy-
drogen and ethylene, the vanadium system produces alkyl-
cyclohexanes catalytically from cyclohexane, indicative of
C�H bond activation followed by ethylene insertion. The
authors propose that this phenomenon is a model for the
LCB mechanism since it demonstrates how saturated species
can be incorporated into a polymer chain.


Due to the unique product distribution, a catalytic cycle
involving a formal oxidative addition of butene to vanadium
catalyst 3, followed by successive steps involving migratory
insertion and reductive elimination, appears unlikely. Al-
though 1-butene could conceivably oxidatively add to a low-
valent vanadium center, followed by successive migratory
insertion and reductive elimination reactions to generate
the products shown, the absence of products such as
n-octane, coupled with the roughly equal amounts of linear
dienes and branched paraffins, argue against this mecha-
nism. Vinyl C�H bond metathesis coupled with b-hydride
elimination/transfer remains the most likely pathway; since
both processes are known to occur with early metals, the
unique features of this system are the proposed steric-based
competition between the two mechanisms and the high
catalytic activity toward the vinyl C�H bond activation
route.


As a final consideration, the prevalence of vinyl C�H
bond activation in the vanadium system magnifies a reaction
that may be occurring to a lesser extent in a variety of other
catalytic systems, ranging from Ziegler±Natta polymeriza-
tions and oligomerizations to catalytic olefin dimerization.
As presented in this work, the presence of trace amounts of
dienes in any of these processes may possibly be attributed
to small amounts of chain transfer by vinyl C�H bond acti-
vation to generate vinyl±metal bonds.


Conclusion


The dimerization of 1-butene by a selected variety of transi-
tion metal catalysts has been used to demonstrate a number
of mechanistic pathways that are available during a-olefin
dimerization. Cobalt catalysts form almost completely linear
dimers, while iron and nickel systems can make predomi-
nantly linear products. The iron catalysts, however, are at
least an order of magnitude faster than nickel, and they do
not tend to isomerize the substrate or the product substan-
tially. Aluminum, albeit with low activity, is highly selective
for producing vinylidene dimers, and the vanadium catalyst
discussed herein dimerizes olefins by a unique mechanism
that produces significant and roughly equal amounts of
branched alkanes and linear dienes. Future work will in-
volve attempts to better understand the speculative mecha-
nism of the vanadium catalyst.


Experimental Section


Materials: Anhydrous THF and methanol were purchased from Aldrich
and used without further purification. Anhydrous cyclohexane was pur-
chased from Aldrich and stored over 3A molecular sieves. 1-hexene and
1-butene were obtained as commercial grades of Chevron Phillips’
Normal Alpha Olefins. 1-hexene was degassed and dried over 3A molec-
ular sieves. MMAO-3A, triisobutylaluminum, and diethylaluminum chlo-
ride were purchased from Akzo Nobel. 2,6-Diacetylpyridine, iron(ii)
chloride tetrahydrate, and all substituted anilines were purchased from
Aldrich and used without further purification. Nickel(ii) chloride, dime-
thoxyethane adduct; vanadium(iii) chloride, tris-tetrahydrofuran adduct;
bis(triphenylphosphine) nickel(ii) chloride; and cobalt(ii) chloride hexa-
hydrate were purchased from Strem.


Catalyst preparation: Complexes 1,[9, 11] 2,[9] and 4[5] were prepared by de-
scribed literature methods. Synthetic details for complex 3 are detailed
below:


2,6-Bis[1-(2-methylphenylimino)ethyl]pyridine vanadium(iii) chloride (3):
2,6-Bis[1-(2-methylphenylimino)ethyl]pyridine (1.00 g, 2.9 mmol) and va-
nadium(iii)chloride±tetrahydrofuran adduct (1.04 g, 2.8 mmol) were
added together under inert conditions to a 100 mL flask with a stirbar.
THF (25 mL) was added, and the reaction was stirred for 16 h in hot
THF (55 8C). Pentane was added, and the reaction was filtered and
washed with ether and pentane to give, after drying, 1.35 g (97%) of
complex 3. Analytical data for pre-catalyst complex 3 : MS ([M+�Cl]):
464/462; elemental analysis (%): calcd C 55.39, H 4.65, N 8.42; found: C
55.34, H 5.10, N 7.94.


Dimerization of 1-hexene : A dry two-necked flask with a stirbar was
charged with 1-hexene (100 mL) and pre-catalyst 3 (25 mg) under inert
atmosphere (16000:1 olefin:V ratio). The flask was transferred to a
Schlenk manifold and placed under a slow nitrogen purge. The pre-cata-
lyst was slurried in the 1-hexene by rapidly stirring the liquid. MMAO-
3A in heptane (100:1 Al:V) was then added via syringe. Samples were
taken for GC analysis after 3 h and after 24 h. The reaction had formed
about 50% of its final product after 3 h.


Dimerization of 1-butene : A 500-mL Zipperclave reactor was heated
under vacuum at 50 8C for several hours. The reactor was cooled to room
temperature under an inert gas. The pre-catalyst was then added to the
reactor in a sealed NMR tube by tying the tube to the stirrer shaft, and
the reactor was resealed and placed under vacuum. A glass sample charg-
er was then attached to the injection port of the reactor. The internal
standard and the cocatalyst were added. The reactor was then quickly
sealed and charged with liquid butene. The reactor was further pressur-
ized with at least 100 psi of nitrogen or argon to keep the butene in the
liquid phase.[8] Stirring was begun, thus breaking the NMR tube and ini-
tiating the reaction. The temperature was monitored using a thermocou-
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ple. Internal cooling and external heating were used to maintain the de-
sired reactor temperature.


Product analysis : For the butene dimerization, the reactor was slowly
vented. The aluminum cocatalysts in all of the reactions were neutralized
by pouring the liquid products into a water wash. After removal of the
cocatalysts, the products were analyzed by gas chromatography (GC). A
Hewlett Packard 6890 Series GC System with an HP-5 50 m or 30 m
column with a 0.2 mm inner diameter was used for dimer as well as a-
olefin characterization. An initial temperature of 35 8C and a rate of
2.4 8Cmin�1 were used to raise the temperature to 52 8C, followed by a
rate of 15.0 8Cmin�1 to raise the temperature to 157 8C. A final ramp rate
of 22.5 8Cmin�1 was used to reach the final temperature of 250 8C. Chem-
Station from Hewlett Packard was used to analyze the collected data.
GC/MS data were obtained using an Agilent 5973 Benchtop Mass Spec-
trometer using electron impact ionization interfaced to an Agilent 6890
gas chromatograph. The GC column was a J&W Scientific DB-5mS,
60 mî0.25 mm i.d. with a 0.25 mm film thickness. After an initial time of
5.0 min, a ramp rate of 3.0 8Cmin�1 was used to raise the oven tempera-
ture to 300 8C. The Wiley275 L computerized database was used to assign
the mass spectrum signals. Due to ambiguities in classifying all of the
dimer products for catalyst 3 by GC/MS, 1H NMR spectroscopy was used
for further characterization. In particular, NMR spectroscopy resolved a
GC/MS discrepancy, resulting in correct classification of the vinylidene
dimer made from 1-butene. At first, the GC/MS data indicated that the
vinylidene species was actually a trisubstituted dimer, which could be
formed by isomerization of a vinylidene or a methyl-heptene. However,
control experiments with the activated vanadium catalyst 3 and 2-ethyl-1-
hexene or disubstituted internal methyl-heptenes showed no isomeriza-
tion behavior. 1H NMR spectroscopy confirmed that the species in ques-
tion was indeed a vinylidene and not a trisubstituted olefin. GC data
were then used to make all of the quantitative assessments, since the
NMR spectra could not distinguish between the dimeric and trimeric
products.


The conversions and yields were determined by comparing the product
to the internal standard integrals, and by assuming equal response factors
of the standard and the products. For hexene dimerization, unreacted 1-
hexene was the internal standard, and for the butene experiments cyclo-
hexane was used.
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Nonswelling Macroporous Synbeads for Improved Efficiency of Solid-Phase
Biotransformations


Alessandra Basso,[a] Paolo Braiuca,[a] Luigi De Martin,[a] Cynthia Ebert,[a]


Lucia Gardossi,*[a] Paolo Linda,[a] Silvia Verdelli,[a] and Andrea Tam[b]


Introduction


Organic synthesis on solid supports is a rapidly developing
methodology that offers several advantages over traditional
synthesis in solution. This could be exploited on an industri-
al scale by providing a simple route for product purification,
enabling the polymers to be reused and the use of large
amounts of reactants to force the equilibrium of unfavour-
able reactions, in addition to possibly recycling unreacted re-
agents.


Recently, polymeric-functionalised matrices have become
increasingly popular and have been applied with success to
fine chemical and foodstuff production. Combinatorial
chemistry and parallel synthesis of compound libraries on
polymeric supports are efficient methods for the generation
of new substances with a known profile of properties.[1]


The application of enzymes in combinatorial chemistry
has attracted significant attention over the last decade.[2] En-
zymatic methods have opened up advantageous alternatives
to classical chemical techniques, since enzyme-catalysed
transformations often proceed under very mild conditions


and are highly selective. In solid-phase chemistry, enzymatic
catalysis has been exploited in the preparation of glycopep-
tides,[3] synthesis and hydrolysis of peptides[4] and deprotec-
tion of oligonucleotides.[5] Many hydrolytic enzymes (pro-
teases, esterases, glycosidases and amidases) have also been
investigated for their ability to selectively cleave enzyme-
scissile linker groups.[6±8]


In general, the support resin plays a pivotal role and
novel polymers having specific advantages over existing
resins are continually being developed.[9±13] An optimal poly-
mer for solid-phase-chemistry applicability must be stable to
mechanical stress, acid±base and chemical treatments and
also allow a good diffusion of chemical reactants. In the case
of biocatalysis, the substrate must be accessible to enzymes.


The accessibility of reactants and enzymes to the substrate
is usually associated with the swelling properties of a poly-
mer.[14] However, a number of solid supports that do not
swell by a measurable extent have been reported to be ap-
plicable for solid-phase chemistry.[5,15±16]


It has been recently demonstrated that the design of a
specific support for solid-phase biocatalysis can increase the
efficiency of reactions catalysed by large enzymes, such as
penicillin G acylase (PGA Mr=88 KDa).[17] Due to its strict
selectivity towards phenylacetic derivatives,[8] PGA is very
attractive for the design of enzyme-labile exo-linkers in
combinatorial biocatalysis.


Here we report on the design and development of non-
swelling Synbeads, which, thanks to their porosity, can be ef-
ficiently applied to solid-phase chemistry and biocatalysis.


The present study investigates the influence of key param-
eters, such as porosity and reactive functional-group density,
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Abstract: An application of novel, highly porous nonswelling resins (Synbeads) for
enzymatic catalysis on solid supports is reported. These new resins combine easy
handling of the beads, chemical stability, improved accessibility of proteins and
higher productivity relative to swelling polymers. The present study demonstrates
that the resin porosity greatly affects the efficiency in solid-phase biotransforma-
tions and that Synbead resins are valuable alternatives to swelling polymers for
solid-phase chemistry and biocatalysis. The present study investigates the influence
of key parameters, such as porosity and reactive functional-group density, on the
reaction efficiency.
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on the process efficiency. This information will be helpful
for the selection, on a rational basis, of optimal commercial
Synbead resins for solid-phase chemistry and biocatalysis,
also on an industrial scale and eventually for the design of
novel nonswelling resins.


Results and Discussion


A new class of nonswelling polymers (Synbeads) were spe-
cifically designed and prepared for efficient use in solid-
phase chemistry. They belong to the well-known family of
Sepabeads¾, a class of polymers used for the immobilisation
of enzymes in pharmaceutical and food applications.[18] Syn-
beads show chemical resistance in a wide range of reaction
conditions and, similarly to Sepabeads¾, have good mechani-
cal stability. They are methacrylic copolymers formed by a
monomer with the functional group and a cross-linker.[19±20]


Synbeads have terminal aminoethyl (C2A) or aminohexa-
methyl (C6A) residues, which have a length of 2.5 ä and
7.5 ä, respectively, and contain more than 1 mmol of amino
groups per gram of dry resin.


Synbeads were designed to obtain an internal geometry
with large, flat surfaces to improve mass transfer. They are
prepared through a suspension polymerisation technique,
namely by mixing the functionalised monomer, a cross-
linker and an adequate porogenic agent. This process leads
to the formation of a matrix that combines a nonconvention-
al high porosity, generated by the removal of the porogenic
agent after the polymerisation, with an internal microporosi-
ty, due to cross-linking.


The macroporosity enhancement was obtained by increas-
ing the concentration of the porogenic agent and decreasing
the concentration of the cross-linker in the composition of
the polymerisation phase. As reported in Figure 1 and
Table 1, within the family of C6A Synbeads, four polymers
(C2A, C6A, C6A2 and C6A3) each with a different porosity
were prepared and compared. They have the same particle
size (150±300 m), but a pore diameter varying from 380 ä to
5400 ä.


The beads× morphology was investigated by using electron
microscopy. There is an evident decrease of macroporosity


on the surface of the polymers from C6A3 (Figure 2a) to
C6A2 (Figure 2b) and C6A (Figure 2c), whereas the micro-
scopic aspect of C6A and C2A (Figure 2d) is similar. The
effect of the porogenic agent used in the polymerisation
process on the macroporosity of the C6A beads is shown in
Figure 2e.


Unlike conventional swelling resins (e.g., PEGA1900) for
solid-phase organic chemistry, Synbeads are rigid because of
the high degree of cross-linking in the resin (>30%); this
means they do not modify their morphology when suspend-
ed in water or organic solvents (either hydrophobic or hy-
drophilic), as demonstrated in Figure 3.


The amount of amino groups on the resin, obtained after
the polymerisation process, represents the total exchange ca-
pacity of the resins; this was determined by acid±base titra-
tion (Table 2). The chemical accessibility and reactivity of
these amino groups was assayed by exploiting Fmoc chemis-
try. Five acylation cycles of the resin with Fmoc-Phe were
performed and the released Fmoc (cleaved with piperidine)
was quantified after each cycle.[17] Table 2 shows the maxi-
mum acylation values obtained for all the resins. Complete
acylation was reached within three cycles for all the resins;
in the case of C6A3, it was already observed after the first
cycle, probably due to its larger porosity.


Chain length does not significantly affect the chemical re-
activity of the terminal amino groups, as is evident by com-
paring the results obtained with the C2A and C6A poly-
mers.


The apparently poor value of chemical accessibility for
both C6A2 and C6A3 resins actually corresponds to the
maximum acylation achievable when NH2 groups are acylat-


ed by Fmoc-Phe. This comes
from the calculation of the
number of Fmoc-Phe groups
per 100 ä2, which is compara-
ble in all the resins. From the
values of total exchange ca-
pacity and surface area it re-
sults that Synbeads have more
than ten NH2 groups per
100 ä2. Due to the steric hin-
drance of the Fmoc-Phe group
(Fmoc-Phe occupies about
25 ä2), the maximum acylation
achievable in the highest
packed situation for all the
polymers considered corre-
sponds, in theory, to no more


Figure 1. Pore determination by the Mercury injection method using an Autopore 9220 (&=C6A3, &=C6A2;
¥=C6A).


Table 1. Physical properties of Synbeads.


Resin Solvent Mean Pore Surface
retention particle diameter area
[%] diameter [mm] [ä][a] [m2g�1][b]


C2A 59 320 380 130
C6A 56 240 380 130
C6A2 63 210 950 40
C6A3 69 200 5400 15


Determined by using the: [a] Mercury injection method with Autopore
9220; [b] BET single-point method with Flowsorb 2300.


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 1007 ± 10131008


FULL PAPER



www.chemeurj.org





than four amino groups per 100 ä2. As a consequence, the
yields reported in Table 2 correspond to the maximum acyl-
ation achievable for all the polymers; although with less
sterically hindered substrates higher acylation yields can be
achieved. In principle, during the polymer-preparation pro-
cess the amino-group density of the nonswelling polymers
could be chosen on a rational basis. Therefore, further novel
types of Synbeads with improved chemical accessibility
could be specifically designed for different solid-phase
chemistry purposes.


Figure 2. Electron micrograph of the Synbeads showing the beads of a) C6A3, b) C6A2, c) C6A, d) C2A and e) the surface of the C6A beads.


Figure 3. Solvent retention of the Synbeads in different solvents. Data
are compared to the behaviour of PEGA1900 in the same solvents.
a) Water; b) methanol; c) 2-propanol; d) N,N-dimethylformamide; e) 1,4-
dioxane; f) acetonitrile; g) dichloromethane; h) toluene; i) hexane.


Table 2. Chemical properties of Synbeads.


Resin Total exchange Chemically accessible Fmoc-acylated
capacity[a] amino groups[b] amino groups


[mmolgdry
�1] per 100 ä2


C2A 2.20 0.53 2.5
C6A 2.24 0.46 2.1
C6A2 1.77 0.09 1.4
C6A3 1.58 0.06 2.4


Determined by: [a] Acid±base titration; [b] Chemical coupling of Fmoc-
Phe on the resins and subsequent deprotection with piperidine. Quantita-
tive determination of the Fmoc group by UV analysis.
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The applicability of Syn-
beads to solid-phase biocataly-
sis was then verified experi-
mentally by studying the bio-
catalysed hydrolysis and syn-
thesis of amide/peptide bonds
on substrates 3 and 2, respec-
tively. PGA-catalysed hydroly-
sis of the phenylacetic acid de-
rivative was investigated by
using substrate 3 (PhAc-Phe-
Wang-resin), which had been
previously used as a model
substrate for enzyme accessi-
bility studies.[17] Substrate 3
was chemically synthesised ac-
cording to Scheme 1 by using
widely reported procedures of
solid-phase peptide synthesis.
After the Fmoc-Phe coupling,
all the unreacted amino groups
were capped with acetic anhy-
dride in a one-step reaction.


It was also verified during
the chemical synthesis of the
substrate, that the achieved
acylations (expressed in terms
of mmol per gdry resin) corre-
sponded to the chemical acces-
sibility reported in Table 2.
These values were obtained by
determining the release of the
Fmoc group (step d) from the
intermediate substrate Fmoc-
Phe-Wang-resin. In addition,
the final yield of the chemical
synthesis of 3 was quantified
by means of LC±MS analysis through cleavage of PhAc-Phe
from the Wang linker, obtaining data in agreement with the
Fmoc quantification reported in Table 2. This indicates that
the resins are suitable for solid-phase chemistry and for mul-
tistep chemical treatments.


One of the major drawbacks of solid-phase biocatalysis is
the diffusion of the enzymes inside the beads; this is even
more evident when dealing with large enzymes, such as
PGA.[15] The effect of the modified porosity was evaluated
by measuring the release of phenylacetic acid (PhAcOH)
(see Table 3) from substrate 3 on C6A, C6A2 and C6A3
after enzymatic hydrolysis by PGA. Experimental results re-
ported in Table 3 clearly indicate that the highest enzymatic
release of PhAcOH by PGA from substrate 3 (35%) was
obtained using C6A3 Synbeads, which have the largest po-
rosity (5400 ä). With C2A or C6A no significant difference
in the yields was observed and the low conversions recorded
suggest that the enzyme is not diffusing inside the pores of
these resins. These low yields are comparable to those al-
ready reported for other swelling and nonswelling supports,
such as Tentagel (Table 3), xerogels[16] or controlled-pore
glass supports (CPG).[7,15]


The best performing polymer, Synbead C6A3, was then
tested by chemically synthesising a different substrate
PhAc-Gly-Gly-Wang-resin (5). Relative to 3, substrate 5 ex-
hibits a peptidic portion that is less sterically hindered; this
is then expected to have a higher conformational adaptabili-
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Scheme 1. Synthesis of substrates 3 and 4 : a) HMPA coupling (DIC/HOBT in DMF); b) Fmoc-Phe coupling
(DIC/DMAP in DMF); c) capping with acetic anhydride in DMF; d) Fmoc deprotection by piperidine (20%
piperidine); e) PhAcOH coupling (HOBT/HBTU/DIPEA in DMF); f) Fmoc-Phe chemical coupling (DIC/
DMAP in DMF) or enzymatic coupling (thermolysin).


Table 3. Results obtained in the hydrolysis of substrates 3 (PhAc-Phe-
Wang-resin) and 5 (PhAc-Gly-Gly-Wang-resin) by PGA, expressed as
percentage of conversion [%] and mmol of released PhAcOH per gram
of dry resin.[a]


Resin Substrate PhAcOH release
[mmolgdry


�1] [%][b]


PEGA1900 3 18 12
Tentagel 3 4 <1
C2A 3 12 2
C6A 3 10 2
C6A2 3 10 11
C6A3 3 21 35
C6A3 5 39 64


[a] Conditions: PGA (5 mg) (lyophilised from Fluka), Kpi buffer (6 mL,
0.1m, pH 8.0) and substrate (0.01 mmol) at RT, 40 r.p.m. (blood rotator).
[b] At 24 h when the reaction equilibrium was reached. Calculated on the
basis of chemically accessible amino groups (Table 2).
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ty inside the enzyme active site. Substrate 5 was prepared
by using a synthetic procedure similar to those reported in
Scheme 1 for substrates 3 and 4 (see Experimental Section).


It is worth noting that by using substrate 5 on C6A3 the
enzymatic release of phenylacetic acid almost doubled
(64%); this is an even higher yield than reported when
using PGA on insoluble supports. The significant increase in
the yield is ascribable to improved enzyme±substrate recog-
nition.


The efficiency and versatility of Synbeads is even more re-
markable when our results are compared with conversions
previously reported. Phenylacetic acid is removed by PGA
with quite low yields compared with commercial swelling poly-
mers, such as PEGA1900 (12%, Table 3, 13% ref. [7]) or with
rigid supports, such as CPG (10%)[7] or xerogels (<5%).[16]


It must also be underlined that when the reaction volume
is taken into account, 100 mg of wet PEGA1900 occupy ten-
fold the volume of 100 mg of wet C6A3 (in both cases the
diameter of the wet beads is 150±300 mm); this difference is
of major importance, especially for the implementation of
large-scale processes. When comparing the productivity of
the two systems, expressed per reaction volume, a 15-fold
improvement is achievable with the C6A3 polymer
(11 mmolcm�3 for C6A3 compared with 0.7 mmolcm�3 for
PEGA1900).


After investigating the efficiency of Synbeads in hydroly-
ses catalysed by the large PGA, a smaller hydrolase, ther-
molysin from Bacillus thermoproteolyticus rokko (Mr=


35 KDa) was used for peptide synthesis. This protease is
highly efficient in peptide synthesis and amino acid resolu-
tion on a solid phase, as demonstrated by Ulijn et al.[4] We
attempted the enzymatic synthesis of the dipeptide Fmoc-
Phe-Phe-Wang-resin[4a] starting from the substrate 2 (Phe-
Wang-resin, see Scheme 1) and using Fmoc-Phe as the reac-
tant.


The aim was to verify whether the porosity of the support
affects the efficiency of this small enzyme as well, so the en-
zymatic synthesis was performed on the three polymers
C6A, C6A2 and C6A3. Reactions were monitored by quan-
tifying the unreacted Phe and the product of the enzymatic
reaction Fmoc-Phe-Phe, both of which are released from the
Wang linker under acidic conditions.


Yields varying from 1% (C6A) to 45% (C6A2) and 88%
(C6A3) were obtained after an 8 h reaction (Figure 4a).
Complete conversion was achieved with C6A3 (97%) after
12 h and C6A2 (98%) after 24 h, whereas only 30% was ob-
tained with C6A in 24 h. This result is related to the diffu-
sion limits of the thermolysin into the polymers and con-
firms that, for efficient catalysis on these rigid polymers, po-
rosity is of major importance.


Data obtained in thermolysin-catalysed peptide synthesis
demonstrate that, firstly, the enzymatic synthesis of peptides
on C6A3 is very efficient and can be a valuable alternative
to the chemical synthesis and, secondly, that these rigid sup-
ports (in particular C6A3) are a valid alternative to swelling
polymers in enzyme applications on a solid phase. In addi-
tion, the product Fmoc-Phe-Phe was recovered very cleanly
after cleavage with TFA on C6A3, as shown by Figure 4b
and c.


Figure 4. LC±MS analysis of Phe and Fmoc-Phe-Phe after cleavage by
TFA from Synbeads, relative to the thermolysin-catalysed synthesis. tR:
Phe 21.31 min, Fmoc-Phe-Phe 22.11 min. Reactions after a) 8 h incuba-
tion for all the resins and b) 24 h for C6A3; c) ES spectrum of the prod-
uct Fmoc-Phe-Phe after 24 h reaction cleaved from C6A3 (535 [M+1]+ ,
557 [M+1+Na]+).
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In conclusion, Synbeads can be efficiently applied to
chemical and biocatalysed processes. In both cases these
supports offer the remarkable advantage of easy recovery of
pure products. The porosity of C6A3 polymers allows effi-
cient diffusion of enzymes, even as large as PGA. Finally,
Synbeads are also very good for solid-phase enzymatic pep-
tide synthesis.


We are currently involved in the optimisation of the
C6A3 polymer to increase the chemical accessibility of its
amino groups with the aim of producing a new class of effi-
cient, highly porous and highly loaded polymers.


Experimental Section


Synbeads were prepared by Resindion on the basis of the procedures de-
scribed in refs. [19] and [20]. The different resins were prepared from
mixtures of monomers containing 10±50% of cross-linking agent. Resin-
dion will provide free samples of the resins for research purposes.


General procedure for solid-phase chemistry : All reactions were per-
formed in reactor syringes (StepBio) and mixed in a blood rotator
(40 rpm).


Solvent retention : The solvent retention of Synbeads (PEGA1900) was
quantified on the basis of the weight difference between wet and dried
resin (heated overnight in an oven at 110 8C).


Chemical syntheses : Before chemical synthesis the resins were washed
three times with MeOH/DMF, MeOH, DCM and DMF (3 mL of each).
The resins (1 g of wet resin) were weighed in reactor syringes and sus-
pended in DMF.


Chemical accessibility : The chemical accessibility of amino groups was
determined by acylation with Fmoc-PheOH (3 equiv) in the presence of
N,N’-diisopropylcarbodiimide (DIC) (4 equiv) and 4-dimethylaminopyri-
dine (DMAP) (0.1 equiv) in DMF. After each step of acylation the Fmoc
group was released in piperidine (20% in DMF) and quantified by UV
detection (290 nm). Loading (mmolg�1)= [Abs(290 nm)îV(mL)]/
[4950(e)îamount(gdry)].


Wang-linker coupling : The Wang linker was attached to the resin by re-
acting 4-(hydroxymethyl)phenoxyacetic acid (HMPA) (3 equiv) in the
presence of DIC (4 equiv) and 1-hydroxybenzotriazole (HOBT)
(6 equiv). The mixtures were then mixed overnight. The resins were fil-
tered next and washed with MeOH/DMF, MeOH, DCM and DMF. The
synthesis step was repeated twice (2 h).


Synthesis of 3 : The OH-group of the Wang linker was treated with PhAc-
Phe (3 equiv) in the presence of DIC (4 equiv) and DMAP (0.1 equiv) in
DMF. The reaction was performed in two cycles, the first of 2 h and the
second overnight. After each cycle the resin was filtered and then
washed with MeOH/DMF, MeOH, DCM and DMF.


Synthesis of 4 and 5 : After the Wang linker was attached, Fmoc-GlyOH
(3 equiv) was coupled in the presence of DIC (4 equiv) and HOBT
(6 equiv). The unreacted OH-groups of the Wang linker and the unreact-
ed amino groups of the polymer were capped with acetic anhydride
(10 equiv) in DMF overnight. The Fmoc group was deprotected with a
solution of piperidine (20%). A second Fmoc-GlyOH (10 equiv) was
coupled in the presence of HOBT (12 equiv), O-(benzotriazol-1-yl)-
N,N,N’,N’-tetramethyluronium hexafluorophosphate (HBTU) (12 equiv)
and N,N’-diisopropylethylamine (DIPEA) (7.5 equiv). Deprotection of
the Fmoc group was carried out in piperidine (20% in DMF, 2 h, RT).
PhAcOH (3 equiv) was coupled in the presence of DIC (4 equiv) and
HOBT (6 equiv). A similar synthetic procedure was applied to the syn-
thesis of 4 by using Fmoc-Phe as the reagent.


PGA-catalysed hydrolyses : Enzymatic hydrolysis of substrates 3 and 5
from the resins were performed by washing about 50 mg of the wet func-
tionalised resin with Kpi buffer (0.1m, pH 8.0). The resin was then sus-
pended in the same buffer (6 mL) and in the presence of lyophilised
PGA (5 mg, Fluka, 14 Umg�1). The reactions were allowed to mix for
24 h at RT.


Thermolysin-catalysed peptide synthesis : The enzymatic synthesis was
performed by using Fmoc-Phe (10 equiv) and thermolysin (5 mg) in the
buffer (1 mL) on a weighed amount of the resins (corresponding to
0.002 mmol of amino groups).


Analyses : At the end of the reaction the mixtures were filtered and the
resins were washed with CH3CN/H2O (1:1) (12î3 mL). The liquid phase
was recovered in a flask and dried under vacuum. It was then redissolved
in CH3CN/H2O (1:1) (1 ml) and centrifuged, before being passed through
membrane filters (0.45 mm). The samples were analysed with a reversed-
phase HPLC system. Product amounts were calculated by using calibra-
tion curves of PhAcOH. The peptide structures were then cleaved
through the Wang linker with a solution of trifluoroacetic acid/H2O
(95:5) to confirm the conversion results.


LC±MS analyses were performed at the University of Edinburgh using a
Waters 2790 Separation Module, a Waters 486 Tuneable Absorbance De-
tector at 254 nm and a Luna 5m C18 column (250î2 mm) coupled to a
Micromass Platform II Spectrometer. Gradient conditions: from 100%A
to 15%A in 20 min, then isocratic for 5 min. Solution compostitions: A)
H2O, 0.1%TFA; B) CH3CN, 0.1%TFA. Flow rate: 0.2 mLmin�1.


Theoretical measurements : Atomic distances, molecule sizes and surfaces
were calculated by means of a Molecular Operating Environment
(MOE) running on a SGI Octane workstation.
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Mechanism of Dioxygen Activation in 2-Oxoglutarate-Dependent Enzymes:
A Hybrid DFT Study


Tomasz Borowski,* Arianna Bassan, and Per E. M. Siegbahn[a]


Introduction


Non-heme iron enzymes dependent on 2-oxoglutarate (a-
ketoglutarate, abbreviated here as a-KG) constitute a large
class of oxygenases that play key roles in a broad range of
primary and secondary metabolic pathways. For example,
prolyl hydroxylases take part in post-translational processing
of collagen in animals and in the hypoxia induced factor
(HIF)-mediated pathway for dioxygen sensing;[1,2] thymine
7-hydroxylase is a pivotal enzyme in pyrimidine metabolism;
clavaminic acid synthase (CS) participates in clavulanic acid
biosynthesis in Streptomyces clavuligerus bacteria; finally
the newly discovered AlkB repair enzymes catalyze deme-
thylation of alkylated DNA and RNA.[3±5] All a-KG-de-
pendent non-heme iron enzymes require ferrous ion, a-KG,
and O2 for catalytic activity. The majority of them catalyze
hydroxylation of an unactivated C�H bond coupled with an
oxidative decarboxylation of the co-substrate a-KG. A
number of excellent reviews on these enzymes are available
in the literature, and interested readers are referred to them


for further information regarding the biological functions of
a-KG-dependent non-heme iron enzymes.[6±12]


Several crystal structures of a-KG-dependent enzymes
have been reported (clavaminic acid synthase,[13] proline-3-
hydroxylase (P-3-H),[14] anthocyanidin synthase (ANS),[15]


deacetoxycephalosporin C synthase (DAOCS),[16,17] and the
related 4-hydroxyphenylpyruvate dioxygenase (HPPD)[18])
all of them reveal a common 2-His-1-carboxylate facial-triad
iron-binding motif characteristic of a broad group of non-
heme iron enzymes.[19] In the native ferrous-ion-bound form,
the remaining three coordination positions are occupied by
water molecules, as exemplified by the crystal structure of
the DAOCS±FeII complex[16] (PDB access code: 1RXF); this
arrangement is supported by spectroscopic studies on
CS.[20,21] a-KG binds to iron in a bidentate fashion, which
means that two of the three water ligands initially bound to
iron are displaced by the co-substrate. Crystal structures of
CS±FeII±a-KG complexes[13] (with N-a-l-acetyl arginine,
1DRY; with proclavaminic acid, 1DRT) together with spec-
troscopic results[20,21] indicate that the remaining water mole-
cule is displaced from the CS±FeII±a±KG complex upon pri-
mary substrate binding. These observations have led Solo-
mon and co-workers to propose a general mechanism de-
picted in Scheme 1,[12,22] which is composed of three steps A,
B, and C: step A, during which the a-KG co-substrate
enters the first coordination sphere of iron, is followed by
substrate binding in the vicinity of the non-heme complex
(step B). Notably, the substrate perturbs the ferrous site and
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Department of Physics, Stockholm Center for Physics
Astronomy and Biotechnology, Stockholm University
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Abstract: The reaction mechanism for
dioxygen activation in 2-oxoglutarate-
dependent enzymes has been studied
by means of hybrid density functional
theory. The results reported here sup-
port a mechanism in which all chemical
transformations take place on a quintet
potential-energy surface. More specifi-
cally, the activated dioxygen species at-
tacks the carbonyl group of the co-sub-
strate producing the FeII±persuccinate±
CO2 complex, which readily releases
the carbon dioxide molecule. The step


in which the FeII±peracid±CO2 complex
is formed is found to be rate-limiting
and irreversible. Subsequent heterolysis
of the O�O bond in the FeII±persucci-
nate complex proceeds in two one-elec-
tron steps and produces the high-valent
iron±oxo species FeIV=O, which is most


likely to be responsible for oxidative
reactions catalyzed by 2-oxoglutarate-
dependent enzymes. The concerted
pathway for simultaneous O�O and C�
C bond cleavage on the septet poten-
tial-energy surface is found to be less
favorable. The relative stability of dif-
ferent forms of the active iron±oxo spe-
cies is assessed, and the quintet five-co-
ordinate complex is found to be most
stable.
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calculations ¥ enzyme catalysis ¥
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causes the displacement of the water ligand, leading to a
five-coordinate iron complex. The vacancy on iron, which is
necessary for O2 activation (step C), is formed only if the
substrate and co-substrate are already bound at the active
site. It follows that the nonproductive so-called ™uncoupled∫
reaction, in which oxidative decarboxylation of a-KG is not
tied with oxidation of primary substrate, is greatly reduced.
As the hydroxylation reaction of an unactivated C�H


bond and a broad repertoire of other reactions catalyzed by
a-KG-dependent enzymes (i.e., epoxidation of olefins, oxi-
dation of sulfides to sulfones and sulfoxides and oxidation
of substituted methylamines)[23] mirror the chemical behav-
ior of cytochrome P-450, it is now widely accepted that a
ferryl±oxo species (FeIV=O), similar to compounds I and II
characterized for heme proteins,[24,25] is formed upon the di-
oxygen activation step(s) of the catalytic cycle (see
Scheme 1). Indeed, a high-valent iron intermediate pro-
duced in the reaction of taurine/a-KG dioxygenase has been
recently identified by means of absorption, Mˆssbauer and
EPR spectroscopy,[26] supporting a mechanism in which the
ferryl species plays a key role in catalysis. Although the
actual structure of this intermediate still needs to be deter-
mined, the spectroscopic results indicate that this is a high-
spin (S=2) complex with formal oxidation state of iron
equal to four.
In spite of the scarce experimental evidence about the


oxygen activation process, a few mechanisms have been pro-
posed in the literature and they are presented in Scheme 1.
In the concerted mechanism (steps D and E), the carbon±
carbon and oxygen±oxygen bonds in a superoxo-bridged in-
termediate (5a in Scheme 1) are cleaved simultaneously


producing the ferryl±oxo intermediate (6 in Scheme 1),[12]


while in the step-wise mechanism (steps F and G) these two
bonds are cleaved in two consecutive steps.[9] First the C�C
bond is broken generating a FeII±peracid complex and CO2


(step F); in the second step (step G) the O�O bond heterol-
ysis leads to the active ferryl±oxo intermediate. With respect
to this pathway, there is some experimental evidence sug-
gesting that persuccinic acid does not bind to the a-KG-de-
pendent enzymes.[27,28] However, this observation does not
necessarily rule out the FeII±persuccinate complex as an en-
zymatic intermediate.[9] One possible reason could be a high
pKa of a peracid making the binding to the enzyme thermo-
dynamically unfavorable, while the FeII±persuccinate com-
plex may be efficiently produced and consumed during the
catalytic cycle. The third plausible route for dioxygen activa-
tion involves an FeIV±peroxo intermediate (step H) which
decomposes into the active species (step I).[13, 29] All these
mechanisms are in accord with the results of isotope-label-
ing experiments, which have shown that one oxygen atom
originating from dioxygen is incorporated into the decarbox-
ylation product (succinate), while the second oxygen derived
from O2 is found in the hydroxylation product. Once the C�
C and O�O bonds are cleaved, carbon dioxide can either
dissociate from iron (6a in Scheme 1) or may stay in its first
coordination sphere either in the ™native∫ form (6b)[17] or as
an anhydride with succinate (6c).[13,29] Oxidation of the pri-
mary substrate (step J) followed by product release (step K)
completes the catalytic cycle.
Clavaminic acid synthase (CS) is one of the best charac-


terized and most fascinating proteins from the group of a-
KG-dependent enzymes. It catalyzes three separate oxida-


Scheme 1. Mechanisms proposed for the catalytic reaction mechanism of a-KG-dependent enzymes.
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tive reactions in the biosynthesis of clavulanic acid–a
potent inhibitor of serine b-lactamases that is commonly
used with b-lactam antibiotics in antibacterial treatment. As
shown in Scheme 2, the first hydroxylation reaction is sepa-
rated from the subsequent cyclization and desaturation by
hydrolysis of the guanidino group, which is catalyzed by pro-
clavaminate amidinohydrolase (PAH).
The crystal structure of CS has been solved for several


different forms: the apo form (PDB access code: 1DS0), the
CS-FeII±a±KG complex (1DS1), the CS±FeII±a-KG±PC
complex (PC=proclavaminic acid; 1DRT), the CS±FeII±a-
KG±N-a-NAA complex (NAA=N-a-l-acetyl arginine;
1DRY), and the CS±FeII±a-KG±NO±DGPC complex
(DGPC=deoxyguanidinoproclavaminic acid; 1GVG). The
active site region of the CS±FeII±a-KG±NAA complex is de-
picted in Figure 1. Note that the ferrous ion is coordinated
by six atoms in a roughly octahedral arrangement. His144
and His279 together with Glu146 supply three atoms for
one face of the octahedron, while a-KG and water487 fill
the three remaining positions. Two second-shell ligands,
Tyr299 and Arg279, form hydrogen bonds with the carbox-
ylic groups of Glu146 and a-KG. The water ligand bound
trans to His279 is supposedly replaced by O2 after binding
of the primary substrate. Therefore, after dioxygen activa-
tion, the oxo group would occupy this position, which is
ideal for performing further catalytic steps. However, the
structure of the CS±FeII±a-KG±NO±DGPC complex
(DGPC=deoxyguanidinoproclavaminic acid, substrate for
the hydroxylation reaction shown in Scheme 2) reveals that
nitric oxide binds to iron at the position trans to His144,
while the 1-carboxylic group of a-KG occupies a position
opposite to His279.[30] Thus, at the present time, the precise
location of O2 binding in the iron complex of CS remains
obscure, as either NO may be an imperfect analogue of di-
oxygen, or some rearrangement may take place after the
oxygen activation.
Model systems mimicking the chemistry of a-KG-depend-


ent enzymes have been synthesized. Comparison of coordi-
natively saturated and unsaturated model systems has
showed that the latter react with dioxygen much faster,


Scheme 2. The role of CS in clavaminic acid biosynthesis.


Figure 1. The X-ray structure (1DRY) of the active site of CS (A) and
the model used in the calculations (B). Atoms marked with an asterisk
have had fixed positions in the optimizations.


Chem. Eur. J. 2004, 10, 1031 ± 1041 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1033


Dioxygen Activation 1031 ± 1041



www.chemeurj.org





demonstrating the importance of a vacant position at the
ferrous ion.[31,32] In line with this experimental evidence, it
has been proposed that dioxygen binds at this vacant posi-
tion to iron and forms a ferrous-superoxo species (Fe3+±
O2C�), which then performs a nucleophilic attack on the car-
bonyl carbon of the a-keto acid. The nucleophilic character
of this reaction is supported by kinetic measurements per-
formed for various derivatives with different substituents in
the a-keto acid moiety.[31,33] The more electron withdrawing
the group bound in this fragment is, the faster is the reaction
between the complex and dioxygen. In line with this argu-
ment there is experimental evidence showing that superox-
ide is a potent nucleophile[34] capable of cleaving a-keto car-
boxylic acids.[35] As the biomimetic complexes catalyze
olefin epoxidation[32] and aryl hydroxylation,[36,37] the ferry-
l±oxo intermediate has been proposed to be responsible for
the oxidative chemistry in these non-heme iron systems. In-
terestingly, such a ferryl±oxo non-heme iron species has re-
cently been synthesized and characterized by Que, Jr. and
co-workers.[38]


In this work, hybrid density functional methods have been
used to elucidate the mechanism of oxygen activation utiliz-
ed by a-KG-dependent enzymes. The clavaminic acid syn-
thase (CS) has been chosen as a system of interest, because,
firstly, several high resolution crystal structures are available
for various forms of this enzyme (vide supra), and secondly,
because the spectroscopic measurements done for CS have
clearly demonstrated that the active site iron becomes five-
coordinate upon binding of the primary substrate. The steps
following five-coordinate FeII site formation and leading to
the active ferryl±oxo species (steps leading from species 3 to
6 in Scheme 1) have been studied and the results are report-
ed in the following subsections.


Computational Methods


In the present work, a model based on the crystal structure of the CS±
FeII±a-KG complex (PDB access code: 1DS1) was employed (see Fig-
ure 1B). This particular crystal structure was chosen, since it has been
solved to the highest resolution (1.08 ä) among all structures of a-KG-
dependent enzymes.[13] In the initial model used in the calculations, the
water molecule (Wat487 in Figure 1A), which coordinates the ferrous ion
in the crystal structure, was removed. This structural change was intro-
duced in order to model a five-coordinate non-heme iron active site,
which is capable to react with dioxygen. In this way the influence of the
substrate on the geometry of the iron site was indirectly taken into ac-
count. Notably, the crystal structure of the enzyme±FeII±a-KG±substrate
analogue complex indicates that only the chemically inert C�H bond of
the substrate points in the direction of the putative dioxygen binding site.
Therefore, the substrate does not seem to play any active role in dioxy-
gen activation (steps D±I, Scheme 1) and it was not included in the calcu-
lations. The model was composed of a ferrous ion together with groups
modeling the most relevant first and second coordination shell ligands
(see Figure 1). Specifically, the co-substrate was modeled by pyruvate,
histidines by imidazole rings, glutamate by acetate, while the second shell
ligands tyrosine and arginine were represented by phenol and methylo-
guanidino groups, respectively. In order to prevent unrealistic geometry
changes during the geometry optimizations some constraints were im-
posed on the residues. More specifically, the atoms marked with an aster-
isk in Figure 1B were fixed to their positions in the X-ray structure. This
procedure should guarantee that the optimized structures have reasona-
ble geometries. Previous studies have indicated that this approach gives


reliable results as the constraints introduce only a small energy correction
(less than 2 kcalmol�1) in comparison to the fully optimized models.[39]


Since the applied constraints made an harmonic analysis not rigorously
valid, a second, much smaller model was used to assess the thermal ef-
fects of the reactions. In the small model, histidines were replaced by am-
monia molecules, and glutamate by formate, while the second shell li-
gands were omitted.


All calculations were performed by employing hybrid density functional
theory (DFT) with the B3LYP[40,41] exchange-correlation functional. Two
programs, Gaussian[42] and Jaguar,[43] were used to investigate the chemi-
cal transformations occurring in the active site of a-KG-dependent en-
zymes during O2 activation. Geometry optimizations and molecular Hes-
sian calculations were performed with a valence double-zeta basis set
coupled with an effective core potential, describing the innermost elec-
trons on iron. This particular basis set is labeled lacvp in Jaguar. For the
optimized structures the electronic energy was computed with a bigger
basis set of triple-zeta quality with polarization functions on all atoms (la-
beled lacv3p** in Jaguar). The solvent corrections were calculated with
the self-consistent reaction field method implemented in Jaguar.[44,45] A
dielectric constant of 4 with a probe radius of 2.5 ä were assumed. All
transition-state optimizations and Hessian calculations were performed
with Gaussian 98 and the thermal corrections were calculated for the
temperature of 298.15 K.


Finally, a comment should be made about the reference system chosen
for the energetic considerations. Previous theoretical studies on hemery-
thrin have implicated that an accurate calculation of the dioxygen bind-
ing energy is a very demanding task.[46] It has been found that a QM/MM
approach is necessary to estimate the O2 binding energy with satisfactory
agreement with experimental data. A detailed theoretical analysis has
shown that the free energy of the binding of O2 to hemerythrin (non-
heme iron enzyme) is significantly affected by van der Waals and electro-
static contributions from the protein environment. These two types of in-
teractions, which cannot be described by the models used in this work,
contribute almost �10 kcalmol�1 to the free energy of O2 binding, and
almost cancel the significant entropy effects due to the trapping of molec-
ular oxygen by the metal complex. In the present study, the binding of
O2 to the iron center of a-KG-dependent enzymes was computed to be
endergonic by 9.3 kcalmol�1 (without solvent effects), and it was assumed
that, in analogy to the hemerythrin case, this energy is cancelled by the
van der Waals and electrostatic effects in the protein, leading to a ther-
moneutral or only slightly endergonic O2 binding. Accordingly, the free
energy of the triplet Fe�O2 complex serves as a reference point, and all
energies reported in this work, if not stated otherwise, are relative free
energies calculated with respect to this structure.


Results and Discussion


The present study focuses on dioxygen activation by the
non-heme iron enzymes from the group of a-KG-dependent
dioxygenases. The dioxygen activation process, which leads
from structure 3 to 6 in Scheme 1, is formally a four-electron
reduction of O2 by the Fe


II±a-KG complex. Two electrons
necessary for this reaction are supplied by iron, which
changes its oxidation state from +2 to +4, while the re-
maining two electrons originate from the co-substrate under-
going oxidative decarboxylation. Because several different
scenarios seem plausible for this process, the theoretical in-
vestigation was undertaken with the hope of gaining further
insight into this intricate redox process. Thus, in the follow-
ing subsections the results obtained for the elementary steps
comprising the O2 activation process are described with spe-
cial emphasis on the electronic structure changes taking
place along the reaction coordinate. Specifically, the proper-
ties of the five-coordinate ferrous active complex and bind-
ing of dioxygen to iron are discussed in the first two subsec-


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 1031 ± 10411034


FULL PAPER T. Borowski et al.



www.chemeurj.org





tions. Then, the co-substrate decarboxylation is addressed
and is followed by a subsection devoted to the O�O bond
heterolysis. Finally, the stability of different forms of the
high-valent iron-oxo species is discussed.


Five-coordinate iron site : Since spectroscopic studies on
CS[20,21] and model systems[32,36] have indicated that the iron
complex must be five-coordinate to bind dioxygen efficient-
ly, the five-coordinate complex, corresponding to species 3
in Scheme 1 and depicted in Figure 1B, has been chosen as a
starting point for the calculations. The optimized structure


of this species is shown in Figure 2, in which the spin popu-
lation on iron and the most relevant interatomic distances
are also presented. In Figure 2 it is apparent that the co-sub-
strate binds to iron in a bidentate manner. However, the dis-
tance between iron and the a-keto oxygen atom increases
upon water ligand release (the Fe�O3 distance is 2.21 ä in
the crystal structure of the six-coordinate species and 2.40 ä
in the optimized five-coordinate species; for atoms number-
ing see Scheme 1). This iron±carbonyl-oxygen bond elonga-
tion is in agreement with the crystallographic data obtained
for CS±FeII±a-KG±substrate complexes, in which the water
ligand binding is either perturbed (1DRY) or the water is
completely displaced from the coordination sphere of iron
(1DRT). In these two crystal structures the Fe�O3 distance
amounts to 2.25 ä and 2.54 ä, respectively, and the latter
value is close to that from the optimized model complex
(2.40 ä). It seems probable, that the Fe�O3 bond elongation
is caused by a trans-effect due to a stronger interaction be-
tween Glu146 and FeII in a five-coordinate species. All the
other metal±ligand distances change only slightly upon
water release, and the geometry of the complex is best de-
scribed as square pyramidal
with His279 as an axial ligand.
The ferrous ion is in a quintet
high-spin state, which is typical
for non-heme iron enzymes
usually providing ligands pro-
ducing a weak ligand field on
FeII.[12]


Dioxygen binding to the non-heme iron site : All mecha-
nisms proposed in the literature for a-KG-dependent en-
zymes suggest that dioxygen binds to iron and becomes acti-
vated for further catalytic steps (species 4 in Scheme 1).
Oxygen activation might, for example, involve an electron
transfer from iron(ii) leading to a ferric-superoxide species.
Due to the open-shell character of the iron site and dioxy-
gen, several spin states are possible for the Fe�O2 complex,
and this diversity has to be taken into account when model-
ing the catalytic reaction of a-KG-dependent enzymes. Spe-
cifically, the septet, quintet, and triplet spin states for the
iron±dioxygen complex have been explored. The relative en-
ergies and most interesting spin populations and bond
lengths obtained for these complexes are gathered in
Table 1, and the structure of the quintet complex is present-
ed in Figure 3. Inspection of Table 1 reveals that for the Fe�


O2 complex three different spin states lie close in energy.
The triplet state has the lowest energy and also the longest
iron±oxygen bond length. The spin distribution for that com-
plex reveals that the iron is in a ferrous high-spin state,
while the loosely bound dioxygen retains its triplet charac-
ter. Excitation to the septet and quintet spin states promotes
some charge shift from iron to dioxygen. From the spin pop-
ulations reported in Table 1 it can be inferred that for these
two spin states, iron is in a ferric oxidation state and the di-
oxygen fragment gains superoxide character. It is also inter-
esting to note, that the amount of charge transfer from iron
to dioxygen, as shown by the spin distribution, increases in
the order: triplet, septet, quintet and follows the increase of
the O�O bond length and the decrease of the Fe�O bond
length. Moreover, the largest negative charge accumulated
on the iron-bound dioxygen in the quintet complex is also


Figure 2. Optimized structure for the quintet ground state of the penta-
coordinate ferrous complex with a-KG in the first coordination shell.


Figure 3. Optimized structure for the iron±dioxygen complex in the quin-
tet spin state.


Table 1. Relative energies and chosen metric parameters for optimized iron±dioxygen complexes.


Multiplicity DG DH �TDS Fe�O1 O1�O2 Spin Spin Spin
[kcalmol�1] [kcalmol�1] [kcalmol�1] [ä] [ä] on Fe on O1 on O2


septet 2.2 0.9 1.3 2.28 1.31 4.06 0.76 0.76
quintet 5.8 1.8 4.0 2.09 1.34 4.17 �0.22 �0.52
triplet 0.0 0.0 0.0 2.30 1.26 3.71 �0.92 �0.97
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reflected by the sum of the Mulliken charges on the two
oxygen atoms, which amounts to: �0.28, �0.44, and 0.00, for
the septet, quintet, and triplet states, respectively.


Attack of the activated oxygen species on the a-keto group
of the co-substrate : As has already been indicated, in the
quintet state of the Fe�O2 complex the dioxygen fragment
attains the largest negative partial charge, and the electronic
structure of this complex is best described by the Fe3+�O2C�


formula. It is interesting to note that there is experimental
evidence[34,35] indicating that the superoxide ion is a potent
nucleophile capable of oxidative decarboxylation of a-keto
acids. In addition, studies on model systems[31,33] support a
nucleophilic character of the rate-limiting step in the oxida-
tive decarboxylation of the a-keto acid. Taking this into ac-
count, the quintet spin state of Fe�O2 seems to be the most
appropriate starting point for the next elementary step in
the catalytic reaction. Therefore, the quintet potential-
energy surface (PES) has been explored first, and the fol-
lowing scenario for dioxygen activation has emerged from
the computational results (see Figure 11, vide infra, for the
free-energy profile along the reaction coordinate). Reduc-
tion of dioxygen by the co-substrate starts with the attack of
the ferric±O2C� species on the carbonyl group of the a-keto
acid. In this step, a new C�O bond is formed, while simulta-
neously the C�C bond of a-KG is cleaved. Notably, all at-
tempts to optimize the structure of an intermediate with
either a superoxo or a peroxo bridge between iron and the
co-substrate (5a and 5c in Scheme 1) failed for the quintet
PES. It follows that the elementary step F in Scheme 1,
which leads to the FeII-peracid intermediate (5b), has been
found to be the most plausible route for the productive
decay of the iron±oxygen complex.
The structure of the optimized transition state leading to


the iron(ii)±peracid intermediate is shown in Figure 4, in
which the most relevant spin populations and bond lengths
are reported. The spin on iron (4.20) is only slightly in-
creased, while the spin polarization on the dioxygen frag-
ment is reversed with respect to the preceding iron±dioxy-
gen complex in Figure 3. Some transient spin also builds up


on the carbonyl oxygen of the co-substrate. As regards the
geometry of this transition state, comparing the bond
lengths in Figures 3 and 4, we notice that the iron±oxygen
and carbon±carbon bonds are significantly elongated with
respect to the Fe3+�O2C� structure. Notably, the carbon±
oxygen bond, which is formed in this step, has already a
length characteristic of a single C�O bond. The critical bond
lengths and spin populations for the transition state indicate
that at this point on the potential-energy surface the dioxy-
gen fragment still has a superoxide character, while iron is
in the ferric oxidation state. Therefore, the chemical charac-
ter of the process leading from the Fe�O2 complex to this
transition state is best described as a nucleophilic attack of
the superoxide species on the a-keto group of the co-sub-
strate. This observation is in agreement with experimental
data obtained for biomimetic complexes.[32, 33] Once the tran-
sition state is passed, the electronic structure rearranges as
the oxidative decarboxylation of a-KG supplies two elec-
trons needed for the reduction of Fe3+�O2C� to the Fe2+±
peroxo species. The calculated free energy for this transition
state is 16.1 kcalmol�1, which partitions into an enthalpy of
9.7 kcalmol�1 and a �TDS term of 6.4 kcalmol�1. This theo-
retical estimate of the activation free energy compares fa-
vorably with the experimental kinetic data obtained for
taurine/a-KG dioxygenase.[47] In that case the rate constant
for the reaction between the enzyme±FeII±a-KG±taurine
complex and dioxygen is 42�9 s�1, which corresponds to a
barrier of 15.2 kcalmol�1. A slightly larger activation free
energy (18.8 kcalmol�1) has been found for a model
system,[33] in which the major contribution to the activation
energy originates from the entropy term (DH=6.0 kcal -
mol�1, �TDS=12.8 kcalmol�1). The transition state shown
in Figure 4 decays to the FeII±peracid±CO2 complex (see
Figure 5), which lies 41.1 kcalmol�1 (DH=�40.7 kcalmol�1,
�TDS=�0.4 kcalmol�1) below the reactant. The high exer-
gonicity of this reaction shows that this catalytic step is irre-
versible at physiological temperatures.
The spin distribution and bond lengths for the iron(ii)-per-


acid intermediate (Figure 5) indicate that the C�C bond
cleavage leads to the reduction of the ferric±superoxo
moiety to the ferrous±peroxo one. The structural arrange-
ment of this intermediate shows a distance between the fer-
rous ion and carbon dioxide significantly longer than that


Figure 4. Optimized structure for the quintet transition state leading to
the formation of the ferrous±peracid complex.


Figure 5. Optimized structure for the quintet ground state of the FeII±per-
acid±CO2 complex.
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corresponding to a usual coordination bond. This observa-
tion suggests a weak interaction between CO2 and the fer-
rous center. In fact, when carbon dioxide is removed from
this complex, the calculated free energy for CO2 release is
�9.7 kcalmol�1 (DH=�1.5 kcalmol�1, �TDS=�8.2 kcal
mol�1). Therefore, it seems very likely that carbon dioxide
produced in the first irreversible step is liberated from the
active site at this stage of the catalytic cycle. It is interesting
to note that this proposal could provide an explanation for
experimental evidence indicating that CO2 is the first prod-
uct released from the active site of a-KG-dependent en-
zymes.[48] Consequently, following the assumption that in the
next catalytic steps carbon dioxide is not present in the
active site, CO2 has been excluded from the model. Howev-
er, since it has been proposed in the literature that succinate
and CO2 could form an anhydride coordinated to iron(iv),
the stability of that CO2-bound form is addressed in the sub-
section dedicated to the ferryl±oxo species.


By exploring the triplet potential-energy surface a stable
superoxo-bridged structure corresponding to the species 5a
in Scheme 1 has been found. In this complex, shown in
Figure 6, three unpaired d electrons on FeIII are antiferro-
magnetically coupled with one unpaired electron on the di-
oxygen fragment. The calculated free energy of this complex
is, however, quite high (DG=24.0 kcalmol�1, DH=


17.1 kcalmol�1, �TDS=6.9 kcalmol�1), which means that
this intermediate lies 7.8 kcalmol�1 above the quintet transi-
tion state for the first irreversible step. At this stage it is
worthwhile to compare the structures obtained for the quin-
tet and triplet potential-energy surfaces. More specifically,
inspection of Figure 4 and Figure 6 reveals that the transi-
tion state leading to the FeII±peracid complex on the quintet
PES resembles the stable triplet superoxo bicyclic inter-
mediate. In both cases the dioxygen fragment resembles a
superoxide radical both concerning the O�O distance and
the spin populations on the oxygen atoms. Therefore, it
seems that the electronic configuration of iron governs the
stability of these species. In the triplet complex, depicted in
Figure 6, one of the 3d orbitals on iron is empty and may
form a relatively strong dative bond with an oxygen atom


(O3, for numbers see Scheme 1), which becomes negatively
charged upon a nucleophilic attack of the superoxo species
on the a-keto carbon. In contrast, for the quintet spin state
all 3d orbitals on iron are singly occupied, and, therefore,
the transition metal (TM) stabilizes the tetrahedral (at C4)
intermediate to a lesser extent. Indeed, comparing Figures 4
and 6 we notice that the Fe�O3 distance is notably shorter
for the triplet intermediate than for the quintet TS (1.92 ä
vs 1.98 ä). This weaker stabilization effect of the TM to-
gether with the high exothermicity of the decarboxylation
step (see Figure 11, vide infra) results in a spontaneous oxi-
dation of a-KG once the system has achieved the transition-
state geometry. Finally, as a comparison, in the catalytic
cycle of the radical enzyme pyruvate formate lyase (PFL), a
similar tetrahedral intermediate is formed after the attack of
a cysteinyl radical on the carbonyl carbon atom of pyru-
vate.[49, 50] However, there is a subtle difference between PFL
and the system studied here. In PFL a radical attack of
Cys±SC on the carbonyl group leads to a tetrahedral inter-
mediate with a covalent S�C bond and an unpaired electron
on the oxygen atom. In contrast, in a-KG-dependent en-
zymes the superoxide species performs a nucleophilic
attack, which means that the O�O fragment retains its su-
peroxide character and the negative charge builds up on the
oxygen atom (previously a carbonyl oxygen). Thus, the cata-
lytic role of iron is threefold at this stage of the catalytic
cycle of a-KG-dependent enzymes. Firstly, the ferrous ion is
necessary to produce the superoxo species. Secondly, the
ferric ion seems to stabilize the tetrahedral intermediate
with a negative charge accumulated on the oxygen atom
originating from the carbonyl group. Finally, the ferric ion is
a sink for one of the two electrons released from co-sub-
strate during the C�C bond cleavage, while the second elec-
tron reduces the superoxide species to a peroxo moiety.
Starting from the triplet intermediate shown in Figure 6


and following the triplet potential-energy surface a transi-
tion state leading to the FeII±peracid±CO2 complex was
found. In this FeII±peracid±CO2 intermediate the ferrous ion
is in the triplet spin state. The transition state lies 8.8 kcal -
mol�1 (DH=7.8 kcalmol�1, �TDS=1.0 kcalmol�1) above
the superoxo-bridged structure, which means that this triplet
transition state lies 16.6 kcalmol�1 higher than the quintet
counterpart. Taken together, the results obtained for the
triplet and quintet spin states demonstrate that decarboxyla-
tion on the latter PES involves the lower barrier.
For the septet spin state, the oxidative decarboxylation of


a-KG would have to proceed directly from the septet Fe�O2


complex to the high-valent iron±oxo species for two reasons.
Firstly, the computational results indicate that the superoxo-
bridged septet species (corresponding to 5a in Scheme 1)
does not form. Secondly, a septet spin state for the FeII±per-
acid complex will imply that the O�O fragment is in a trip-
let excited state, and this electronic configuration is most
likely at quite high energy. Accordingly, the transition state
for the C�C and O�O concerted bond cleavage on the
septet PES lies 6.4 kcalmol�1 higher (DH=8.9 kcalmol�1,
�TDS=�2.5 kcalmol�1) than the first transition state on
the quintet PES. In conclusion, a comparison of the compu-
tational results obtained for septet, quintet, and triplet spin


Figure 6. Optimized structure for the triplet superoxo bicyclic complex.
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states suggests that on the quintet PES is dioxygen most ef-
ficiently activated for oxidative decarboxylation of a-KG.


O�O bond cleavage in the iron(ii)±peracid intermediate :
The results discussed in the previous subsection support oxi-
dative decarboxylation of a-KG leading from the Fe�O2


complex directly to the FeII±peracid intermediate. Thus, in
order to generate the high-valent iron(iv) species the O�O
bond in the peracid fragment needs to be cleaved. The het-
erolytic cleavage of the O�O bond is equivalent to a two-
electron reduction of the peracid oxygen atoms associated
with ferrous ion oxidation to the +4 oxidation state. On the
quintet potential-energy surface this process proceeds in two
one-electron steps separated by an intermediate character-
ized by half a bond between the two oxygen atoms. This
mechanism has previously been observed for similar systems
such as cytochrome c oxidase,[51] a biomimetic iron cata-
lyst[52] and tetrahydrobiopterin-dependent amino acid hy-


droxylases.[53] The transition state leading to the intermedi-
ate in which the O�O bond has not been completely cleaved
is shown in Figure 7. The spin on iron is somewhere between
the values for the reactant and product of this step (see Fig-
ures 5 and 8) and indicates that one electron is being moved
from iron to the O�O s* orbital. The activation free energy
for this step amounts to 5.8 kcalmol�1 (DH=4.9 kcalmol�1,
�TDS=0.9 kcalmol�1) and the process is exothermic by
2.3 kcalmol�1 (without thermal effects, since for the small
model the intermediate with half a O�O bond is unstable).
The structure of the resulting intermediate is depicted in
Figure 8. Interestingly, the carbon±oxygen distances in the
peracid fragment for the intermediate and the transition
state are almost interchanged. Thus, the bond which had
previously a double bond character now becomes elongated,
while the original single bond shortens. The O�O bond
length (2.11 ä) in this intermediate is considerably longer
than for the FeII±peracid complex (1.52 ä), but it still indi-
cates a bonding interaction between the two oxygen atoms.
The second electron transfer proceeds even more readily


as the calculated activation energy (without solvent and
thermal corrections) amounts to only 0.5 kcalmol�1. The op-


timized geometry of the second transition state for O�O
bond cleavage is shown in Figure 9. Notably, the Fe�O dis-
tance increases from 1.78 to 1.83 ä going from the inter-


mediate with half a O�O bond to the second transition state
of O�O heterolysis. Moreover, comparing the spins on O1
in Figures 8±10 one can notice that a remarkable negative
spin builds up on this atom at the transition state, and then
it changes sign and increases at the expense of the spin on
iron. In addition, comparison of Figures 8±10 reveals that
the second shell arginine facilitates the O�O bond cleavage.
At the transition state the arginine is involved in a bifurcat-
ed hydrogen bond with both oxygen atoms of the O�O
bond, while in the final structure of the high-valent FeIV spe-
cies it forms a network of hydrogen bonds with three
oxygen atoms. The small activation energy for the second
electron transfer causes the process to become activationless
when the solvent corrections are added. The second electron
transfer is exothermic by 14.2 kcalmol�1, while the whole
two-electron process is exergonic by 19.7 kcalmol�1 (DH=


�20.3 kcalmol�1, �TDS=0.6 kcalmol�1). Thus, the O�O
bond cleavage process is fast (small activation free energy)
and it is irreversible (high exergonicity). The cleavage of the
O�O bond leads to the ferryl-oxo quintet species depicted
in Figure 10. The short Fe=O bond of 1.65 ä matches very


Figure 7. Optimized structure for the first transition state on the quintet
potential-energy surface for the O�O bond cleavage.


Figure 8. Optimized structure for the quintet intermediate with half a
bond between the oxygen atoms.


Figure 9. Optimized structure for the second transition state on the quin-
tet potential-energy surface for the O�O bond cleavage.
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well the one observed in the crystal structure of the non-
heme iron(iv) complex (1.646(3) ä).[38] The electronic struc-
ture and relative stability of various possible forms of the
high-valent iron±oxo species is discussed in the next subsec-
tion.


High-valent iron±oxo species : As described above, the O�O
bond heterolysis leads from the peracid intermediate to the
high-valent FeIV species. As for the loosely bound dioxygen
complexes, there are also in this case several possible spin
states. Additionally, the possibility of CO2 binding to iron,
either in the ™native∫ form or as an anhydride with succi-
nate, complicates the picture further. In an attempt to gain
some insight into the relative stability of various forms of
high-valent FeIV intermediates the structures of the septet,
quintet, and triplet complexes without CO2, with CO2 bound
to iron, and with the CO2±succinate anhydride were opti-
mized. Only the structure with the ™native∫ CO2 bound to
iron in a triplet spin state turned out to be impossible to op-
timize. In this case, the optimization leads directly to the
C1�O2 bond formation (for atom numbering see Scheme 1),
which means that for the triplet spin state CO2 binds to iron
only in the form of an anhydride with succinate. It seems
likely that this behavior, peculiar to the triplet spin state, re-
flects the electronic structure of the iron complex. For that
spin multiplicity FeIV has one empty d orbital, and this orbi-
tal participates in a dative bond from the anionic anhydride
stabilizing the structure with a covalent bond between CO2


and succinate. The energies and most relevant geometrical
parameters for the optimized forms of the ferryl±oxo species
are gathered in Table 2. Analysis of the data in Table 2 re-
veals that the quintet five-coordinate complex is the ground
state for the high-valent iron±oxo species in the active site
of clavaminic acid synthase. Binding of carbon dioxide to
the FeIV site is endergonic, and anhydride formation does
not stabilize it. Thus, the conclusion that CO2 leaves the
active site soon after it is formed (vide supra) gains further
support here. Neither the FeII nor the FeIV species formed
along the catalytic reaction path bind carbon dioxide. The
crystal structures obtained for ANS±a-KG±substrate com-


plex before and after dioxygen exposure are consistent with
this conclusion.[15] In the latter case, the product and the suc-
cinate are bound to iron, while carbon dioxide has been sub-
stituted by a water molecule. In contrast, the crystal struc-
ture of the DAOCS DR07A mutant (1E5H)[17] reveals a
CO2 bound to the ferrous site, in which a succinate is also
found in the first coordination sphere of iron. However, this
complex has not been obtained as a product of the catalytic
reaction, and, therefore, it may have limited relevance in
the discussion of the species formed along the catalytic reac-
tion path.
Finally, a note about the electronic structure of the high-


valent FeIV species. Taking into account only the most rele-
vant atomic orbitals of the Fe=O fragment (2p on oxygen,
3d on iron), eight molecular orbitals can be constructed for
this fragment: s, s*, two p, two p*, and two non-bonding d


orbitals localized on iron. These orbitals accommodate ten
electrons leading to the following electronic configurations
for the three multiplicities: triplet (s)2(pa)


2(pb)
2(da)


2-
(p*a)


1(p*b)
1, quintet (s)2(pa)


2(pb)
2(da)


1(db)
1(p*a)


1(p*b)
1, and


septet (s)2(pa)
2(pb)


1(da)
1(db)


1(p*a)
1(p*b)


1(s*)1. Notably, the
triplet and quintet spin states differ only in the pairing of
the electrons occupying the non-bonding d orbitals on iron.
Therefore, the Fe�O bond length in these two species is
very similar (1.63 ä for the triplet, 1.65 ä for the quintet),
as is the spin on the oxygen atom (0.86 for the triplet, 0.72
for the quintet). The formal Fe�O bond order amounts to
two for the triplet and quintet species. As regards the septet
spin state, the p!s* triplet excitation, which formally leads
from the quintet to the septet state, leads to a Fe�O bond
elongation (1.95 ä). This significant bond length increase
can be rationalized by a formal Fe�O bond order equal to
one, as calculated from the above electronic configuration.
Since for the septet state twice as many (alpha) unpaired
electrons occupy the Fe�O bonding and antibonding molec-
ular orbitals as in the quintet and triplet states, the spin on
oxygen almost doubles (1.30 for the septet vs 0.72 for the
quintet).


Figure 10. Optimized structure for the quintet ground state of the high-
valent iron species FeIV=O proposed to be involved in oxidative reactions
catalyzed by a-KG-dependent enzymes.


Table 2. Relative energies and chosen metric parameters for optimized
forms of the high-valent iron-oxo complexes.


Species DG DH �TDS Fe�
O1


Fe�
O4


Fe�
O3


C1�
O2


[kcalmol�1] [kcalmol�1] [kcalmol�1] [ä] [ä] [ä] [ä]


septet �57.2 �47.4 �9.8 1.95 ± 1.91 ±
quintet �70.6 �62.6 �8.0 1.65 ± 1.92 ±
triplet �52.5 �46.6 �5.9 1.63 ± 1.95 ±
septet±
CO2


�43.8 �44.0 0.2 1.93 2.95 1.94 2.80


quintet±
CO2


�49.8 �51.1 1.3 1.66 2.61 1.93 2.71


septet±
anhydride


�35.1 �38.1 3.0 1.95 1.98 2.27 1.51


quintet±
anhydride


�44.2 �48.1 3.9 1.65 2.00 2.22 1.55
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Conclusions


The results of hybrid density functional calculations that are
reported here show that dioxygen activation in a-KG-de-
pendent enzymes proceeds most efficiently on the quintet
potential-energy surface. The energetics of the proposed re-


action mechanism are summarized in Figure 11. Briefly, con-
sistent with the experimental data, the decarboxylation reac-
tion is found to be irreversible and CO2 leaves the active
site once it is produced, that is, it is the first product re-
leased. Moreover, this step, in which the FeII±peracid inter-
mediate is formed and a-KG is oxidatively decarboxylated,
is found to be rate-limiting. This finding together with the
small activation barriers for the following steps explain why
the peracid intermediate is not observed experimentally.
The O�O bond cleavage in the FeII±peracid intermediate
takes place in two one-electron steps, and produces the
high-valent iron±oxo species. The low calculated activation
free energy and significant exergonicity of this step imply
that the O�O bond breaking is very quickly completed
under ambient temperatures. Finally, the ground state for
the ferryl±oxo species has been found to be a pentacoordi-
nate quintet complex. On the septet potential-energy sur-
face the dioxygen activation process is less efficient (a barri-
er higher by 6.4 kcalmol�1) and proceeds through a transi-
tion state for a concerted O�O and C�C bond cleavage.
The mechanism of dioxygen activation that is suggested
here for a-KG-dependent enzymes has striking analogies to
the catalytic process of dioxygen cleavage in tetrahydrobiop-
terin-dependent amino acid hydroxylases.[53] In both cases
the reaction advances on the quintet potential-energy sur-
face and the process starts with dioxygen binding to the fer-
rous five-coordinate active site. Furthermore, in both cases
dioxygen bound to the iron site is reduced to the peroxo
species in a rate-limiting step, and the O�O bond cleavage


passes through two one-electron steps both in a-KG- and
tetrahydrobiopterin-dependent enzymes. Thus, despite the
different chemical character of the cofactors, a common
theme for dioxygen activation has been found for these two
classes of non-heme iron dioxygenases.
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Adamantanes, Nortricyclenes, and Dendrimers with Extended Silicon
Backbones


Roland Fischer,[a] Judith Baumgartner,[a] Guido Kickelbick,[b] Karl Hassler,*[a] and
Christoph Marschner*[a]


Introduction


In organic chemistry, the cage-shaped tricyclo[2.2.1.02,6]hep-
tanes (nortricyclenes) and tricyclo[3.3.1.13,7]decanes (ada-
mantanes) have long been known.[1] Many derivatives with
various substitution patterns, including the parent hydrocar-
bons C7H10 and C10H16 and compounds with backbones com-
posed of carbon and first-row heteroatoms such as oxygen
or nitrogen, have been described in the literature.[2]


Adamantanes and nortricyclenes are also common ring
systems in the inorganic and organometallic chemistry of
the heavier elements of Groups 15 and 16, such as phospho-
rus, arsenic, sulfur and selenium. Enumeration of a few ex-


amples of nortricyclenes such as P7R3,
[3] As7R3,


[4] P4S3,
[5]


P4Se3,
[6] As4S3


[7] and As4Se3
[8] and of adamantanes such as


P4O6 and P4O10 may suffice here to demonstrate their wide-
spread occurrence.
Due to its position in the Periodic Table, silicon is often


compared with carbon. The importance of this ™organic
chemist×s∫ point of view for the development of organosili-
con chemistry cannot be overemphasized and has led to
many exciting discoveries. Indeed a close structural analogy
between molecules with a carbon backbone Cn and a silicon
backbone Sin exists as long as only single bonds are present,
and the similarity is even more striking when the substitu-
ents on the silicon atoms are organic groups such as methyl
or phenyl. For instance, cyclohexane prefers the chair con-
formation, as do cyclohexasilane and dodecamethylcyclo-
hexasilane.[9] One therefore would expect a highly stable
molecule such as adamantane to have a counterpart in sili-
con chemistry. Impure Si10Me16 was in fact obtained from
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Abstract: By reaction of the hexabro-
moheptasilane MeSi(SiMe2SiMeBr2)3
(1a) with H2O, H2S, NH3, and H2NMe
the heptasilaadamantanes MeSi(SiMe2-
SiMeO)3 (4), MeSi(SiMe2SiMeS)3 (5),
MeSi(SiMe2SiMeNH)3 (6a), and Me-
Si(SiMe2SiMeNMe)3 (6b), respectively,
were prepared in good to moderate
yields. Molecular structures of 4, 5, 6a,
and 6b were determined by X-ray crys-
tallography. The symmetry of the cages
is approximately C3v, and the geometry
around the nitrogen atoms is essential-
ly planar. Ab initio SCF/HF calcula-
tions with the 6-31G* basis set confirm


these results. Reduction of MeSi(Si-
Me2SitBuBr2)3 (1b) with lithium naph-
thalenide afforded the heptasilanortri-
cyclene MeSi(SiMe2SitBu)3 (7). The
29Si NMR spectrum of 7 consists of
three signals with chemical shifts that
agree closely with values predicted by
ab initio calculations. 29Si INADE-
QUATE spectra also strongly support


the nortricyclene structure. Ab initio
SCF/HF calculations were performed
for the parent molecule Si7H10, and the
ring strain of the cage was estimated as
168.8 kJmol�1 by using the homodes-
mic reaction Si7H10 + 3Si2H6!Si13H28.
Compound 1a also served as the start-
ing material for the preparation of
first-generation dendrimer 2a by reac-
tion with six equivalents of Ph2MeSiLi.
Subsequent protodearylation with HBr
and reaction with (Me2PhSi)2SiMeK af-
forded second-generation dendrimer 3.
All dendrimers were characterized by
multinuclear NMR spectroscopy.


Keywords: dendrimers ¥ heptasila-
adamantanes ¥ heptasila-
nortricyclenes ¥ polycycles ¥ silanes
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the reaction of a mixture of MeSiCl3 and Me2SiCl2 with po-
tassium in very low yield and was identified by its 1H NMR
spectrum.[10] Neither Si10H16 nor nortricyclenes Si7R10 have
been described so far. It is even more striking that adaman-
tanes and nortricyclenes containing at least one silicon±sili-
con bond (except Si10Me16) are also unknown.
All known adamantanes with backbones partially com-


posed of silicon atoms are characterized by alternating ar-
rangements of Si and X atoms[11] and have the composition
(SiR)4X6 (A : X=O, S, Se, NH, PPh) or X4(SiR2)6 (B : X=P
or As). The preparation of a number of fused adamantanes
with an alternating arrangement of Si and C atoms by pyrol-
ysis of, for instance, tetramethylsilane proves the exceptional
stability of these carbosilane cages.[12]


So far, only two nortricyclenes containing silicon atoms,
namely, P4(SiMe2)3 (C)


[13] and As4(SiMe2)3 (D),[14] have been
synthesized and characterized by X-ray diffraction. These
molecules contain three-membered P3 or As3 rings but no
silicon±silicon bond.


Considering all these facts one could ask whether the non-
existence of adamantanes and nortricyclenes with silicon±sil-
icon bonds reflects some inherent instability of these com-
pounds or simply the difficulty of preparation due to the
lack of suitable functional oligosilane starting materials.
With these questions in mind we have set out to explore
some synthetic pathways which eventually led us to the de-
sired products.
The situation concerning dendrimers containing silicon±


silicon bonds[15,16] is similar to that for the above-mentioned
nortricyclanes and adamantanes. Dendrimers containing iso-
lated silicon atoms in the backbone are quite well known,


but again very few studies deal with compounds containing
silicon±silicon bonds.[17] Nevertheless, the few publications
on dendrimers with all-silicon scaffolds showed them to be
potentially useful materials.[18] The spherical shape and high
structural redundancy render them more robust compared
to open-chain polysilanes. On searching for synthetic path-
ways towards oligosilane dendrimers it becomes clear that
starting materials which are required for the construction of
cage molecules can also be employed for the generation of
dendrimeric structures.


Results and Discussion


Syntheses


Dendrimers : Strategies for the synthesis of oligosilane den-
drimers require similar intermediates to those for cage mol-
ecules with silicon±silicon bonds. In our case the common
intermediate is hexabromoheptasilane 1a. Its reaction with
six equivalents of dimethylphenylsilyllithium generates the
first-generation Si13 dendrimer 2a (Scheme 1). The phenyl
groups of 2a can serve as masked functionalities and can
easily be replaced by bromo groups to give 2b by mild pro-
todearylation with neat hydrogen bromide at �78 8C. No
AlBr3 is required. The resulting hexafunctional dendrimer
can then be converted to the corresponding hexahydrosilane
2c by reaction with lithium aluminum hydride. Dendrimers
with H-terminated branches may be useful for derivatization
by hydrosilylation.
Compound 1a was obtained from tris(dimethylphenylsi-


lyl)methylsilane by protodearyation with hydrogen bromide,
treatment with three equivalents of methyldiphenylsilyllithi-
um[19] and another protodearylation step with hydrogen bro-
mide. The synthetic strategy to construct dendrimers in one-
atom steps (i.e. , the branches grow by monosilyl units)
therefore consists of repeated elongation and activation
steps. It offers maximum flexibility with respect to substitu-
tion patterns and number of spacer atoms between branch-
ing points. However, it requires four reaction steps to grow
the dendrimer one generation further (Scheme 2).
The number of steps between generations can be reduced


to two if trisilanyl units are used instead of monosilyl
groups. Such an approach can be realized by using isotetrasi-
lane (Me2PhSi)3SiMe,[17b,20] which can provide the nucleus of
the dendrimer by conversion to the corresponding tribro-
mide.[21] In addition it also serves as a valuable source for


Scheme 1.
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the generation of bis(dimethylphenylsilyl)methylsilylpotassi-
um.[22] This compound can be prepared by simple treatment
of tris(dimethylphenylsilyl)methylsilane with potassium tert-
butoxide in THF.[23]


Reaction of three equivalents of the silyl potassium com-
pound with tris(bromodimethylsilyl)methylsilane then gives
the first-generation dendrimer 2a in a single step
(Scheme 3). As outlined above
2a can be converted to the
hexabromide 2b, which reacts
with six equivalents of the silyl
potassium compound to give
the second-generation Si31 den-
drimer 3.
Figure 1 shows the 29Si NMR


spectrum of 3, which exhibits
three groups of signals for
atoms attached to three (d=
�60 to �80 ppm), two (d=
�25 to �30 ppm), or one (d=
�15 ppm) silicon atom. The
chemical shifts are in good
agreement with the values ob-
served for the permethylated
compound.[16b]


Our synthetic approach re-
sembles that of Sekiguchi
et al. ,[17b,d] which utilizes the re-
action of triflates with 2-lithio-
trisilanes. However, for a
number of reasons the reaction
scheme described here repre-
sents a substantial improve-
ment. The use of bromides in-
stead of triflates avoids the fre-


quently encountered side reac-
tions of strong nucleophiles
with triflates.[24] The main ad-
vantage, however, is the use of
silylpotassium compounds.[25]


The reaction of suitable precur-
sors with potassium alkoxides
provides access to silyl anions
in almost quantitative yield.[23]


In addition, the potassium com-
pounds are also more reactive
than the lithium compounds.
While this is not a major issue
for normal types of reactions, it
is of importance in dendrimer
synthesis, where completeness
of reaction makes the differ-
ence between a perfect den-
drimer and by-products that
are so similar to the product
that they can hardly be re-
moved. It is this final argument
that we think makes our ap-
proach very attractive.


Adamantanes and nortricyclenes : Adamantanes are closely
related to nortricyclenes, since the (formal) insertion of
three atoms into the three-membered ring transforms the
latter into the former. We therefore chose hexafunctional
heptasilanes of the type MeSi(SiMe2SiRBr2)3 (1a : R=Me;
1b : R= tBu) as suitable precursors which could furnish nor-


Scheme 2.


Scheme 3.
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tricyclenes on reduction with alkali metals or related reduc-
ing agents, or adamantanes Si7X3 on reaction with hydrides
of oxygen, sulfur, nitrogen, and phosphorus. To stabilize the
three-membered ring of the nortricyclenes, the bulky tert-
butyl group was introduced as substituent R, whereas
methyl groups were chosen for preparation of the adaman-
tanes (Scheme 4).


The reaction of 1a with three equivalents of H2O and trie-
thylamine as trapping agent for hydrogen bromide does not
result in formation of the trioxaadamantane MeSi(SiMe2Si-
MeO)3 (4). Instead extensive silicon±silicon cleavage gives a
plethora of products. With six equivalents of H2O and imi-
dazole instead of triethylamine the reaction proceeds
smoothly with yields near 80%. Compound 4 can be crystal-
lized from n-pentane or diethyl ether.
The reaction of 1b with water did not result in the forma-


tion of a trioxaadamantane. The 29Si NMR spectrum of the
reaction mixture displayed a considerable number of signals,
which could not be assigned.
With H2S and in the presence of imidazole, 1a reacts


smoothly to give trithiaheptasilaadamantane 5, which can be
purified by crystallization from n-pentane.
When 1a is treated with an ample excess of NH3, 6a is


formed in quantitative yield without any detectable by-prod-
ucts. Here, ammonia also serves as a base to remove hydro-
gen bromide as ammonium bromide.
With an excess of MeNH2 the reaction does not proceed


as smoothly as with NH3. Still, 6b can be obtained in moder-
ate yield by crystallization from n-pentane. The 29Si NMR
spectrum of the residue consists of a fairly large number of
lines indicative of intermolecular SiNSi bond formation. No


attempts were made to identify or separate these products
from the reaction mixture.
Both hexa-tert-butylcyclotrisilane[26] and hexakis(trime-


thylsilyl)cyclotrisilane[27] are stable compounds, and hence
provide support for the expectation that cyclotrisilanes bear-
ing tert-butyl or trimethylsilyl groups will also be stable. We
therefore expected that the three-membered ring in heptasi-
lanortricyclene would be stabilized by introduction of tert-
butyl groups. It is also known from the work of Weiden-
bruch et al.[28] that the reduction of di-tert-butyldichlorosi-
lane does not result in the formation of a cyclotrisilane.
However, reduction of di-tert-butyldibromosilane gives the
cyclotrisilane in good yield, possibly due to the lower Si�Br
bond energy. We therefore chose tri-tert-butylheptamethyl-
hexabromoheptasilane 1b as a promising starting material
which could afford a heptasilanortricyclene on reduction.
Reducing agents such as C8K and sodium/potassium alloy


led to the formation of polymers. The reaction with lithium
naphthalenide proceeded differently and gave the desired
nortricyclene 7 as the only detectable product. Compound 7
was identified by its 29Si NMR spectrum, which consists of
three lines with chemical shifts that agree excellently with
those obtained from ab initio calculations (see ™NMR spec-
troscopy∫ below). It was not possible to grow crystals of the
compound because of naphthalene present in the reaction
mixture. Attempts to remove the naphthalene by sublima-
tion resulted in decomposition, probably due to the forma-
tion of silylenes from the cyclotrisilane, a process which can
occur at temperatures as low as 40 8C, depending on the
type of substituents.[29]


X-ray crystallography : The molecular structures of 4, 5, 6a
and 6b were determined by single-crystal X-ray diffraction
(Figure 2). SCF/HF ab initio calculations at the 6-31G* level
predict C3v symmetry for 4, 5, 6a and 6b. Due to packing ef-
fects the molecular symmetry of the cages is lowered in the
crystal, although the deviations from C3v are fairly small.
Average bond lengths, bond angles, and torsion angles are
therefore listed in Table 1.
For instance, the C1-Si1-Si2-Si3, C1-Si1-Si2A-Si3A, and


C1-Si1-Si2B-Si3B dihedral angles, which can be used to
assess deviations of the Si7X3 core from C3v symmetry, do
not differ from 1808 by more than �2.88. Deviations from
C3v symmetry can also be quantified by comparing the C21-
Si2-Si1 and C22-Si2-Si1 angles of the SiMe2 groups. The dif-
ferences of less than 28 indicate just a slight twisting of the
SiMe2 groups. Moreover, equivalent bond lengths generally
are identical within fractions of a picometer. The different
molecular symmetries observed in the crystals–4 belongs to
point group C3, 5 and 6a to C1 and 6b to Cs–reflect subtle
differences in the packing forces.
Table 1 reveals some interesting differences between the


geometries of the cages with X=O, N and X=S. The com-
paratively short Si�O and Si�N bonds result in a small
(SiN/O)3 six-membered ring in which the Si1-Si2-Si3 bond
angles are as small as 102±1048. This is accompanied by flat-
tening of the (SiN/O)3 ring, as indicated by dihedral angles
of around �408 (Table 1), which distributes the resulting
strain over a larger number of bond angles. With X=S, the


Figure 1. 29Si NMR spectrum of 3.


Scheme 4.
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strain is considerably reduced due to the longer Si�S bond.
Consequently, the Si1-Si2-Si3 bond angle (108.18) is close to
the tetrahedral angle of 109.58. Notably, the geometry
around the nitrogen atoms in 6b is nearly planar. The sum
of the relevant bond angles is 354.98 (av).


NMR spectroscopy: Table 2 summarizes the 29Si, 13C, and 1H
chemical shifts of the adamantanes 4, 5, 6a, and 6b. The
numbering of atoms is given in Figure 2. Shift values for Si1
(which is surrounded by three silicon atoms) are fairly con-
stant throughout the series, ranging from d=�80.0 to
�86.9 ppm. The corresponding value for MeSi(SiMe3)3 is
d=�87.9 ppm.[30] The data clearly indicate that the Si-Si1-Si
angles do not differ dramatically within the series, which is
confirmed by the results of the X-ray investigations. The
range of shifts for Si2 is larger (d=�31.6 to �44.4 ppm),
which is partly due to the differing electronegativities of O,
S, and N, which are just two bonds away from Si2, and also


by variations in the Si1-Si2-Si3 bond angles. For instance,
the values for 6a and 6b are 103.58 and 101.78, respectively,
and that for 5 is 108.18. It is also not surprising that the larg-
est variations are observed for Si3, which shows resonances
over a range of nearly 30 ppm.
Table 2 also includes the observed 29Si shifts for the nortri-


cyclene 7 (Figure 3), which consists of three lines, as expect-
ed for a nortricyclene structure. The observed shifts of d=
�80.6 (Si3) and d=�87.4 ppm (Si1) clearly rule out a chain-
like structure. The proposed assignment is based solely on
the results of the ab initio calculations (next below). At-
tempts to record proton-coupled spectra, which would pro-
vide an unambiguous assignment, were not successful due to
the low concentration of 7 in the reaction mixture. The
proton-decoupled INEPT±INADEQUATE spectrum, part
of which is shown in Figure 4, also confirms the Si7 cage
structure. The following Si±Si coupling constants were ob-
tained (the numbering of the atoms is given in Figure 6):


Figure 2. Molecular structures of 4, 5, 6a, and 6b with 30% probability thermal ellipsoids. Hydrogen atoms are omitted for clarity.
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1JSi(1),Si(2)=52.7, 1JSi(2),Si(3)=48.4,
2JSi(1),Si(3)=9.6, 2JSi(3),Si(2’)=
8.6 Hz.
To obtain further evidence


for the nortricyclene-structure
of 7, ab initio calculations of
29Si chemical shifts were per-
formed for 4, 5, 6a and 7 by
the GIAO-SCF method (see
below). Figure 5 shows the cor-
relation between the calculat-
ed absolute shifts and the ex-
perimental shifts relative to
TMS. The important result is
that the shift for Si3 of 7 lies
exactly on the least-squares fit,
leaving little doubt that Si3 is
indeed part of a three-mem-
bered ring. From the least-
squares fit, an absolute shift
value for TMS of 441.5 ppm
was obtained, which compares
well with the value of
461.1 ppm given in the litera-
ture.[31]


Ab initio calculations


Adamantanes : Ab initio geom-
etry optimizations predict C3v


symmetry for 4, 5, 6a and 6b.
The calculated equilibrium
bond lengths, bond angles and
dihedral angles closely match
the experimental values given
in Table 1, and thus also con-
firm the approximate planar
geometry of the nitrogen
atoms in 6a and 6b. Moreover,
predicted bond lengths and


Table 1. Selected average bond lengths [pm], angles [8] and torsion angles [8] for 4, 5, 6a, and 6b. The labelling
of structure 4 is also valid for 5, 6a, and 6b.


Bond lengths


4 5 6a 6b
Si1�Si2 235.40(2) 233.53(19) 234.29(10) 235.42(10)
Si2�Si3 234.36(5) 233.92(20) 234.67(10) 235.95((10)
Si�X 165.47(19) 215.08(20) 172.80(10) 172.48(16)


Angles


Si2-Si1-Si2A 105.183(16) 106.15(7) 105.43(4) 106.85(4)
Si1-Si2-Si3 102.130(19) 108.10(7) 103.53(3) 101.70(3)
Si2-Si3-X1 106.09(4) 112.67(8) 107.15(7) 107.07(6)
Si2-Si3-X3 109.28(4) 111.92(8) 108.93(7) 107.98(6)
X-Si3-X 106.61(7) 112.20(9) 107.04(9) 107.01(10)
Si3-X-Si3A 125.60(6) 105.07(8) 123.47(11) 124.97(12)
C1-Si2-Si3 113.479(14) 112.62(20) 113.26(9) 111.98(11)
C21-Si2-Si1 111.69(6) 112.45(20) 111.37(12) 110.83(10)
C22-Si2-Si1 113.91(6) 112.88(20) 112.66(12) 110.83(10)
C21-Si2-Si3 109.62(5) 106.65(20) 112.43(13) 113.57(10)
C22-Si2-Si3 111.90(7) 107.75(20) 110.17(12) 113.79(10)
C3-Si3-Si2 116.87(6) 110.77(20) 113.82(10) 114.76(10)


Torsion angles


C1-Si1-Si2-C21 64.47(6) 62.20(30) 57.80(17) 60.42(15)
C1-Si1-Si2-C22 �57.63(7) �61.01(30) �62.79(17) �58.66(15)
Si3-X1-Si3B-X2 38.72(11) 63.13(10) 44.21(15) 41.60(16)
X1-Si3B-X2-Si3A �38.72(11) �62.14(11) �43.17(15) �39.90(14)
Si3B-X2-Si3A-X3 38.72(11) 61.57(11) 41.13(14) 38.25(17)
X2-Si3A-X3-Si3 �38.72(11) �61.01(10) �40.25(14) �38.25((17)
Si3A-X3-Si3-X1 38.72(11) 61.56(10) 41.64(13) 39.90(14)
X3-Si3-X1-Si3B �38.72(11) �62.75(10) �43.52(14) �41.60(16)


Table 2. Experimental d(29Si), d(13C) and d(1H) values [ppm versus TMS] for the heptasilaadamantanes 4, 5,
6a 6b and for the heptasilanortricyclene 7. The numbering of the atoms is MeSi(1)[Si(2)Me2Si(3)MeX]3 for
the heptasilaadamantanes and MeSi(1)[Si(2)Me2Si(3)tBu]3 for the heptasilanortricyclene.


Si(1) Si(2) Si(3)
d(29Si) d(13C) d(1H) d(29Si) d(13C) d(1H) d(29Si) d(13C) d(1H)


4 �80.1 �13.9 0.26 �40.3 �4.3 0.33 1.0 2.6 0.42
5 �78.4 �12.7 0.16 �31.6 �3.7 0.31 13.4 4.7 0.70


6a[a] �80.0 �13.1 0.34 �38.9 �3.6 0.32 �0.7 2.1 0.11/(0.44)
6b[b] �86.9 �13.5 0.34 �44.4 �2.7 0.40 �5.2 �1.7/(30.9) 0.35/(2.45)
7 �87.4 �14.6 �80.6


[a] Value in parentheses is for the hydrogen atoms on nitrogen. [b] Values in parentheses are for the methyl
groups on nitrogen


Figure 3. 29Si{1H} NMR spectrum of 7 recorded with the INEPT pulse se-
quence.


Figure 4. Part of the INADEQUATE spectrum of 7 in the range between
d=�80 and �90 ppm.
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angles for Si7O3H10 and for the partially methylated species
Si7O3H6Me4 and Si7O3H4Me6 do not differ significantly from
those calculated for Si7O3Me10 itself. Detailed results of the
calculations can be obtained from the authors on request.


Nortricyclenes : Geometry opti-
mizations were performed for
a series of heptasilanortricy-
clenes Si7H10 (7a), Si7Me3H7


(7b), Si7Me7H3 (7c), Si7Me10
(7d), Si7tBu3H7 (7e) and Si7-
tBu3Me7 (7), as shown in
Figure 6, to arrive at some un-
derstanding of the geometrical
changes taking place on step-
wise replacement of hydrogen
atoms by larger groups such as
methyl and tert-butyl.
As long as the substituents


are hydrogen or methyl, all
nortricyclenes are predicted to
possess C3v symmetry, which is broken to C3 with the intro-
duction of bulky tert-butyl groups. Table 3 summarizes the
most important equilibrium bond lengths and angles for 7±
7e. In Si7H10 the predicted Si�Si distance in the three-mem-
bered ring (Si3�Si3’) is smaller by 2±4 pm than the bonds
which involve the equatorial silicon atoms (Si1�Si2, Si2�
Si3). In nortricyclane itself, the C�C bonds in the cyclopro-
pane ring are longer than the equatorial bonds by about
4 pm.[32] The same pattern is also observed for P7(SiMe3)3.


[33]


It is only with the introduction of the tert-butyl substituents
that a lengthening of the Si�Si bond of the three-membered
ring occurs due to the mutual repulsion of the substituents.
Calculations of Si�Si valence force constants, which were
obtained by transforming the
Hessian matrices defined in Car-
tesian coordinates into valence
force fields by use of symmetry
coordinates, predict a decrease in
f(SiSi) upon replacing H or Me
substituents with tBu groups. It is
also noteworthy that the Si�Si
force constants of the apical


bonds of 7a and 7b are considerably larger (by about
0.5 Ncm�1, unscaled) than those in the Si3 ring, despite the
longer bond (Table 3).
Si7H10 is a strained system due to the three-membered


ring. To estimate the total strain energy, the homodesmic re-
action Si7H10 + 3Si2H6!Si13H28 was used. The energies of
the starting material and products were calculated at the
SCF level with the 6-31G* basis set and corrected for the
zero-point energy. The result can be compared with energies
for other strained silicon hydrides such as Si4H4, Si6H6, Si8H8


and Si3H6, which were calculated by Nagase et al.[34] at the
same level of theory, also with the 6-31G* basis set. The dif-
ference of just 6 kJmol�1 between Si3H6 and Si7H10 indicates


Figure 5. Correlation between observed and calculated 29Si chemical
shifts for 4, 5, 6a, and 7.


Figure 6. Heptasilanortricyclanes for which geometry optimizations were
performed.


Table 3. Selected average bond lengths [pm], angles [8] and torsion angles [8] for the heptasilanortricyclenes
7±7e, as predicted by ab initio calculations


7a 7b 7c 7d 7e 7
C3v C3v C3v C3v C3 C3


Si1�Si2 237.3 237.1 239.4 239.2 236.1 237.8
Si2�Si3 235.1 235.3 235.8 235.9 236.5 237.7
Si3�Si3 235.1 236.0 235.5 236.3 238.1 238.9
Si3�X 147.3 190.3 147.7 190.8 194.0 194.7
Si3-Si3’-Si3’’ 60 60 60 60 60 60
Si1-Si2-Si3 96.6 97.1 95.5 96.0 98.8 97.4
Si2-Si1-Si2’ 102.4 102.1 102.9 102.7 101.2 102.3
Si2-Si3-Si3’ 106.6 106.4 107.1 106.9 105.8/105.3 106.3/105.8
X-Si1-Si2 115.9 116.1 115.4 115.6 116.8 116.0
X-Si2-X 108.5 107.8 106.1 105.6 107.4 105.4
Si2-Si3-X 123.1 121.7 124.1 122.7 115.1 116.2
X-Si3-Si2-Si1 180.0 180.0 180.0 180.0 179.9 �178.6
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that the predominant part of the strain energy comes from
the three-membered ring.
The introduction of tert-butyl groups increases the strain


energy due to their mutual repulsion and thus lengthen the
Si�Si bonds and decreases the Si2-Si3-X bond angle by
roughly 88 (Table 3).


Experimental Section


Ab initio calculations : All calculations were performed with Gaussia-
n94[35]at the HF/SCF level of theory with the 6-31G* basis set. Geometry
optimizations were followed by calculations of second derivatives of the
electronic energies as a check for true local minima. The Hessian matri-
ces describing the harmonic force constants in terms of Cartesian coordi-
nates were then transformed into symmetry force constants defined by
symmetry coordinates, and normal-coordinate analyses were finally per-
formed. For these steps, the program ASYM40[36] was used. The calcula-
tions of NMR chemical shifts were performed by employing the GIAO-
SCF method as implemented in Gaussian94.


Spectroscopy : NMR spectra were recorded with a Bruker MSL 300 or a
Varian Unity Inova 300 spectrometer. The 29Si spectra were measured in
in THF or toluene in 10 mm tubes with capillaries containing D2O as ex-
ternal lock. The 1H and 13C spectra were recorded in C6D6.


IR spectra were recorded with a Perkin Elmer model 883 grating spec-
trometer in the range 4000±250 cm�1. The spectra were recorded as films
between CsBr plates for liquid compounds and as Nujol mulls for solid
substances. Nujol was distilled under vacuum from sodium/potassium
alloy prior to use.


GC-MS spectra were recorded with a Hewlett Packard HP5890-II, cou-
pled with a mass-selective detector HP 5971. A fused-silica column (DB
14T) with a length of 25 m (diameter 0.251 mm) was used.


X-ray structure analysis : Crystals were mounted onto the tip of a glass
fiber, and data were collected with a Bruker-AXS SMART APEX CCD
diffractometer. Graphite-monochromated MoKa radiation (l=71.073 pm)
was used for the measurements. The data were reduced to F2


o and correct-
ed for absorption effects with SAINT[37] and SADABS,[38] respectively.
The structures were solved by direct methods and refined by full-matrix
least-squares methods (SHELXL97).[39] All non-hydrogen atoms were re-
fined with anisotropic displacement parameters. All hydrogen atoms
were located in calculated positions to correspond to standard bond
lengths and angles. Crystallographic data are listed in Table 4.


General synthetic methods : All syntheses and manipulations were carried
out under an inert atmosphere of N2 or Ar by standard Schlenk techni-
ques. Solvents were distilled from sodium, potassium, sodium/potassium
alloy or LiAlH4 prior to use. Amines such as NEt3 were dried over mo-
lecular sieves. Elemental analyses were performed with a Heraeus Vario
Elementar. Due to facile formation of silicon carbide during the combus-
tion process the carbon values of the polysilane dendrimers tend to be
too low.[17e]


The preparation of the heptasilanes MeSi(SiMe2SiMeBr2)3 (1a) and Me-
Si(SiMe2SitBuBr2)3 (1b) and their precursors will be described in a forth-
coming paper[40] and are not reported here again. (PhMe2Si)2SiMeK was
prepared as described previously.[22]


4-(2-Dimethylphenylsilyl-3-phenylpentamethyltrisilanyl)-2,6-bis(dimethyl-
phenylsilyl)-1,7-diphenylundecamethylheptasilane (2a): A solution of
phenyldimethylsilylchloride (4.00 g, 23.6 mmol) in THF (50 mL) with
added lithium powder (0.40 g, 57.6 mmol) was stirred for 16 h and then
filtered over glass wool. The solvent was removed in vacuum and the re-
sidue dissolved in toluene (50 mL). This solution was added dropwise to
a solution of 1a (3.00 g, 3.58 mmol) in toluene (50 mL) at �30 8C. After
complete addition the completeness of conversion was checked by 29Si
NMR spectroscopy of an aliquot. The solution was poured onto ice/2n
HCl, and the aqueous layer, after being saturated with sodium chloride,
was extracted with diethyl ether (2î50 mL). After drying over sodium
sulfate the solvent was removed, and the residual brown oil was subject-
ed to chromatography on silica gel (toluene/heptane 1/20) to give pure


Table 4. Crystallographic data for the heptasilaadamantanes 4, 5, 6a, and 6b.


4 5 6a 6b


empirical formula C10H30O3Si7 C10H30S3Si7 C10H33N3Si7 C13H36N3Si7
Mr 394.95 443.15 392.02 434.08
T [K] 293(2) 233(2) 296(2) 296(2)
crystal size [mm] 0.55î0.20î0.16 0.41î0.37î0.16 0.66î0.21î0.18 0.75î0.32î0.10
crystal system cubic monoclinic monoclinic monoclinic
space group I4≈3d Cc (no. 9) P2(1)/n C2/m
a [ä] 20.8722(5) 17.136(3) 10.6367(13) 15.8806(8)
b [ä] 20.8722(5) 9.6333(19) 14.2734(17) 16.3684(8)
c [ä] 20.8722(5) 15.982(3) 15.6011(19) 10.1566(5)
a [8] 90 90 90 90
b [8] 90 111.23(3) 93.687(2) 95.6980(10)
g [8] 90 90 90 90
V [ä3] 9092.9(4) 2459.4(8) 2363.7(5) 2627.1(2)
Z 12 4 4 6
1calcd [g cm


�3] 1.154 1.197 1.102 1.098
absorption coefficient [mm�1] 0.423 0.634 0.400 0.366
F(000) 3392 944 848 944
q range 2.39�q�28.31 2.47�q�29.31 1.94�q�28.35 1.79�q�28.27
h, k, l indices range �27<h<27, �18<h<12, �14<h<14 �21<h<21,


�12<k<27, �10<k<10, �13<k<19, �0<k<21,
�27< l<27, �16< l<17, �20< l<20, 0< l<13,


reflections collected/unique 30500/1901 5236/2435 16435/5887 3331/3331
completeness to q=28.358 [%] 99.8 98.9 99.7 98.9
data/restraints/parameters 1901/0/62 2435/2/192 5887/0/182 3331/0/124
GOF on F2 1.088 1.053 1.016 1.056
final R indices [I>2s(I)] R1=0.0203 R1=0.0345 R1=0.0410 R1=0.0396


wR2=0.0505 wR2=0.0899 wR2=0.1036 wR2=0.1116
R indices (all data) R1=0.0233 R1=0.0356 R1=0.0750 R1=0.0506


wR2=0.0527 wR2=0.0896 wR2=0.1181 wR2=0.1220
extinction coefficient 0.00031(5) 0.0000(2) 0.0006(5) 0.0011(4)
largest diff. peak/hole [eä�3] 0.204/�0.204 0.251/�0.186 0.320/�0.311 0.341/�0.319
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2a as a colorless oil (1.80 g, 1.55 mmol, 43%). 1H and 13C NMR spectra
were in full accordance with literature data.[16b] 29Si NMR (C6D6): d=
�14.5, �28.5, �63.9, �78.3 ppm.


4-(2-Bromodimethylsilyl-3-bromopentamethyltrisilanyl)-2,6-bis(bromodi-
methylsilyl)-1,7-dibromoundecamethylheptasilane (2b): Compound 2a
(0.52 g, 0.45 mmol) was placed in 25 mL flask and approx. 10 mL of neat
dry hydrogen bromide was condensed onto the compound by using a
reflux condenser cooled to �78 8C and a cooling bath with methanol/
liquid nitrogen. After complete condensation the bath was removed and
the reaction mixture was refluxed for two hours. The excess hydrogen
bromide was transferred in vacuum to a nitrogen-cooled trap, and the
residue dissolved in pentane. After cooling to �35 8C the product was ob-
tained as white crystals (0.44 g, 0.37 mmol, 83%). 1H NMR (C6D6): d=
0.70 (s, 36H), 0.60 (s, 18H), 0.51 (s, 9H), 0.44 ppm (s, 3H); 13C NMR
(C6D6): d=5.9, 2.0, �0.1, �8.2 ppm; 29Si NMR (toluene): d=21.8, �29.7,
�64.4, �71.6 ppm; elemental analysis (%) calcd for C22H66Br6Si13
(1167.73): C 22.03, H 5.61; found: C 22.48, H 5.66.


4-(2-Dimethylsilyl-1,1,2,3,3-pentamethyltrisilanyl)-2,6-bis(dimethylsilyl)-
1,1,2,3,3,4,5,5,6,7,7-undecamethylheptasilane (2c): Compound 2b
(446 mg, 0.38 mmol) in diethyl ether (10 ml) was cooled in an ice bath,
and LiAlH4 in diethyl ether (0.76 mL, 1.5m, 1.14 mmol) was added drop-
wise over 60 min. After allowing the reaction mixture to warm to RT the
mixture was poured onto ice/10% H2SO4. The aqueous layer wa extract-
ed twice with diethyl ether and the combined ethereal extracts were
dried over sodium sulfate. After removal of the solvent in vacuum a col-
orless oil was obtained (220 mg, 0.31 mmol, 83%). 1H NMR (C6D6): d=
4.31 (m, 6H), 0.62 (s, 3H), 0.56 (s, 18H), 0.34 (s, 9H), 0.31 ppm (s, 36H);
13C NMR: (C6D6) d=1.0, �3.4 and �3.7 (diastereotopic carbon atoms),
�6.2, �9.7 ppm; 29Si NMR: (C6D6) d=�30.9, �33.3 (d, J=178 Hz),
�65.3, �81.5 ppm; elemental analysis (%) calcd for C22H72Si13 (701.92): C
36.91; H 10.41; found: C 37.64, H 10.34. Alternatively, 2b can be pre-
pared from (PhMe2Si)2MeSiK and (BrMe2Si)3SiMe, analogous to 3, in
74% yield.


Second-generation dendrimer 3 : Compound 2b (0.30 g, 0.67 mmol) in
pentane (15 mL) was cooled to �70 8C, and a solution of bis(phenyldime-
thylsilyl)methylsilylpotassium (generated from (PhMe2Si)3SiMe (1.21 g,
2.70 mmol) and KOtBu[22] (303 mg, 2.70 mmol)) in THF (10 mL) was
added dropwise. The degree of conversion of the reaction was monitored
by 29Si NMR spectroscopy on aliquots of the reaction solution. After
complete conversion was observed the solution was poured onto ice/10%
H2SO4. The organic layer was dried over sodium sulfate. After removal
of solvent in vacuum the residue was subjected to Kugelrohr distillation
to remove phenyldimethylsilyl tert-butyl ether. The remaining oil was
subjected to chromatography on silica gel (toluene/heptane 1/3) to give 3
(710 mg, 0.28 mmol, 41%) as a colourless oil (pure according to 1H and
29Si NMR spectroscopy). 1H NMR (C6D6): d=7.40 (m, 24H), 7.32 (m,
36H), 0.41 (s, 3H), 0.37 (s, 36H), 0.36 (s, 36H), 0.35 (s, 9H), 0.33 (s,
18H), 0.32 (s, 18H), 0.25 (s, 18H), 0.22 ppm (s, 18H); 29Si NMR (tolu-
ene): d=�14.7 and �14.9 (diastereotopic silicon atoms), �26.2, �28.4,
�61.6, �63.4, �78.5 ppm; elemental analysis (%) found/calcd for
C124H216Si31: C 56.81, H 8.57; found: C 57.78, H 8.45.


Permethyl-4,6,10-trioxa-1,2,3,5,7,8,9-heptasilatricyclo[3.3.1.13,7]decane (4):
Compound 1a (2.50 g, 3.03 mmol) was dissolved in n-heptane (120 mL)
and the solution was cooled to 0 8C. Then a solution of H2O (18.20 mmol,
0.33 g) and imidazole (1.35 g, 19.83 mmol) in THF (40 mL) was added
dropwise over 2 h. A voluminous precipitate of imidazole hydrobromide
formed after some time. After completion, the reaction mixture was al-
lowed to warm to room temperature, and Na2SO4 (20 g) was added to
remove any excess of water by stirring for about 12 h. The precipitate
was removed by filtration, and the solvent removed completely by evapo-
ration in vacuum. The oily residue was recrystallized from n-pentane. col-
orless crystals of 4 (0.94 g, 78%) were obtained at �70 8C. Elemental
analysis (%) calcd for C10H30Si7O3 (394.95): C 30.41, H 7.66; found C
30.31, H 7.63. GC-MS: m/z : 395 [M]+ , 379 [M+�Me], 349 [Si7Me8O2]


+ ,
335 [Si6Me9O2]


+ , 319 [Si6Me9O]+ , 305 [Si5Me7O2]
+ , 275 [Si5Me8O]+ , 233


[Si4Me7O]+ , 217 [Si4Me7]
+ , 202 [Si4Me6]


+ , 189 [Si4Me5]
+ , 175 [Si3Me5O]+


, 159 [Si3Me5]
+ , 133 [Si2Me3O2]


+ , 117 [Si2Me3O]+, 101 [Si2Me3]
+ , 73


[SiMe3]
+


Permethyl-4,6,10-trithia-1,2,3,5,7,8,9-heptasilatricyclo[3.3.1.13,7]decane
(5): A solution of 1a (2.00 g, 2.42 mmol) and imidazole (1.08 g,


15.87 mmol) in n-heptane (100 mL) and THF (30 mL) was cooled to 0 8C.
A steady stream of H2S, which had been dried over P4O10, was passed
through the solution. Immediately, a precipitate of imidazole hydrobro-
mide formed. The reaction was continued for about 2 h, during which
about 6 g of H2S were passed through the solution. The reaction mixture
was then allowed to warm to room temperature and stirred for another
3 h. The precipitate was separated by filtration, and the solvent (heptane/
THF) removed in vacuum. The solid residue was recrystallized from n-
pentane to give 5 (0.81 g, 75%) as colorless crystals. Elemental analysis
(%) found/calcd for C10H30Si7S3 (443.13): C 27.10, H 6.82; found: C 27.15,
H 6.76. GC-MS: m/z : 443 [M]+ , 427 [M�Me]+ , 383 [Si7Me10S2]


+ , 369
[Si6Me9S2]


+ , 337 [Si6Me7S2]
+ , 277 [Si5Me7S]


+ , 249 [Si4Me7S]
+ , 219


[Si4Me5S]
+ , 159 [Si3Me5]


+ , 131 [Si2Me4]
+ , 73 [SiMe3]


+ .


1,2,2,3,3,5,5,7,8,9-Decamethyl-4,6,10-triaza-1,2,3,5,7,8,9-heptasilatricy-
clo[3.3.1.13,7]decane (6a): A steady stream of NH3 was passed for about
1 h through a solution of 1a (3.00 g, 3.63 mmol) in n-heptane (250 mL)
cooled to ice temperature. Immediately a solid precipitate of NH4Br
formed. The reaction mixture was allowed to warm to room temperature
and stirred for a further hour. The precipitate was then separated by fil-
tration, and the solvent removed by evaporation in vacuum. The solid
residue was recrystallized from n-pentane (�70 8C) to give 6a (1.38 g,
97%) as colorless needles. Elemental analysis (%) found/calcd for
C10H33Si7N3 (392.00): C 30.64, H 8.49, N 10.57; found: C 30.58, H 8.51, N
10.72; GC-MS: m/z : 392 [M]+ , 376 [M�Me]+ , 346 [Si7Me7N3]


+ , 332
[Si6Me9N2H2]


+ , 318 [Si6Me9NH]+ , 274 [Si5Me8NH]+ , 258 [Si5Me6N2H2]
+ ,


245 [Si4Me7N2]
+ , 231 [Si4Me7N]


+ , 201 [Si4Me6]
+ , 188 [Si3Me7]


+ , 173
[Si3Me5N]


+ , 158 [Si3Me4N]
+ , 130 [Si2Me4N]


+ , 116 [Si2Me4]
+ , 101


[Si2Me3]
+ , 73 [SiMe3]


+


]+Permethyl-4,6,10-triaza-1,2,3,5,7,8,9-heptasilatricyclo[3.3.1.13,7]decane
(6b): At 0 8C a steady stream of NH2Me was passed through a solution
of 1a (2.50 g, 3.03 mmol) in n-heptane (150 mL). Immediately, a white
precipitate of MeNH3Br formed. The reaction was continued for 3 h until
about 2.6 g (4 mL) of methylamine had been consumed. After stirring for
2 h at room temperature, the volume of the reaction mixture was reduced
to about 70 mL by evaporation of n-heptane in vacuum. Then the precip-
itate was separated by filtration, and the residual n-heptane again re-
moved by evaporation. The oily residue was recrystallized from n-pen-
tane at �70 8C to give 6b (0.2 g, 15%) as colorless needles. The 29Si
NMR spectrum of the mother liquor indicated that a considerable por-
tion of 1a gives chainlike products under these reaction conditions. No
attempts were made to optimize these conditions. Elemental analysis
(%) calcd for C13H39Si7N3 (434.08): C 35.97, H 9.06, N 9.72; found: C
36.01, H 9.03, N 9.68; GC-MS: m/z : 434 [M]+ , 374 [Si6Me11N3]


+ , 360
[Si6Me10N3]


+ , 316 [Si6Me10N2]
+ , 289 [Si5Me11N]


+, 230 [Si4Me6N2]
+ , 188


[Si3Me6N]
+ , 158 [Si3Me5]


+ , 116 [Si2Me4]
+ , 101 [Si2Me3]


+ , 73 [SiMe3]
+


3,4,5-Tri-tert-butyl-1,2,2,6,6,7,7-heptamethyltheptasilatricyclo[2.2.1.02,6]-
heptane (7): A solution of Li naphthalenide in THF was prepared from
Li (0.185 g, 26.653 mmol) and naphthalene (3.6 g, 28.1 mmol) according
to the literature procedure[41] and added dropwise to a solution of 1b
(4.2 g, 4.41 mmol) in THF (350 mL). A temperature of �70 8C was main-
tained throughout the procedure, which took about 5 h. Then the reac-
tion mixture was allowed to warm to room temperature, whereby it
changed from reddish-brown to yellow. Chlorotrimethylsilane (0.2 mL)
was added to quench any silyl anions, and the solvent was removed com-
pletely by evaporation in vacuum. The yellowish crystalline residue was
dissolved in n-pentane, and all insoluble material (LiBr) was separated
by decantation. The 29Si NMR spectrum of the solution consists of just
three lines indicating nearly quantitative formation of 7. All attempts to
crystallize 7 from the solution failed (see above).
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Straightforward Synthesis of (R)-(�)-Kjellmanianone


Jens Christoffers,* Thomas Werner, Wolfgang Frey, and Angelika Baro[a]


Introduction


The cyclopentenoid antibiotic (+)-kjellmanianone 1 was iso-
lated from marine algae Sargassum kjellmanianum Yendo
and was first reported in 1980.[1] The compound exhibits an-
tibacterial activity against gram-positive microorganisms
such as E. coli K12 and Bacillus subtilis var. niger. The first
enantioselective synthesis realized by Smith[2] and Davis[3]


was based on the a-hydroxylation of b-oxo ester 2 with opti-
cally active oxaziridine 3 (Davis reagent),[4] giving com-
pound (+)-1 in 60% yield with 68.5% ee.[5] The authors
postulated the absolute configuration of (+)-1 from CD
spectra by the exciton chirality method to be the R configu-
ration (Scheme 1).


In 1994 Zwanenburg et al. published a second stereospe-
cific synthetic strategy resulting in (R)-1.[6] A retro-Diels
±Alder reaction[7] of 4 was the key step, resulting in virtually
enantiopure 1. The six-step route started from optically
active tricycle 5 (Scheme 1). Interestingly, these authors es-
tablished the R configuration for (�)-1 based on X-ray dif-
fraction analysis of the precursor 4, in contrast to Smith and
Davis.[6b] Up to now the absolute configuration of kjellma-
nianone is still discussed controversially.


In this paper we report a simple approach to b-oxo ester
2 followed by its a-hydroxylation with molecular oxygen in
a cerium-catalyzed process,[8] to give racemic kjellmanianone
1. This racemate was resolved enzymatically to yield (�)-1


with 99% ee. After bromination with retention of configura-
tion, the absolute configuration of (�)-1 was established to
be R, in accordance with the results of Zwanenburg.


Results and Discussion


Smith and Davis prepared b-oxo ester 2 by methoxycarbon-
ylation of the enol ether derived from 1,3-cyclopentadione,
which is commercially available, but expensive. Curiously,
the most efficient synthetic approach to 1,3-cyclopentadione
occurs via oxo ester 2.[9] We therefore modified a known
procedure to prepare oxo ester 2 from a commercially avail-
able bulk material, the chloro derivative of methyl acetoace-
tate 6.[10] Nucleophilic substitution of 6 with dimethyl malo-


[a] Prof. Dr. J. Christoffers, T. Werner, Dr. W. Frey, Dr. A. Baro
Institut f¸r Organische Chemie der Universit‰t Stuttgart
Pfaffenwaldring 55, 70569 Stuttgart (Germany)
Fax: + (49)711-685-4269
E-mail : jchr@po.uni-stuttgart.de
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Abstract: A direct route to enantiomerically pure (�)-kjellmanianone is reported.
The synthesis involves a cerium-catalyzed a-hydroxylation and an enzyme-cata-
lyzed procedure to resolve tertiary alcohols at key stages. The intermediate b-oxo
ester was a-hydroxylated to give good yields of racemic kjellmanianone. The reso-
lution of the racemic material was achieved by enzymatic saponification, followed
by a chemical decarboxylation sequence to give enantiopure (�)-kjellmanianone
with 99% ee. Bromination then afforded the (�)-bromo derivative, whose X-ray
structure provided evidence for the R configuration of (�)-kjellmanianone.


Scheme 1. Literature routes to optically active kjellmanianone. The abso-
lute configuration of both (+)-1 and (�)-1 was contradictory reported to
be the R configuration.
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nate in DMF gave intermediate triester 7 (75%), which was
subsequently converted to b-oxo ester 2 (73%) by Dieck-
mann condensation (Scheme 2). Derivative 2 was a-hy-


droxylated under an atmosphere of oxygen with catalytic
amounts of CeCl3¥7H2O to give racemic kjellmanianone 1 in
80% yield. Chloro derivative 8 was obtained as a by-product
(5%) separated by column chromatography.


The enzyme-catalyzed transesterification is an established
strategy for the resolution of racemic secondary alcohols.
However, the application of this method to tertiary alcohols
is less common.[11] In order to resolve the racemate 1 we
have chosen a sequence of enzymatic saponification fol-
lowed by chemical decarboxylation, a concept which is so
far rarely precedented in the literature.[12] We utilized the
readily available lipase B from Candida antarctica. CAL B
converted the (+)-enantiomer of 1 specifically to yield the
a-hydroxyketone 9. From the reaction mixture kjellmania-
none ((�)-1) was recovered with 29% yield (58% based on
the (�)-enantiomer in the racemate) and 99% ee. After de-
veloping GC conditions for baseline resolution on a chiral
phase using the racemic material, the optical purity of (�)-1
was confirmed by GC.


As mentioned in the introduction, contradictory state-
ments are found in the literature concerning the absolute
configuration of optically active kjellmanianone. Thus, to es-
tablish the stereochemistry of our material, we prepared a
series of derivatives containing S, Br, or Si atoms by esterifi-
cation or etherification of the tertiary alcohol function in 1.
Unfortunately, all efforts failed to obtain single crystalline
products in this way. Therefore, we finally treated com-
pound 1 with bromine in CCl4 to prepare a derivative with
bromine functionalization and a maintained hydroxy group
at the five-membered ring. In this manner we obtained the


racemic and optically active compound 10. Enantiopure
(�)-10 gave single crystals suitable for X-ray crystallograph-
ic analysis enabling the elucidation of the absolute configu-
ration (Figure 1).[13]


The X-ray crystal structure of enantiomer (�)-10, pre-
pared from (�)-1, unambiguously confirms the R configura-
tion. Since retention of the quaternary stereocenter configu-
ration during bromination/dehydrobromination can be as-
sumed, we conclude (�)-kjellmanianone ((�)-1) is also the
R enantiomer. This finding agrees with the observation of
Zwanenburg et al. and contradicts the proposal of Smith
and Davis. The optical rotation of [a]D20=�111 (c=
2.3 gdm�3 in CHCl3) for the enantiopure compound (�)-1
(99% ee) also corresponds with the literature data [a]D20=


�115 (c=1.15 gdm�3 in CHCl3).
[6]


Conclusion


In a straightforward three-step synthesis racemic kjellmania-
none 1 is accessible from precursor allyl chloride 6 via b-oxo
ester 2 as the key intermediate. The hydroxylation of 2 with
molecular O2 as an oxidant and the cerium catalyst
CeCl3¥7H2O is an environmentally benign alternative to
other reagents, such as peracids or oxaziridines utilized in
stoichiometric amounts. With a novel concept for enzymatic
resolution of a-hydroxy-b-oxo esters by lipase-mediated sap-
onification and decarboxylation we isolated enantiopure
(�)-kjellmanianone 1. After functionalization of (�)-1 with
bromine to yield the corresponding bromo derivative (�)-
10, the absolute configuration of the latter could unequivo-
cally be determined by X-ray crystallography to be the R
configuration. As bromination is assumed to proceed with
retention of configuration, we concluded that (�)-kjellma-
nianone ((�)-1) is also the R enantiomer.


Scheme 2. Four-step reaction to (�)-kjellmanianone 1. a) CH2(CO2Me)2,
NaOMe, DMF, 23 8C, 48 h; b) NaOMe, MeOH, 65 8C, 3.5 h; c) 5 mol%
CeCl3¥7H2O, 1 atm O2, iPrOH, 23 8C, 17 h; d) Candida antarctica lipase
B, toluene/phosphate buffer, 35±40 8C, 48 h; e) Br2, CCl4, �4 8C!23 8C,
13 h.


Figure 1. ORTEP view of bromo derivative (�)-10, derived from (�)-
kjellmanianone ((�)-1).
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Experimental Section


General methods : Chloride 6 and Candida antarctica lipase B are com-
mercially available. Column chromatography was carried out using
Merck SiO2 60 with hexanes (PE, b.p. 40±60 8C) and ethyl acetate (EA)
as eluents. 13C NMR multiplicities were determined with DEPT experi-
ments.


Dimethyl (E)-3-methoxy-5-methoxycarbonyl-2-hexenedioate (7): NaOMe
(321 mg, 5.94 mmol) was added portionwise at 23 8C to a solution of di-
methyl malonate (820 mg, 6.21 mmol) in absolute DMF (3.5 mL). After
stirring for 10 min, chloride 6 (420 mg, 2.55 mmol) was added dropwise
over 10 min, and the reaction mixture was stirred for 24 h at 23 8C. After
addition of further DMF (6.0 mL), dimethyl malonate (400 mg,
3.03 mmol) and NaOMe (176 mg, 3.25 mmol) and stirring for a further
24 h, all volatile materials were removed under vacuum. The residue was
taken up in H2O (20 mL), neutralized with conc. HCl and extracted with
CH2Cl2 (3î20 mL). The combined extracts were dried (MgSO4) and con-
centrated. The residue was purified by chromatography on SiO2 (PE:EA
2:1, Rf=0.28) to give 7 as a colorless oil (494 mg, 1.90 mmol, 75%).
B.p. 140±141 8C/3 mbar; 1H NMR (500 MHz, CDCl3): d=3.41 (d, J=
7.7 Hz, 2H; CH2), 3.61 (s, 3H; CH3), 3.68 (s, 3H; CH3), 3.73 (s, 6H;
CH3), 3.76 (t, J=7.8 Hz, 1H; CH), 5.08 ppm (s, 1H; CH); 13C{1H} NMR
(125 MHz, CDCl3): d=31.19 (CH2), 49.18 (CH3), 51.00 (CH), 52.61
(CH3), 55.82 (CH3), 91.89 (CH), 167.57 (C=O), 169.14 (C), 171.62 ppm
(C=O); IR (KBr): ñ3015 (w), 2953 (w), 2846 (w), 1748 (s), 1705 (s), 1628
(s), 1438 (m), 1382 (m), 1342 (w), 1290 (m), 1235 (m), 1196 (m), 1141 (s),
1047 (m), 929 (m), 828 (m), 748 cm�1 (w); MS (CI, CH4): m/z (%): 261
(46) [MH+], 243 (12), 229 (100) [M+�CH3OH], 196 (25), 169 (28), 141
(24), 125 (5), 69 (2), 59 (3); elemental analysis: calcd (%) for C11H16O7


(260.24): C 50.77, H 6.20; found: C 50.33, H 6.22.


Methyl 1-methoxy-3-oxocyclopentene-4-carboxylate (2): Under N2 atmos-
phere with exclusion of moisture and air, sodium (1.100 g, 47.85 mmol)
was added portionwise to absolute methanol (10 mL) and heated at 65 8C
for 0.5 h. A solution of 7 (6.000 g, 23.06 mmol) in absolute methanol
(10 mL) was added dropwise over 20 min, and the reaction mixture stir-
red at 65 8C for a further 3.5 h. Then HOAc (3 mL) and H2O (40 mL)
were added, and the reaction mixture extracted with CH2Cl2 (4î20 mL).
The combined extracts were dried (MgSO4), and after removal of the sol-
vent under vacuum, the residue was purified by chromatography on SiO2


(PE:EA 1:1, Rf=0.20) to give 2 as a yellow oil (2.851 g, 16.75 mmol,
73%). 1H NMR (300 MHz, CDCl3): d=2.80 (ddd, J=17.7, 7.6, 1.1 Hz,
1H; CHH), 3.06 (ddd, J=17.7, 3.1, 1.2 Hz, 1H; CHH), 3.55 (dd, J=7.6,
3.1 Hz, 1H; CH), 3.78 (s, 3H; CO2CH3), 3.88 (s, 3H; OCH3), 5.30 ppm
(t, J=1.1 Hz, 1H; CH); 13C{1H} NMR (75 MHz, CDCl3): d=32.13 (CH2),
51.73 (CH), 53.12 (CH3), 59.56 (CH3), 103.02 (CH), 169.89 (C), 191.18
(C=O), 198.37 ppm (C=O); IR (KBr): ñ3125 (w), 3073 (w), 2976 (w),
2924 (w), 2872 (w), 2824 (w), 1766 (s), 1717 (m), 1668 (m), 1623 (m),
1567 (s), 1481 (s), 1404 (m), 1383 (m), 1338 (m), 1194 (s), 1129 (s), 1050
(m), 966 (m), 901 cm�1 (m); MS (EI, 70 eV): m/z (%): 170 (100) [M+],
139 (58) [M+�OMe], 127 (23), 111 (63) [M+�CO2Me], 83 (20), 69 (34),
59 (18); elemental analysis: calcd (%) for C8H10O4 (170.16): C 56.77, H
5.92; found: C 56.41, H 5.94.


Methyl 1-hydroxy-4-methoxy-2-oxo-3-cyclopentenecarboxylate (1):
CeCl3¥7H2O (140 mg, 0.376 mmol) was added to a solution of 2 (1.320 g,
7.757 mmol) in iPrOH (2.6 mL). The flask was then evacuated to
300 mbar, flushed with O2, and the reaction mixture was stirred at 23 8C
for 17 h, while a slow stream of oxygen (ca. 50 cm3h�1) was passed
through. After removal of the solvent, the residue was purified by chro-
matography on SiO2 [PE:EA 2:1!1:1, Rf(PE/EA 1:1)=0.21] to give 1 as
a colorless crystalline solid (1.159 g, 6.226 mmol, 80%), m.p. 131 8C, and
by-product 8 [Rf(PE/EA 1:1)=0.31] as a brown oil (0.081 g, 0.40 mmol,
5%).


Racemic 1: 1H NMR (500 MHz, CDCl3): d=2.75 (d, J=17.7 Hz, 1H;
CHH), 3.18 (d, J=17.7 Hz, 1H; CHH), 3.80 (s, 3H; CO2CH3), 3.95 (s,
3H; OCH3), 3.97 (s, 1H; OH), 5.36 ppm (s, 1H; CH); 13C{1H} NMR
(125 MHz, CDCl3): d=40.56 (CH2), 53.45 (CH3), 59.23 (CH3), 79.06 (C),
101.08 (CH), 171.53 (C), 190.02 (C=O), 199.50 ppm (C=O); IR (KBr):
ñ3346 (br s), 3083 (m), 2955 (w), 1746 (s), 1696 (s), 1597 (s), 1453 (m),
1428 (m), 1368 (s), 1272 (m), 1241 (m), 1201 (s), 1170 (s), 1115 (s),
1021 cm�1 (w); MS (EI, 70 eV): m/z (%): 186 (82) [M+], 170 (95) [M+


�CH4], 139 (18) [M+�OMe], 127 (79) [M+�CO2Me], 111 (100), 98 (78),
69 (58), 59 (26); elemental analysis: calcd (%) for C8H10O5 (186.16): C
51.61, H 5.41; found: C 51.70, H 5.47. GC: Lipodex E (25 mî0.25 mm,
0.25 mm), 0.5 bar H2, 20 8Kmin�1 gradient from 40 8C to 80 8C, 3 min at
80 8C, 10 8Kmin�1 gradient from 80 8C to 200 8C, tR((S)-1)=18.8 min,
tR((R)-1)=20.1 min.


By-product 8 : 1H NMR (500 MHz, CDCl3): d=3.02 (d, J=18.0 Hz, 1H;
CHH), 3.61 (dd, J=18.2, 1.2 Hz, 1H; CHH), 3.84 (s, 3H; CO2CH3), 3.95
(s, 3H; OCH3), 5.38 ppm (s, 1H; CH); 13C{1H} NMR (125 MHz, CDCl3):
d=44.55 (CH2), 54.18 (CH3), 59.54 (CH3), 66.37 (C), 100.63 (CH), 167.37
(C), 188.28 (C=O), 193.89 ppm (C=O); IR (film): ñ2954 (w), 2928 (w),
1762 (m), 1712 (m), 1596 (s), 1448 (w), 1427 (w), 1359 (m), 1290 (w),
1249 (m), 1169 (m), 1029 cm�1 (w); MS (EI, 70 eV): m/z (%): 204 (94)
[M+], 172 (76) [M+�CH3OH], 169 (90) [M+�Cl], 161 (56), 145 (46)
[M+�CO2CH3], 137 (100), 69 (72), 59 (20); elemental analysis: calcd (%)
for C8H9ClO4 (204.61): C 46.96, H 4.43; found: C 47.50, H 4.63.


Kinetic resolution of racemic 1 using Candida antarctica lipase B : The
lipase (20 mg) was added to a solution of racemic 1 (209 mg, 1.12 mmol)
in toluene (4 mL) and phosphate buffer (100 mm, pH7, 10 mL), and the
reaction mixture was stirred at 35±40 8C for 48 h. During the reaction,
the pH was controlled and, if necessary, adjusted to pH7 with a 1m
NaOH solution. The resolution was followed by taking aliquots of 5 mL,
which were directly analyzed by GC on a chiral phase. After extraction
with CH2Cl2 (4î20 mL), the layers were separated. The organic layer
was dried (MgSO4) and concentrated under vacuum to give (�)-1 as a
colorless crystalline solid (61 mg, 0.33 mmol, 29%); [a]D20=�111 (c=
2.3 gdm�3 in CHCl3), 99% ee; GC: Lipodex E (25 mî0.25 mm, 0.25 mm),
0.5 bar H2, 20 8Kmin�1 gradient from 40 8C to 80 8C, 3 min at 80 8C,
10 8Kmin�1 gradient from 80 8C to 200 8C, tR((R)-1)=20.1 min. The aque-
ous layer was acidified with 1m HCl and extracted with EA (3î16 mL).
The combined extracts were dried (MgSO4) and concentrated under
vacuum to give 9 as a yellow oil (48.6 mg, 0.38 mmol, 34%). 1H NMR
(500 MHz, CDCl3): d=2.59 (ddd, J=1.1, 3.2, 17.4 Hz, 1H; CHH), 2.97
(ddd, J=1.1, 7.1, 17.4 Hz, 1H; CHH), 3.49 (s, 1H; OH), 3.89 (s, 3H;
OCH3), 4.32 (dd, J=3.2, 7.0 Hz, 1H; CH), 5.31 ppm (s, 1H; CH); 13C{1H}
NMR (125 MHz, CDCl3): d=37.11 (CH2), 58.76 (CH3), 71.31 (CH),
101.86 (CH), 188.73 (C), 205.60 ppm (C=O); IR (film): ñ3380 (br s), 2921
(m), 2852 (w), 1684 (m), 1585 (s), 1447 (w), 1363 (m), 1249 (m), 1200
(m), 1158 (w), 1082 (m), 980 cm�1 (m); MS (EI, 70 eV): m/z (%): 128
(16) [M+], 111 (6) [M+�OH], 98 (6), 86 (4), 69 (13), 44 (25), 18 (100);
HRMS: calcd for C6H8O3: 128.0473; found: 128.0473 [M+].


Methyl rac-2-bromo-4-hydroxy-1-methoxy-3-oxocyclopentene-4-carboxy-
late (10): Compound 1 (52 mg, 0.28 mmol) was added to bromine (70 mg,
0.44 mmol) in CCl4 (0.4 mL) at �4 8C under inert gas atmosphere. The
reaction mixture was allowed to warm up to room temperature (13 h)
with stirring. After removal of all volatile materials under vacuum, the
crude product was purified by chromatography on SiO2 (PE:EA 1:1, Rf=


0.09) to give 10 as a colorless crystalline solid (18 mg, 0.068 mmol, 24%).
M.p. 179±182 8C; 1H NMR (500 MHz, CDCl3): d=2.86 (d, J=17.2 Hz,
1H; CHH), 3.36 (d, J=17.3 Hz, 1H; CHH), 3.82 (s, 3H; CO2CH3), 3.92
(br s, 1H; OH), 4.17 ppm (s, 3H; OCH3);


13C{1H} NMR (63 MHz,
CDCl3): d=38.75 (CH2), 53.84 (CH3), 58.58 (CH3), 77.53 (C), 95.38 (C),
171.57 (C), 183.88 (C=O), 192.92 ppm (C=O); IR (ATR): ñ3374 (m, br),
2957 (w), 2921 (w), 2851 (w), 1744 (s), 1696 (s), 1585 (s), 1460 (w), 1429
(m), 1404 (w), 1360 (s), 1302 (m), 1265 (s), 1204 (s), 1178 (s), 1126 (s),
1080 (m), 1058 cm�1 (m); MS (EI, 70 eV): m/z (%): 264 (24) [M+], 246
(100) [M+�H2O], 205 (29) [M+�CO2Me], 176 (9), 147 (16), 125 (28), 83
(10), 43 (10); HRMS: calcd for C8H9BrO5: 263.933; found: 263.933 [M+];
GC: Bondex unb, 0.4 bar H2, 3 min at 100 8C, then 2.5 8Kmin�1 gradient
to 200 8C, tR((S)-10)=29.5 min, tR((R)-10)=30.0 min.


Methyl (R)-2-bromo-4-hydroxy-1-methoxy-3-oxocyclopentene-4-carb-
oxylate ((R)-(�)-10): Analogous to the procedure described for racemic
10, optically active (�)-10 was prepared from (�)-1 (52 mg, 0.28 mmol).
Crystallization from EA and PE gave single crystals suitable for X-ray
crystal analysis; [a]D20=�97 (c=0.7 gdm�3 in CHCl3); GC: Bondex unb,
0.4 bar H2, 3 min at 100 8C, then 2.5 8Kmin�1 gradient to 200 8C, tR((R)-
10)=30.0 min, �99% ee.


X-ray crystal structure analysis : C8H9BrO5, M=265.06, 0.25î0.20î
0.20 mm, crystal system, orthorhombic, space group, P212121, a=
7.7476(4), b=7.9475(3), c=16.5420(9) ä, a=b=g=908, V=


1018.56(9) ä3, 1calcd=1.729 gcm�3, Z=4, m=5.516 mm�1, T=293(2) K,
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l=1.54178 ä, 1547 independent (Rint=0.0623) reflections, 132 refined
parameters, R=0.0558, wR2=0.1565, max (min) residual electron density
0.631 (�0.538) eä�3.
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Introduction


The heterocyclic rings of nucleobases are generally not in-
volved in acid±base equilibria of nucleic acids, since the pKa


values (4>pKa>9) are outside the physiological pH
range.[1] This picture changes if the nucleobases are modi-


fied, for example, through alkylation or metal coordination.
For example, the N1H group in 7,9-dimethylguaninium has
a pKa value of 7.22�0.01,[2] compared to a value of 9.56 for
9-methylguanine,[3] and metal binding to N7 generally
lowers the pKa value of this proton by one to two log units,
depending on the metal, net charge, etc.[2±4] It is known that
in biological macromolecules the environment of an acidic
proton can likewise modify its pKa value, in either direction.
In special nucleic acid structures, for example, the i motif of
hemiprotonated cytosine or DNA triplex structures contain-
ing cytosine¥guanine¥CH+ triplets, this phenomenon is well
established.[5] Shifts of the pKa values of nucleobase protons
into the physiological pH range are currently of great inter-
est in that they potentially permit acid±base catalysis.[6]


Thus, it has been reported that an adenine residue in riboso-
mal RNA with the highly unusual pKa value of 7.6�0.2 acts
as a catalyst in the ribosomal peptidyl transferase center,[7]


and nucleobase functions with near-neutral pKa values have
been associated with ribozyme catalysis of the hepatitis
delta virus.[8] Similarly, an unusual pKa value of 6.5 for an
adenine base close to the active site of a Pb-dependent ribo-
zyme (™leadzyme∫) has been described.[9] Other authors[10±12]


and ourselves[3,4,13,14] have demonstrated in numerous instan-
ces that metal binding to a nucleobase acidifies protons of
NH groups and, conversely, causes an apparent increase in
nucleobase basicity upon metal coordination to a deproto-
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Abstract: The degree of acidification
of the exocyclic N6 amino group of the
model nucleobase 9-methyladenine
(9MeA) in relation to the number and
site(s) of PtII binding has been studied
in detail. It is found that twofold PtII


binding to N1 and N7 lowers the pKa


value from 16.7 in the free base to 12±
8. The lowest pKa values are observed
when the resulting N6H� amide group
is intramolecularly stabilized by an H-
bond donor such as the N6H2 group of


a suitably positioned second 9MeA
ligand. Deprotonation of the N6 amino
group facilitates Pt migration from N1
to N6, and subsequent reprotonation of
the N1 position yields a twofold
N7,N6-metalated form of the rare
imino tautomer of 9MeA, which has a
pKa value of 5.03. These findings dem-


onstrate a principle that is of potential
relevance to the topic of ™shifted pKa∫
values of adenine nucleobases, which is
believed to be important with regard to
acid±base catalysis of RNAs at physio-
logical pH values. The principle states
that a nucleobase pKa value can be suf-
ficiently lowered to reach near-neutral
values and that the pKa value of the
protonated base does not necessarily
have to be increased to accomplish this
effect.


Keywords: acidity ¥ hydrogen
bonds ¥ nucleobases ¥ platinum
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nated, and hence anionic, nucleobase,[15,16] because the
proton has a stronger polarizing effect than (most) divalent
metal ions.[13a] The effect depends on a combination of fac-
tors such as the charge of the metal(s), the number of metal
ions, the coligands, the distance between the metal center
and the proton, and hence the site(s) of metal binding.[10c]


Here we report on ™normal∫ as well as unexpectedly low
pKa values of the adenine N6H2 group in cross-linking ad-
ducts with a variety of PtII entities. The work originated
from our previously reported finding of a 109-fold acidifica-
tion of this group in a trinuclear PtII complex containing
four nucleobases, two of which were adenines.[17] The drop
in the pKa value from 16.7[18] in free 9-ethyladenine (9EtA)
to approximately 7.9 in trans,trans,trans-[(NH3)2Pt(N7-9EtA-
N1)2{(CH3NH2)2Pt(1MeU-N3)}2](ClO4)4 was attributed to a
synergy of electronic effects (Lewis acidification by two
metal ions) and favorable geometrical conditions, that is, an
efficient stabilization of the deprotonated adenine by intra-
molecular H-bond formation with the neutral adenine
ligand (Scheme 1). In a sense, the situation is reminiscent of


that found in dinuclear complexes of PtIV containing the
amido±ammine bridging ligands H5N2


� that give Pt�
NH3¥¥¥


�H2N�Pt.[19] In continuation of this earlier work, we
have extended our studies of PtII±adenine complexes to dif-
ferent geometries (cis-[a2Pt


II] , [a3Pt
II] , trans-[ma2Pt


II] , and
[dien3Pt


II] , where a=NH3 and ma=NH2CH3). In addition,
we employed other nucleobases as coligands (Figure 1). We
were particularly interested in the effect of cytosine since
this nucleobase also contains a suitably located exocyclic
amino group for stabilization of an NH� group of adenine.


Results


™Normal∫ N6H2 acidification of adenine by a single PtII :
The acidification of adenine nucleobases by a coordinated
metal ion can be expressed in terms of a loss in basicity for


accepting a proton at one of the three available endocyclic
nitrogen atoms, N1 (preferably), N7, or N3. PtII binding to
N7 of an N9-substituted adenine, for example, 9-methylade-
nine (9MeA), makes protonation of the preferred N1 posi-
tion more difficult by approximately 2 log units, that is, the
pKa value of N1H drops from 4.10 in free 9-methyladenini-
um (9MeAH+) to approximately 2 in its PtII complexes.[13] If
PtII is bonded to N1, protonation occurs at N7 with a pKa


value of approximately 1.2,[20] and if the N3 site is carrying a
PtII entity, the overall basicity of the adenine ring drops by
4 log units, with N7 then being more basic than N1.[13a,21]


The acidifying effect of metal coordination on any of the
ring nitrogen atoms is also reflected by a drop in the pKa


value of the exocyclic amino group (Table 1). Of course, this
is numerically different from the DpKa values measured for
the protonated endocyclic nitrogen atoms but it also de-
pends on the site of metal binding. It appears that N1 PtII


Scheme 1. Acid±base equilibria of N9-blocked adenine involving neutral
and anionic species: the free nucleobase (top) and the N1,N7-diplatinat-
ed complex with a record-low pKa value (bottom).


Figure 1. Schematic representation of PtII complexes studied in this work.
Coordination sites are indicated. L=a nucleobase other than an adenine
nucleobase, A=9MeA or 9EtA, C=1MeC, T=1MeT, U=1MeU, GH=


9MeGH or 9EtGH, dien=diethylenetriamine.
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binding to adenine nucleobases causes a larger acidification
of the N6H2 group than N7 PtII binding: In the (dien)PtII


complex of 9MeA (2) deprotonation starts above pH* 11,[11]


and with [(NH3)3Pt(adenosine-N1)]2+ a pKa value of 12.4
has been reported.[12] Our own findings with cis-
[(NH3)2Pt(9MeA-N7)(1MeC-N3)](ClO4)2¥H2O (3) and with
trans-[(NH3)2Pt(9-MeAH-N7)2](ClO4)4¥2H2O and cis-
[(NH3)2Pt(9MeA-N7)2](NO3)2¥2H2O (4 and 5, respectively)
are also consistent with a relatively moderate effect of the
metal ion at N7 (pKa values >12.6), although it might be
argued that the charge effect of the metal is reduced in the
bis(nucleobase) complex relative to that in a mono(nucleo-
base) complex.


N6H2 acidification of adenine by twofold PtII binding
through N1 and N7: Coordination of a second PtII entity to
an adenine nucleobase causes a more pronounced acidifica-
tion of the exocyclic adenine amino group and permits
ready detection in water. In early studies, pKa values of
11.0±11.3 have been determined for [{(dien)Pt}2(9MeA-
N1,N7)]4+ (6),[11] and 10.8 was the value reported for
[{(NH3)3Pt}2(adenosine-N1,N7)]4+ .[12] The dinuclear mixed
adenine/cytosine complexes 7±9 studied by us (Figure 1) es-
sentially confirm this picture. Still, there is an interesting
detail to be noted: For the trans-[(NH3)2Pt


II] compound 9 a
pKa value of 10.0�0.1 is observed, which is significantly
lower than the corresponding pKa value of 11.1�0.1 for
the cis isomer 8 (see below). In two previously described
nucleobase triplets containing a central Pt(N1-adenine-
N7)Pt unit,[22] trans,trans-[(NH3)2Pt(1MeT-N3)(N7-9MeA-
N1)Pt(NH2CH3)2(9EtGH-N7)](ClO4)3¥5.2H2O (12) and
trans,trans-[(NH3)2Pt(1MeU-N3)(N7-9EtA-N1)Pt(NH2CH3)2-
(9EtGH-N7)]3+ (13), the pKa values for deprotonation of
the exocyclic amino group of the adenine nucleobase in
water were found to be substantially higher, around 12.1±
12.6 in both cases. This difference of two log units from the


value for 9 clearly suggests a substantial internucleobase
effect (Scheme 2).


Although a charge influence is also likely to play a role (9
has a charge of +4; 12 and 13 have charges of +2 once the
guanine ligands have undergone deprotonation), it is proba-
bly not dominant. For example, 11 has almost the same pKa


value (10.08�0.22) as 9, although it has a charge of only
+3 once the guanine ligand is deprotonated. An internucleo-
base effect on the pKa value of the adenine is further sug-
gested by a comparison of 10 and 11: Both compounds have
identical charges (and identical pKa values of the guanine li-
gands), yet the pKa values of the bridging adenine ligand
are different (10.66�0.03 and 10.08�0.22, respectively).


Acidification of N6H2 in trinuclear bis(adenine-N1,N7) com-
plexes : We have prepared several complexes of general
composition Pt3A2 (A=9MeA or 9EtA), with formally
1.5 Pt entities per adenine base and either a cis- or a trans-
[a2Pt


II] or -[ma2Pt
II] entity cross-linking two central adenine


bases. Surprisingly, pKa values in the compounds studied are
substantially lower than in the cases with two Pt entities per
adenine (compare with the above results). This rules against
the charges of the metal entities being the major determi-
nants of ligand acidity.


Several examples of trinuclear PtII complexes containing a
single cis-[a2Pt


II] as well as two monofunctional a3Pt
II units


have been studied. In cis-[(NH3)2Pt{(N1-9MeA-
N7)Pt(NH3)3}2](NO3)6¥2H2O (14), the X-ray crystal structure
of which has been reported before,[23] pD-dependent
1H NMR spectra in D2O and potentiometric titrations in
H2O gave pKa1 values of approximately 8.7 (1H NMR spec-
troscopy) and 9.10�0.03 (potentiometry) for deprotonation
of the first adenine base and pKa2 values of approximately
10.7 (1H NMR spectroscopy) and 10.99�0.10 (potentiome-
try) for deprotonation of the second adenine. In the NMR
spectra, the two deprotonation steps of 14 are particularly


Table 1. pKa values of the N6H2 group in 9-alkyladenine complexes of PtII.[a,b]


Compd Cation composition pKa1 pKa2
[c] Other pKa values


[d] Ref.


1 [(dien)Pt(A-N7)]2+ >13 ± [11]
2 [(dien)Pt(A-N1)]2+ >11 ± [11]
3 cis-[a2Pt(A-N7)(C-N3)]2+ >12.6[e] this work
4 trans-[a2Pt(A-N7)2]


2+ >12.8[e] n.d. this work
5 cis-[a2Pt(A-N7)2]


2+ >13[f] n.d. this work
6 [{(dien)Pt}2(A-N1,N7)]4+ ca. 11 ± [11]
7 cis-[a2Pt(C-N3)(N7-A-N1)Pt(dien)]4+ 10.79 this work
8 cis-[{a2Pt(C-N3)}2(A-N1,N7)]4+ 11.03 ± this work
9 trans-[{a2Pt(C-N3)}2(A-N1,N7)]4+ 10.00 ± this work
10 trans,trans-[(ma)2Pt(C-N3)(N1-A-N7)Pta2(GH-N7)]4+ 10.66 ± 7.92 (N(1)H of GH) this work
11 trans,trans-[(ma)2Pt(A-N7)(N1-A-N7)Pta2(GH-N7)]4+ 10.08 ± 7.94 (N(1)H of GH) this work
12 trans,trans-[a2Pt(T-N3)(N7-A-N1)Pt(ma)2(GH-N7)]3+ 12.06 ± 8.33 (N(1)H of GH) [22]
13 trans,trans-[a2Pt(U-N3)(N7-A-N1)Pt(ma)2(GH-N7)]3+ 12.62 ± 8.61 (N(1)H of GH) [22]
14 cis-[a2Pt{(N1-A-N7)Pta3}2]


6+ 8.7,[g] 9.10[h] 10.7,[g] 10.99[h] �4.4[i] (N(3)H of AH) this work
15 cis-[a2Pt{(N7-A-N1)Pt(dien)}2]


6+ 9.23[h] 10.56[h] �4.3[i] (N(3)H of AH) this work
16a trans,trans,trans-[a2Pt(N7-A-N1)2{a2Pt(GH-N7)}2]


6+ 8.67[h] 10.96[h] 7.13; 7.59 (N(1)H of GH) this work
16b trans,trans,trans-[a2Pt(N7-A-N1)2{(ma)2Pt(GH-N7)}2]


6+ 8.57[h] 10.61[h] 7.28; 7.49 (N(1)H of GH) this work
17 trans,trans,trans-[a2Pt(N7-A-N1)2{a2Pt(T-N3)}2]


4+ 8.61[h] 11.31[h] this work
18 trans,trans,trans-[a2Pt(N7-A-N1)2{(ma)2Pt(U-N3)}2]


4+ 7.94 11.66 [17]


[a] Abbreviations: A=9MeA or 9EtA, C=1MeC, T=1MeT, U=1MeU, GH=9MeGH or 9EtGH, a=NH3, ma=CH3NH2, n.d.=not determined.
[b] Determined by 1H NMR spectroscopy unless otherwise stated; values obtained for D2O are converted into values for H2O. [c] For a second 9MeA
ligand. [d] For ligands other than 9MeA. [e] Estimated; deprotonation not yet complete at pD 13. [f] Estimated; deprotonation starts at pD 12.5. [g] 1H
NMR spectroscopy. [h] Potentiometry. [i] UV spectroscopy.
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well separated for the adenine H2 resonance (Figure 2). It is
noted that above pD 7.5 and at ambient temperature only
single sets of H2 and H8 resonances are observed; this is
unlike the situation at lower pH values, where resonance
doubling (with an intensity ratio of about 1:3) is observed
due to slow nucleobase rotation. While the pKa2 value is in
the range expected for a Pt2(9MeA-N1,N7) species (see
above), pKa1 is significantly shifted to lower values. We pro-
pose that the first proton loss from the exocyclic amino
group is facilitated by an efficient stabilization of the depro-
tonated species involving donation of a proton from the
N6H2 group of the second 9MeA in a hydrogen bond
(Scheme 3).


This scenario is supported by structural arguments: In the
solid-state structure of 14[23] the two adenine bases are in a
head±head arrangement with the two exocyclic amino
groups 3.35 ä apart (N6A¥¥¥N6A’) and essentially perpendic-
ular to each other. Following removal of a single proton
only a slight tilting of the two bases would be required to
lower the separation of the two exocyclic nitrogen atoms to
well below 3 ä and to permit stabilization of the deproto-
nated species by H-bond formation. Removal of a second
proton (from the other adenine base) is expected to lead to
mutual repulsion of the NH� groups, to a larger separation
of these groups, and probably, as a consequence, to base ro-
tation into a head±tail orientation. With no extra stabiliza-
tion of the deprotonated species possible, the pKa2 value is
again in the ™normal∫ range for diplatinated adenines,
namely close to 11.


When the positions of the cis-[a2Pt
II] and the [a3Pt


II] enti-
ties on the adenine bases are interchanged, that is, in cis-
[(NH3)2Pt{(N7-9MeA-N1)Pt(dien)}2](NO3)6 (15), differences
between the pKa1 and pKa2 values are somewhat lower than
in 14, but the values are still significantly apart (9.23�0.08
and 10.56�0.17, respectively; potentiometry). The low pKa


value of the first deprotonation step calls for a similar inter-
pretation as in the case of 14. Although X-ray crystal struc-
tures are not available for 15 or for the cis-
[(NH3)2Pt(9MeA-N7)2]


2+ fragment (5) with a head±head ar-
rangement of the two bases, comparison with the positions
of the O6 atoms in cis-[(NH3)2Pt(9EtGH-N7)2]


2+ (two gua-
nines in the head±head orientation)[24] leaves no doubt that
hydrogen bonding between the NH� and NH2 groups in 15
is feasible on steric grounds.


Altogether, four compounds containing a central trans-
[a2Pt


II] unit bridging two adenine nucleobases through their
N7 positions were studied: trans,trans,trans-[(NH3)2Pt(N7-
9MeA-N1)2{(NH3)2Pt(9EtGH-N7)}2](ClO4)6¥6H2O (16a),
trans,trans,trans-[(NH3)2Pt(N7-9EtA-N1)2{(CH3NH2)2Pt(9Me-
GH-N7}2](ClO4)6 (16b), trans,trans,trans-[(NH3)2Pt(N7-
9EtA-N1)2{(NH3)2Pt(1MeT-N3)}2](ClO4)4¥11H2O (17), and
trans,trans,trans-[(NH3)2Pt(N7-9EtA-N1)2{(CH3NH2)2Pt(1MeU-
N3)}2](ClO4)4¥4H2O (18). As can be seen from Table 1,


Scheme 2. Internucleobase effects on deprotonated adenine group N6H� in 12 and 13 on one hand and 9 on the other.


Figure 2. pD dependence of the H2 resonance of 14 in the NMR spectra.
Two distinct deprotonation processes for the two adenine ligands are in-
dicated, with pKa values of 9.10 and 10.99.
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there is a further drop in the pKa1 value of 9MeA for these
compounds compared to the examples containing a central
cis-[a2Pt


II] unit, with a minimum of 7.9�0.3 (1H NMR spec-
troscopy) reached in the case of 18.


With the mixed guanine/adenine complexes 16a and 16b
deprotonation takes place at the two guanine ligands (N1
positions) prior to deprotonation at the bridging adenine li-
gands (N6H2). The pKa values for the guanine bases in 16a
and 16b are between 7.1 and 7.6 and are thus also remarka-
bly lower than in other cases of guanine model nucleobase
complexes with PtII.[3,22] Interestingly, hemideprotonation
and stabilization of the guanine anion through three hydro-
gen bonds with a neutral guanine ligand[25] could again be
the reason for the observed low pKa values of the two bases,
although the scenario of anion stabilization is radically dif-
ferent from that seen in the case of adenine bases. In princi-
ple, the argument of guaninate stabilization should hold up
for any PtII complex containing guanine ligands. However,
as an inspection of a model of deprotonated 16 reveals,
there is the possibility of formation of a loop structure with
intermolecular stacking of H-bonded guanines, which would
make hemideprotonated 16 different from all mononuclear
Pt complexes previously studied by us. Additional work is
required to verify or disprove such a scenario.


Extent of formation of H-bonded species : If one accepts the
idea that intramolecular hydrogen bonding, either directly
or indirectly (through an H2O molecule, see below), is re-
sponsible for stabilization of the N6H� species and for the
extra lowering of the pKa value, it is possible to estimate the
degree of formation of the H-bonded structure. According
to such an analysis[26] an extra acidification of 2 log units,
say from 11 to 9 (the effect of two metals only, modified by
charge considerations), corresponds to a degree of forma-
tion of the H-bonded species of more than 99%, and a
DpKa value of 1.6 still requires a degree of formation of
97%.


Protonation of 14 and 15 : The relative ease of deprotonat-
ing the exocyclic amino group of the two 9MeA nucleobases
in 14 and 15 is contrasted by the superacidic conditions re-
quired to accomplish protonation of the 9MeA ligands. Ac-


cording to results obtained from UV spectroscopy, protona-
tion of 14 and 15 occurs with pKa values of �4.4�0.3 and
�4.3�0.3, respectively (Ho scale). It is assumed that proto-
nation takes place at the N3 position of 9MeA. These values
are somewhat lower than that of threefold protonated ade-
nine, which loses its first proton from N3.[2]


PtII migration following N6H2 deprotonation : In the course
of our 1H NMR studies with platinated adenine nucleobases
we noticed in many instances a complication in the spectra
of samples kept at high pH conditions (pH*>10). We con-
sidered two scenarios, both of which are precedented in nu-
cleobase chemistry, namely deamination of adenine and con-
version into a hypoxanthine ligand, and/or migration of PtII


from N1 or N7 to N6. The latter aspect has been studied in
detail by Arpalahti and co-workers.[27±29] Only in one case
were we successful in isolating a reaction product: By apply-
ing compound 9 and titrating it with NaOH to pH 11.1, we
aimed to obtain crystals of the deprotonated form 9’. The
isolated crystals 9’’ proved, however, to be a linkage isomer
of 9’ (Scheme 4) in which the Pt entity, which originally re-
sided at N1, had moved to N6. 9’’ can be reprotonated to
give 9’’’, which is formally the twofold-platinated rare imino
tautomer of adenine.[13b,28,30, 31]


The cation of trans-[{(NH3)2Pt(1MeC-N3)}2(9MeA�-
N7,N6)](ClO4)3¥3.5H2O (9’’) is depicted in Figure 3. Selected
distances and angles are provided in Table 2. As can be
seen, the trans-[(NH3)2Pt(1MeC-N3)] residue has migrated
from N1 to N6 and adopts a syn conformation with respect
to N1 of the adenine nucleobase. While the cytosine ring op-
posite to N7 of the adenine ring is close to coplanar with ad-
enine (dihedral angle of 12.38) and involved in weak H-
bond formation (O(2B)¥¥¥N(6A) 3.13(1) ä; O(2B)¥¥¥N(4L)
2.944(9) ä; numbering as given in Figure 3), the cytosine op-
posite to N6 is at a substantial angle (45.58) with the ade-
nine plane. The N1 position of adenine is deprotonated in
9’’ (internal ring angle of 119.1(6)8, very similar to the value
of 118.8(1)8 in neutral 9MeA[32]) but is involved in weak H-
bond formation (3.06(1) ä) with the NH3 ligand of Pt2
(N(3L) in Figure 3).


Pairs of cations of 9’’ are arranged in such a way as to
permit stacking of the adenine ring with the cytosine ring B


Scheme 3. Proposed rotamer distribution of 14 according to the pH of the solution. hh=head±head, ht=head±tail.
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of an adjacent cation (3.5±3.7 ä). Additional contacts be-
tween cations of 9’’ are mediated by numerous hydrogen-
bonding interactions, which involve ClO4


� anions, NH3


groups, and water molecules. None of these contacts is un-
usually short. With a single exception, direct contacts be-
tween bases of adjacent cations are not seen. The exception
is a short contact between the oxygen atom of the cytosine
ring coordinated to the N6-bonded Pt and the H8 atom of
an adjacent adenine (2.53 ä; symmetry operation �x, �1=2+


y, �1=2�z).
The syn orientation of the N6-bonded Pt (Pt2) is also


seen in [(dien)Pt(9MeA-N6)]2+ , in which the 9MeA ligand
is neutral but carries a proton at N1.[28] From modeling stud-
ies, it appears that an anti orientation of Pt2 in 9’’ is unfavor-
able because of the presence of the coligands of Pt1 at N7.


Of course, in the absence of a metal at N7, anti orientations
of N6-bonded metal ions are possible,[27,31] sometimes in
equilibrium between both forms,[33] and an anti orientation
is realized if dinuclear, metal±metal bonded units (Rh2,


[34]


Mo2
[35]) are attached to N7 and N6 simultaneously.


The 1H NMR spectrum of a freshly dissolved sample of 9’’
in D2O (pD 7.8, ambient temperature) indicates the pres-
ence of two different rotamer forms, but given the various
possibilities (rotation about the Pt(1)�N(7A) bond, the
Pt(2)�N(6A) bond, or the C(6A)�N(6A) bond; numbering
as given in Figure 3), a straightforward interpretation is dif-
ficult. Aromatic adenine proton resonances are observed at
d=8.36, 8.14, and 8.07 ppm with relative intensities of ap-
proximately 0.2:1:0.2, and two methyl resonances of 9MeA�


occur at d=3.86 and 3.81 ppm (ca. 3:0.6). As to cytosine res-
onances, two H6 and two H5 doublets (ca. 1:1) are clearly
discernable (H6: d=7.69 and 7.65 ppm; H5: d=6.10 and
6.09 ppm), as are two CH3 singlets at d=3.51 and 3.47 ppm
(ca. 1:1). There are indications for two additional weak dou-
blets at approximately d=7.63 and 6.12 ppm, which are,
however, superimposed with the other doublets. Partial iso-
topic exchange appears to be responsible for the weak inten-
sities of two of the three aromatic protons of 9MeA� . On
the basis of a 2D NOESY spectrum we can assign the in-
tense singlet at d=8.14 ppm to the H2 proton of 9MeA� as
it does not exhibit a cross-peak with the methyl group at
N9. This finding tentatively suggests that there is hindered
rotation about the Pt(1)�N(7A) bond.


pKa Value of N7,N6-diplatinated 9MeA in 9’’’: The acidity
of the proton at N1 of 9’’’ was determined by 1H NMR spec-
troscopy (pD dependence of CH3 of adenine and H2 of ade-
nine) and found to be 5.0�0.1 (calculated for H2O). This
value is lower by 2.6 log units than that of [(dien)Pt(9MeA-
N6)]2+ , which is 7.65�0.05,[28] and is a consequence of the
second PtII at N7. The difference is reasonably close to the
DpKa values for N1-protonated residues carrying a PtII at
N7 (2.17�0.1).[13] This suggests that the acidifying effect of
multiple metal ion binding is roughly additive.


Comparison with other metal ions reveals that the acidifi-
cation brought about by PtII at N6 is moderate: For an


Scheme 4. Linkage isomerization of 9’ to 9’’ and relevant pKa values of
the protonated forms, 9’ and 9’’’. Note the large difference of 5 log units.


Figure 3. View of the cation of trans-[{(NH3)2Pt(1MeC-N3)}2(9MeA�-
N7,N6)](ClO4)3 (9’’).


Table 2. Selected distances [ä] and angles [8] in 9’’.[a]


Pt(1)�N(3B) 2.018(7) N(3B)-Pt(1)-N(7A) 174.6(3)
Pt(1)�N(7A) 1.988(6)
Pt(1)�N(1L) 2.043(6)
Pt(1)�N(2L) 2.034(7)


Pt(2)�N(3C) 2.046(5) N(3C)-Pt(2)-N(6A) 174.7(2)
Pt(2)�N(6A) 1.993(6)
Pt(2)�N(3L) 2.025(6)
Pt(2)�N(4L) 2.033(6)


N(6A)�C(6A) 1.316(9) C(2A)-N(1A)-C(6A) 119.1(6)
C(2A)-N(3A)-C(4A) 109.2(7)


O(2B)¥¥¥N(4L) 2.944(9)
O(2B)¥¥¥N(6A) 3.126(9)
N(3L)¥¥¥N(1A) 3.064(9)


[a] Numbering as given in Figure 3.
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RHgII complex the pKa value for N1H has been found to be
4.5,[31] for an RuII chelate (N7,N6) the value was 6.5,[36] and
for [(NH3)5RuIII] values of 2.5 and 4.9 have been estimate-
d,[10a,c] depending on the rotamer state (metal syn or anti
with respect to N1H).[37]


Quantum-mechanical calculations : Geometry-optimized
structures for the cation cis-[(NH3)2Pt{(N1-9MeA-
N7)Pt(NH3)3}2]


6+ (14) and several feasible forms of its de-
protonated species were calculated with the Gaussian 98
suite of programs.[38] The geometry of the cation 14 was opti-
mized in two ways, by using the LanL2DZ basis set for all
atoms and alternatively by applying the LanL2DZ basis set
for Pt only and a 6-31G* basis set for nonmetal atoms. Both
structures differ only slightly. They are, however, different
from the solid-state structure of 14 (nitrate salt, dihy-
drate)[23] in that one of the two adenine bases is strongly
tilted with respect to the central cis-[(NH3)2Pt


II] plane
(A(N1)±Pt(1)±A’(N1)±A’(C2) dihedral angle of 42.58 for
the mixed basis set, 43.98 for LanL2DZ). In the crystal
structure of 14 this adenine is almost perpendicular to the
central Pt coordination plane (87.78). As a consequence of
this difference, which we attribute to the absence of anions
in the calculations, the intracomplex separation between the
exocyclic NH2 groups of the two adenine bases is considera-
bly larger in the calculated structure, namely 5.58 ä (mixed
basis set), than in the solid state (3.34 ä). Other features
(angles of (NH3)3Pt


II to the adenine plane and of cis-
[(NH3)2Pt


II] to the other adenine) deviate less dramati-
cally.


Several feasible structures of deprotonated species of 14
(single deprotonation of one of the 9MeA ligands; head±
head arrangement of two bases) were optimized by using a
LanL2DZ basis set for all atoms. In the first set of calcula-
tions a proton of the exocyclic N6H2 group was removed
anti (I) or syn (II) with respect to N1. In a third calculation
(III) a starting structure was chosen in which the intracom-
plex separation between the
amido and the amino group of
the two adenine bases had been
set to 4 ä and the proton had
been removed from a syn posi-
tion. Optimizations converged
in all three cases toward geome-
tries in which the N6H� group is
stabilized by hydrogen bonding
with an NH3 group, either from
the (NH3)3Pt


II unit at N7
(proton removed from anti posi-
tion; I) or from the cis-
[(NH3)2Pt


II] unit at N1 (proton
removed from syn position; II,
III). The latter two structures
are about 50 kJmol�1 more
stable than the first one (see the
Supporting Information). The
H-bond lengths between N6 and
the NH3 groups are 2.75, 2.58,
and 2.58 ä, respectively. In no


instance was there a close approach of the N6H� and N6H2


groups of the two adenines. This picture changed dramati-
cally when a water molecule was inserted between the two
N6 positions (calculation IV): Then, the two exocyclic
amino groups were at a distance of 4.79 ä and indirectly in-
terconnected through hydrogen bonds extending from the
water molecule, with distances of 2.69 (N6’¥¥¥OH2) and
2.74 ä (N6¥¥¥OH2), respectively (Figure 4). An additional hy-
drogen bond of 2.80 ä is formed between the exocyclic N6
amide group and the cis-oriented NH3 ligand (Nam).


Discussion


Protonation of neutral adenine bases occurs predominantly
at the N1 position (preferred tautomer)[2] in moderately
acidic solution, with a pKa value of 3±4 for the adeninium
cation, while deprotonation of the exocyclic amino group
N6H2 to give an amido species takes place in strongly alka-
line solution only, with a pKa value of approximately 16.7.[18]


Thus, there is a range of 13±14 units between the two pKa


values (Figure 5a) with at least the second pKa value far re-
moved from physiological pH conditions.


Figure 4. Geometry-optimized gas-phase structure of cation 14 with the
H-bonding pattern involving N6H� , N6’H2, the water molecule, and one
of the central NH3 ligands (Nam).


Figure 5. Approximate existence ranges of neutral 9MeA as a free nucleobase (a) or in its various platinated
forms (b±f). For simplicity, the pKa values are given as boundaries. Data for (A-N6)PtII (e) are taken from
work of Arpalahti and Kilka.[28] For comparison, pKa values of selected examples of other metal complexes
((NH3)5RuIII,[11d,39] HgII[31]) are also given (c,e).
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Metal coordination to any of the endocyclic ring nitrogen
atoms, that is, to N1, N7, or N3, shifts both pKa values to
lower values, but how pronounced this effect is depends on
the nature of the metal ion (charge, back-bonding proper-
ties, coligands) and the site of coordination. Although there
is an influence of the charge of the metal entity for a given
coordination pattern on the DpKa values, for example, PtII


at N7,[13,14] its effect is moderate. Thus, the acidifying effect
on N1 is smaller in the case of the anionic [PtCl3]


� species
(1.5 log units) than the dicationic [Pt(NH3)3]


2+ species
(2.45 log units).[13b] In any case, pKa values of metalated ade-
ninium species move from 3±4 units to less positive values
and thus become less relevant for processes occurring in a
buffer medium kept at pH 7. This applies even more to ade-
nine bases carrying metal ions at two endocyclic nitrogen
atoms.


The second option for involvement of an adenine nucleo-
base in acid±base catalysis in physiological pH conditions is
a shift of the pKa value of the exocyclic amino group toward
7. With various PtII±am(m)ine complexes, the acidifying
effect amounts to 3 log units (estimated) for metal binding
to N7 and 5 log units for N1 coordination[11] (Figure 5b).
However, for [(NH3)5RuIII] binding to N1, a dramatic acidi-
fication of the amino group by more than eight units has
been reported, with the pKa value then being 8.2.[39] Interest-
ingly, despite the high positive charge of Pt in the PtIV com-
plex [(dien)Pt(OH)2(9MeA-N1)]3+ the acidification of the
N6H2 group is rather moderate (pKa2�13±14),[40] probably
because the dien ligand undergoes deprotonation with a
rather low pKa value of 8.3. The three anionic ligands (two
OH� , dien�) obviously reduce the effective charge of the
metal ion substantially. As is shown in this paper, twofold
PtII binding (N1,N7) expectedly increases the acidity of the
N6H2 group by more than a single PtII at either of these po-
sitions. However, it is surprising to see the wide range that
is spanned for deprotonation of the first adenine ligand
(pKa=12.0 in 12 and 13, yet 7.94 in 18). We attribute this
spread in pKa values primarily to different degrees of stabili-
zation of the resulting amido group at the adenine in the
various complexes and specifically propose that stabilization
of the amido group by a hydrogen bond from an H-bond
donor is important. We have previously suggested that in
(9MeA-N7)Pt(N7-9MeA�-N1)PtX compounds direct
N6H�¥¥¥H26N hydrogen bonding between a neutral and an
anionic adenine is of importance.[17] In a related system we
could meanwhile verify such a possibility.[41] Alternatively
hydrogen bonding mediated by a water molecule,
N6H�¥¥¥H2O¥¥¥H26N (see calculations above) could take
place. A proton of the water molecule is then donated to
the N6H� group, while the oxygen atom of the H2O mole-
cule accepts a proton from N6H2. A critical survey of the
adenine N6H2 pKa values reported in this study suggests the
following: 1) With 9-alkyl adenines, twofold PtII binding, to
N7 and N1, is required to lower the N6H2 pKa value to 12.6
or below. 2) Cross-linking of two adenine N7 sites by a
linear trans-[a2Pt


II] is particularly efficient in reducing the
pKa value to below 9 (16±18) and is superior to the effect of
cis-[a2Pt


II] (14, 15). 3) An adenine N7 ligand trans to N1 of
the diplatinated adenine is less efficient in lowering the pKa


value than if it is trans to N7 (11 versus 16±18). 4) Cytosine
coligands in m-adenine complexes likewise lower the pKa


value of N6H2 of adenine (7±10), although not to the extent
seen with adenine coligands. 5) Nucleobase coligands with-
out an exocyclic amino group (uracil, thymine) or without
an exocyclic amino group suitably positioned (for example,
N2H2 in Pt(guanine-N7)) do not cause this effect (12, 13).
Taken together, these observations strongly support the
notion that lowering of the pKa value depends on the effi-
ciency of interbase H-bond formation.


The theoretical calculations carried out with 14 suggest
that an efficient stabilization of the amido group in platinat-
ed adenine may also be brought about by intramolecular hy-
drogen bonding with either of the ammine ligands of PtII at
N1 or N7. This is, in a way, reminiscent of the additional sta-
bilization of anionic adenine in adenine N6 complexes of
[(NH3)5RuIII] if the metal entity adopts a syn orientation
with respect to the deprotonated N1 position.[10c] Similarly,
intramolecular hydrogen bonding between an NH3 ligand
and the N6H proton in [(NH3)3Pt(A


*-N7)]2+ (where A*=


the rare imino tautomer of adenine) has been calculated to
stabilize the rare tautomer in the gas phase.[42] We do not
consider such a possibility to be of prime importance in the
present case and in solution, simply because it does not ex-
plain the spread in pKa values over 4 log units in the various
complexes. Without exception, in all compounds studied
such a possibility is feasible. If important, it should eventual-
ly lead to pKa values within a rather narrow range, modulat-
ed by differences in charge only.


There is a third scenario of how adenine can shift one of
its pKa values into the near-physiological pH range: It in-
volves metal binding to the exocyclic N6 position and con-
comitant shift of the proton originally at N6 to an endocyclic
nitrogen position, preferably N1. This situation corresponds
to formation of a metal-stabilized rare adenine tautomer
and results in pKa values very much different from those
seen in metal complexes of the (normal) major tautomer.
Reported pKa values for a proton loss from the neutral ade-
nine ligands, which formally correspond to pKa values of
complexes containing the major tautomer and hence give
adenine N6H2 deprotonation, are in the range 2.5±7.65 (see
above and Figure 5d). Protonation of such species occurs in
strongly acidic medium only, for example, with pKa=1.2�
0.1 in the case of [(dien)Pt(9MeA-N6)]2+ ,[28] and therefore is
not expected to be relevant for any acid±base catalysis
under physiological conditions.


Acidity constants for dimetal complexes of adenine with
one binding site being N6 and the other one an endocyclic
ring nitrogen atom are available only for the case of N6,N7
(PtII compound 9’’’), where it is 5.03 (Figure 5d). Again, the
pKa value for protonation is expected to be low (<0, esti-
mated) and irrelevant for reactions occurring in the physio-
logical pH range.


Conclusion


Nucleobases with unusual (™shifted∫) pKa values, notably
adenine and cytosine, have recently been implicated in acid±
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base catalysis involving RNAs, with examples being cleav-
age reactions of the hepatitis delta virus ribozyme and pro-
tein synthesis in the ribosomes. It is presently not fully clear
which factors eventually contribute to the observed shift in
pKa values of the nucleobases, but it has been proposed that
the pKa shift is a consequence of a stabilization of a proto-
nated nucleobase, which leads to a rise of pKa values from
the normal values of 3±4 for AH+ and CH+ to approxi-
mately 7. As far as adenine ribonucleotides are concerned,
protonation/deprotonation is discussed at either the N1 or
N3 positions, and the transient existence of rare nucleobase
tautomers during the catalytic cycle has been proposed.[8]


Any (indirect) role of metal ions in these processes also re-
mains largely unclear. A possible involvement of the pro-
tons of the exocyclic amino group of adenine, leading to a
shift of the pKa value of these protons, has not been dis-
cussed to the best of our knowledge. Similarly, the existence
of ™metal-stabilized rare tautomers∫ with pKa values in the
physiological pH range appears not to have been considered
in possible scenarios of acid±base catalysis brought about by
nucleobases.


Here we have demonstrated a principle, namely that two-
fold metal coordination to adenine (N1,N7), in combination
with suitably positioned H-donor groups of coligands, can
lead to dramatic shifts in the pKa value of the exocyclic
amino group. Even a single metal ion, binding to N6 and
forcing one of the two amino groups from this site to N1
(™metal-stabilized rare tautomer∫), is capable of achieving a
pKa value that is in the physiological pH range or even
lower. A second coordinated metal ion reinforces this effect.
In the present study the metal entities were PtII. We believe
that the effects are qualitatively similar for many, if not all,
metal ions that bind in an inner-sphere fashion to adenine.
We are also aware that there are cases where a single metal
ion (for example, [(NH3)5RuIII]) brings about an acidifica-
tion of A�NH2 comparable to that of two PtII ions,[39] but
this feature leads to rapid linkage isomerization and eventu-
ally to metal binding to N6. It should also be emphasized
that the effect seen in our study occurs with small, simple
systems and in water, with major influences of the medium,
as expected to play a role in large biomolecules, absent. The
main question at this stage is whether these scenarios apply
also to the ™natural∫ counterions of RNAs, which are essen-
tially Mg2+ , K+ , and Na+ . There is presently no crystallo-
graphic evidence for the existence of inner-sphere com-
plexes of Mg2+ with adenine nucleobases, even though
quantum mechanical calculations strongly suggest their exis-
tence.[43] Consequently, there are also no solution data avail-
able on the acidifying effect of a coordinated Mg2+ on ade-
nine protons. However, there are strong indications that
Mg2+ can indeed exert such an effect.[44] Irrespective of this
uncertainty, the generation of oligonucleotides (ribozymes
or DNAzymes) capable of acid±base catalysis in the pres-
ence of nonphysiological metal ions based on this principle
is feasible. The large variety of RNA tertiary structure ele-
ments certainly seems to be advantageous for this purpose.
The recent development of a new sensor for Pb which is
based on gold nanoparticles and a DNAzyme which is acti-
vated by lead is an example, even though the function of the


metal ion in this case is different from what is discussed in
our paper.[45]


Experimental Section


Instrumentation : 1H NMR spectra were recorded with Bruker AC 200 or
Bruker DRX 400 instruments in D2O at ambient temperature (20 8C).
Sample concentrations were typically 0.005m. Chemical shifts are refer-
enced to internal sodium 3-(trimethylsilyl)propanesulfonate (TSP). 195Pt
NMR spectra (Bruker AC 200) were referenced to external Na2PtCl6. El-
emental analyses were performed with a Carlo Erba Model 1106 Stru-
mentazione elemental analyzer.


Determination of acidity constants : The pKa values were determined by
using pH-dependent 1H NMR spectroscopy, potentiometric pH titration,
and UV spectroscopy. 1H NMR spectroscopy: Changes in chemical shifts
of nonexchangeable protons in the compounds depending on pD value
were recorded. The pD value was obtained by adding 0.4 to the pH
meter reading (uncorrected=pH*). It was adjusted by addition of NaOD
or DNO3 solutions. Frequently the N9�CH3 resonance of the 9MeA li-
gands proved to be more suitable for pKa determination than the aromat-
ic protons H2 and H8 because it did not undergo isotopic exchange with
time. It was determined that the pKa values reported corresponded to
species prior to subsequent alternations such as metal migration (see the
text). The graphs (pD versus chemical shift) were evaluated with a non-
linear least-squares fit according to the Newton±Gauss method.[4, 46] The
acidity constants obtained this way (for D2O) were subsequently trans-
formed to values valid for H2O.[47] Error limits given correspond to three
times the standard deviation (3s). Potentiometry: The pH titrations were
carried out with a Metrohm E536 potentiograph equipped with a Met-
rohm 665 Dosimat and a 6.0222.100 combined macro glass electrode. The
buffer solutions (pH 4.00, 7.00, and 9.00, based on the NIST scale; for de-
tails see ref. [48]) used for calibration were also from Metrohm, Herisau
(Switzerland). The direct pH-meter readings were used to calculate the
acidity constants; that is, these constants are so-called practical, mixed, or
Br˘nsted constants.[48] Their negative logarithms given for aqueous solu-
tions at I=0.1m (NaNO3) and 25 8C may be converted into the corre-
sponding concentration constants by substracting 0.02 from the listed pKa


values;[48] this conversion term contains both the junction potential of the
glass electrode and the hydrogen-ion activity.[48,49]


The ionic product of water (Kw) and the above-mentioned conversion
term do not enter into the calculations because we evaluate the differen-
ces in NaOH consumption between solutions with and without
ligand[48,50] (see also below); this procedure also directly furnishes the
concentration of the acid in the present case of complexes 14 and 15.


The acidity constants of compounds 14 and 15 in the alkaline region
were determined by titrating aqueous 0.04 mm HNO3 (25 mL; I=0.1m,
NaNO3, 25 8C) in the presence and absence of 0.3 or 0.6 mm complex
under N2 with 0.02 or 0.04m NaOH (2.4±3.7 mL), respectively. For both
compounds, each sample was titrated twice, which means that after the
first titration the solutions were reacidified to their original pH value
(about 4) by addition of 0.03m HNO3 and then titrated again to obtain a
second pair of curves. In this way, six and four titration pairs were ob-
tained for compounds 14 and 15, respectively.


The pH range used for the calculations corresponded to about 2±96%
deprotonation for pKa1 and about 24% deprotonation for pKa2 (pH 7.4±
10.5) of 13 ; 2±96% deprotonation for pKa1 with 52% deprotonation for
pKa2 was reached for 15 (pH 7.5±10.6). All constants were calculated
with an IBM compatible desktop computer with an Intel Pentium-IV
processor by a curve-fit procedure with a Newton±Gauss nonlinear least-
squares program. The final results are the averages of all titrations car-
ried out for each substance.


Spectrophotometry : In acidic medium, the acidity constants were deter-
mined by spectrophotometry. The UV spectra (observed wavelength
range of 200±400 nm) were recorded with a two beam (sample and refer-
ence beam) UV/Vis Varian Cary 3C spectrophotometer by using 2-cm
Suprasil cuvettes (Hellma, Germany), where only the differences in the
absorbances between sample and reference cuvette were recorded. The
samples were measured in aqueous solution for their dependence on the
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pH value, which was adjusted with 12m HClO4; the studied pH range
was from �5.7 to +4.


As long as the pH value was >0.5 it was determined with a Metrohm 713
digital pH meter by using a 6.0234.110 combined micro glass electrode.
Lower pH values were obtained by calculating the H+ activity of HClO4


(H0 scale) in the solutions in the way described recently.[2, 51]


The ionic strength was adjusted to I=0.1m (NaClO4) when [HClO4]<
0.1m ; no further adjustments were made with higher acid concentrations.
For each pH value both the sample solution (complex, HClO4, and
NaClO4 when appropriate) and the reference solution (HClO4 and
NaClO4 when appropriate) were individually prepared.


All calculations were carried out by using the computer equipment men-
tioned above and by again applying a Newton±Gauss nonlinear least-
squares curve-fit procedure.[46]


For both compounds one experimental series was carried out, which was
evaluated at three different wavelengths, namely 245, 275, and 290 nm
for 14 and 248, 276, and 290 nm for 15. The final result for both com-
pounds is the average of the values obtained from the three evaluated
wavelengths.


Compounds : cis-(NH3)2PtCl2,
[52] [(dien)PtI]I,[53] 9EtA,[54] and 9MeA[55]


were prepared as reported. All the Pt complexes studied, except those
explicitly described below, were previously prepared: cis-
[(NH3)2Pt(9MeA-N7)(1MeC-N3)](ClO4)2¥H2O (3),[20] trans-[(NH3)2Pt(9-
MeAH-N7)2](ClO4)4¥2H2O (4),[56] cis-[(NH3)2Pt(9MeA-N7)2](NO3)2¥
1.5H2O (5),[57] cis-[{(NH3)2Pt(1MeC-N3)2}(9MeA-N1,N7)](ClO4)4 (8),[20]


trans-[{(NH3)2Pt(1MeC-N3)}2(9MeA-N1,N7)](ClO4)4 (9),[20] trans,trans-
[(NH3)2Pt(1MeT-N3)(N7-9MeA-N1)Pt(NH2CH3)2(9EtGH-N7)](ClO4)3¥
5.2H2O (12),[22] trans,trans-[(NH3)2Pt(1MeU-N3)(N7±9MeA-N1)Pt(NH2-
CH3)2(9EtGH-N7)]3+ (13),[22] cis-[(NH3)2Pt{(N1-9MeA-N7)Pt(NH3)3}2]-
(NO3)6¥2H2O (14),[23] trans,trans,trans-[(NH3)2Pt(N7-9EtA-N1)2{(CH3NH2)2-
Pt(1MeU-N3)}2](ClO4)4¥4H2O(18).[17]


cis-[(NH3)2Pt(1MeC-N3)(N7-9MeA-N1)Pt(dien)]
4+ (7) and cis-


[(NH3)2Pt{N7-9MeA-N1)Pt(dien)}2](NO3)6 (15): Compounds 7 and 15
were prepared on an NMR spectroscopy scale in D2O solution from 3
and 5, respectively, by treating them with [(dien)Pt(D2O)]2+ (1:1 and 1:2,
respectively, 3 d, 40 8C). At this stage in both cases formation of a single
new species was evident, clearly separated from the starting compound,
the resonances of which had disappeared. 7: 1H NMR (200 MHz, D2O,
pD=4.8): d=8.76 (br s; H2 9MeA), 8.70 (s, H8 9MeA), 7.56 (d, 3J=
7.2 Hz; H6 1MeC), 6.22 (d, 3J=7.2 Hz; H5 1MeC), 3.89 (s; CH3 9MeA),
3.36 (s; CH3 1MeC), 3.35, 3.29, 3.12, 3.09, 2.93, 2.90 ppm (m; dien); the
assignment of H8 of 9MeA was confirmed by a 1D NOE experiment
(cross-peak with CH3 of 9MeA); the relative intensities of all resonances
are as expected for the composition. 15 : 1H NMR (200 MHz, D2O, pD=


5.6): d=8.80 (br s; H2), 8.72 (s; H8 9MeA), 3.84 (s; CH3 9MeA), 3.34,
3.31, 3.14, 3.11, 2.93, 2.90 ppm (m; dien); the assignment of H8 of 9MeA
was again established by an NOE experiment; at pD>8.2, the H2 reso-
nance disappears because of isotopic exchange.


trans-[{(NH3)2Pt(1MeC-N3)}2(9MeA
�-N6,N7)](ClO4)3¥3.5H2O (9’’):


Compound 9 (50 mg) was dissolved in water (2 mL, brief heating) and
the pH value was raised from 4.4 to 11 by adding 1m NaOD. The sample
was lyophilized and subsequently dissolved in D2O (1 mL), and then the
solution was kept in a closed vial until crystals of 9’’ appeared after sever-
al days. If the sample was kept for 6 h at 50 8C instead and subsequently
allowed to crystallize at 4 8C, the isolated yield of 9’’ was 8 mg. According
to 1H NMR spectroscopy, the linkage isomerization 9!9’’ is virtually
complete, however. 1H NMR (200 MHz, D2O, pD=7.8): d=8.36, 8.14,
8.07 (3îs; H2,H8 9MeA� ; see text), 7.69 (d, 3J=7.4 Hz; H6 1MeC), 7.65
(d, 3J=7.4 Hz; H6 1MeC), 6.10 (d; H5 1MeC), 6.09 (d; H5 1MeC), 3.85,
3.81 (2îs, 5:1; CH3 9MeA�), 3.51 (s; CH3 1MeC), 3.47 ppm (s; CH3 1MeC).


trans,trans-[(NH2CH3)2Pt(1MeC-N3)(N1-9MeA-N7)Pt(NH3)2(9MeGH-
N7)](ClO4)4¥3H2O (10): Compound 10 was prepared from trans,trans-
[(NH2CH3)2PtCl(N1-9MeA-N7)Pt(NH3)2(9MeGH-N7](ClO4)3¥2.5H2O


[58]


(200 mg in 25 mL H2O) by removing the Cl� ligand with 1 equiv of
AgNO3 (24 h, 40 8C, exclusion of daylight) and by treatment with 1 equiv
of 1MeC (5 days, 40 8C, exclusion of daylight). After filtration of a small
amount of unidentified black material the colorless filtrate was concen-
trated in a stream of nitrogen, NaClO4(aq) was added in excess, and the
solution was allowed to further evaporate. Eventually long needles of 10
were harvested. Elemental analysis calcd (%) for C19H43N17Pt2O21Cl4


(1377.57): C 16.6, H 3.2, N 17.3; found: C 16.4, H 3.2, N 17.2; 1H NMR
(200 MHz, D2O, pD=5.8): d=9.28, 9.24 (2îs; H2 9MeA, rotamers
0.8:1), 8.98, 8.96 (2îs; H8 9MeA, rotamers 1:0.8), 8.37 (s; H8 9MeGH),
7.75, 7.74 (2îd, 3J=7.4 Hz; rotamers 1:0.8), 6.15, 6.14 (2îd; rotamers
1:0.8), 4.03 (s; CH3 9MeA), 3.80 (s; CH3 9MeGH), 3.54, 3.52 (2îs; CH3


1MeC, rotamers 1:0.8), 2.24, 2.23 ppm (2îs; CH3NH2); assignment made
by means of ROESY; relative intensities were as expected; 195Pt NMR
(42.95 MHz, D2O, pD=5.8): d=�2466, �2636, �2644 ppm (ca.
1:0.5:0.5).


trans,trans-[(NH2CH3)2Pt(9EtA-N7)(N1-9MeA-N7)Pt(NH3)2(9MeGH-
N7)](ClO4)4¥2.5H2O (11): Compound 11 was obtained in analogy to 10,
with EtA substituting for 1MeC and with the pH value adjusted to 1.5
(HNO3) to direct platination of N7. After addition of excess NaClO4, the
protonated form of 11, trans,trans-[(NH2CH3)2Pt(9EtAH-N7)(N1-9MeA-
N7)Pt(NH3)2(9MeGH-N7)](ClO4)5 (11’) was obtained as a colorless solid
in 46% yield. Elemental analysis calcd (%) for C21H40N19Pt2O21Cl5
(1462.0): C 17.3, H 2.8, N 18.2; found: C 17.3, H 3.0, N 18.3. Recrystalli-
zation of 11’ from D2O (pD 4.8) gave colorless crystals of 11, which were
characterized by X-ray crystal analysis. 1H NMR (200 MHz, D2O, pD=


4.0): d=9.21 (s; H2 9MeA), 9.13 (s; H8 9EtA), 8.97 (s, H8 9MeA), 8.46
(s; H2 9EtA), 8.37 (s; H8 9MeGH), 4.49 (q, 3J=8 Hz; CH2 9EtA), 4.04
(s; CH3 9MeA), 3.80 (s; CH3 9MeGH), 2.17 (s, CH3NH2), 1.61 ppm (t;
CH3 9EtA); assignment based on 1H±1H NOESY; relative intensities as
expected; 195Pt NMR (42.95 MHz, D2O, pD=4.0): d=�2470, �2610 ppm
(ca. 1:1).


trans,trans,trans-[(NH3)2Pt(N7-9MeA-N1)2{(NH3)2Pt(9EtGH-N7}2](ClO4)6¥
6H2O (16a) and trans,trans,trans-[(NH3)2Pt(N7-9EtA-N1)2{(CH3NH2)2-
Pt(9MeGH-N7}2](ClO4)6 (16b): Compounds 16a and 16b were obtained
by removal of the Cl ligand of trans,trans,trans-[{Cla2Pt}(N1-9RA-
N7)2Pt(NH3)2](ClO4)4 (where a=NH3 and R=Me for 16a ; a=CH3NH2


and R=Et for 16b)[56] by treatment with AgNO3 in aqueous solution, fil-
tration of AgCl, and reaction with 2 equiv of the corresponding 9-alkyl-
guanine. After seven days at 35 8C and subsequent addition of excess
NaClO4 16a and 16b were isolated in 40% and 48% yield, respectively,
as white powders. 16a : Elemental analysis calcd (%) for
C26H62N26Pt3O32Cl6 (2048.8): C 15.2, H 3.1, N 17.8; found: C 15.1, H 2.8,
N 17.5; 1H NMR (200 MHz, D2O, pD=4.7): d=9.23 (s; H8 9MeA), 9.01
(s; H2 9MeA), 8.44 (s; H8 9EtGH), 4.24 (q, 3J=8 Hz; CH2 9EtGH), 4.09
(s; CH3 9MeA), 1.51 ppm (t; CH3 9EtGH). 16b : Elemental analysis
calcd (%) for C30H58N26Pt3O26Cl6 (1996.9): C 18.1, H 2.9, N 18.2; found:
C 18.1, H 3.2, N 18.3; 1H NMR (200 MHz, D2O, pD=5.1): d=9.35 (s;
H8 9EtA), 9.07 (s; H2 9EtA), 8.49 (s; H8 9MeGH), 4.55 (q, 3J=8 Hz;
CH2 9EtA), 3.84 (s; CH3 9MeGH), 1.65 ppm (t, CH3 9EtA).


trans,trans,trans-[(NH3)2Pt(N7-9EtA-N1)2{(NH3)2Pt(1MeT-N3)}2](ClO4)4-
(8H2O (17): Compound 17 was prepared in analogy to 18[17] and isolated
in 18 % yield. 17: Elemental analysis calcd (%) for C26H66N20Pt3O28Cl4
(1833.9): C 17.0, H 3.6, N 15.3; found: C 16.9, H 3.3, N 15.3; 1H NMR
(200 MHz, D2O, pD = 4.0): d= 9.28 (s; H8 9EtA), 9.19, 9.17 (2îs; H2
9EtA, rotamers 1:1), 7.38 (s; H5 1MeT), 4.50 (q; 3J = 8 Hz; CH2 9EtA),
3.40 (s; N-CH3 1-MeT), 1.90 (s; C-CH3 1-MeT), 1.61 ppm (t, CH3 9EtA).


Crystal structure analysis : Diffraction data of 9’’ were collected at 150 K
on a Bruker±Nonius KappaCCD[59] apparatus (MoKa, l=0.71069 C,
graphite monochromator) with a sample-to-detector distance of 34 mm
and a w-scan data collection mode with a HKL 2000-Suite program pack-
age.[59] The exposure time was 200 s per frame. Preliminary orientation
matrices and unit cell parameters were obtained from the peaks of the
first ten frames and refined by using the whole data set. Frames were in-
tegrated and corrected for Lorentz and polarization effects by using
DENZO-SMN.[60] The scaling as well as the global refinement of crystal
parameters were performed with SCALEPACK.[60] Reflections, which
were partly measured on previous and following frames, are used to scale
these frames on each other. Merging of redundant reflections in part
eliminates absorption effects and also considers crystal decay if present.
The SHELXTL 5.1 package[61] was used to solve and refine the structure
by direct methods. All non-hydrogen atoms were treated anisotropically,
and hydrogen atoms were placed in calculated positions and refined with
isotropic displacement parameters according to the riding model.


Crystal data: C16H39Cl3N15O17.5Pt2, Mr=1211.04, monoclinic, space group
P21/c, a=11.845(2), b=15.317(3), c=21.292(4) ä, b=94.43(3)8, V=


3851.5(12) ä3, T=150 K, Z=2. Refinement of 512 parameters converged
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at final R1=0.0476 and wR2=0.1097 for 6064 reflections with J=2s(j),
min. and max. features in difference Fourier ma: 2.49 and �2.14 eä3.


CCDC-216093 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.a-
c.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44)1223-336-
033; or deposit@ccdc.cam.uk).


Theoretical calculations : Geometry-optimized structures for the cation of
cis-[(NH3)2Pt{(N1-9MeA-N7)Pt(NH3)3}2](NO3)6¥2H2O (14) and several
feasible forms of its deprotonated species were calculated by using the
Gaussian 98 suite of programs.[38] Each optimization was followed by a
frequency calculation in order to confirm every geometry to be a mini-
mum structure. The DFT calculations were performed by using Becke×s
three parameter hybrid exchange functional (B3LYP) and a LanL2DZ
basis set. For the nondeprotonated species 14, these calculations were
also performed with a LanL2DZ basis set for only Pt and a 6±31G* base
set for the nonmetal atoms.
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