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Examples of Hula-Twist in Photochemical cis - trans Isomerization

Robert S. H. Liu**! and George S. Hammond'"!

@ N

Abstract: Liu and Hammond recently reasoned that the
hula-twist (HT), a volume-conserving cis—trans isomer-
ization mechanism, is involved in reactions of confined
systems. We now show that HT can be applied to various
reported photochemical isomerization of chromophores
(small organic systems as well as photoactive bio-pig-
ments). The results, when taken as a whole, argue
powerfully that HT is a common supramolecular photo-
isomerization reaction mechanism.

Keywords: medium effect - photoisomerization - poly-
Gnes + reaction mechanisms - supramolecular chemistryj

Introduction

The common model of photochemical cis—trans isomeriza-
tion is torsional relaxation of the double bond with reduced
excited state bond order, reaching ground state products
diabatically. It is a one-bond-flip (OBF) process, turning over
one half of the molecule. However, since the first picosecond
time-resolved study on the primary photochemical process,
demonstrating that the seemingly volume-demanding 11-cis
to all-frans isomerization of the retinyl chromophore was
accomplished within 6 ps!l there have been serious doubts
that this conventional mechanism for photoisomerization can
be applied to protein-bound polyenes. (Improved instrument
resolution has since shortened photochemical reaction time to
less than 1ps.l) Hence, in 1978, Warshel proposed the
volume-conserving bicycle-pedal (BP) mechanism for the
excited visual chromophore.P! The implication of one-photon
two-bond isomerization, however, does not agree with the
observed fact of one-photon one-bond isomerization in visual
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pigment. In fact, it has since been shown theoretically®™ and
experimentally® that a BP-like motion involving simultane-
ous rotation of two alternating single bonds is a rapid ground
state process appropriate for confined polyenes.

In 1985, Liu and Asatol® postulated the concept of hula-
twist (HT) as a volume-conserving photoisomerization pro-
cess for confined polyenes, including the visual chromophore
of rhodopsin. The HT mechanism for trans to cis isomer-
ization is illustrated in Scheme 1 (left) in the form of
conversion of a W-array of atoms to a U-array. In contrast,
the conventional OBF process for isomerization results in the
conversion of a W to a sickle.
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Scheme 1.

For a polyene, the salient stereochemical consequence of
the HT process is the simultaneous double bond and adjacent
single bond isomerization. Only one C—H unit undergoes out-
of-plane translocation, while the remaining portions of the
molecule slide along in the general direction of the plane of
the molecule (Scheme 2).

frans-s-cis

Scheme 2.

In 1998, the first definitive experimental example of hula-
twist, which demonstrated the required two-bond isomer-
ization, was reported by Fuss and co-workers.”]

In 2000, Liu and Hammond® unveiled a general mecha-
nistic scheme for all photoisomerization reactions that
incorporates the hula-twist as a key component for photo-
isomerization of small molecules in solid solutions as well as
polyene chromophores that are protein bound. The essence of
this generalization can be summarized in two major points.
1) Without media constraints (i.e., in solution or in the vapor

phase), photoisomerization from the excited singlet state

0947-6539/01/0721-4537 $ 17.50+.50/0 4537





CONCEPTS

R.S. H. Liu and G. S. Hammond

proceeds by way of the conventional one-bond-flip (OBF)
process. Hula-twist (HT), if it occurs, is an undetectable
minor process.

2) With media constraints (e.g., in a solid solution, a protein
cavity, or in other interactions that restrict conformational
mobility of substrates), the OBF process could be com-
pletely suppressed, revealing instead the otherwise less
probable hula-twist process.

In support of the second point mentioned above, Liu and
Hammond® pointed out scattered literature examples of
photochemical conformational isomerization reactions con-
sistent with the hula-twist concept. Since then a careful review
of literature revealed more relevant examples.’] The purpose
of this paper is to point out these reports and to interpret or
re-interpret results to show that not only they are consistent
with HT, but that some are sufficiently detailed that they can
be taken as supporting evidence for HT.

Regioselective Isomerization of Excited Polyenes

In an n-octane matrix at 4.3 K, all-s-trans-all-trans-1,3,5,7-
octatetraene (1) was reported to undergo reversible confor-
mational isomerization change to its 2-s-cis conformer.['l Not
only can the previously undefined reaction be now readily
accounted for by a single HT-2 process (Scheme 3),®l but also,

4 %
s !
L .\LI,,,J/

F-cisd-s-cisd

Scheme 3.

given the sensitivity of the reaction toward available reaction
volume, the observed regiospecificity (at center 2) can be
readily rationalized. HT at any central carbon atom would
lead to a highly bent structure (e.g., the 4-s-cis-3-cis structure
shown from HT-4, Scheme 3,) incompatible with the n-octane
matrix.

Following this line of reasoning one might expect HT-1 to
be a facile process. This undetectable process has, in fact, been
elegantly demonstrated by Squillacote with trans,trans-1,4-
dideutero-2,3-dimethyl-1,3-butadiene (2) studied under argon
matrix isolation conditions at 20 K.I'l The observation of the
absence of s-trans to the s-cis conformational isomerization,
but rather configurational isomerization at the 1-(or 4-)posi-
tion was interpreted as being consistent with a preference for
the conventional OBF mechanism of isomerization at the
terminal double bond. However, given the matrix isolation
condition, we suspect HT may be involved. In fact, the

Abstract in Chinese:
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combined results appear to be more consistent with such a
view. Steric inhibition of HT-2 due to replacement of H-2 in
butadienel’?l by the bulkier methyll'! should reduce the
quantum yield of the 2-s-cis conformer, channeling deactiva-
tion preferentially through the uninhibited HT-1, for which
either HT-D or HT-H will give the same observed product
(Scheme 4). (Note that while OBF and HT-1 give the same
product in these two cases, they are distinctly different
processes, one involving rotation of both C—H units, the
other, rotation of one C—H unit.)

H H
y | .
D’L“-b/a-:-_..----' i n""“T'J*:bx-"' ar n""\“r =
| (HT. |

Scheme 4.

Conformer-Specific Isomerization of
Diarylethylenes

Quantum yields of photoisomerization of trans-stilbene
decrease rapidly upon increase of solvent viscosity. The
decrease in reactivity is accompanied by an increase in the
quantum yields of fluorescence.['¥ These trends are attributed
to the presence of a viscosity dependent barrier to the
torsional decay process of the planar excited trans to the
perpendicular form.!'* '] For samples in frozen media, the
isomerization reaction is stopped and the fluorescence
reaches a maximum efficiency.™ The photoreactivities of
the cis isomer of some of the diarylethylenes are less sensitive
to solvent viscosity. The net result is an increase of the trans
isomer in the photostationary state upon increase of solvent
viscosity. In fact, in many diarylethylenes, the photoisomeri-
zation becomes exclusively cis to trans in frozen media.l')

In reporting such stereospecific photoisomerizations, Alfi-
movl'7 and Fischer!" further noted the formation of unstable
conformer(s) of the trans product. Thus, a photochemical
entry to the unstable conformers of the product isomer was
discovered.[') However, no explanation for the origin of the
unstable products was ever offered.

Since the work of Alfimov and Fischer was carried out in
frozen solid solutions, again, the HT mechanism should be
expected to apply. In the case of cis-1,2-bis-B-naphthyleth-
ylene (3), conformational analyses!"! and also wavelength
dependent fluorescence studies of Fischer et al.?”! revealed
that only one conformer (3a) is likely to be present at room or
lower temperatures. Being symmetrical, there is only one
distinct mode of HT or OBFE. HT gives the high-energy,
hindered conformer 3a, while OBF gives the stable conformer
3b of the trans product (structures shown in Scheme 5). Thus,
the reported result of formation of high-energy conformer(s)
of the frans product (it is unclear whether the high-energy
conformer was produced exclusively)'” 18! is not consistent
with the sole involvement of the OBF process. Rather, it is
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Scheme 5.

consistent with HT being the major, if not the only mode of
isomerization. Thus, the photoisomerization of cis-3 could, in
fact, be considered the first demonstrated example of HT.

The absence of HT processes for the trans isomer is likely to
be due to a tight solvent cage surrounding the planar trans-
structure with the result of the free reaction volume being too
small to allow even for the volume-conserving HT process.
However, it should be noted that the difference in the intrinsic
barriers for isomerization of trans and cis stilbenes??!! could
also play a significant role in this temperature-dependent
photochemical property.

In two other reported examples (1-3-naphthyl-2-phenyl-
ethylene and 1,2-bis-f-naphthylethylene),['” '8l formation of
the high-energy conformer(s) could also be accounted for by
the HT mechanism. However, because of the likely presence
of more than one conformer in the starting material,?" 2l OBF
could also lead to unstable conformer(s). Hence, the photo-
chemical result is not useful for the purpose of determining
the nature of isomerization process in these two cases.

In this regard it is worth noting that the observation of a
trans-rich photostationary state of the attached stilbene unit in
a blue-fluorescent antibody (mAb) in a recent report was
considered unusual and suggested to be related to leakage
from the photoequilibrated cis—trans mixture to dihydro-
phenanthrene.”®! In our opinion, this is unlikely because for
the latter explanation to hold, it would require the unlikely
event that the electrocyclization would proceed at a faster rate
than isomerization. Furthermore, the frans-rich composition
is consistent with the reduced efficiency of trans-to-cis
reaction of a stilbene unit in a restricted (confined) environ-
ment.

Photoactive Yellow Protein

The most exciting recent development in studies of photo-
sensitive naturally occurring pigments has been the rapid
progress made with the recently discovered photosensitive
pigment photoactive yellow protein (PYP), a cytosolic light
receptor responsible for the repulsive response of the bacteria
toward (swimming away from) intense blue light. In the short
span of a little over a decade since its discovery,?*l many of the
details (its photo-cycle, protein sequence, and its crystal
structure at 0.82 A) are known.?! Its chromophore (4) is
rather simple, and the trans to cis photoisomerization has
been well characterized (Scheme 6). The most exciting
development has been the two independent X-ray crystallo-
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graphic studies on the primary photoproduct. First, its
structure (4a) was determined by using the cryo-cooling
(—=100°C) steady-state technique;? then independently
time-resolved (1 ns) X-ray crystallography at 287 K led to
structure 4b for the red-shifted pR intermediate.”’! The two
structures appear to be the same although they were
presented as mirror images of each other. In describing the
structure 4a for the photoproduct, the authors?! emphasized
that the chromophore demonstrated an apparent preference
for isomerization at the smaller thioester end of the double
bond rather than the larger phenoxide ring. Also, the strained
energy stored in the form of a highly distorted chromophore
(double bond twisted by 80°!) triggers subsequent protein
reorganization and signal transduction.

However, in our view, the fact that the chromophore is
confined within a protein matrix makes it necessary to invoke
HT for the isomerization process. In Scheme 7 we show that

Scheme 7.

the HT process at the -carbon, an option not considered by
previous workers, leads to a structure which is identical to that
of 4b. Considering the firm belief of the unlikely possibility of
turning over of the phenoxide ring expressed by the authors of
both X-ray studies,?>?”! one could accept these structural
works as remarkable demonstrations of the HT process.
However, to establish the case beyond doubt, it will be
necessary to carry out similar work with an unsymmetrically
labeled ring that can provide information on the faciality of
the ring and its relative orientation with respect to the
thioester group during the photochemical transformation.

Retinoid-Binding Proteins

The primary photochemical processes of the chromophore in
the larger retinoid-binding proteins (e.g., bacteriorhodopsin
and rhodopsin) are more complex. Crystal structures have
become available only recently, and its stereospecificity in
binding interaction®®! could suggest a highly rigid binding site
that might inhibit not only the volume-demanding OBF
movement of the chromophore, but also the sideways move-
ment of the polyene chain necessary to complete a HT
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motion. The currently available structural evidence are
examined separately for bacteriorhodopsin and rhodopsin.

Bacteriorhodopsin (bR): The X-ray crystal structure of the
first stable photoproduct (K) of bR (at ~5 A) as well as that
of bR (1.55 A)B are now available. They clearly show that the
photoisomerization to the first stable intermediate K involves
the conversion of the all-trans-all-s-trans chromophore (5) to a
13-cis-all-s-trans chromophore (Scheme 8).

5 13-cis-all-s-trans
Scheme 8.

And, as with PYP, the photochemical reaction takes place
within the cavity that contains the original all-trans chromo-
phore. The stereochemical consequence is not in agreement
with the 13-cis-14-s-cis structure (Scheme 9) arrived at by
Tavan and Schulten® and by the HT-14 process.*

|
jf\,iw,ih

13-cis-14-g-cis  Lys 13-cis
Scheme 9.

Upon further consideration of the restrictions imposed by
the binding cavity of the all-frans chromophore of bR, we now
would like to suggest the following sequence of events. It
starts with HT-14 for the protein-bound excited polyene
chromophore. However, spatial constraint does not allow the
chromophore to complete the HT process, diverting instead to
other conformational changes. In a sense the reaction is
controlled by longitudinal restriction,*?! that is, the elongated
tethered all-trans structure being much longer than the 13-cis-
14-s-cis structure (see below) predicted from HT. We suspect
the initial two-bond twist motion of HT-14 could only reach a
geometry near the mid-point, sufficiently advanced to permit
internal conversion to the ground-state potential surface and
to produce detectable new photoproducts. Thereafter, an
ensuing ground-state-allowed bicycle-pedal process (BP-
14,16) would transfer the cis-linkage to the butyl tether at
which further conformation adjustments are readily achiev-
able. This conjecture remains to be proven. Also, it remains to
be answered whether J, the precursor of intermediate K, is in
any way related to structures in the proposed sequence of
events.

Rhodopsin: The X-ray crystal structure of rhodopsin (2.8 A)
has become available only recently?® and that of the first
stable photoproduct bathorhodopsin, at this time, is still
unknown. Therefore, for the consideration of the photo-
chemistry of rhodopsin, we must rely on indirect spectro-
scopic evidence and other information related to the primary
photochemical process.

4540
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In a molecular modeling study, Ishiguro recently postulated
that the primary photochemical process of the rhodopsin
chromophore is HT-12,] a suggestion consistent with an
earlier analogous study®"! and an evident improvement over
the earlier suggestion of HT-11. Initial motion of HT-12 has
also been detected in recent time-resolved studies described
in a review chapter.’”) The structure of the first stable product
bathorhodopsin, however, remains to be proven. Ishiguro
suggested the 12-s-cis-all-trans structure (6, see Scheme 10).1%
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Scheme 10.

For the photochemical conversion of 9-cis-rhodopsin to
bathorhodopsin, he further suggested a direct, extended HT
process involving simultaneous rotation of a three carbon
(C10-C12) fragment to give the common batho-product.
Considering the demonstrated steric inhibition of HT when
flipping a methyl group instead of an H atom is involved (see
results of 2,3-dimethylbutadiene cited above), we believe the
latter suggestion is highly unlikely. Alternatively, we would
like to point out that structure 6 can be reached by the
sequence of a volume-conserving photochemical HT-10
process giving 10-s-cis 7, followed by a thermally allowed
bicycle-pedal process, BP-10,12.

These suggestions, however, require that the protein matrix
permits the substantial in-plane displacement of the polyene
chain (a sliding movement of the middle portion of the
polyene chromophore from a “downward bent-bow” to an
“upward bent-bow”). In the case of bacteriorhodopsin, the
crystal structure for its primary photoproduct clearly showed
that there is no significant lateral area displacement of any
portion of the polyene chain. If a similar situation exists for
bathorhodopsin, a modified view will have to be considered.
In fact, recently Kakitanil®® has argued for a twist-and-shear
(T&S) mechanism leading to an all-trans-all-s-trans structure
(6-s-cis) for bathorhodopsin. In our view the T&S mechanism
is equivalent to the stepwise mechanism suggested above for
bacteriorhodopsin, that is, an initial HT-12-like process
followed by a series of BP processes with the result that
transfers the s-cis linkage to the butyl tether. This issue,
especially the structure of bathorhodopsin, will likely be
resolved (same as K in bR) in the near future. Then, the
remaining issue will be the exact nature of photorhodopsin,
the precursor of bathorhodopsin, that has been detected
under fast kinetic conditions,*”] that is, its role in, for example,
the cascade scheme mentioned above.

The highly strained primary photoproduct detected during
irradiation of PYP (double bond twisted by 80°, see above)

0947-6539/01/0721-4540 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 21





Hula-Twist

4536-4544

raised the interesting possibility of intramolecular thermal
reaction of a primary photoproduct competing against
relaxation of surrounding protein residues. This was, in fact,
exactly the explanation offered®! for reversion of batho-
iodopsin to iodopsin, a cone pigment, upon warming the
former to temperatures > — 80°C, demonstrated elegantly as
early as 1959 in a series of low-temperature spectroscopic
studies.*I Tt is a feature that makes the cone pigment different
from the rod pigment rhodopsin.

Other systems

Phototherapy of jaundice: The room-temperature photoiso-
merization reaction of bilirubin involved in phototherapy of
jaundice was elucidated in an elegant study some time ago.*!l
We now would like to point out that the observed photo-
chemical results are consistent with the involvement of HT.
Bilirubin (8), a Z,Z isomer, is known to contain an extensive
internal hydrogen-bonding network that is disrupted in its
isomerization to an Z,E isomer. The OBF process must break
at least half of the H-bonds all at once, estimated to have an
energy in excess of 10 kcalmol~1,#1 a value evidently too large
to overcome for an excited molecule with a short S, lifetime.
In Scheme 11 the folded structure of 4Z,15Z-bilirubin with
the internal hydrogen-bonding network, according to Light-
ner is shown on the left.?] The proposed structure of the
primary photoproduct (4E,15Z) following the HT-5 trans-
formation of the 4Z,15Z isomer (see below), prior to
disruption of any one of the hydrogen bonds, is shown on
the right.

Ry i,
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Scheme 11.

The situation is reminiscent of the photoreactivities of
indigo dyes 9a. With a tetrasubstituted double bond it cannot
isomerize by HT, and internal hydrogen bonding apparently
also stops the OBF process. Its photostability has been well
documented.®™ Upon N-alkylation (9b, i.e., removal of
hydrogen bonding) isomerization becomes an efficient pro-
cess,[*l presumably by OBF because of the absence of a vinyl
C—H unit necessary for HT (Scheme 12).

o R
SO
O = 9b: R =CHs
N
R O
Scheme 12.
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However, with a C—H unit on the double bond (at C5 and
C16), bilirubin should be able to undergo the volume
conserving HT process without immediately disrupting the
H-bond network. We therefore propose the possible forma-
tion of a strained (double bond twisted) intermediate (see 8a
in Scheme 11 above following HT-5) from photoexcitation of
bilirubin. The ensuing ground-state reaction, triggered by the
strain energy in the twisted double bond would lead to
sequential disruption of the hydrogen bonds in that half of the
molecule leading eventually to the strain-free E,Z isomer
observed. Such a sequence of events would parallel the steps
in PYP, in which the highly strained double bond is known to
trigger disruption of surrounding protein organization, similar
to disruption of the H-bonding network in bilirubin. A
concerted search for a primary photoproduct of bilirubin,
therefore, appears timely.

Cyanine dyes: Thus in bilirubin, the restraining force that
masked the OBF process is not the medium but rather the
network of internal H-bonding. In this context, we find the set
of cyanine-dyes 10a—d used by Rettig and co-workers for
studies of fluorescence and geometric isomerization processes
particularly interesting (Scheme 13). Structurally, they are

Scheme 13.
similar to those proposed as new model compounds for testing
the HT mechanism.®! Significantly, drastically different ex-
cited state lifetimes for these four compounds were observed,
specifically the lifetime of the doubly ring-fused compound
10d being almost two orders of magnitude longer than the
other three. Surprisingly, this difference in lifetimes was
detected at room temperature in fluid solution (ethanol
solvent). It was suggested that “the enhanced non-radiative
decay of compounds 10a—c is related to the flexibility of
functional groups that are linked by a single bond to the
remainder of the molecule .... (or the loose-bolt theory).”[*]
We note that the observed lifetimes would also be consistent
with the involvement of HT for the vinyl-H-containing
compounds 10a-c and the absence of such a process for
10d, one without a vinyl-H. In the latter case, OBF is the only
possible process for isomerization, a flipping process that
requires the breaking of interactions between the polar
substrate and solvent molecules. Apparently, such a process
is not competitive with the HT processes of 10a—c, which do
not require disruption of such solvent —solute interactions.
Relative ease in displacing solvent molecules has also been
invoked to account for regioselective photoisomerization of
polyenes in the vitamin A series.[*!]
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Phytochrome: In reviewing the photochemistry of the tetra-
pyrrole chromophore of phytochrome, Williams and Braslav-
sky pointed out the fact that mechanistically BP is unlikely for
the photoisomerization process because it has generally been
accepted as a ground-state-allowed process. At the same time,
they did not rule out possible involvement of HT, a known
excited-state process, for the photoisomerization reaction of
this unique chromophore with a very low excitation energy.[*’!

In conclusion, we believe these new examples, in addition to
those of Fuss!”l and others cited earlier,® when taken together,
state a convincing case that HT is a common supramolecular
mechanism for photoisomerization.

The question of possible rate acceleration of HT
imposed by the medium

A possible implication from the generalization discussed
above is that HT is a slow process observable only when the
common OBF process is impeded. This is likely to be a correct
situation for substrates in an amorphous solid solution.
However, we envision situations when this generalization no
longer applies. In fact, there could be conditions when the
concerted two-bond twist process, seemingly an entropically
unfavorable process, could be assisted by the medium through
specific interaction(s) with the host. For example, in several
native systems there are good indications that confinement
actually leads to acceleration of rates of isomerization. Thus,
for rhodopsin the excited state lifetime, controlled by the rate
of photoisomerization,? is approximately ten times smaller
than that for the corresponding free 11-cis-retinal protonated
Schiff base (PSB) in solution,®! a likely case of protein
assistance of HT. Similar numbers are available for bR[*! and
all-trans-PSB.FY It will be of importance to determine the
specific structural features that lead to the enhancements.
Even for simple cyanine dyes 10a—c, if the above suggestion
of involvement of HT is correct, the rates are remarkably fast
(1.3-2.5x10'%s! in ethanol)*! and not surprisingly appear
to be medium dependent (slower in a more viscous sol-
vent).*"] Thus, for simple organic systems, the effect of
different frozen media on rates and regioselectivity of
isomerization of polyenes should be examined in order to
identify the scope and limitations of this unique supra-
molecular photochemistry.

Furthermore, at this stage, it is unclear to us as to how the
two-bond twist motion of HT will affect the electronic
vibrational coupling that is so important in determining the
rates of radiationless transition between the S, and S, states
for any molecule.PY Since HT is envisioned a diabatic process
between these two states, this coupling or the magnitude of
the corresponding Franck — Condon factor™! will likely play a
significant role in determining the overall rate of reaction. We
hope that our papers will stimulate theorists to examine such
radiationless transitions and the energy changes along the
complete pathway of HT in detail. At the same time,
experimentalists will be able to play a major role in designing
and preparing simple model systems that might be able to
elucidate the relative importance of the above-mentioned
factors in controlling rates of HT. For example, the preference
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of photoisomerization of dienes around the C—H or C-D
center of the general structure 11 will be of great interest
(Scheme 14). The C—H center should be favored if electronic
vibrational coupling (the higher C—D vibrational level would
lead to a smaller 8, the Franck—Condon Factor) is the
determining factor. The C—D center will be favored if the size
of the group being transposed is the determining factor (H is
effectively larger than D because C—H vibrational amplitude
is larger than that of C—D).

{GH:)

N

Scheme 14.

(When taken into consideration of the magnitude of the
deuterium (vinyl) isotope effect detected in stilbene,”? the
magnitude of isotope effect for compound 11 could be
considerably larger than what is normally observed for
secondary deuterium isotope effects.)

Other concerted two-bond twist processes

On occasion, we have been asked to compare the HT process
with some other concerted processes mentioned in the
literature. We would like to make a few comments. First,
HT is not the same as the pyramidal inversion process of a
C=N or an N=N bond. It is correct that both processes involve
reactions centered at one atom rather than rotation at the
formal double bonds (as in OBF). However, pyramidal
inversion involves rehybridization of the atom (to sp hybrid)
at the reaction center which is not possible when the center
does not have a lone-pair electron as in cases of C=C bonds of
present concern. However, there was one paper dealing with
photoisomerization of aryl azines (Ar—CH=N—N=CH—Ar) in
which a mechanism called the “crank-shaft” mechanism was
proposed to account for viscosity-independent photochemical
behavior of an unsymmetrically substituted azine.’® A
simultaneous three-bond rotation process was proposed that
had features, including being a volume-conserved process,
resembling the HT concept discussed above.

HT can be considered as concerted disrotatory motions of
two adjacent bonds. A relevant question is how to compare
HT to a parallel motion that involves instead conrotatory
motions of two adjacent bonds. The likely answer is that the
energy required for the latter should not be too different from
the former if one compares the two processes executed by
isolated molecules in vacuum. Indeed, recent conical inter-
section (CI) calculations seem to show that both intermedi-
ates lie on parallel minimum energy pathways during decay of
excited polyenes.’! However, it should also be clear that if
interactions with the medium are included, then the latter
could be prohibitively disfavored. In fact, it will be interesting
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to find out the energy required for a process that corresponds
to a combination of both processes. For example, it could be
one involving the HT motion (dis) during the first half of the
double twist motion then switching to the latter (e.g., con) to
complete the reaction (including the possibility that the latter
being strictly a ground-state process). The net result could be
the formation of a product with only a configurational change,
not accompanied by a simultaneous conformational change of
an adjacent single bond. Could this be the correct way to
describe reactions of anchored polyene chromophores such as
the all-frans-retinyl chromophore in bR 2 It deserves closer
scrutiny.

It should also be noted that the concerted two-bond twist
process is analogous to parallel ground-state processes
observed under confined conditions. Thus, similar two-bond
twist motions have been discussed in studies of conforma-
tional dynamics of proteins, membranes, and polymers. In
proteins, such a concerted process has long been suggested to
be involved in transition between different helices of homo-
peptides, while in membranes a parallel process is known as (3-
coupled rotation. These processes were all observed under
mild conditions.P’!
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HR-TEM micrographs of an
Al-MCM-41 support (right)
and an MoO,/Al-MCM-41
composite (45 wt% MoOs:
shown below) prepared by
an ultrasonically controlled
reaction.

The wall thickness, indicat-
ed by the arrows, changes
from 1.5 nm (above) to
23 nm (left) upon the
deposition of the MoOj in
the mesopores.
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Using Sonochemical Methods for the Preparation of Mesoporous Materials
and for the Deposition of Catalysts into the Mesopores
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Abstract: Ultrasound radiation can be used to synthesize
a variety of mesporous materials. The reaction time is
considerably shorter than the conventional methods.
Ultrasonic waves can be further used for the insertion
of amorphous nanosized catalysts into the mesopores. A
detailed study demonstrates that the nanoparticles are
deposited as a monolayer on the inner mesopores walls
without blocking them. When the ultrasonically prepared
catalyst/mesoporous-subtrate composite is used in catal-
ysis a high conversion into product is obtained.

Keywords: interfaces - mesoporous materials - nano-

Ctructures - scanning probe microscopy - sonsochemistryj

Introduction

In a recent review article the synthesis of mesoporous silica is
considered as one of the four most important discoveries in
solid-state and materials science in the last decade.l'! Indeed
ever since the first report of its synthesis in 1992,
mesoporous silica and other mesoporous materials have
attracted much attention. This is reflected in close to 2000
or more papers in the literature. The interest in these
compounds is due to their importance in the many applica-
tions in catalytic and separation technologies. Several reviews
have already been written on these materials.[+]

The original sol — gel synthesis was conducted at 100°C, and
used C;¢Hs;3(CHj;);NOH/CI as the surfactant. The surfactant
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was added to an acidic solution of sodium silicate and the
mixture was heated for 144 hours. Decreasing the heating
temperature and shortening the reaction time has been
achieved in the synthesis of MCM-41;l] however, the silica
groups of the material were poorly condensed, and the
product was less thermally stable than those synthesized at
higher temperatures. This report will not review the enormous
amount of synthetic routes varying parameters such as the
surfactants, structural components, temperatures, and others
that have been experimented over the last eight years. It will
concentrate only on a new method that have been developed
lately for the synthesis of mesoporous materials, that is, the
sonochemical method. Sonochemistry has been used not only
for the preparation of the meporous materials, but also for the
insertion of amorphous nanoparticles into the mesoporoes.
Suslick has demonstrated that these amorphous nanoparticles
are catalytically more active than their corresponding nano-
crystalline compounds.®!

Sonochemistry arises from the acoustic cavitation phenom-
enon, that is, the formation, growth, and implosive collapse of
bubbles in a liquid medium.[¥! The extremely high temper-
atures (> 5000 K), pressure (>20 Mpa), and very high cooling
rates (>10 Ks ") attained during cavitation collapse lead
to many unique properties in the irradiated solution. For
example, the sonication of a volatile precursor in a nonvolatile
solvent would yield amorphous nanoparticles. This is due to
the high cooling rates that prevent the crystallization of the
sonication products.

We have recently demonstrated that ultrasound radiation
can also be used for the preparation of mesoporous materials.
Mesoporous silica, MCM-41,1'% titania,l'! and YSZ (yittria
stabilized zirconia)l'?l were all prepared by this method. In
addition, straight-extended layered mesostructures based on
transition metal (Fe, Cr) and rare earth (Y, Ce, La, Sm, Er)
oxides were also synthesized sonochemically.l'’] The main
advantage of the sonication method is in the short irradiation
time. In most cases the reaction time was three hours. The
longest sonication period was six hours. It was applied for the
synthesis of mesoporous YSZ and caused the transformation
of the product from a layered to hexagonal mesostructure due
to this prolonged irradiation time. The thermal stability of the
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product is another advantage of the technique. We were able
to show that the MCM-41 obtained sonochemically is more
stable than MCM-41 prepared by conventional hydrothermal
methods.' This was demonstrated when our product was
treated with pure water, its crystallinity changed only a little
after heating under reflux for six hours, and decreased by
approximately 65 % after heating under refluxing for twelve
hours. In the literature™ the MCM-41 prepared by using
conventional hydrothermal methods became amorphous after
refluxing for twelve hours.

Synthetic Methods

Since the reaction conditions for the preparation of meso-
porous silica and titania have already been reported the
synthesis of YSZ will exemplify the typical sonication
conditions. The molar ratio of Y/Zr was 1:1, and the molar
ratio of (Y + Zr)/SDS/urea was 1:2:30 (SDS = sodium dodecyl
sulfate). Typically, Y,O; (0.28 g) was dissolved in a minimum
amount of HNO; and heated until it dried. Distilled water
(60 mL) was then added to this mixture. ZrO(NOs), (0.57 g),
SDS (2.88 g), and urea (9.0 g) were added then added to this
solution under stirring. The pH of this mixture was approx-
imately 4.5. The mixture was sonicated at room temperature
for 1.5, 3, or 6 hours by a high-intensity ultrasonic probe
(Misonix, XL sonifier, 1.13 cm diameter Ti horn, 20 KHz,
100 Wem~2). During sonication, the temperature of the
reaction mixture rose to approximately 80°C. After sonica-
tion, the suspension was centrifuged, washed with deionized
water and ethanol, and dried in vacuum. For the removal of
the surfactant, sodium acetate was used, following Yada’s
method.["") In addition to using SDS as the surfactant for the
preparation of mesoporous YSZ, we have also successfully
employed carboxylic acids as the templating agents for its
synthesis. The as-prepared materials maintain their original
hexagonal structure after calcination at 400 °C for one hour.
Unlike the SDS synthesis which used zirconyl nitrate as the Zr
source, Zr(iOPr), was employed in the latter reaction.
Layered and hexagonal mesostructures were obtained as the
products after sonication of 1.5 hours, when SDS was used as
the surfactant. A longer irradiation time of six hours caused a
lamellar to hexagonal transition. When carboxylic acids were
used as the templating agents, only a wormhole mesophase
was detected. The original wormhole structure remained
intact even after calcination at 400°C for one hour.
Straight-extended layered mesostructures based on transi-
tion metal (Fe, Cr) and rare earth (Y, Ce, La, Sm, Er) oxides
were synthesized by sonication for three hours. In this
synthesis, sodium dodecyl sulfate (SDS) was used as the
surfactant template, urea was used as the precipitating agent,
and the nitrate salts of metals were used as the precursors of
metal ions. Long-range straight-extended layered structures
are obtained for all as-prepared samples, except for Cr-, and
Er-based layered structures, for which short-range layered
structures are obtained. These straight-extended layered
structures are consistent with most layered mesostructured
solids, such as the silica/surfactant!'! and zirconia/surfactant!('’!
systems, but very different from that prepared under heat-
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ing.’> 181 Tn all the sonication processes in which SDS was used
as the templating agent, the interlayer spacings from TEM are
in the range of 3.3-4.8 nm. This spacing can be explained by
assuming that SDS molecules are arranged as a bilayer
between the inorganic layers.

Advantages and Mechanism of the Sonochemical
Method

The main advantage in the application of ultrasound radiation
to the synthesis of the various mesoporous materials is the
drastic reduction in the fabrication time from days?®! to
3—6 hours. In addition in the case of MCM-41 we have
demonstrated that the walls of the sonochemical product were
thicker than those obtained conventionally (see Table 1
ref. [11]). We have already mentioned above the thermal
stability resulting from these thicker walls. During the

Table 1. Physicochemical properties of iron oxide catalyst prepared by the
sonication method.

Support Fe,0; [mass%]  E, [eV]®  Conversion of
0,
EDX AAS  Feys Tims cyclohexane [%]
Fe,0; 100 100 7105 - 16.5
Fe,0,/TiO, (Degussa P-25) 20.3 12.0  710.6 457.6 21.3
Fe,0,/TiO, (MSPT) 18.7 14.5 7109 458.7 25.8

formation of the framework, despite the agitation of the
ultrasound which helps to disperse the small silica oligomers
more homogeneously in the mixture, the formation of hot
spots within the surfactant-silicate interface may accelerate
the silica polymerization, which is slow and rate-limiting
under normal conditions. Thus the fabrication of the meso-
structure can be achieved more efficiently. On the one hand,
acoustic cavitation etches the surfactant —silicate micelles on
the surface; this results in a coarse outer surface or even the
fragmentation of the micelles. On the other hand, hot spots
accelerate the condensation of surface silanol groups among
micelles; in this way ultrasound radiation accelerates the
formation of MCM-41 framework and the growth of particles.
This twofold function of ultrasound radiation results in the
particles of sonochemical product being bigger and more
aggregated than those prepared conventionally, though the
latter are more uniform in size. It is also worth noting that
ultrasound radiation did not destroy the micellar structure.[']

Inserting Nanocatalysts Sonochemically into
Mesopores

The discovery of mesoporous materials has led immediately
to the development of many experimental methods for the
deposition of materials, especially catalysts, into the meso-
pores. In many cases a precursor for the catalyst was mixed
with the precursor for the mesoporous material and in one
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step the catalyst is incorporated

B without AI-MCM-41 @ with AI-MCM-41

in the skeleton of the mesopo-
rous structure.?! In other cases 100 -
materials have been introduced
into the preprepared pores by
impregnation,'! chemical vapor
deposition,??! deposition - preci-
pitation method,®! or electro-
chemical methods.?*

We have deposited Mo oxide,
and Co—Mo oxides into MCM-
41 as well as into the pores of Al-
MCM-41. We have also anch-
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=
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ored Fe,O; into the mesopores 0 0.5 1
of titania. In addition to the
characterization studies of the
composite catalyst—mesoporous
product, catalytic studies have
also been conducted.

The typical sonochemical reaction is performed as follows:
a slurry of AI-MCM-41 in decalin (120 mL) containing
dissolved Mo(CO), and/or Co(CO);NO. The sonication was
carried out by employing a high-intensity Ti-horn (20 kHz,
100 W cm~2) sonicator under ambient air at room temperature
for periods of up to four hours. The solid product was
separated by centrifugation, thoroughly washed with dry
pentane, and dried in vacuum at room temperature. In all
cases we have based the sonochemical synthesis on reactions
that have been developed in our laboratory.?> 2 Character-
ization measurements have demonstrated that nanosized
amorphous catalysts were anchored in the pores.

IR measurements were always the first to be performed. In
all cases no peaks in the region of 2000 cm~! of the C—O
stretching vibrational mode were detected for the products of
the insertion of Fe(CO)s, or Mo(CO), and/or Co(CO);NO
into the mesoporous support. This is an indication that the
precursor is not being deposited on the walls of the support,
but rather the sonication product. The wide-angle X-ray
diffraction (XRD) pattern of the deposition products did not
show distinct peaks, as a result of the amorphous nature of the
sonication products.

For the sake of brevity we will demonstrate the method-
ology undertaken for the examination of the sonochemical
deposition only for Mo oxide deposited in the pores of Al-
MCM-41. The chemical reaction leading to the formation of
the Mo oxide has been previously reported [Eq. (1)].2%27

2Mo(CO)4(decalin) + 8.50,(g) »Mo0,05(s) + 12CO,(g) 1)

The chemical composition of solid catalysts (wt %, average
of five measurements at different points of the solid) was
measured by SEM-EDAX (scanning electron microscopy/
energy-dispersive X-ray analysis) method. The sonication
yield of Mo(CO), in decalin solution (with a starting concen-
tration of 4.75 g of Mo(CO)¢/L), as reflected in the amount of
deposited Mo oxide phase (calculated as MoO; from EDAX
data) was probed. The yield of the Mo oxide in presence of
Al-MCM-41 support was greater than in the absence of Al-
MCM-41 support (Figure 1a). It implies that the number of

Chem. Eur. J. 2001, 7, No. 21
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Figure 1. a) The amount of MoOj; and b) the kinetics of its formation as a function of sonication time in the
presence and absence of AI-MCM-41.
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collapsing bubbles is enhanced due to the presence of the solid
surfaces of the mesoporous material.

The significant increase of Mo oxide deposition rate after
its insertion into the AI-MCM-41 support indicates not only
that there are more collapsing bubbles, but also that there is a
strong interaction between the support and Mo oxide. This
interaction is induced by sonication, since attempts to deposit
Mo or Co oxides onto AI-MCM-41 by the same procedure
without sonication were unsuccessful. The ultrasonically
induced chemical interaction between the Mo precursor
(carbonyl or oxide) and Al-MCM-41-support should yield
new silicate-type compounds with characteristic chemical
state of Mo, Si, and O atoms. This was demonstrated from the
binding energies of characteristic electrons measured by
X-ray photoelectron spectroscopy (XPS) for pure Al-MCM-
41, Mo oxide deposited under sonication in the absence of Al-
MCM-41, and for MoO,-Al-MCM-41 composites obtained
sonochemically. The XPS spectra of Si 2p, O 1s, and Mo 3d
electrons of those samples are shown in Figure 2. It is clear
that the Mo deposition created a new band in spectrum of the
Si2p electrons at binding energy of 102.2 eV, in addition to the
band at 103.4 eV characteristic for Si atoms in Si gels
(Figure 2a).%1 A detailed explanation of the spectra is
presented elsewhere.?’)

The location of the MoO, particles in the MoO,/support
composite, was determined by TEM-EDAX (transmission
electron microscopy/energy-dispersive X-ray analysis) mea-
surements. This method was employed to measure the
chemical composition of selected primary particles observed
in TEM images of composite samples. The TEM micrographs
of pure AI-MCM-41 and three MoO,/Al-MCM-41 composites
obtained ultrasonically at different Mo/support ratios are
depicted in Figure 3. The composites consist of friable
aggregates of AI-MCM-41 crystals and almost spherical 50—
200 nm particles of MoO, phase. At low Mo content (21 wt %
MoO;, Figure 3b) no spherical MoO, particles were detected
(on looking at 15 different 85 x 85 um areas of the sample).
Only one ~200nm spherical-particle agglomerate with
>90 wt % MoO; content (Figure 3c) was found in the 45%
MoO; sample. At an MoO; content of 66 wt % many separate
spherical 4060 nm particles of pure MoO, phase (Figure 3d)
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Figure 2. a) Si 2p, b) O 1s, and c¢) Mo 3d XPS spectra of sonochemically synthesized MoO,/Al-MCM-41 compared with the bare support and unreacted

MoO

e

Figure 3. TEM micrographs of the AI-MCM-41 support and MoO,/Al-MCM-41 composite. a) AI-MCM-41; b) 21 % MoO5/Al-MCM-41; c) 45 % MoO;/Al-

MCM-41; d) 66 % MoOs/Al-MCM-41.

were observed. The data clearly demonstrates that the Mo
oxide phase is located inside the support’s pores and does not
form separate particles up to an MoO; content of about 40—
45 wt% upon ultrasonic deposition. High-resolution TEM
(HRTEM) pictures reveal that the MoOj; deposition does no
cause degradation of AI-MCM-41 hexagonal pore struc-
ture.”! In fact the HRTEM images clearly show the hexag-
onal nanotubes that form the pore structure of the support
with walls thickness of ~ 1.5 nm. It also shows that deposition

4550
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of MoO, increased the wall thickness to ~2.3 nm. This is a
result of formation of closed-packed monolayer of MoO,
phase on the surface of AI-MCM-41 pores due to the
ultrasonically controlled formation of surface Mo —silicate
species.

Additional information about the location and state of
MoO, phase in MoO,/Al-MCM-41 composites was obtained
from the XRD patterns of thermally treated samples. As
shown by Dhas and Gedanken,?*?"1 the Mo-blue oxide,
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precipitated from a solution of Mo(CO)4 in decalin under
ultrasonication, is XRD amorphous and can be fully crystal-
lized into a crystalline MoOj; phase by heating in air at 300°C
for 48 hours. The MoO,/Al-MCM-41 composites with differ-
ent Mo-loading, prepared by ultrasonically controlled HDP
(homogeneous deposition —precipitation), were treated in
these conditions after drying. The integral intensity of the
MoO; (020) reflection (260=12.8"), with respect to the
calibration data, was used for estimating the content of the
MoO; phases in thermally treated samples. The XRD of the
21 and 45wt% MoO; samples reveals only a very small
crystalline fraction (<5%) of MoO,. Most of the MoO, is
located inside the pores in form of a close-packed monolayer,
with chemical bonds between the MoO, and the support.
These bonds prevent its crystallization into MoO; bulk
particles. At a higher Mo-loading of 66 wt% significant
amounts of MoO, phase crystallizes into MoO; particles with
domain diameters of 35 nm. Such particles are not located in
Al-MCM-41 pores of 6-9 nm, but outside, in agreement with
TEM data. It means that crystalline MoO; could be thermally
created only from the MoO, phase precipitated outside the
Al-MCM-41 mesopores. It confirms the chemical interaction
of MoO, phase with support surface in ultrasonically depos-
ited composites and its location inside the support pores up to
MoO; loading 40 —45 wt % .[>°]

Considering the surface area of AI-MCM-41 used in this
work and an Mo surface concentration of 5 Mo atomsnm~2,
the geometrical closed packed monolayer capacity corre-
sponds to 50 wt % MoOs;, which is in the good agreement with
our measurements.

The remaining question is what is the role of the ultrasound
radiation in the insertion of the nanoparticles into the
mesopores. It is clear that the bubble can not collapse inside
the mesopores because the size that the bubble reaches before
its collapse is estimated to be about 100 microns.®! Instead our
explanation is based on microjects and shock waves that result
when a bubble collapses near a solid surface.’ Cavitation
near liquid —solid interfaces is very different from cavitation
in pure liquids.?" Near a solid surface the collapse drives high-
speed jets of liquid into the surface. Since most of the energy is
transferred to the accelarating jet, the jet can reach velocities
of hundreds of meters per second. In addition, shockwaves
created by cavity collapse may also induce surface damage. In
our case the small nanoparticles are pushed by these jets into
the mesopores and, as a result of their reaction with the
mesoporous support, are anchored to the inner surface of the
mesoporous material.

The Use of the Sonochemically Prepared
Mesoporous Composites in Catalysis

Two catalytic reactions have been examined with sonochemi-
cally prepared composites. The first, the hydrodesulfurization
(HDS) of dibenzothiophene (DBT) on MoO,/Al-MCM-41,
the second the oxidation of cyclohexane on Fe,O,/TiO,. Only
the latter results will be presented.

Chem. Eur. J. 2001, 7, No. 21
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The procedure for cyclohexane oxidation: The oxidation of
cyclohexane was performed in a thermostated glass reactor
with cyclohexane (2mL, 18.5mmol), isobutyraldehyde
(2.5 mL, 27.75 mmol) (molar ratio 1.5:1), a catalytic amount
of acetic acid (0.06 mL, 1 mmol), and an amount of the
catalyst equivalent to 0.015 mmol of iron oxide. The reaction
mixture was stirred magnetically at 70°C and 1 atm of oxygen
for 15-17 hours. The reaction products were analyzed by GC
by using the starting alkane as an internal standard. Con-
version was defined as a percentage of the starting alkane
converted into the products. In Table 1 we present the
conversion of cyclohexane into oxidation products detected
by using three forms of the catalyst: 1) unsupported nano-
phased amorphous Fe,Oj;; 2) amorphous Fe,O; deposited on
TiO, (Degussa P-25), which we have reported on previous-
ly,* and 3) amorphous Fe,Os deposited on mesoporous TiO,.
The last system showed the highest activity in the cyclohexane
oxidation. The main products (selectivity almost 90 %) were
cyclohexanol and cyclohexanone in the ratio 1.5:1.
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Mechanism for Formation of the Lightstruck Flavor in Beer Revealed by
Time-Resolved Electron Paramagnetic Resonance

Colin S. Burns,®! Arne Heyerick," Denis De Keukeleire,*!*! and Malcolm D. E. Forbes*!?!

Abstract: Time-resolved electron para-
magnetic resonance (TREPR) data col-
lected during the photodegradation of
iso-a-acids (isohumulones), the princi-
pal bittering agents from hops in beer,
are presented and discussed, and, from
the data, the photophysics leading to
free-radical production as the primary
step in the photodecomposition of iso-a-

(1:1), TREPR spectra exhibit net emis-
sive signals that are strongly spin polar-
ized by the triplet mechanism of chemi-
cally induced electron spin polarization.
From two potential photochemically
active sites, the TREPR data show that
although the first site, an enolized f-
triketone, is the primary light-absorbing
chromophore, an uphill intramolecular

triplet energy transfer process leads to
Norrish type I a-cleavage at a second
site, an a-hydroxycarbonyl. The energy
transfer mechanism is supported by
additional TREPR experiments with
chemically modified hop compounds.
Structural parameters (hyperfine cou-
pling constants, g factors, line widths) for
the observed free radicals, obtained

acids towards the development of
“skunky” beer are explained. During
laser flash photolysis of iso-a-acids at
308 nm in toluene/methylcyclohexane

Introduction

Beer is a complex mixture consisting mainly of water and
ethanol, with a fraction of about 0.5% solids that contains
over 200 different substances. These constituents are derived
from various raw materials, principally barley malt, water,
hops, and yeast. In an early stage of the brewing process, a
solution of carbohydrates, called wort, is produced by
enzymatic degradation of starch provided by barley malt
and, in some cases, cereal grains or rice. The boiling of the
wort, with hops added as flavoring agents, produces a liquid
called hopped wort in which fermentation takes place after
addition of yeast. The compounds shown in Scheme 1, which
are contained in the powdery lupulin glands of female hop
cones, are called the a-acids, and are generally present as a
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from computer simulations, are present-

EERICT e ed and discussed.

mixture of humulone (1a), cohumulone (1b), and adhumu-
lone (1¢). During the boiling of the wort, these compounds
undergo thermal isomerization to produce both trans- and cis-
iso-a-acids (shown as structures 2 and 3, respectively). As
there are three main a-acids in hops, differing in the side chain
structure, six iso-a-acids occur in beer as epimeric mixtures of
isohumulones (2a, 3a), isocohumulones (2b, 3b), and iso-
adhumulones (2¢, 3¢), respectively.

The typically bitter beer taste is due to the presence of the
iso-a-acids in concentrations varying between 15 and 100 ppm
(normally ~25 mgL"). Additionally, these acids contribute
to the bacteriostatic properties of beer and they function as
pivotal elements in the formation of a stable foam head on
beer.l'l Problematic to the iso-a-acids is their pronounced
light sensitivity. Exposure of beer to light causes the develop-
ment of an offensive taste and a “skunky” odor termed the
“lightstruck flavor”. This phenomenon has been reported in
the literature as early as 1875, but until now the detailed
mechanism has not been unraveled. As the lightstruck flavor
is not observed in unhopped beers, hop-derived compounds
play a paramount role in this process. As will be demonstrated
in detail below, there is mounting evidence that photolysis of
the iso-a-acids is particularly important, and, therefore, we
have undertaken a study of their direct photolyses. In this
report we present time-resolved electron paramagnetic reso-
nance (TREPR) data that give significant details about the
primary mechanism of this photochemical reaction. While
steady-state EPR methods have been used to study oxidative
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la—c 2a—¢
CH,CH(CHj3), (a)
R ={ CH(CH3), (b) ‘
CH(CHy)CH,CH; (c)

Scheme 1.

stress in beer,> 4 this paper represents the first use of any
direct time-resolved spectroscopic technique for the study of
the photodegradation of hop-derived beer bittering agents.

Model reactions carried out by Kuroiwa et al. have shown
that photolysis with visible light (up to 500 nm) of solutions
containing a mixture of riboflavin, isohumulones, ascorbic
acid, and sulfur-containing amino acids produces 3-methyl-
but-2-ene-1-thiol (4 in Scheme 1), the compound believed to
be largely responsible for the offending flavor and odor.F! The
flavor threshold of this thiol is so low that concentrations of
even a few parts-per-trillion (ppt; ngL~') can make beer
unpalatable; therefore, even very small photochemical con-
version rates of iso-a-acids can produce this effect. Gunst and
Verzele have confirmed that the thiol is present in light-
exposed beer by GC-analysis of the beer headspace.l’!
Although the iso-a-acids do not absorb in the visible region,
the thiol can be formed by exposure to visible light, most
probably due to sensitization by compounds such as riboflavin
(a few hundreds of pg L' in beer);"] this reaction is still under
further investigation.

Photolysis of trans-isohumulone (2a) in methanol at
300 nm has been reported to give dehydrohumulinic acid

Norrish |
cleavage
L
B Y
2a-c HO,
CH,CH(CHa)> (a)
R ={ CH(CH3)2 (b)
CH(CH3)CH,CH3  (¢)

Scheme 2.
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(5a in Scheme 1) as a major
reaction product.®! Formation
of Sa apparently results from a
mechanism involving light-in-
duced a-cleavage of the car-
bonyl group in the 4-methyl-
pent-3-enoyl group at carbon 4.
Such Norrish type I photoreac-
tions usually originate from the
n-m* state of an excited ke-
tone.l”! Loss of the unsaturated
side chain from this site would
then furnish radical precursors
to 4.

The cleavage reaction for
trans-iso-a-acids (2a—c) is de-
tailed in Scheme 2. The ketone
triplet state can cleave on either
side of the carbonyl, indicated
as pathways A and B. In either
case, acyl radicals (7 or 8a—c¢) and other radicals stabilized by
electron delocalization emerge (6a—c or 9). Pathway A leads
to a ketyl radical, while pathway B leads to an allylic radical.
There is evidence that C—C bond cleavage of a-hydroxy
carbonyls can be faster than that for alkyl-substituted
aliphatic structures;'! this leads us to favor pathway A.
Photolysis products Sa—c¢ from Scheme 1 result from abstrac-
tion of a hydrogen atom from radicals 6a—c. These products
are also produced by the same reaction after the expected
rapid decarbonylation of radicals 8a-c¢. The compound
responsible for “skunky” beer, 4, should evidently be
produced from trapping of the acyl radical 7 (pathway A,
after decarbonylation on the sub-microsecond timescale) or
directly from the allyl radical 9 (pathway B). The trapping
agent can be any sulfur-containing species in the beverage, for
example, sulfur-rich proteins derived from barley malt or low-
molecular-weight sulfur-containing compounds, including cys-
teine.

On dissolving 4 in water, an obnoxious taste is apparent
already at concentrations below 1 ngL~". In beer, the organo-
leptic activity is somewhat weaker, since the beer matrix
contains a number of constituents able to mask the offending

3a—c

H-atom abstraction

e

o 0 .
A )\/”" + "
T - R \
HO OH
6a— 7

sulfur source
—_— 4

OH

8a—c 9
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flavor. Values quoted in the literature vary: 1.25-2.5 ng L~
4.4-35ngL-1," and 0.46-338 ng L~ [*] have been reported,
depending on the beer type and the sensitivity of each
individual person. In view of these very low threshold values,
compound 4 is one of the most powerful taste- and flavor-
active compounds known.

The goal of the present study is to examine the primary
photochemical events by using time-resolved (continuous
wave) electron paramagnetic resonance (TREPR) spectros-
copy!™ and computer simulations of the spectra to identify
the free radicals produced. The TREPR experiment has
superior time response (~60ns) over steady-state EPR
methods yet retains the high structural resolution needed to
measure the hyperfine interactions used for assignment of the
signal carriers. Not only have we accomplished this original
goal, but, due to the presence of chemically induced electron
spin polarization (CIDEP)[**! in the TREPR signals, we have
also obtained important new insight into the photophysics of
the excited states leading to the observed radicals.

Experimental Section

The iso-a-acids are commercially available as an aqueous solution (ca. 30 %
wi/v) of the potassium salts of trans-iso-a-acids (2a—c; Scheme 1;2a: 12%,
2b:7%,2¢:3%) and cis-iso-a-acids (3a-c; 3a:42%,3b:24%,3¢: 12%)
(Wigan Co., Eardiston, Near Tenbury Wells, Worcestershire, Eng-
land).l'* 7} The iso-a-acids were freed from the salts by ten-fold dilution,
acidification to pH 1, extraction with isooctane, and removal of the solvent.
The trans-iso-a-acids (2a-c¢) were accessed, using literature methods, ¥ by
selective precipitation with dicyclohexylamine (DCHA) in ethyl acetate,
recovery of the DCHA-salts, re-dissolution in warm ethyl acetate, addition
of acidified water (pH 1), phase separation, and evaporation of the organic
solvent. These compounds were determined to be >99% pure by HPLC.

The TREPR experiment can distinguish between radicals of different
structure, and, through the observation of CIDEP, the experiment also
allows characterization of the excited state precursors. To take advantage
of these possibilities, two chemically modified sets of iso-a-acids were also
studied. These are the trans-tetrahydroiso-a-acids (10a—c) and dihydroiso-
a-acids (11a—c). The tetrahydroiso-a-acids are commercially available as

10a—¢ 11la—c

CH,CH(CHj3), (a)
R ={ CH(CH3), (b)
CH(CH3)CH,CH;3  (¢)

an aqueous solution (ca. 10% w/v) of their potassium salts (Wigan Co.,
Eardiston, Near Tenbury Wells, Worcestershire, England).l'>'"] Trans-
tetrahydroisohumulone (10a; 44 % ), trans-tetrahydroisocohumulone (10b;
42%), and trans-tetrahydroisoadhumulone (10c¢; 14 %) were separated
from the cis-epimers according to a procedure described above for the
isolation of the trans-iso-a-acids. Dihydroiso-a-acids (11a—c; five major
constituents, diastereomers not assigned individually) were a gift from

4556 —
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Kalsec Corp. (Kalamazoo, Michigan, USA).l'"> 2l These compounds were
determined to be >97 % pure by HPLC.

Our time-resolved electron paramagnetic resonance apparatus has been
described in detail elsewhere.l?!! Briefly, it operated as follows: samples
ranging in concentration from 1072 to 10~—>m were allowed to flow through a
quartz flat cell (0.4 mm path length) positioned in the center of a TE
rectangular optical transmission cavity of a JEOL RE-1X spectrometer.
The samples were irradiated with 308 nm light from a Lambda Physik
LPX100i excimer laser operating at 308 nm (~20 mJ per pulse hitting the
sample). The concentrations of radicals produced by each laser flash was
below 10~°m. The TREPR spectrum was collected at a fixed delay time
after the laser flash in the absence of field modulation. Spectra were
recorded as the analogue output of a two-gate boxcar integrator, while the
external magnetic field was swept. All solvents were HPLC grade and were
used as received from Fisher Scientific and Aldrich.

Results and Discussion

Figure 1A shows the X-band (9.5 GHz) TREPR spectrum
obtained at a delay time of 0.3 ps after photolysis at 308 nm of
a solution of frans-iso-a-acids (2a—c) in toluene/methylcy-

A
Emission |
20 gauss
—_—
B

20 gauss
—_—

WW’”\WNM/V

Figure 1. A) Top: Experimental TREPR spectrum recorded during
308 nm photolysis of a solution of frans-iso-a-acids (2a—c) in toluene/
methylcyclohexane (1:1). In this and all subsequent spectra transitions
below the baseline are in emission and those above the baseline exhibit
enhanced absorption, in line with the direct detection method employed.
Bottom: Simulation using the magnetic parameters listed in Table 1 for
radicals 6a and 9 (Scheme 2). B) Top: Experimental TREPR spectrum
recorded during 308 nm photolysis of a solution of trans-tetrahydroiso-a-
acids (10a—c) in methylcyclohexane. See text for an explanation of the
marked * transitions. Bottom: simulated spectrum using magnetic param-
eters listed in Table 1 for radicals 6a’ and 7'. Both experimental spectra
were obtained at room temperature at a delay time of 0.3 ps after the laser
flash. Residuals (simulation subtracted from spectrum) are shown at the
bottom of each data set. See text for details.
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Table 1. Magnetic parameters used for simulations in Figure 1.

Radicall® Structure Hyperfine coupling g factor Line width Ref.
constants [Gauss] [Gauss]
9 a aH 11.0 (3H,) 2.0026 22 23
HaC hT 14.0 (3H,)
__ e 4.0 (1H,)
HsC H 13.8 (1H,)
b c 13.1 (1H,)
CHs, 0 o0
6a NG J\ 8.4 (1H,) 2.0026 4.1 this work
(6a") HsC g 22 (2H,)
aH 2 2.9 (2H,)
HO OH
c (3
HH o
7 H,C 7 - 2.0008 4.0 this work
H,c” H H

[a] Radicals 6a’ and 7' arise from photolysis of 10a. Radical 6a’ (not shown) is identical to radical 6a except that the double bond in the 3-methylbut-2-enyl
side chain is not present. Radical 6a’ has the same hyperfine coupling constants, g factor, and line width as 6a.

0 0 Q (e}
/‘\/ o R /K/’ ", R
H - H
HO OH HO' OH

clohexane (1:1 ratio). Immediately below the experimental
spectrum is a computer simulation calculated by using the
parameters listed in Table 1, and below this is the residual
(spectrum minus simulation), to be discussed below. The fact
that a strong TREPR signal is detected indicates that free
radicals are indeed produced when UV light strikes iso-a-
acids. The strong intensity in the center of the spectrum and
weak signals on the edges indicate the presence of at least two
different radical species with significant electron-—nuclear
hyperfine interactions. Acyl radicals are not expected to have
large hyperfine coupling constants, and, since decarbonylation
in both cases leads to free radicals stabilized by significant
resonance delocalization, it is likely that we are observing
radicals that have lost CO regardless of the cleavage pathway
(A or B).

Photolysis of trans-tetrahydroiso-a-acids (10a—c) yields
the TREPR signal shown in Figure 1B, which again has a
simulation shown immediately below it and a residual at the
bottom. This simple modification of trans-iso-a-acids by
hydrogenation of the unsaturated side chains significantly
alters the shape of the EPR signal, indicating that at least one
of the radical centers originating from photolysis of trans-iso-
a-acids is located in close proximity to an alkene functionality.
It is noteworthy that the signal from this hydrogenated sample
has narrowed considerably, which is to be expected if, after
cleavage, decarbonylation to the allyl radical is no longer
taking place on the ps timescale. These results are consistent
with literature data on the decarbonylation rates of acyl
radicals leading to saturated and unsaturated carbon centered
radicals.’?l Photolysis of a solution of dihydroiso-a-acids
(11a-c¢) at 308 nm does not lead to observable TREPR
signals; this significant result will be discussed in more detail
below.

The structures of the possible free radicals formed by this
photochemistry, along with the most probable resonance
contributors to them, are shown in Scheme 3. Acyl radical 7
should decarbonylate quickly (within approximately 100 ns)
to dimethylallyl radical 9. Resonance form 9(ii) allows spin
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density on, and, therefore, hyperfine interaction with the
terminal methyl protons, and our simulation uses values very
close to the literature hyperfine coupling constants??! for the
dimethyl allyl radical, listed in Table 1 (three of the couplings
are exactly the same as in ref. [23], and the other two are
within 10% of their literature values). Radicals 6a—c each
have four resonance contributors, although it is unlikely that
they contribute equally to their overall stability. For example,
resonance structures 6a—c(iv) contain an exo-double bond
and an electron-deficient oxygen. Structures 6a-—c(iii), as
cyclopentadiene derivatives with an electron-deficient oxy-
gen, are also probably of minor importance. Still, contributors
6a—c(i—iv) taken together provide significant stabilization of
the radical center and, because they all pull electron density
away from the point of cleavage, hyperconjugation to the lone
H atom on the ring is probably not as large as it would be for a
radical without these substituents.

The only radical close in structure to 6a—c¢, for which
literature hyperfine couplings are known, is the hydroxycy-
clopentenyl radical,? which has a coupling constant of
20 Gauss for an H atom in a similar position to the lone H
atom on the ring system of 6. Our simulation of radical 6a
gives a coupling constant of only 8.4 Gauss for the lone ring
proton. This is consistent with the expected lower spin density
in our system due to delocalization of the unpaired spin away
from the other side of the five-membered ring. The hydroxyl
coupling constants are also close to those reported in the
literature for similar radicals.?’! Presumably, they are resolved
here due to the use of non-aqueous solvents in our experi-
ments; in aqueous solution, hydrogen bonding and/or ex-
change processes broaden them significantly.

It is perhaps somewhat surprising to require hyperfine
interaction on the alkyl group on the other side of the
triketone from the ring (position b for 6a in Table 1) in order
to fit the spectrum in Figure 1A. However, with delocalized
radicals such as 6a—c, there is certainly the possibility of
hyperconjugation to the m system leading to these small
couplings. Although there are two such couplings for radical
6a and only one for both 6b and 6¢, we obtain a best fit with
two. This is consistent with our samples having a considerably
higher mole fraction of precursors 2a and 3a. The possible
existence of a superposition of radicals with one or two
couplings at this position is most likely responsible for the
small discrepancies in the overall line shape of the simulation
of Figure 1A, especially at the perimeter of the transitions
from radicals 6a—c. We dismiss the possibility of hyperfine
interaction with the methylene hydrogens of the 3-methylbut-
2-enyl substituent side chain, as the carbon atom bearing them
is not directly bonded to the delocalized electrons; hyper-
conjugation would be very weak in this case.

The relative intensities of the two radicals in Figure 1A
appear to be quite different, but this is easily understood. The
dimethylallyl radical 9 has its intensity distributed over a very
large number of hyperfine lines (128) that cover more than
100 Gauss. Therefore, even its most intense lines are diluted
over much of the sweep width, and, in fact, the least intense
lines on the perimeter are undetectable and left off the total
sweep in the figure. Radicals 6a—c on the other hand have
EPR signals distributed over just 18 closely spaced lines, so
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this signal appears to be much more intense. In fact, the
integrated intensity of each radical type is nearly the same.
Small differences in the electron spin lattice relaxation time of
the radicals or the decarbonylation rates of §a—c and 7 may
be responsible for the integrations being not precisely equal.
In regard to the simulation of Figure 1A, it should also be
noted that a small amount of multiplet spin polarization
(emission/absorption or E/A) has been added to this spectrum
for best fit. This contribution is from the radical pair
mechanism (RPM)P9 of CIDEP, and we note that it is of
the correct phase for a triplet precursor to the radical pair.

If we are indeed observing in Figure 1B the saturated
analogue of acyl radical 7, that is, the 4-methylpentanoyl
radical (labeled as radical 7’ in Table 1), then we can conclude
that decarbonylation is very slow because the resulting species
is a much less stable primary 3-methylbutyl radical. The
changes expected in the TREPR spectrum upon hydrogena-
tion of this double bond should be 1) the disappearance of the
hyperfine structure due to radical 9 and 2) the appearance of a
broad line with a different g factor and no resolvable
hyperfine interaction for radical 7'. The simulation immedi-
ately below Figure 1B supports this conclusively.

There is an additional emissive transition seen on the low-
field side of the spectrum in Figure 1B that is possibly
accompanied by an additional absorptive peak on the high-
field side. This transition, marked with a * in Figure 1B, is due
to an unknown radical that could not be simulated by using
reasonable parameters for any of the radical structures shown
in Scheme 3 above. This signal may arise from a competing
photochemical reaction, for example, H-atom abstraction
from the solvent, from decarbonylation of one of the acyl
radicals, or from secondary photochemical processes. The fact
that this signal appears to be more strongly RPM spin
polarized (E/A) indicates that it does not result from a
primary photochemical process. It is more likely to have been
generated at a later delay time, after the strong net emissive
polarization from the parent ketone triplet state has relaxed.

Some comments should be made about the residual signals
(spectra minus their simulations) shown in Figure 1. In
Figure 1B the residual contains no major peak above the
noise level of the spectrum apart from the one marked with an
asterisk, which as discussed above is most likely from an
independent and later photochemical process. The residual
for Figure 1A appears to show more structure, but it should be
pointed out that the total area of the residual is less than 3 %
of the total area of the spectrum, which, by most standards for
spectral simulation, represents an excellent fit. The major
discrepancies are at the wings of the signal from radical 6a,
and this is not surprising as it is where the two signal carriers
meet. Still, the error is small and may be due to small line
shape errors rather than coupling constant errors. Another
minor discrepancy is the lack of a good fit on the high-field
side, but this is where the ratio of the two polarization
mechanisms (RPM and TM) comes into play and this can be
notoriously difficult to fit because the radicals may have
different chemical lifetimes and spin-lattice relaxation times,
leading to intensity distortions in this region of the spectrum.
Opverall, the simulation is satisfactory, especially with regard
to the resolved hyperfine structure of radical 6a.
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From the TREPR results and simulations, in conjunction
with the product analyses outlined above, it can be concluded
that the radicals result from Norrish type I a-cleavage of the
isolated a-hydroxy ketone shown in Scheme 2. This is further
supported by the fact that the dihydroiso-a-acids (11a-c¢) do
not produce a TREPR signal upon 308 nm laser photolysis.
This observation provides the first direct spectroscopic evi-
dence for the resistance of dihydroiso-a-acids to photolysis and
is the most conclusive proof to date that the photochemistry
leading to the lightstruck flavor in beer originates at this site.

The net emission exhibited in both spectra in Figure 1 is
generated by the triplet mechanism (TM) of CIDEP[
Briefly, this is caused by unequal populating of the three
triplet spin levels during the intersystem crossing process from
the first excited singlet state. The origin of the polarization
and its phase (net E rather than net A) are topics worthy of
further discussion, as consideration of these issues allows
further mechanistic information to be obtained regarding the
photophysics of the precursor molecules. In this regard, we
note that the phase of the TM is dependent on the sign of the
zero-field splitting parameter D of the parent ketone. In
saturated ketones, the TM is usually weak and absorptive,
while ketones conjugated to unsaturated bonds exhibit
stronger TM polarization that is emissive. This reversal of
TM phase is supported by reports of the sign of D for the
triplet states of carbonyl compounds such as cyclohexanonel*®!
versus cyclohexenone,?! which are opposite.

Because of the emissive polarization in the spectra, we
propose the photophysical mechanism shown in Scheme 4 for

-

2a—¢
CH,CH(CH3), (a)
R= {CH(CHs)z (b)
CH(CHg)CHch3 (C)

Intramolecular )\/”'u,

HO triplet energy HO,
3 S transfer 3
[ox] o < 0
N
Norrish type |
a-Cleavage,
foss of CO
. ? o]
+ )\///B/_l_\z)k —_—
/ R
HO CH
9 6a—c

Scheme 4.
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the trans-iso-a-acids (2a—c). The first step involves absorp-
tion of UV radiation by the p-triketone portion of the
molecule (indicated by brackets). This is easily concluded
from the UV absorption spectrum of the compounds, to be
discussed below. After intersystem crossing (ISC) to the
triplet state, triplet energy transfer occurs to the isolated a-
hydroxyketone, which in its excited state ultimately cleaves,
and radical chemistry ensues. There is good evidence sup-
porting the assumption that spin polarization transfer accom-
panies triplet energy transfer;?%3! therefore, we expect the
isolated monocarbonyl triplet to show emission from the
original absorbing chromophore rather than the enhanced
absorption from the TM expected if the monocarbonyl were
being directly excited.

The f-triketone moiety has a strong electronic absorption
at 308 nm in all of the types of iso-a-acids under consid-
eration, that is, trans/cis-iso-a-acids (2 + 3), trans-tetrahy-
droiso-a-acids (10a-c), and dihydroiso-a-acids (11a-c).
Reduction of the monoketone, as in dihydroiso-a-acids, does
not alter the absorption spectrum significantly, as the weak
n-m* transition of the monoketone must be hidden under-
neath the long-wavelength edge of the strong absorption band
of the S-triketone. As an example, the ¢ value for dihydroiso-
a-acids (11a-c) at 308 nm in methanol is 1750 Lcmmol -},
while an ¢ value of 15 Lcmmol! is reported for the n—z*
transition of a model compound, 3-hydroxy-3-methylbutan-2-
one, also at 308 nm in methanol. These facts corroborate our
suggestion that the f-triketone moiety is the primary light-
absorbing chromophore in the iso-a-acids at 308 nm.

To provide additional sup-
port for this mechanism, the
triplet spectrum of a mixture
of frozen dihydroiso-a-acids
(11a-c¢) in methylcyclohexane
was generated and observed by
TREPR (Figure 2A). This ex-
periment was carried out in
order to characterize the f-
triketone triplet in the absence
of the energy transfer process.
The strongly emissive half-field
transitions in Figure 2A, indi-
* cated by an asterisk, are a
strong indicator that the net
emissive polarization in Fig-
ure 1A originates from the (-
triketone chromophore.P A
rough estimate of the dipolar
interaction D in the triplet can
be made by measurement of the
separation (in Gauss) between
the outermost Am=1 transi-
tions in Figure 2A, indicated
by dashed vertical lines. This
gives D ~ 1100+ 100 Gauss or

is very consistent with a delo-
calized triplet such as this tri-
ketone.
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Figure 2. A) TREPR spectrum of the triplet state of the dihydroiso-a-
acids (11a-c¢) frozen in methylcyclohexane. The data were obtained at a
temperature of 100 K at a delay time of 1.0 us after the 308 nm laser flash.
The emissive Am =2 transitions (half-field lines) are marked by *, and
dotted lines indicate the peripheral Am =1 transitions used to evaluate the
zero-field splitting parameter D for the triplet. B) TREPR spectrum
obtained after photoexcitation of a solution containing a mixture of
TEMPO and dihydroiso-a-acids (11a—c¢) in methycyclohexane at room
temperature taken 1.0 ps after the laser flash.

The mechanism is further supported by experiments
involving photolysis of a solution containing a mixture of
dihydroiso-a-acids (11a-¢) and 2,2,6,6-tetramethylpiperi-
dine-1-oxyl (TEMPO), a stable free radical. In the TREPR
spectrum obtained from this sample an emissively polarized
three-line spectrum of TEMPO is observed (Figure 2B). No
TREPR spectrum is obtained with either dihydroiso-a-acids
alone or TEMPO alone. The emissive polarization of the
TEMPO free radical observed in this case is a result of the
radical triplet-pair mechanismP®! of CIDEP, which results
from the diffusive encounter and magnetic interaction be-
tween an excited triplet molecule, in this case that of the
dihydroiso-a-acids, and a doublet-state free radical. The net
emission observed here must arise from the polarized triplet
state of the dihydroiso-a-acids, as the nitroxide does not
absorb the light nor does it have any spin polarization it can
acquire on its own. Both spectra in Figure 2 allow us to
conclude that the emissive polarization observed in the
TREPR spectra in Figure 1 is originally generated in the
intersystem crossing process from S, to T, of the S-triketone,
the primary light-absorbing chromophore in the iso-a-acids.

The intramolecular triplet energy transfer process from the
p-triketone to the isolated a-hydroxyketone is noteworthy, as
it is expected that it should be wuphill in energy by
~25 kJmol~1.3 Even so, the radicals are formed from the
a-hydroxyketone within a few hundred nanoseconds (the
TREPR signals from 6a—c, for example, show maximum
intensity at approximately 400 ns after the laser flash). For
two chromophores diffusing in free solution, collisional triplet
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energy transfer is relatively slow (~10°s™!) for this large an
energy difference between the states.*! However, when the
two chromophores are connected as in this case, the triplet
energy transfer rate can be much faster. Johnson et al.
measured triplet energy transfer from naphthalene to biphen-
yl at greater than diffusion-controlled rates (7.7 x 10°s7!)
when the two chromophores were connected to an alkane
spacer and separated by only two C—C ¢ bonds. Although
that result was for a downhill reaction (~17 kJmol™"), it
demonstrated that covalently linking the triplet donor and
acceptor can increase the intrinsic triplet energy transfer rate.
It is possible that the two chromophores are in fact very
strongly coupled in our system. Because the hydroxyl group
and the acyl side chain at C-4 are oriented above and below
the five-membered ring that contains the -triketone, the two
chromophores are in a fair geometry for interaction directly
through space, and through-bond coupling is also expected to
be very strong. Therefore, it is not unreasonable to observe
this uphill energy transfer process taking place on the
submicrosecond timescale. Of course, this means that the
cleavage reaction at the site producing radicals must be fast
(<20 ns) in order to compete with back transfer of the triplet
energy. Based on our comments above regarding the faster
cleavage of a-hydroxyketone excited states, this seems
feasible.

In order for the emissive TM polarization to be preserved
during the energy transfer process, the transfer rate must also
take place within the electron spin-lattice relaxation times of
both of the triplets involved in the energy transfer process.
This suggests that either these relaxation times are quite long
or that the intersystem crossing rate from the initial singlet
excited state is fairly slow. The spin lattice relaxation rate, 77,
of the triplet electron spins depends on the tumbling rate of
the triplet in solution. In fact, the magnitude of the TM
polarization also depends on this tumbling rate. With so many
alkyl appendages, tumbling will be slower than for less
substituted and more symmetric triplet states, which have
electron 7 values on the order of 1-10 ns. Therefore, a longer
triplet electron spin-lattice relaxation rate than this for the
triplet states of 2a—c and 3a—c is reasonable.

Conclusion

We have demonstrated that the primary photophysics in-
volved in the lightstruck flavor of beer are absorption and
formation of the triplet state of the delocalized S-triketo
chromophore present in the iso-a-acids, followed by intra-
molecular energy transfer to the localized a-hydroxyketone
moiety. Subsequent photochemistry from this ketone leads to
the formation of free radicals through a Norrish type I a-
cleavage. The events can be followed by TREPR because of
strong emissive triplet-mechanism CIDEP, which is produced
initially and then propagated throughout the various photo-
physical and photochemical pathways. Simulation of the
TREPR spectra provides unambiguous assignment of the
signal carriers to the radicals proposed in the mechanism.
Future work will include attempts to obtain kinetic studies on
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the intersystem crossing, spin relaxation, and decarbonylation
processes involved in this photochemistry.

Apart from storing beer in light-proof containers, such as
dark glass or cans, or immediate consumption, the photo-
sensitivity can be circumvented by reduction of the iso-a-acids
so that the deleterious photochemical process is prohibited.
This has been conclusively shown in the present work for the
dihydroiso-a-acids in which the photoreactive a-hydroxyke-
tone group is reduced to a photoinactive 1,2-diol entity,
resulting in complete light resistance. Conversely, the tetra-
hydroiso-a-acids are as photoreactive as the iso-a-acids;
however, 3-methylbut-2-ene-1-thiol (“skunky” thiol) cannot
be formed from these compounds subsequent to photocleav-
age. As a consequence, the lightstruck flavor derived from
tetrahydroiso-a-acids must be distinctly different from the
“natural” lightstruck flavor, perhaps having less obnoxious
organoleptic features.
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Approach to All Four Stereoisomers of a Chlorinated f£,0-Dihydroxy

Hexanoate
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Abstract: A stereoselective chemoen-
zymatic synthesis of all four stereoiso-
mers of tert-butyl 6-chloro-3,5-dihydroxy-
hexanoate (6a) is presented. The key
step of the sequence is a highly regio-
and enantioselective single-site reduc-
tion of fert-butyl 6-chloro-3,5-dioxohex-
anoate (1a) by two enantiocomplemen-
tary biocatalysts. Alcohol dehydrogen-
ase from Lactobacillus brevis
(recLBADH) afforded a 72% yield of
enantiopure fert-butyl (§)-6-chloro-5-
hydroxy-3-oxohexanoate [(S)-2a]. The

90-94 % ee by Baker’s yeast reduction
in a biphasic system (50 % yield). Both
biotransformations were performed on a
gram scale. The f-keto group of the
enantiomeric J-hydroxy-f-keto esters
2a thus obtained was reduced by syn-
and anti-selective borohydride reduc-
tions. Permutation of the reduction
methods yielded all four stereoisomers

asymmetric
ketones

Keywords: alcohols -
catalysis - enzymes

of the crystalline target compound 6a
(>99.3% ee, dr>205:1), which is a
versatile  1,3-diol  building  block.
recLBADH accepts a variety of f3,0-
diketo esters as was determined in a
photometric assay. tert-Butyl 3,5-dioxo-
hexanoate (1b) and fert-butyl 3,5-dioxo-
heptanoate (1c¢) were reduced on a
preparative scale as well to afford the
corresponding J-hydroxy-$-keto esters
(R)-2b and (R)-2¢ with 99.4% ee and
98.1% ee, respectively.

B . reduction
enantiomer (R)-2a was prepared with

Introduction

Optically active f,0-dihydroxy esters C have found wide-
spread application in the stereoselective synthesis of natural
products, polyol fragments, and chiral drugs.l! Both the syn-
and the anti-configured f,0-dihydroxy esters C can be inde-
pendently prepared from the corresponding chiral d-hydroxy-
pB-keto esters B by means of highly diastereoselective reduc-
tion protocols.”! Several syntheses of optically active hydroxy
keto esters B have been described in the literature.’! The
regio- and enantioselective reduction of 5,0-diketo esters A is
a straightforward and flexible approach. All four stereo-
isomers of a dihydroxy ester C can be derived from the same
precursor A by this strategy (Scheme 1).

However, only a few publications dealing with this subject
can be found in the literature. Hydrogenation of diketo
esters A with chirally modified ruthenium catalysts resulted in
mixtures of syn- and anti-dihydroxy esters C with varying
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enantiomeric excess.!l A notable exception to this is repre-
sented by the recent work of Carpentier et al., who succeeded
in controlling the reduction of methyl 3,5-dioxohexanoate
(1f) at the initial step, namely the reduction of the S-keto
group. The achieved enantiomeric excess was, nevertheless,
limited to 78 % at best.* Highly enantioselective reduction of
ethyl 6-benzyloxy-3,5-dioxohexanoate by ADH (alcohol
dehydrogenase) of Acinetobacter calcoaceticus has been
reported (97— > 99 % ee).P] Regioselectivity was not encoun-

OH OH O
R
OR’
OH O O _— syn-C
R
OR'
B T~ OH OH O
e R A,
O oR
o o o anti-
rR M .
A R OH OH O
R\/\/\)J\
\ OR'
OH O © " syn-C
RoAMN .
g R ™—L oHoHo
R OR'
anti-C

Scheme 1. Regio- and enantioselective reduction of f,0-diketo esters A.
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tered, however, as was the case in the reduction of a variety of
B,0-diketo esters A with Baker’s yeast.[! The low to moderate
enantiomeric excess (6—67 % ee) of the prevailing 3-hydroxy-
d-keto products suggests a mutual activity of at least two
Baker’s yeast enzymes with opposite enantioselectivities.

Nevertheless, the application of biocatalysis in a regio- and
enantioselective reduction of fS,0-diketo esters A seemed
most promising to us. Lack of selectivity in ADH catalyzed
ketone reductions is the exception rather than the rule,
especially when purified enzymes are applied./”) In the present
paper, we describe a highly regio- and enantioselective
biocatalytic reduction of several f8,0-diketo esters A.[fl Ac-
cording to the strategy outlined in Scheme 1, all four stereo-
isomers of a chlorinated dihydroxy hexanoate C were synthe-
sized in virtually enantiopure form.

Results and Discussion

Biocatalyst screening and enzymatic reduction of §,0-diketo
esters: In a photometric assay, that is, by monitoring
NAD(P)H consumption at 340 nm, diketo esters 1a and 1b
were added to ADH of Lactobacillus brevis, Thermoanaer-
obium brockii, horse liver, Baker’s yeast, Rhodococcus
erythtropolis, and carbonyl reductase of Candida parapsilosis,
all of which are known to be capable of reducing a variety of
ketones.™™ I However, only NADP-dependent ADH of
Lactobacillus brevis (LBADH) accepted diketo esters1a
and 1b as substrates. This stable enzyme is easily available in
the form of a crude cell extract (recLBADH) from a
recombinant E. coli strain.”! As can be seen from Table 1,
recLBADH accepts a broad range of 5,0-diketo esters A.

While the activity of recLBADH rapidly decreases on chain
elongation at C-6 (compounds 1b-e), the enzyme is less
sensitive to variation of the ester group. All unsubstituted
alkyl 3,5-dioxohexanoates are accepted with good activity
(compounds 1b, f-1), and only a slight preference for li-
pophilic ester alcohols can be noticed. The lower activity for
hexyl ester 1j is a consequence of the poor solubility of this
substrate rather than a consequence of lower acceptance by
the enzyme. Remarkably, the branched diketo ester rac-1q is
also a good substrate for recLBADH. The S enantiomer of
this compound is accepted preferentially, which allows a
dynamic kinetic resolution.'”! Oxy-substitution at C-6 is not
tolerated (compounds 1n—p), in contrast to substitution by
chlorine and fluorine (1a and 1m).

To identify the keto group(s) reduced by recLBADH, we
performed the reaction with diketo estersla-c¢ on a 1-—
10 millimole scale, by using substrate-coupled regeneration
of NADPH. The cosubstrate 2-propanol was applied in excess
to shift the equilibrium in the desired direction (Scheme 2).

Comparison of analytical data ("H NMR spectroscopy, [a])
of the products (R)-2b and (R)-2 ¢ with literature data clearly
proved the formation of R-configured J-hydroxy-S-keto
isomers of high optical purity (Table 2). In the case of the
chlorinated product (S)-2a, authentic material was prepared
by an independent route. Additionally, the enzymatic product
(S)-2a was transformed into the known!'!l B-keto d-lactone
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Table 1. Relative reaction rates of the reduction of f,0-diketo esters by
recLBADH (photometric assay).

substrate
(6] O (o]
R)]\XJ\)J\OR
R
R R’ R” ¢ [mmolL~!]  rel. rate [%)]

1la Cl H Bu 2Ll 77
1b H H Bu 10 86
1c Me H Bu 100 18
1d Et H tBu 100! 4
le (E)-PhCH=CH H Bu 0.5 0
1f H H Me 10 64
1g H H Et 10 74
1h H H nPr 10 99
1i H H allyl 10 93
1j H H nhex 0.5 54
1k H H Bn 2 106
11 H H iPr 10 69
1m F H tBu 10 92
1n MeO H Me 10 0
1o MeO H Bu 10 0
1p BnO H Me 5 0
rac-1q H Me tBu 10 70

acetophenone (standard) 10 100

[a] Higher concentration of substrate interferes at 340 nm. [b] Substrate
not completely dissolved.

w8 8% emmon 9799
~ oBu . i OtBu
la-c 2a-c
NADPH NADP*
(o] OH

)J\ recLBADH

Scheme 2. Reduction of f,0-diketo esters la—c¢ by recLBADH (R=Cl,
H, Me).

Table 2. Products of the recLBADH catalyzed reduction of diketo
esters la—c.

R vield [%]  ee® [%] [a]p  ref [a]p [% ee]
(S)2a al 72 995  —249 230 (>97), ref [12]
(R)2b H 77 99.4  —401  —39.6 (99), ref. [13a]
(R)2¢  Me 61 981 360  —356(99), ref. [13b]

[a] Determined by HPLC (Chiracel OB) at the stage of the o-lactones
4a-c.

(5)-3 (Scheme 3). Neither the S-hydroxy-d-keto regioisomer
nor f3,0-dihydroxy esters could be detected by NMR and GC-
MS analysis of the crude enzymatic products.

Precise determination of the enantiomeric excess was
accomplished after transformation of hydroxy keto esters
2a-c to a,f-unsaturated o-lactones 4a—c (Scheme 3), the

o} O
a OH O O b, ¢
o RMO[B o ‘
u
Cl o 2a-c R\)\/
(5)-3 4a-c

Scheme 3. Synthesis of d-lactones 3 and 4a—c¢ (R=CI, H, Me). a) cat.
TsOH, CH,CL, RT, 4d, 67%; b) NaBH,, EtOH, 0°C, 30 min; c) cat.
TsOH, toluene, A, 2 h, 60-70%.
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enantiomers of which are easily separable by HPLC (Chir-
alcel OB). In the case of the chlorinated lactone (S)-4a, the
amount of R enantiomer was below the detection limit.

To the best of our knowledge, recLBADH is the first
catalyst that allows the preparation of OJ-hydroxy-S-keto
esters by highly regio- and enantioselective reduction of f5,0-
diketo esters. Additionally, the presented enzymatic reaction
is of enormous preparative value. The substrates are readily
available, and the reaction only requires a simple batch
technique, which is easy to scale up. Reduction of the
chlorinated compound 1a is routinely performed on a 75¢g
scale in our laboratory (8 L fed batch).l'“]

At the beginning of our investigations we were concerned
about the susceptibility of diketo ester 1a to furanone
formation, which is a known reaction of other y-chloro-£-
diketones as well.['¥l Indeed, stirring compound 1a in mere
pH 7.0 buffer/ethanol solution resulted in complete conver-
sion to furanone 5 (Scheme 4).

We found this cyclization to be significantly suppressed in
the enzymatic reduction of diketo ester 1a by application of
pH 5.5 buffer. The remaining fraction of by-product 5 reflects
the high (>90%) yet incomplete enzymatic conversion. On
the other hand, unreacted diketo ester 1a would lower the
enantiomeric excess in the subsequent diastereoselective
borohydride reduction (see below). The formation of furan-
one 5 can be regarded as a convenient in situ elimination of
unreacted starting material since it does not interfere with the
borohydride reduction.

O o0 o a
C"*)k)]\)korsu -
la

Scheme 4. Cyclization of diketo ester 1a. a) phosphate buffer (pH 7.0)/
ethanol (67:33 v/v), RT, 20 h, 79 %.

In order to synthesize the R enantiomer of hydroxy keto
ester 2a, we reinvestigated the Baker’s yeast reduction of 5,0-
diketo esters described by the Japanese working group at
Mitsubishi Kasei.[) In contrast to 1b and 1c¢, the chlorinated
diketo ester 1a was reduced with high regioselectivity at C-5
by Baker’s yeast.l'] Only small amounts of the regioisomer
and double-site reduction products (<5% total) could be
detected by GC-MS. The enantiomeric excess (48 %) of the
product (R)-2a was greatly enhanced by application of a
biphasic system (hexane/water or Amberlite XAD-7/wa-
ter).'’] Furthermore, we tested cell preparations from differ-
ent suppliers and found that a dried Baker’s yeast gave the
best results with regard to enantioselectivity and conver-
sion.'®] A combination of the two parameters enhanced the
enantiomeric excess of the product (R)-2a from 48 % to 90—
94% (Scheme 5).11")

O O O OH O O
M 46» C'M
c OtBu OtBu
la (R)-2a
90-94 % ee

Scheme 5. Reduction of diketo ester 1a by Baker’s yeast. a) dried Baker’s
yeast, substrate 1a adsorbed on XAD-7, water, RT, 24 h, 50 %.
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Application of the resin considerably facilitated the work-
up, and formation of furanone § was found to be suppressed
close to the detection limit, which is an additional benefit of
the biphasic system. The reaction was carried out on a gram
scale without difficulty.

Diastereoselective reduction of tert-butyl 6-chloro-5-hydroxy-
3-oxo-hexanoate (2a): For the preparation of both enantio-
mers of dihydroxy ester syn-6a Prasad’s syn-selective boro-
hydride reduction was applied (Scheme 6).?* 2] This method

OH OH O
ab cl oBu
OH O © / syn-(3R,55)-6a
cl
oBu c
(S)-2a \ OH (?H o
>99.5 % ee Cl ~
OBu
anti-(35,55)-6a
OH OH O
Clol_AA
ab OtBu
OH O O — syn-(35,5R)-6a
Cl A

oB c
(R)-2a R

OH OH O

90-94 % ee Cl -
) OtBu

anti-(3R,5R)-6a

Scheme 6. Diastereoselective reduction of hydroxy keto esters (S)-2a and
(R)-2a. a) 1. B(OMe)Et,, THF/MeOH (80:20 v/v), —70°C, 20 min;
2.NaBH,, —70°C, 3 h; b) 1. H,0,, THF/water (70:30 v/v, pH9), 0°C—
RT, 30 min; ¢) 1. Me,N[B(OAc);H], MeCN/AcOH (50:50 v/v), —25°C, 5 h.

quantitatively gave dihydroxy esters syn-6a in a diastereo-
meric ratio (dr) syn-6alanti-6a=28:1 to 45:1. The enantio-
mers of dihydroxy ester anti-6a were synthesized according to
Evans’ method,®! which resulted in a dr (anti-6a/syn-6a) =
14:1 to 18:1 (Scheme 6). Advantageously, all dihydroxy
esters 6a solidified, and a single crystallization step raised
the diastereomeric ratios to >187:1. In the case of the two
dihydroxy esters derived from the Baker’s yeast reduction
product most of the minor enantiomer was removed by this
procedure as well. Further recrystallization lowered the
amount of minor stereoisomers below the detection limit.
Assignment of the relative configuration was supported by the
known downfield shift of the carbinolic *C-resonances of syn-
1,3-diols compared with those of the anti-diastereoisomers
(Table 3).12 21

The diastereomeric ratios were determined by GC on chiral
stationary phase (Cyclodex beta-1/P) at the stage of the
acetonides 7a (Scheme 7). All four stereoisomers can be
separated by this method, and thus we could also investi-
gate the enantiomeric excess of each individual dihydroxy
ester 6a. The ee thus determined for the crude products
confirmed the values for (S)-2a and (R)-2a, which were
measured at the stage of the lactones (S)-4a and (R)-4a by
HPLC (see above).

Nucleophilic substitution of chlorine: A two-step conversion
of acetonide (3R,55)-7a to hydroxy compound (3R,55)-8 is
known from the patent literature.'??) This compound is an
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Table 3. Diastereoselective reduction of hydroxy keto esters (S)-2a (>99.5% ee) and (R)-2a (90—94% ee).

difference in vicinal coupling

scale [mmol] dr synlanti eel [%] yield [%] ovcc3/c-s  compared with those of the
syn-(3R,55)-6a 86-217 205:1 (28:1) >99.5 62 68.4/71.6 isomeric  tetrahydrofuranes
syn-(3S.5R)-6a 3-12 187:1 (45:1) 98.0 (90.3)!! 52 68.4/71.6 (Figure 1).
anti-(35,55)-6a 3 1:211 (1:14) >99.5 70 65.5/68.9 Epoxy esters like (3R,55)-9
anti—(3R,5R)—6a 1-4 1:316 (118) 99.3 (938) 68 65.5/68.9 are also favorable intermedi-

[a] Diastereomeric ratio and enantiomeric excess of crystallized product and crude product (in brackets);
determined by GC (Cyclodex beta-1/P) at the stage of the acetonide 7a; “syn” and “anti” refer to the major pair
of diastereomers homochiral at C-5. [b] ee >99.5% and dr>400:1 after recrystallization.

X

OH OH O a o o
o AN
Cl\/WOtBu ™~ OtBu
6a 7a

Scheme 7. Synthesis of acetonide 7a. a) 2,2-Dimethoxy-propane, cat. CSA
(camphorsulfonic acid), 25°C, 47 h, 100% conv.

advanced intermediate in the synthesis of HMG-CoA reduc-
tase inhibitors.ll Todide (3R,55)-10 has been utilized for this
purpose, too.l'l We were able to substitute the chlorine of
acetonide (3R,5S)-7a by iodine in a single step under
advanced halogen exchange conditions (52% yield;
Scheme 8).22 However, conversion was incomplete, and

M

o o0 O

Ho\%oxsu
2 =r
pYe Z

o 0 O

CI\/‘VK)J\OBU

(3R58)7Ta X \
o0 o
I

A

OtBu
(3R,55)-10

Scheme 8. Nucleophilic substitution of the chlorine of acetonide (3R,5S)-
7a. a) see ref. [12a, b]; b) KI, [18]crown-6, toluene, A, 4 d, 52%.

the remaining starting material could not be removed from
the product (3R,55)-10. Furthermore, complete decomposi-
tion was encountered in several experiments.

Alternatively, epoxide (3R,55)-9 was regioselectively
opened with lithium iodide on silica.”® The crude product
was immediately subjected to acetonide protection which
afforded the desired iodide (3R,55)-10 with a 58 % yield (44 %
from (3R,55)-6a; Scheme 9).

Epoxide (3R,5S)-9 was easily obtained from dihydroxy
ester syn-(3R,55)-6a by treatment with DBU (1,8-diazobicy-
clo[5.4.0Jundec-7-ene, 66 % yield) or KOH (46 % yield). The
amount of tetrahydrofurane (2R,4S)-11 from competing
S5-exo-tet ring closure was limited to 10-13% in both
experiments (‘H NMR analysis). The two resulting isomers
were distinguished by correlation of their NMR data with data
of closely related compounds.?l The diagnostic proton
resonances of the epoxides show a distinct upfield shift and
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ates in the synthesis of HMG-
CoA reductase inhibitors since
the epoxide can be regioselec-
tively opened by carbon nucle-
ophiles, for example, cup-
rates.[®!

Conclusion

All four stereoisomers of the chlorinated dihydroxy ester 6a
can be synthesized in an enantiopure form on a preparative
scale by a flexible stereoselective two-step reduction se-
quence. For the crucial first step, two enantiocomplementary
biocatalysts are employed, namely recLBADH and Baker’s
yeast, which allow the highly regio- and enantioselective
reduction of the d-keto group of diketo ester 1a. The keto
group of the products (§)-2a and (R)-2a can be reduced either
syn-selective or anti-selective by application of known boro-
hydride reduction protocols. The carbon chain of the resulting
dihydroxy ester 6a is terminated with two compatible func-
tional groups of distinguishable reactivity, which makes this
compound a valuable 1,3-diol building block.

The reduction of ,0-diketo esters with ADH of L. brevis is
a reaction of broad applicability. A great variety of diketo

5= 3.09\
0/ o8 O

5=250/2.77 H OtBu
2J=50Hz 4 (3R5S)}9
major
OH OH O aorb
Cl —_ +
syn-(3R,55)-6a
| 6= 4.46-4.53
HO.:
; o]
H
$=372/400 H O OfBu
J=99Hz (RASK1 .
o><o 0
(RSSO —— | LTI
OtBu
(3R,55)-10

Scheme 9. Synthesis and regioselective opening of epoxide (3R,5S)-9.
a) DBU, CH,Cl,, A, 24 h, 66%; b) KOH, Et,0, 0°C, 1 h, 46%; c) 1. Lil,
SiO,, RT, 1 h; 2. 2,2-dimethoxy-propane, cat. CSA, RT, 24 h, 58 %.

5=3.0-3.1
6>4.2
roH
Oy OR ;
Hjﬂ:\/v\/ﬂ' HI&/R'
§=2428 || §=37-41H O
2/=50Hz 2J=95-10.0 Hz

Figure 1. '"H NMR spectroscopy of oxy-substituted epoxides and tetrahy-
drofuranes (relative configuration shown).?*
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esters are accepted by this readily available enzyme, and the
required reaction technique is remarkably simple. As a result
of the mild conditions, the reaction can be carried out without
special care even in the case of sensitive compounds like 1a.
No serious limitations with regard to a further scale-up are
apparent. The hydroxy keto esters thus available are com-
pounds of high functionalization, and a variety of chemical
modifications are known from the literature. We are currently
investigating new applications of these compounds in the
synthesis of chiral drugs and natural products.

Experimental Section

General: All solvents were HPLC grade or analytical grade. When
necessary, solvents were dried prior to use: THF was distilled from sodium
(benzophenone ketyl as indicator). Methanol and dichloromethane were
stored over 4 A molecular sieves. Acetonitrile was distilled from calcium
hydride. Acetic acid was refluxed with acetic acid anhydride (3 % ) and then
subjected to fractional distillation. Air- and/or moisture-sensitive reactions
were carried out under an atmosphere of dry nitrogen in oven-dried
glassware. Silica gel 60 F,s, precoated aluminium sheets (Merck) were used
for analytical thin layer chromatography. Visualization was accomplished
by UV light or by dipping the plate into a solution of p-anisaldehyde (1 mL)
in acetic acid/concd sulfuric acid (100 mL, 98:2 v/v) followed by heating.
Flash chromatography was performed on silica gel 60 (40— 63 pm, Merck).
Acid-washed silica gel was used for f8,0-diketo esters.?’! Melting points
were determined with a Biichi B-540 melting point apparatus. NMR spectra
were recorded with a Bruker AMX-300 spectrometer at 20°C. 'H NMR:
300 MHz, residual undeuterated solvent as internal standard (CHCl;: 6 =
7.27). BCNMR: 75.5 MHz, deuterated solvent as internal standard (CDCl;:
0="772), broadband proton decoupling. Assignments were supported by
additional DEPT-135 experiments. GC-MS analysis was carried out with a
Hewlett-Packard HP 6890 GC system (HP-5MS column) coupled to an
HP 5973 mass selective detector.’”’! GC on chiral stationary phase was
performed by a Chrompack CP9002 equipped with a flame ionization
detector. HPLC on chiral stationary phase was performed with a Hewlett-
Packard HP 1100 system (UV-DAD). Optical rotations were determined
with a Perkin-Elmer241 polarimeter (1 dm cell). Mass spectroscopy
(Kratos AEIMS50) and elemental analyses (Heraeus, VarioEL) were
performed in the analytical department of the Kekulé Institut fiir
Organische Chemie und Biochemie (Universitidt Bonn). Mass peaks with
relative intensity <10% are omitted unless they correspond to [M]* or
some other informative fragment. Spectrophotometric enzyme assays were
performed with a Pharmacia Ultrospec2000 spectrophotometer in dispos-
able cuvettes (1.5 mL, Brandt). Commercially available reagents were used
as delivered unless otherwise stated. Tetramethylammonium triacetoxy-
borohydride and NADP* were purchased from Fluka, 2-chloro-N-meth-
oxy-N-methylacetamide and Amberlite XAD-7 from Aldrich. Dried
emulsifier-free Baker’s yeast (Bio-Zentrale GmbH, Stubenberg, Germany)
was purchased from a local supermarket.

Preparation of f,0-diketo esters: Diketo esters 1f and 1g were prepared
from dehydroacetic acid as described in the literature and purified by
distillation.”®! Esters 1b, 1i, 1k, and 11 were prepared from acetoacetylated
Meldrum’s acid®! as described in the literature and purified by Kugelrohr
distillation and subsequent flash chromatography on acid-washed silica
gel.P The derivatives 1h and 1j were obtained by the same method as
follows.

n-Propyl 3,5-dioxohexanoate (1h): Acetocetylated Meldrum’s acid (1.14 g,
5.0 mmol) and 1-propanol (0.90 g, 15 mmol) were refluxed in toluene
(10 mL) for three hours. After removal of volatiles under reduced pressure,
the residue was treated with dichloromethane and filtered. The filtrate was
concentrated under reduced pressure, and the residue was subjected to
Kugelrohr distillation (0.1 mbar, 70°C). Flash chromatography of the
distillate on acid-washed silica gel (ethyl acetate/n-hexane 20:80 v/v) gave
title compound 1h as a light-yellow oil. Yield: 0.45 g (48 %).

'H NMR (300 MHz, CDCl;, 20°C): ratio enol form (ef): keto form (kf) =
89:11;0=0.93 (t,J =74 Hz, 3H,;,,; CH,CH;), 1.66 (m, 2H,,,; CH,CH,),

4566 ——

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

2.07 (s, 3H,;; H-6), 2.25 (s, 3H,;, H-6), 3.33 (s, 2H,; H-2), 3.55 (s, 2H,;
H-2), 3.74 (s, 2Hys; H-4), 4.08 (t, J = 6.7 Hz, 2H,;; OCH,) overlapping with
4.09 (t,J =6.7 Hz, 2H,;; OCH,), 5.61 (s, 1 H; H-4), 15.11 (brs, 1H,; OH);
BC NMR (75.5 MHz, CDCl;, 20°C): enol form: 6 =10.4 (CH,CH;), 22.0
(CH,CHS,), 24.5 (C-6), 45.3 (C-2), 673 (OCH,), 100.7 (C-4), 1678 (C-1),
1874, 190.3 (C-3, C-5); MS (70 eV, EI): m/z (%): 186 (21) [M]*, 144 (27),
129 (19), 127 (29) [M — OnP1]*, 126 (43), 111 (15), 102 (13), 98 (32), 85
(100) [M — CH,COOnPr]*, 84 (16), 69 (13); HRMS (EI) calcd for C,H,,0,
[M]*: 186.0892; found: 186.0902.

n-Hexyl 3,5-dioxohexanoate (1j): Prepared from acetoacetylated Mel-
drum’s acid (1.14 g, 5.0 mmol) and 1-hexanol (1.53 g, 15 mmol) as described
in the example above. Kugelrohr distillation (10~ mbar, 120°C) and
subsequent flash chromatography on acid-washed silica gel (ethyl acetate/
n-hexane 20:80 v/v) gave title compound 1j as a light-yellow oil. Yield:
0.59 g (52%).

'H NMR (300 MHz, CDCl;, 20°C): ratio enol form (ef):keto form (kf) =
83:17; 6=0.87 (brt, J=6.9 Hz, 3H,y; CH,CH;), 1.23-1.39 (m, 6 H ;4
(CH,);CH,CHj,), 1.58-1.68 (m, 2H,;4; CH,CH3), 2.06 (s, 3H,; H-6), 2.25
(s, 3H,;; H-6), 3.32 (s, 2H,;; H-2), 3.54 (s, 2H,y; H-2), 3.74 (s, 2H,; H-4),
411 (t, J=6.8 Hz, 2H,;; OCH,) overlapping with 4.12 (t, /=6.7 Hz, 2H,;
OCH,), 5.60 (s, 1H,; H-4), 15.10 (brs, 1H,;; OH); C NMR (75.5 MHz,
CDCl;, 20°C): enol form: 6 =14.1 (CH,CHs;), 22.7 (CH,CH,), 24.5 (C-6),
25.6,28.5,31.5 ((CH,);CH,CHs;), 45.3 (C-2), 65.8 (OCH,), 100.7 (C-4), 167.8
(C-1), 1874, 190.3 (C-3, C-5); MS (70 eV, EI): m/z (%): 228 (23) [M]*, 186
(10), 145 (35), 129 (24), 127 (54) [M — OnHex]", 126 (67), 111 (10), 103
(18), 102 (15), 98 (27), 85 (100) [M — CH,COOnHex]", 84 (13), 56 (10), 55
(10); HRMS (EI) calcd for C,,H,,O,4 [M]*: 228.1362; found: 228.1370.

Diketo esters a) 1a,1¢,1d,1¢,?11¢['% and b) 1n, 10, 1p,*" were prepared
by acylation of acetoacetate Na,Li-bisenolates!* with a) Weinreb amides!*]
and b) methyl 2-alkoxyacetates. Alternatively, chlorinated diketo ester 1a
was synthesized by acylation of tert-butyl acetoacetate Li,Li-bisenolate
with methyl 2-chloroacetate. Fluoro compound 1m was prepared in a
similar manner with TMEDA (N,N,N',N'-tetramethyl 1,2-ethanediamine)
additionally present.[*

General procedure for the acylation of acetoacetate Na,Li-bisenolates:
Acetoacetate was added dropwise (7, =10°C) to an ice-cooled suspen-
sion of sodium hydride (60 % suspension in oil) in anhydrous THF, and the
mixture was stirred for an additional ten minutes. The clear solution was
cooled to —10°C, and n-butyl lithium (1.6 molL~! in n-hexane) was added
dropwise (T, = 0°C). After stirring for an additional 10 min, the acylation
reaction was carried out as indicated. Hydrolysis was performed by pouring
the solution into a vigorously stirred ice-cooled mixture (50:50) of ethyl
acetate and hydrochloric acid (2 molL-!, HCI (4 -6 equiv) with regard to
the bisenolate). The aqueous phase was separated and extracted twice with
ethyl acetate. The unified organic phases were washed with aq. NaHCO,
(5%), water, and brine. After drying over Na,SO,, the solvent was
removed under reduced pressure, and the product was purified as
indicated.

tert-Butyl 6-chloro-3,5-dioxohexanoate (1a)

Method A: A solution of Na,Li-bisenolate was prepared as described in the
general procedure from tert-butyl acetoacetate (0.79 g, 5.0 mmol), sodium
hydride (0.20 g of a 60 % suspension in oil, 5.0 mmol), and n-butyl lithium
(3.1 mL of a 1.6 molL~! solution in n-hexane, 5.0 mmol) in THF (15 mL).
The solution was cooled to —75°C, and a solution of 2-chloro-N-methoxy-
N-methylacetamide (0.69 g, 5.0 mmol) in anhydrous THF (4 mL) was
syringed into the flask (7}, = —60°C). The solution was stirred at this
temperature for 45 minutes, warmed to — 30 °C over a period of 30 minutes,
stirred for an additional 15 minutes at this temperature, and then recooled
to —75°C. Workup was carried out as described in the general procedure.
Flash chromatography on acid-washed silica gel (ethyl acetate/n-hexane
20:80 v/v) gave title compound 1a as an light-yellow oil. Yield: 0.68 g
(58%).

'"H NMR (300 MHz, CDCl;, 20°C): ratio enol form (ef):keto form (kf) =
88:12; 0 =1.48 (s, 9H,,i1; C(CHa)5), 3.31 (s, 2H,; H-2), 3.49 (s, 2H,q; H-2),
3.92 (s, 2H,y; H-4), 4.06 (s, 2H,; H-6), 4.21 (s, 2H,g; H-6), 5.97 (s, 1H,;
H-4), 14.76 (brs, 1H,;; OH); C NMR (75.5 MHz, CDCl;, 20°C): enol
form: 6 =28.1 (C(CHs);), 44.4, 46.0 (C-2, C-6), 82.6 (C(CHa;);), 98.9 (C-4),
166.5 (C-1), 187.0, 187.3 (C-3, C-5); MS (70 eV, El): m/z (%): 234 (1) [M]*,
198 (6) [M — HCI]*, 179 (10), 161/163 (30/10) [M — OrBu]*, 129 (26), 119/
121 (34/11) [M — CH,COOrBu]*, 103 (15), 85 (11), 57 (100) [C,H,]*.
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Method B: tert-Butyl acetoacetate (7.9 g, 50 mmol) was added dropwise to a
solution of LDA [prepared from diisopropyl amine (10.6 g, 105 mmol) and
n-butyl lithium (64 mL of a 1.6 molL~! solution in n-hexane, 102 mmol) in
300 mL THF] in THF at —15°C, and the solution was stirred at this
temperature for ten minutes after addition was complete. The solution was
cooled to —75°C and methyl 2-chloroacetate (5.4 g, 50 mmol) was added
dropwise (7. = — 65 °C). The solution was stirred at this temperature for
25 minutes after addition was complete. Workup was carried out as
described in the general procedure, and unreacted starting materials were
removed in vacuo. A yellow oil was obtained (11.0 g, 94 %) that consisted
mainly (approx. 95 %) of the desired product 1a as determined by 'H NMR
spectroscopy.

tert-Butyl 3,5-dioxoheptanoate (1c)

a) N-Methoxy-N-methylpropionamide: Pyridine (1.69 mL, 21 mmol) at 0°C
was added dropwise to a solution of O,N-dimethyl-hydroxylamine hydro-
chloride (1.02 g, 10.5 mmol) and propionyl chloride (0.93 g, 10 mmol) in
anhydrous dichloromethane (50 mL). The solution was stirred at room
temperature for 3.5 h, washed with hydrochloric acid (0.5 molL™") twice,
and concentrated under reduced pressure to a volume of approximately
20 mL. Diethyl ether (30 mL) was added, and the solution was washed with
aq. NaHCO; (5%) and brine. After drying over MgSO,, the solvent was
removed under reduced pressure, and the amide was left as a colorless oil
that was used for acylation without further purification. Yield: 1.04 g
(89%).

'"H NMR (300 MHz, CDCl;, 20°C): 6 =1.09 (t, J=7.5 Hz, 3H; H-3), 2.40
(q,J/=75Hz,2H; H-2),3.13 (s, 3H; NCH,), 3.64 (s, 3H; OCH,); *CNMR
(75.5 MHz, CDCl;, 20°C): 6 =8.8 (C-3), 25.3 (C-2), 32.3 (NCHs;), 61.2
(OCHs), 174.9 (C-1); MS (70 eV, EI): m/z (%): 117 (17) [M]*, 87 (10), 61
(100) [NH(OMe)Mel*, 57 (97).

b) Acylation reaction: A solution of Na,Li-bisenolate was prepared as
described in the general procedure from fert-butyl acetoacetate (0.79 g,
5.0 mmol), sodium hydride (0.20 g of a 60 % suspension in oil, 5.0 mmol),
and n-butyl lithium (3.1 mL of a 1.6 mol L~! solution in n-hexane, 5.0 mmol)
in THF (20 mL). N-Methoxy-N-methylpropionamide (0.59 g, 5.0 mmol)
was syringed into the flask at —10°C. The solution was stirred at this
temperature for 15 minutes, warmed to room temperature, and stirred for
an additional 30 minutes. Workup was carried out as described in the
general procedure. After removal of unreacted tert-butyl acetoacetate by
Kugelrohr distillation (0.2 mbar, 40°C), the residue was subjected to flash
chromatography on acid-washed silica gel (ethyl acetate/n-hexane 15/85
v/v); this yielded title compound 1¢ (0.78 g, 73%) as a light-yellow oil.

'"H NMR (300 MHz, CDCl;, 20°C): ratio enol form (ef):keto form (kf) =
82:18;0=1.07 (t,J =73 Hz, 3Hy; H-7), 1.15 (t, ] =7.5 Hz, 3H,; H-7), 1.47
(8, 9Het 5 C(CHs)s), 2.35 (q, /=7.5 Hz, 2H,; H-6), 2.55 (q, /=73 Hz,
2Hy; H-6), 3.25 (s, 2Hy; H-2), 3.48 (s, 2H,y; H-2), 3.73 (s, 2H,4; H-4), 5.60
(s, 1H; H-4), 15.15 (brs, 1H,; OH); *C NMR (75.5 MHz, CDCl;, 20°C):
enol form: 0=9.7 (C-7), 28.1 (C(CH,);), 31.2 (C-6), 46.4 (C-2), 82.1
(C(CH3)3), 99.2 (C-4), 167.0 (C-1), 1874, 194.7 (C-3, C-5); MS (70 eV, EI):
mlz (%): 214 (2) [M]*, 159 (12), 158 (29), 141 (36) [M — OtBu]*, 140 (17),
129 (40), 111 (13), 99 (52) [M — CH,COOrBu]*, 85 (14), 84 (10), 57 (100)
[C.H]".

tert-Butyl 3,5-dioxooctanoate (1d)

a) N-Methoxy-N-methylbutyramide: This compound was prepared as
described in the preceding example from O,N-dimethyl-hydroxylamine
hydrochloride (1.02 g, 10.5 mmol), butyryl chloride (1.07 g, 10 mmol), and
pyridine (1.69 mL, 21 mmol) with 89 % yield.

'H NMR (300 MHz, CDCl;, 20°C): 6 =0.94 (t, /=74 Hz, 3H; H-4), 1.64
(sext, J=74Hz, 2H; H-3), 2.38 (t, J=74 Hz, 2H; H-2), 3.16 (s, 3H;
NCHS,), 3.66 (s, 3H; OCH,); *C NMR (75.5 MHz, CDCl;, 20°C): 6 =14.0
(C-4), 18.2 (C-3), 32.2 (NCH,), 33.9 (C-2), 61.3 (OCHS), 174.7 (C-1); MS
(70 eV, EI): m/z (%): 131 (20) [M]*, 71 (98), 61 (100) [NH(OMe)Me]*.

b) Acylation reaction: A solution of Na,Li-bisenolate was prepared as
described in the general procedure from fert-butyl acetoacetate (0.63 g,
4.0 mmol), sodium hydride (0.18 g of a 60 % suspension in oil, 4.5 mmol),
and n-butyl lithium (2.6 mL of a 1.6 mol L~! solution in n-hexane, 4.2 mmol)
in THF (30 mL). N-Methoxy-N-methylbutyramide (0.54 g, 4.1 mmol) was
syringed into the flask at —10°C. The solution was stirred at this
temperature for 15 minutes, warmed to room temperature, and stirred
for an additional 60 minutes. Workup was carried out as described in the
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general procedure. Kugelrohr distillation (0.04 mbar, 80°C) gave title
compound 1d as a light-yellow oil. Yield: 0.64 g (70 %).

'"H NMR (300 MHz, CDCl;, 20°C): ratio enol form (ef):keto form (kf) =
86:14;0=0.91 (t,J =7.4 Hz, 3H,4; H-8) overlapping with 0.94 (t,J =74 Hz,
3H,; H-8), 1.46 (s, 9H,p.y; C(CHa);), 1.61 (m, 2H,,yp; H-7), 2.26 (t, J=
7.5 Hz, 2H,; H-6), 2.49 (t,J =7.4 Hz, 2H,; H-6), 3.24 (s, 2H,; H-2), 3.46 (s,
2H,; H-2), 3.70 (s, 2H,q; H-4), 5.58 (s, 1H,; H-4), 15.18 (brs, 1H,;; OH);
BC NMR (75.5 MHz, CDCl;, 20°C): enol form: d =13.8 (C-8), 19.3 (C-7),
28.1 (C(CHs;);), 39.8 (C-6), 46.7 (C-2), 82.0 (C(CHys)3), 99.9 (C-4), 167.0 (C-
1),188.2,193.1 (C-3, C-5); MS (70 eV, EI): m/z (%): 228 (1) [M]*+, 173 (11),
172 (32), 155 (43) [M — OtBu]*, 154 (19), 144 (41), 129 (64), 113 (78) [M —
CH,COOrBu]*, 111 (21), 85 (10), 84 (17), 71 (42), 69 (11), 57 (100) [C,H,]"*.

Methyl 6-methoxy-3,5-dioxo-hexanoate (1n): A solution of Na,Li-bisenol-
ate was prepared as described in the general procedure from methyl
acetoacetate (0.70 g, 6.0 mmol), sodium hydride (0.24g of a 60%
suspension in oil, 6.0 mmol), and r-butyl lithium (3.8 mL of a 1.6 molL!
solution in n-hexane, 6.1 mmol) in THF (30 mL). The solution was cooled
to —75°C, and methyl 2-methoxyacetate (0.31 g, 3.0 mmol) was added in
one portion. The solution was warmed to 0°C and stirred for two hours at
this temperature. Workup was carried out as described in the general
procedure. Kugelrohr distillation (10~! mbar, 75°C) and flash chromatog-
raphy on acid-washed silica gel (ethyl acetate/n-hexane 30:70 v/v) gave title
compound 1n as a yellow oil. Yield: 0.14 g (25%).

'"H NMR (300 MHz, CDCl;, 20°C): ratio enol form (ef):keto form (kf) =
85:15; 6=3.38 (s, 2H,; H-2), 3.39 (s, 3H,;; CH,OCH;), 341 (s, 3H.;
CH,0OCHs), 3.58 (s, 2H,y; H-2), 3.73 (s, 3H,., COOCHs), 3.76 (s, 2H,g;
H-4), 4.00 (s, 2H,; H-6), 4.02 (s, 2H,; H-6), 5.88 (s, 1 H,;; H-4), 14.95 (brs,
1H,; OH); *C NMR (75.5 MHz, CDCl;, 20°C): enol form: § =44.8 (C-2),
52.6 (COOCH,), 59.5 (CH,OCH3;), 73.3 (C-6), 97.8 (C-4), 168.0 (C-1), 186.7,
191.0 (C-3, C-5); MS (70 eV, EI): m/z (%): 188 (2) [M]*, 158 (10), 143 (100)
[M — CH,OCH;]*, 115 (24) [M — CH,COOMe]*, 111 (15), 101 (63), 69
(31), 69 (13).

tert-Butyl 6-methoxy-3,5-dioxohexanoate (10): A solution of Na,Li-
bisenolate was prepared as described in the general procedure from tert-
butyl acetoacetate (1.58 g, 10.0 mmol), sodium hydride (0.40 g of a 60 %
suspension in oil, 10.0 mmol), and n-butyl lithium (6.3 mL of a 1.6 molL!
solution in n-hexane, 10.1 mmol) in THF (30 mL). The solution was cooled
to —75°C, and methyl 2-methoxyacetate (0.52 g, 5.0 mmol) was added in
one portion. The solution was warmed to 0°C over a period of 45 minutes
and stirred for an additional two hours at this temperature. Workup was
carried out as described in the general procedure. Kugelrohr distillation
(10~2 mbar, 85°C) and flash chromatography on acid-washed silica gel
(ethyl acetate/n-hexane 20:80 v/v) gave title compound 10 as a yellow oil.
Yield: 0.91 g (79 %).

'"H NMR (300 MHz, CDCl;, 20°C): ratio enol form (ef):keto form (kf) =
85:15; 6 =1.47 (s, 9H.r.i;; C(CH,)3), 3.28 (s, 2H,; H-2), 3.41 (s, 3H,g;
OCHs;), 3.43 (s, 3H,;; OCH3), 3.48 (s, 2H,¢; H-2), 3.76 (s, 2H,¢; H-4), 4.01 (s,
2H,; H-6), 4.04 (s, 2H,; H-6), 5.89 (s, 1 H,y; H-4), 15.03 (brs, 1H,;; OH);
BC NMR (75.5 MHz, CDCl;, 20°C): enol form: 6 =28.2 (C(CHs);), 46.3
(C-2), 59.6 (OCH,;), 73.5 (C-6), 82.3 (C(CHs);), 97.7 (C-4), 166.8 (C-1),
187.3,191.2 (C-3, C-5); MS (70 eV, EI): m/z (% ): 230 (1) [M]*, 185 (18), 157
(21) [M — OrBu]*, 144 (16), 129 (100), 115 (45) [M — CH,COOBu]*, 111
(27), 84 (10), 57 (65) [CH,]*.

tert-Butyl 6-fluoro-3,5-dioxohexanoate (1m): ferr-Butyl acetoacetate
(0.35 g, 2.2 mmol) was added dropwise to a solution of LDA [prepared
from diisopropyl amine (0.45 g, 4.4 mmol) and n-butyl lithium (2.7 mL of a
1.6 molL-! solution in n-hexane, 4.3 mmol) in 20 mL THF] in THF at
—10°C, and the solution was stirred for ten minutes. After cooling to
—75°C, ethyl 2-fluoroacetate (0.21 g, 2.0 mmol) and TMEDA (0.26 g,
2.2 mmol) were added. The solution was stirred for five minutes, warmed to
—55°C over a period of 30 minutes, stirred for an additional ten minutes at
this temperature, and then recooled to —75°C. Workup was carried out as
described in the general procedure. After removal of excess tert-butyl
acetoacetate by Kugelrohr distillation (0.2 mbar, 40°C), the residue was
subjected to flash chromatography on acid-washed silica gel (ethyl acetate/
n-hexane 10:90 v/v), and this yielded title compound 1m as a light-yellow
oil. Yield: 0.25 g (58 %).

'"H NMR (300 MHz, CDCl;, 20°C): ratio enol form (ef):keto form (kf) =
90:10; 6 =1.47 (s, 9H,p,11; C(CHa)3), 3.31 (s, 2H,; H-2), 3.48 (s, 2H,y; H-2),
3.86 (d, ¥(H,F)=3.8 Hz, 2H,; H-4), 4.86 (d, 2J(H,F)=46.8 Hz, 2H,;
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H-6), 4.88 (d, 2J(H,F) = 473 Hz, 2Hy;; H-6), 5.93 (d, /(H,F) = 3.0 Hz, 1 H;
H-4), 14.80 (brs, 1H,; OH); *C NMR (75.5 MHz, CDCl;, 20°C): enol
form: 0 =28.1 (C(CH,),), 45.9 (C-2), 81.3 (d, (C,F) = 183.1 Hz, C-6), 82.5
(C(CHa)y), 97.0 (d, 3J(C.F) = 5.4 Hz, C-4), 166.5 (C-1), 186.7 (C-3), 189.8 (d,
2J(C,F) =213 Hz, C-5); MS (70 &V, EI): miz (%): 218 (1) [M]*, 163 (17),
145 (37) [M — OBu]*, 129 (15), 125 (12), 103 (48) [M — CH,COOBu]*, 57
(100) [C,H]*.

Preparation and assay of recLBADH: A suspension of wet cells (1.0 g) of
recombinant E. coli strain recADH-HB101+ in phosphate buffer
(4.0 mL, 100 mmol L7}, trace of poly(propylene glycol) anti-foam, pH 7.5)
was distributed over eight plastic vials (1.5 mL size), and glass beads (8 x
1.2 g, 0.2 mm) were added to each vial. The vials were thoroughly vortexed
and cooled in ice. Disruption was carried out in a mixer mill at 0°C (2 x
5min with intermediate cooling).’>) Cell debris and glass beads were
removed by centrifugation (12000 rpm, 10 min), the supernatants were
unified, and MgCl, was added (final concentration 1.0 mmol L~!). Typical
yield: 3mL, 1100 UmL~". The enzyme solution thus obtained could be
stored for weeks at 4°C without significant loss of activity. The enzyme
activity was determined at 25°C as follows. A cuvette was charged with a
solution (990 uL) of acetophenone (10 mmolL~') and NADPH
(0.25 mmol L™!) in phosphate buffer (100 mmolL~!, MgCl, 1.0 mmol L,
pH 6.5), and the reaction was started by addition of enzyme solution [10 uL
of a 200-fold dilution in phosphate buffer (100 mmolL-!, MgCl,
1 mmolL-!, pH75)]. NADPH consumption was monitored at 340 nm
(énappr = 6.22 cm? umol ') over a period of one minute. One unit (U) of
activity is defined as the amount of reccLBADH that catalyzes the oxidation
of 1 umol NADPH per minute under these conditions. Relative rates for
the reduction of f,0-diketo esters (determined at the concentrations
indicated in Table 1) were calculated by setting the rate of acetophenone
reduction arbitrarily to 100 %.

recLBADH reduction of #,0-diketo esters

tert-Butyl (S)-6-chloro-5-hydroxy-3-oxohexanoate [(S)-2a]: In a round-
bottom flask, a solution of diketo ester 1a (2.53 g, 10.8 mmol) in 2-propanol
(83 mL, 108 mmol) was added to phosphate—citrate—NaOH buffer
(530 mL, Na,HPO, 250 mmolL"!, citric acid 125 mmolL"!, MgCl,
1 mmolL~!, pH5.5), and the mixture was vigorously stirred for five
minutes. The stirring speed was lowered to 60 rpm, and NADP* (92 mg,
108 pmol, 90% purity) and recLBADH (1400 U) were added. After
stirring at 20 °C for 14 hours, the mixture was filtered, saturated with NaCl,
and extracted with ethyl acetate three times. The unified organic phases
were washed with saturated aq. NaHCOj; and brine, dried over MgSO,, and
the solvent was evaporated under reduced pressure. Flash chromatography
onssilica gel (ethyl acetate/isohexane 40:60 v/v) gave title compound (S)-2a
as a light-yellow oil. Yield: 1.84 g (72%).

[a]® =—24.9 (¢ =1.4 in CHCLy); ref. [12]: [a]}3 = —23.0 (¢=1.5 in CHCly),
>97% ee; 'H NMR (300 MHz, CDCl;, 20°C): 6 =147 (s, 9H; C(CH,)s),
2.83(dd,J=175,73 Hz, 1H; H-4),2.90 (dd,J=175,5.0 Hz, 1H; H-4), 3.10
(brs, 1H; OH), 3.41 (s, 2H; H-2), 3.57 (dd, /=112, 5.0 Hz, 1 H; H-6), 3.62
(dd, /=112, 5.1 Hz, 1H; H-6), 4.31 (m, 1H; H-5), traces of enol form
visible; ¥C NMR (75.5 MHz, CDCl;, 20°C): d =28.1 (C(CH,)5), 46.6, 48.4,
51.3 (C-2,C-4, C-6), 67.6 (C-5), 82.7 (C(CHa)5), 166.2 (C-1),202.9 (C-3); MS
(70 eV, EI): m/z (%): 236 (1) [M]*, 163/165 (27/9) [M — OrBu], 144 (11),
131 (41), 121/123 (20/6) [M — CH,COOBu]*, 102 (13), 85 (10), 59 (18), 57
(100) [C4Ho]*; elemental analysis caled (%) for C,,H;ClO, (236.7): C
50.74, H 7.24; found: C 50.81, H 7.29.

tert-Butyl (R)-5-hydroxy-3-oxohexanoate [(R)-2b]: In a round-bottom
flask, a solution of diketo ester 1b (1.98 g, 9.9 mmol) in 2-propanol
(5.1 mL, 66 mmol) was added to 330 mL triethanolamine—HCI buffer
(250 mmol L}, MgCl, 1 mmol L-!, pH 7.0), and the mixture was vigorously
stirred for ten minutes. The stirring speed was lowered to 60 rpm, and
NADP* (28 mg, 33 umol; 90% purity) and recLBADH (330 U) were
added. After stirring at 20 °C for 24 hours, the solution was saturated with
NaCl and extracted with ethyl acetate three times. The unified organic
phases were dried over MgSO,, and the solvent was evaporated under
reduced pressure. Flash chromatography on silica gel (ethyl acetate/
isohexane 40:60 v/v) gave title compound (R)-2b as a colorless oil. Yield:
1.54 g (77%).

[a]y = —40.1 (c=1.9 in CHCLy); ref. [13a]: [¢]¥ = —39.6 (¢=2 in CHCL;),
99% ee; '"H NMR (300 MHz, CDCl;, 20°C): 6 =121 (d, /=6.4 Hz, 3H;
H-6), 1.48 (s, 9H; C(CHs)s), 2.64 (dd, J=177, 8.5 Hz, 1H; H-4), 2.74 (dd,
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J=177,3.2 Hz, 1 H; H-4), 2.91 (brs, 1 H; OH), 3.38 (s, 2H; H-2), 427 (m,
1H; H-5), traces of enol form visible; *C NMR (75.5 MHz, CDCl;, 20°C):
0=22.6 (C-6), 28.1 (C(CHa)y), 512, 513 (C-2, C-4), 63.9 (C-5), 82.4
(C(CH,)3), 166.4 (C-1),204.4 (C-3). The 'H NMR spectrum is in agreement
with published data.l*

tert-Butyl (R)-5-hydroxy-3-oxoheptanoate [(R)-2¢]: In a round-bottom
flask diketo esterle (150 mg, 0.7 mmol) and 2-propanol (0.5 mL,
6.5 mmol) were added to phosphate buffer (35 mL, 250 mmol L', MgCl,
1 mmolL-!, pH 6.5), and the mixture was vigorously stirred for ten minutes.
The stirring speed was lowered to 60 rpm, and NADP* (15 mg, 18 pmol;
90 % purity) and recLBADH (54 U) were added. The mixture was stirred
at 20°C, and recLBADH (50 U) and NADP* (10 mg, 13 umol) were added
after 24 and 48 hours each. After a total reaction time of 96 hours, the
solution was saturated with NaCl and extracted with ethyl acetate three
times. The unified organic phases were washed with aq. NaHCO; (5%),
water and brine, dried over MgSO,, and the solvent was evaporated under
reduced pressure. Flash chromatography on silica gel (ethyl acetate/
isohexane 30:70 v/v) gave title compound (R)-2¢ as a colorless oil. Yield:
92 mg (61 %).

[a]s =—36.0 (c=1.0 in CHCL,); ref. [13b]: [a]p=—35.6 (c=1 in CHCl,),
99% ee; 'H NMR (300 MHz, CDCly, 20°C): 6=0.94 (t, /=74 Hz, 3H;
H-7), 1.43-1.56 (m, 2H; H-6) overlapping with 1.46 (s, 9H; C(CHS,)5), 2.61
(dd, J=175, 89 Hz, 1H; H-4), 2.73 (dd, /=175, 3.0 Hz, 1H; H-4), 2.90
(brs, 1H; OH), 3.38 (s, 2H; H-2), 3.99 (m, 1H; H-5), traces of enol form
visible; *C NMR (75.5 MHz, CDCl,, 20°C): ¢ = 10.0 (C-7), 28.1 (C(CH,),),
29.4 (C-6), 49.2, 51.4 (C-2, C-4), 69.0 (C-5), 82.4 (C(CHj;)3), 166.4 (C-1),
204.6 (C-3). The '"H NMR spectrum is in agreement with published data.['*"]

Baker’s yeast reduction of diketo ester 1a

tert-Butyl (R)-6-chloro-5-hydroxy-3-oxohexanoate [(R)-2 a]: Commercially
available Amberlite XAD-7 resin was washed prior to use with water,
acetone, and ethyl acetate, and dried under reduced pressure until the
weight remained constant. Amberlite XAD-7 (9.0 g) was added to a
solution of diketo ester 1a (2.00 g, 8.5 mmol) in ethyl acetate (70 mL), and
the solvent was thoroughly evaporated under reduced pressure. The
charged resin was added to a suspension of dried Baker’s yeast (85 g) in
deionized water (400 mL), and the mixture was shaken at 20°C (130 rpm,
1 L shake flask, horizontal shaker). After 15 hours, the resin was collected
on a sintered glass funnel (porosity “0”), washed with a minimal amount of
water, and extracted with acetone (4 x 50 mL) and ethyl acetate (50 mL).
The extract was concentrated under reduced pressure, and the residue
dissolved in ethyl acetate. The solution was washed with aq. NaHCO; (5 %)
and brine, dried over MgSO,, and the solvent evaporated under reduced
pressure. Flash chromatography on silica gel (ethyl acetate/isohexane 40:60
v/v) gave title compound (R)-2a as a light-yellow oil. Yield: 1.01 g (50 % ).

[a]y =+22.8 (¢c=1.6 in CHCL); [a]} = —24.9 (c=1.4 in CHCL) for the S
enantiomer, >99.5% ee (see above). NMR data were in agreement with
the data described for (S)-2a.

Preparation of d-lactones

(S)-6-Chloromethyl-5,6-dihydropyran-2,4-dione [(S)-3]: A catalytic amount
of TsOH monohydrate was added to a solution of hydroxy keto ester (5)-2a
(0.24 g, 1.0 mmol) in dichloromethane (15 mL), and the solution was stirred
at room temperature for four days. Dichloromethane was replaced by ethyl
acetate. The solution was washed with water and brine, dried over MgSO,,
and the solvent was evaporated under reduced pressure. Flash chromatog-
raphy on silica gel (ethyl acetate/diethyl ether/acetic acid 45:55:0.1) gave
title compound (S)-3 as a white solid. Yield: 0.11 g (67 %).

[a]f =—80.6 (c=1.1 in MeOH); ref. [11a]: [a]y =—-83.4 (¢=1.07 in
MeOH), >98% ee; '"H NMR (300 MHz, CDCl;, 20°C): 6 =2.72 (dd, J =
18.2,11.1 Hz, 1H; H-5),2.89 (dd, J=18.2 Hz,3.2 Hz, 1H; H-5),3.51 (d,/ =
19.1 Hz, 1H; H-3), 3.61 (d, J=19.1 Hz, 1H; H-3), 3.82 (d, /=49 Hz, 2H;
CH,(Cl), 4.90 (m, 1H; H-6). The NMR spectrum is in agreement with data
published for the racemate.['"]

General procedure for the preparation of a,f-unsaturated d-lactones and
determination of the enantiomeric excess

a) Ketone reduction: NaBH, (0.6 equiv) was added portionwise over a
period of ten minutes to an ice-cooled solution of the hydroxy keto ester
(1 equiv) in ethanol (10 mL per mmol ester), and the mixture was stirred at
this temperature for an additional 30 minutes. Acetic acid (2.4 equiv) was
added dropwise, and stirring was continued for five minutes. Ethanol was
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replaced by ethyl acetate. The solution was washed with aq. NaHCO; (5%)
and brine, dried over MgSO,, and the solvent was evaporated under
reduced pressure.

b) Lactonization and dehydration: A catalytic amount of TsOH monohy-
drate was added to a solution of the crude dihydroxy ester in toluene
(10 mL), and the mixture was heated to reflux for two hours. After cooling,
ethyl acetate was added. The solution was washed with aq. NaHCO; (5%)
and brine, dried over MgSO,, and the solvent was evaporated under
reduced pressure. The product was analyzed by HPLC on chiral stationary
phase (Daicel Chiracel OB, 250 x 4.6 mm with guard column 50 x 4.6 mm;
25°C; 1.0 mLmin~! isohexane/isopropyl alcohol 80:20 v/v for 4ab, 85:15
for 4¢; 215 nm). To verify separation performance, spiking experiments
were carried out with rac-4a—¢.*% Retention times: (S)-4a 24.3 min; (R)-
4a 20.9 min; (R)-4b 23.8 min; (S)-4b 17.6 min; (R)-4¢ 29.1 min; (S)-4¢
18.7 min.

(S)-6-Chloromethyl-5,6-dihydropyran-2-one [(S)-4a]: Prepared according
to the general procedure from hydroxy keto ester (S)-2a (270 mg,
1.1 mmol). Flash chromatography on silica gel (ethyl acetate/isohexane
50:50 v/v) gave title compound (S5)-4a as a light-yellow oil. Yield: 100 mg
(60%).

[a]y =—158.6 (¢=0.5 in CHCL), >99.5% ee; ref. [11a]: [a]} =—144.8
(¢=3.09 in CHCL), >98% ee; '"H NMR (300 MHz, CDCl;, 20°C): 0=
2.50-2.65 (m, 2H; H-5), 3.71 (dd, J=11.7, 6.0 Hz, 1 H of CH,Cl), 3.76 (dd,
J=11.7,4.8 Hz, 1H of CH,Cl), 4.67 (m, 1H; H-6), 6.07 (dt,/=9.9, 1.9 Hz,
1H; H-3), 6.93 (m, 1H; H-4); *C NMR (75.5 MHz, CDCl;, 20°C): § =26.9
(C-5), 44.9 (CH,CI), 76.5 (C-6), 121.3 (C-3), 144.7 (C-4), 163.2 (C-2). The
'H NMR spectrum is in agreement with published data.l*”)
(R)-6-Chloromethyl-5,6-dihydropyran-2-one [(R)-4a]: Prepared from hy-
droxy keto ester (R)-2a according to the preceding example. HPLC
analysis of the crude product indicated 94 % ee.
(R)-6-Methyl-5,6-dihydropyran-2-one [ (R)-4b]: Prepared according to the
general procedure from hydroxy keto ester (R)-2b (205 mg, 1.0 mmol). The
crude product (79 mg, 70 %) was not further purified; 99.4 % ee.

'H NMR (300 MHz, CDCl;, 20°C): 6 =137 (d, J=6.4Hz, 3H; CH,),
2.17-2.39 (m, 2H; H-5), 451 (m, 1H; H-6), 5.93 (ddd, J=9.8, 2.5, 1.2 Hz,
1H; H-3), 6.83 (ddd, /=9.8, 5.8, 2.7 Hz, 1H; H-4); *C NMR (75.5 MHz,
CDCl;, 20°C): 6 =20.7 (CH3), 31.0 (C-5), 74.4 (C-6), 121.1 (C-3), 145.3 (C-
4),164.6 (C-2). The 'H NMR spectrum is in agreement with published data.*"!
(R)-6-Ethyl-5,6-dihydropyran-2-one [(R)-4c]: Prepared according to the
general procedure from hydroxy keto ester (R)-2¢ (130 mg, 0.6 mmol). The
crude product (49 mg, 65 %) was not further purified; 98.1 % ee.

'"H NMR (300 MHz, CDCl;, 20°C): 6 =0.98 (t,J =7.5 Hz, 3H; CHj3), 1.60—
1.85 (m, 2H; CH,CHj;), 2.20-2.39 (m, 2H; H-5), 432 (m, 1H; H-6), 5.96
(ddd, /=98, 24, 1.4Hz, 1H; H-3), 6.86 (m, 1H; H-4); ®C NMR
(75.5 MHz, CDCl;, 20°C): 6 =9.3 (CH;), 279, 28.9 (C-5, CH,CHj;), 79.3
(C-6), 121.3 (C-3), 145.4 (C-4), 164.8 (C-2). The 'H NMR spectrum is in
agreement with data published for the racemate.*

tert-Butyl (4-oxo-4,5-dihydrofuran-2-yl)-acetate (5): Phosphate buffer
(20 mL, 250 mmol L=}, pH 7.0) was added to a solution of diketo ester 1a
(234 mg, 1.0 mmol) in ethanol (10 mL), and the solution was stirred at room
temperature for 20 h. Ethanol was removed under reduced pressure.
Hydrochloric acid (5 mL, 2 molL~') was added, and the mixture was
extracted twice with ethyl acetate. The unified organic phases were washed
with aq. NaHCO; (5 %) and brine, dried over Na,SO,, and the solvent was
removed under reduced pressure. Flash chromatography on silica gel (ethyl
acetate/isohexane 40:60 v/v) gave title compound 5 as a light-yellow oil that
solidified upon storage at 4°C. Yield: 157 mg (79 % ).

'"H NMR (300 MHz, CDCl;, 20°C): 6 =1.47 (s, 9H; C(CHj;)5), 3.48 (s, 2H;
CH,COOrBu), 4.53 (s, 2H; H-5), 5.68 (s, 1H; H-3); *C NMR (75.5 MHz,
CDCl;, 20°C): 6=28.1 (C(CHs;);), 38.3 (CH,COO1Bu), 75.5 (C-5), 82.9
(C(CH;)3), 106.4 (C-3), 165.9 (COOrBu), 187.0 (C-2), 202.7 (C-4); MS
(70 eV, EX): m/z (%): 198 (11) [M]*, 125 (77) [M — OtBu]*, 97 (25), 98 (10),
67 (20), 59 (13), 57 (100) [C,Ho]*.

Diastereoselective reduction of hydroxy keto ester 2a

tert-Butyl syn-(3R,5S)-6-chloro-3,5-dihydroxyhexanoate [syn-(3R,5S)-6 a]:
This compound was prepared from crude hydroxy keto ester (S)-2a (21.5 g,
86 mmol, approximately 95% purity, >99.5% ee) according to the
procedure described in ref. [12a]. The crude product was obtained in
quantitative yield and had a diastereomeric ratio syn-6a:anti-6a=28:1 as
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was determined at the stage of the acetonide (see below). Stereoisomers
with (5R) configuration could not be detected. Crystallization from
isohexane/ethyl acetate gave title compound syn-(3R,55)-6a as light-yellow
crystals (m.p. 50.8-53.0°C, ref. [12a]: 50-52°C (hexane/ethyl acetate)).
Yield: 12.8 g (62%).

[a]s =—270 (c=14 in CHCL;), >99.5% ee, diastereomeric ratio syn-
6a:anti-6a=205:1; '"H NMR (300 MHz, CDCl;, 20°C): 6 =145 (s, 9H;
C(CH;)5), 1.59-1.79 (m, 2H; H-4), 2.42 (d, / = 6.2 Hz, 2H; H-2), 3.51 (dd,
J=11.1, 5.3 Hz, 1H; H-6), 3.55 (dd, J=11.1, 5.5 Hz, 1H; H-6), 3.71 (brs,
1H; OH), 3.81 (brs, 1H; OH), 4.08 (m, 1H; H-5), 424 (m, 1H; H-3);
BCNMR (75.5 MHz, CDCl;, 20°C): 6 =28.3 (C(CHs);), 39.5,42.5,49.2 (C-
2, C-4, C-6), 68.4, 71.6 (C-3, C-5), 81.9 (C(CH,)3), 172.2 (C-1); MS (70 eV,
EI): m/z (%): 182/184 (9/3) [M — C,Hg]", 165/167 (49/16) [M — OrBu]*, 147
(19), 145 (14), 133 (36), 129 (15), 127 (11), 123 (18), 115 (50), 105 (12), 97
(14), 89 (20), 87 (17), 59 (13), 57 (100) [C4H,]*, 56 (11); elemental analysis
caled (%) for C,oH,4ClO, (238.7): C 50.32, H 8.02; found: C 50.20, H 8.35.
tert-Butyl syn-(38,5R)-6-chloro-3,5-dihydroxyhexanoate [syn-(3S,5R)-6 a):
Prepared from hydroxy keto ester (R)-2a (2.89 g, 12.2 mmol, 90 % ee) as
described in the preceding example. The crude product was obtained in
quantitative yield and had a diastereomeric ratio syn-6a:anti-6a=45:1 as
determined at the stage of the acetonide (see below). Crystallization from
isohexane/ethyl acetate gave the product (1.51 g, 52%) in the form of
orange crystals (dr=187:1, e¢=98.0%). An analytical sample was
recrystallized to give the title compound syn-(3S,5R)-6a as colorless
crystals (m.p. 51.7-52.7°C).

[a]y =+276 (¢c=13 in CHCL), >99.5% ee, diastereomeric ratio syn-
6a:anti-6a>400:1. NMR data were in agreement with the data described
for syn-(3R,55)-6a.

tert-Butyl anti-(3S,55)-6-chloro-3,5-dihydroxyhexanoate [anti-(3S,55)-6 a]:
Hydroxy keto ester (5)-2a (0.76 g, 3.2 mmol, >99.5% ee, dissolved in 5 mL
anhydrous acetonitrile) was added dropwise to a solution of tetramethyl-
ammonium triacetoxyborohydride (6.74 g, 25.6 mmol) in anhydrous
acetonitrile/acetic acid (30 mL, 50:50 v/v) at —25°C. After stirring at this
temperature for five hours, aq. sodium potassium tartrate (35 mL,
0.5 molL~!) was added dropwise, and the mixture was warmed to room
temperature. Saturated aq. Na,COj; (70 mL) was added, and the mixture
was extracted with ethyl acetate four times. The unified organic phases
were washed with saturated aq. Na,COj; and brine, dried over MgSO,, and
the solvent was evaporated under reduced pressure. The crude product was
obtained in quantitative yield and had a diastereomeric ratio anti-6a:syn-
6a=14:1 as determined at the stage of the acetonide (see below).
Crystallization from isohexane/ethyl acetate gave title compound anti-
(38,55)-6a as colorless crystals (m.p. 73.3-75.0°C). Yield: 0.54 g (70 %).

[a]ls =+72 (c=14 in CHCl;), >99.5% ee, diastercomeric ratio anti-
6a:syn-6a=211:1; 'H NMR (300 MHz, CDCl;, 20°C): =146 (s, 9H;
C(CHs;);), 1.66-1.71 (m, 2H; H-4), 2.42 (d, /= 6.3 Hz, 2H; H-2), 3.05 (brs,
1H; OH), 3.60 (brs, 1H; OH) overlapping with 3.53 (dd, /=11.0, 6.5 Hz,
1H; H-6), 3.62 (dd, J=11.0, 5.0 Hz, 1H; H-6), 4.12 (m, 1H; H-5), 4.30 (m,
1H; H-3); *C NMR (75.5 MHz, CDCl;, 20°C): 0 =28.3 (C(CHs;);), 39.3,
42.2,49.6 (C-2, C4, C-6),65.5,68.9 (C-3, C-5), 81.9 (C(CHys)5), 172.5 (C-1);
MS (70 eV, EI): m/z (% ): 182/184 (9/3) [M — CH]*, 165/167 (48/16) [M —
OrBu]*, 147 (16), 145 (11), 133 (30), 129 (15), 127 (11), 123 (19), 115 (45),
105 (10), 97 (13), 89 (21), 87 (12), 59 (12), 57 (100) [C,H,]*, 56 (11);
elemental analysis caled (%) for C,,H,,ClO, (238.7): C 50.32, H 8.02;
found: C 49.92, H 7.95.

tert-Butyl anti-(3R,5R)-6-chloro-3,5-dihydroxyhexanoate [anti-(3R,5R)-6 al:
Prepared from hydroxy keto ester (R)-2a (1.00 g, 4.2 mmol, 94 % ee) as
described in the preceding example. The crude product had a diastereo-
meric ratio anti-6a:syn-6a=18:1 as determined at the stage of the
acetonide (see below). Crystallization from isohexane/ethyl acetate gave
title compound anti-(3R,5R)-6a as colorless crystals (m.p. 74.5-76.0°C).
Yield: 0.69 g (68 % ).

[a]y =—6.7 (c=1.31in CHCL,),99.3% ee, diastereomeric ratio anti-6a:syn-
6a=2316:1. NMR data were in agreement with the data described for anti-
(38,58)-6a.

Determination of the diastereomeric ratio syn-6a:anti-6a and the enantio-
meric excess of dihydroxy ester 6a at the stage of the acetonide 7a:
Dihydroxy ester 6a (10 mg) was dissolved in 2,2-dimethoxy-propane
(1 mL), and a catalytic amount of camphorsulfonic acid was added. After
shaking at 25 °C for 4—7 h, GC-MS analysis indicated complete conversion,
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and the solution was investigated by gas chromatography on chiral
stationary phase. Column: CSFS-Cyclodex beta-1/P, 50 m x 0.32 mm ID.
Injector: split, 250 °C. Carrier gas: hydrogen, 0.95 bar (constant pressure).
Temperature program: 135°C isothermal. Retention times: anti-(3R,5R)-
7a 488 min; anti-(35,55)-7a 50.2 min; syn-(3R,55)-7a 52.1 min; syn-
(38,5R)-7a 53.8 min. To verify peak indentity and separation performance,
spiking experiments were carried out with acetonide rac-(3RS,5SRS)-7a that
was prepared from hydroxy keto ester rac-2al®! by sodium borohydride
reduction and subsequent acetonide formation.

tert-Butyl syn-(3R,55)-6-chloro-3,5-(isopropylidenedioxy)-hexanoate [syn-
(3R,55)-7a]: The compound 2,2-dimethoxy-propane (26 mL, 214 mmol)
and a catalytic amount camphorsulfonic acid at room temperature were
added to a solution of dihydroxy ester syn-(3R,5S)-6a (5.10 g, 21.4 mmol,
>99.5% ee, dr syn-6a:anti-6a=205:1) in acetone (17 mL). After stirring
the solution for 1.5 h, the volatiles were removed under reduced pressure,
and the residue was dissolved in ethyl acetate (60 mL). The solution was
washed with saturated aq. NaHCO; and brine, dried over Na,SO,, and the
solvent was evaporated under reduced pressure, and pure product syn-
(3R,55)-7a (5.83 g, 98%) was left as a colorless oil that solidified upon
storage at 4°C.

[a]5 =+43.1 (¢=1.3 in CHCl;); 'H NMR (300 MHz, CDCl;, 20°C): 6 =
1.24 (m, 1H; H-4), 1.39 (s, 3H; CH;), 1.45 (s, 9H; C(CH,);), 1.46 (s, 3H;
CHs;), 1.76 (dt, J=12.6, 2.5 Hz, 1H; H-4), 2.33 (dd, /=152, 6.1 Hz, 1H;
H-2), 2.45 (dd, /=152, 71 Hz, 1H; H-2), 3.40 (dd, J=11.0, 5.8 Hz, 1H;
H-6), 3.51 (dd, J=11.0,5.6 Hz, 1H; H-6), 4.06 (m, 1 H; H-5), 4.28 (m, 1H;
H-3); ®C NMR (75.5 MHz, CDCl;, 20°C): 6 =19.7 (CH3), 28.1 (C(CHs,),),
29.8 (CH,), 33.9, 42.5, 471 (C-4, C-2, C-6), 65.9, 69.2 (C-3, C-5), 80.7
(C(CH;)3), 99.2 (C(CHa),), 170.0 (C-1); MS (70 eV, EI): m/z (%): 263/265
(37/12) [M — CH;]*, 207/209 (70/24), 165 (12), 147/149 (61/18), 129 (18), 115
(11), 111 (12), 105 (17), 59 (53), 57 (100) [C,Ho]"; HRMS (EI) calcd for
[M — CH;]*: 263.1050; found: 263.1037; elemental analysis caled (%) for
C3H,;ClO, (278.8): C 56.01, H 8.32; found: C 56.06, H 8.33.

tert-Butyl syn-(3R,5S5)-5,6-epoxy-3-hydroxyhexanoate [syn-(3R,55)-9]

Method A: DBU (3.83 g, 25.1 mmol) was added to a solution of dihydroxy
ester syn-(3R,55)-6a (3.00 g, 12.6 mmol, >99.5% ee, dr syn-6a:anti-6a=
205:1) in dichloromethane (130 mL), and the solution was heated to reflux
for 24 hours. The solution was washed with saturated aq. NH,Cl (2x),
saturated aq. NaHCO; and brine, dried over MgSO,, and the solvent was
evaporated under reduced pressure. The crude product was obtained as
yellow oil that consisted of 87 mol% title compound (3R,55)-9 and
13 mol % tetrahydrofurane (2R,4S)-11 according to 'H NMR analysis.
Yield: 1.94 g (66%). An analytical sample was purified by flash chroma-
tography on silica gel (ethyl acetate/isohexane 50:50 v/v).

[a]3 =—30.1 (c=17 in CHCL,); 'H NMR (300 MHz, CDCl,, 20°C): 6 =
1.45 (s, 9H; C(CH,)), 1.63-1.78 (m, 2H; H-4), 2.45 (d, J=62 Hz, 2H;
H-2), 2.50 (dd, /=5.0, 2.7 Hz, 1H; H-6), 2.77 (brt, J~4.5-5.0 Hz, 1H;
H-6), 3.09 (m, 1H; H-5), 333 (d, J =3.3 Hz, 1 H; OH), 4.19 (m, 1 H; H-3);
13C NMR (75.5 MHz, CDCl,, 20°C): 6 = 28.3 (C(CH,),), 39.0, 42.1, 46.8 (C-
2, C-4, C-6), 49.7 (C-5), 66.4 (C-3), 81.7 (C(CH,)s), 172.4 (C-1); MS (70 eV,
ED): m/z (%): 146 (5) [M — C,Hg]*, 145 (14), 129 (21) [M — OrBu]*, 127
(18), 111 (21), 110 (13), 89 (20), 87 (49) [M — CH,COOBu]*, 71 (11), 69
(15), 59 (15), 57 (100) [C,Hy]*. The more polar tetrahydrofurane (2R4S)-
11 was obtained on further eluation as a colorless oil. 'H NMR (300 MHz,
CDCl,, 20°C): 0 =145 (s, 9H; C(CH,),), 1.74 (ddd, /=134, 9.5, 5.5 Hz,
1H; H-3), 2.00 (brs, 1H; OH) overlapping with 2.08 (dd, J=13.4, 5.9 Hz,
1H; H-3),2.40 (dd,J = 15.3, 6.3 Hz, 1 H of CH,COOBu), 2.55 (dd, J = 15.3,
6.8 Hz, 1H of CH,COOBu), 3.72 (brd, J = 9.9 Hz, 1 H; H-5), 4.00 (dd, J =
9.9, 45Hz, 1H; H-5), 446-4.53 (m, 2H; H-2 and H-4); C NMR
(75.5 MHz, CDCl,, 20°C): 6 =28.3 (C(CH,),), 41.5, 41.7 (C-3, CH,COO-
tBu), 72.7, 74.6 (C-2, C-4), 75.6 (C-5), 81.0 (C(CH,)3), 170.6 (C-1); MS
(70 eV, EI): miz (%): 146 (37) [M — C,Hy]* 145 (13),129 (37) [M — OrBu]*,
128 (29), 127 (48), 102 (27), 98 (15), 97 (10), 87 (100) [M — CH,COOBu]*,
81 (10), 69 (14), 57 (46) [C;H,]*; HRMS (EI) caled for [M — C,H]":
146.0579; found: 146.0575.

Method B: Finely powdered potassium hydroxide (364 mg, 6.5 mmol) was
added to an ice-cooled solution of dihydroxy ester syn-(3R,5S)-6a (240 mg,
1.0 mmol, >99.5% ee, diastereomeric ratio syn-6a:anti-6a=205:1) in
diethyl ether (10 mL). After stirring at this temperature for one hour, the
solution was filtered through a pad of anhydrous MgSO,, and the solvent
evaporated under reduced pressure. The crude product was obtained as
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light-yellow oil that consisted of 90 mol % title compound (3R,55)-9 and
10 mol % tetrahydrofurane (2R4S)-11 according to 'H NMR analysis.
Yield: 103 mg (46 %).

tert-Butyl syn-(3R,55)-6-iodo-3,5-(isopropylidenedioxy)-hexanoate [syn-
(3R,55)-10]

Method A (halogen exchange): Acetonide syn-(3R,5S5)-7a (2.01g,
7.2 mmol), [18]crown-6 (2.85 g, 10.8 mmol), and finely powdered potassium
iodide (23.7 g, 143 mmol) were added to anhydrous p-xylene (50 mL), and
a stream of nitrogen was introduced for 15 minutes to remove dissolved
oxygen. The mixture was vigorously stirred and heated to reflux for three
days, whereupon another portion of potassium iodide (5.98 g, 36 mmol)
and [18]crown-6 (0.95 g, 3.6 mmol) was added. Heating was continued for
18 hours. Water (50 mL) was added, and the resulting mixture was filtered.
The phases were separated, and the aqueous phase was extracted with ethyl
acetate. The unified organic phases were washed with aq. NaHSO; (20 %),
saturated aq. NaHCO; and brine, dried over Na,SO,, and volatiles were
removed under reduced pressure. Flash chromatography on silica gel (ethyl
acetate/isohexane 20:80 v/v) gave a yellow oil that consisted of title
compound (3R,55)-10 (86 mol % ) and unreacted acetonide syn-(3R,55)-7a
(14 mol %) according to '"H NMR analysis. Yield: 1.61 g (52%).

'H NMR (300 MHz, CDCl;, 20°C): 6=1.16 (dt, J=12.5, 11.5Hz, 1H;
H-4), 1.40 (s, 3H; CH;), 1.45 (s, 12H; C(CH;);) and CH3), 1.87 (dt, J =12.5,
2.4 Hz, 1H; H-4), 2.33 (dd, /=15.1, 6.1 Hz, 1H; H-2), 2.46 (dd, /=152,
7.0 Hz, 1H; H-2), 3.10 (dd, J=10.1, 6.1 Hz, 1H; H-6), 3.17 (dd, /=10.1,
5.7Hz, 1H; H-6), 3.88 (m, 1H; H-5), 427 (m, 1H; H-3); "C NMR
(75.5 MHz, CDCl;, 20°C): 6 =9.4 (C-6), 19.8 (CH,), 28.2 (C(CHj;)5), 29.9
(CHj;), 36.3, 42.5 (C-4, C-2), 66.2, 69.1 (C-3, C-5), 80.8 (C(CHs,)3), 99.6
(C(CH,),), 170.1 (C-1); MS (70 eV, EI): m/z (%): 355 (50) [M — CH;]*, 299
(28),239 (100), 197 (31), 129 (13), 111 (15), 59 (23), 57 (77) [C,;H,]*; HRMS
(EI) caled for [M — CH;]*: 355.0406; found: 355.0397.

Method B (opening of epoxide): Epoxide (3R,55)-9 (1.69 g, 7.3 mmol, 87 %
purity), anhydrous lithium iodide (3.33 g, 24.9 mmol), and silica gel (2.08 g)
were mixed in dichloromethane, and the solvent was evaporated at reduced
pressure. The charged silica gel was kept at room temperature for 1 h,
extracted with ethyl acetate, and the extract concentrated under reduced
pressure. The compound 2,2-dimethoxy-propane (20 mL) and a catalytic
amount of camphorsulfonic acid were added, and the solution was stirred at
ambient temperature for 24 hours. Volatiles were evaporated under
reduced pressure. The residue was dissolved in dichloromethane, and the
solution was washed with aq. Na,S,0; (5 %), saturated aq. NaHCO;, and
brine. After drying over Na,SO,, the solvent was evaporated under reduced
pressure. Flash chromatography on silica gel (ethyl acetate/isohexane 20:80
vlv) gave title compound (3R,55)-10 as a yellow oil. Yield: 1.55 g (58 %).
[a]y =+11.2 (¢=2.3 in CHCl;). NMR data were in agreement with the
data of the major product obtained by method A.
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Diene-Containing Half-Sandwich Mo™ Complexes as Ethylene
Polymerization Catalysts: Experimental and Theoretical Studies

Erwan Le Grognec and Rinaldo Poli*!?!

Abstract: Seventeen-electron com-
pounds of Mo™ having the general
formula [(7°-CsRs)Mo(#*-diene)X;]
(R=H, Me; diene=butadiene, iso-
prene, or 2,3-dimethylbutadiene; X =
Cl, CH;) are a new class of ethylene
polymerization catalysts. The polyethy-
lene obtained shows a bimodal distribu-
tion, the major weight fraction being
characterized by very long (M around
10%) and highly linear polymer chains.
The newly prepared pentamethylcyclo-
pentadienyl (Cp*) derivatives are more
active than the cyclopentadienyl (Cp)
derivatives, but much less active than
previously investigated niobium™" com-
pounds having the same stoichiometry.
On the other hand, the turnover fre-
quency of the active site leading to the

10 times greater than that obtained with
the corresponding Nb catalyst. The rea-
son for the low activity is explained by a
difficult activation process that is attrib-
uted to the low polarity and high
strength of the Mo—alkyl bond. This is
confirmed by a Mulliken charge analysis
of density functional theory (DFT)
geometry-optimized  [CpM(n*-C,Hy)-
(CH3;),] (M =Nb, Mo) and by the calcu-
lation of the heterolytic bond dissocia-
tion energies. DFT calculations have
also been carried out on the ethylene
insertion coordinate for the [CpM-

Keywords: cyclopentadienyl ligands
- density functional calculations -
polymerization molybdenum
niobium

(7*-C4Hg)(CH3)]* model of the pre-
sumed active site. The results indicate
an equivalent activation barrier to in-
sertion for the Nb and Mo systems.
Differences in optimized geometries for
the reaction intermediates are attributed
to the presence of the extra electron for
the Mo system. This electron opposes
the formation of M-H-C agostic inter-
actions, while it strengthens the back-
bonding M -ethylene interaction, but
otherwise plays no active role in the
polymer chain propagation mechanism.
According to the calculations, the chain
propagation for the Mo system occurs
entirely on the spin doublet surface, the
minimum energy crossover point with
the quartet surface lying at a higher
energy than the transition state for

high molecular weight chains is at least

Introduction

Fundamental research in olefin coordination polymerization
(otherwise referred to as Ziegler—Natta polymerization)
continues to be one of the major current activities in
organometallic chemistry.'¥ The most recent impulse to this
area was given by the independent development by Brookhart
and Gibson of paramagnetic iron and cobalt complexes which,
in the presence of the methylalumoxide (MAO) activator, are
able to polymerize ethylene with very high activities.”
Together with investigations on catalysts derived from half-
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Faculté des Sciences “Gabriel” Université de Bourgogne
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insertion on the doublet surface.

sandwich Cr'"' and vanadium in different oxidation
states,[>1% this work represents a departure from the research
efforts in metallocene and related catalysts, where the
prevalent concept is the development of systems with the
same basic architecture (i.e. structure and electron count) of
the highly performing Group 4 metallocenes. 'l Notable
examples are [(17-CsR;s),LnR] (Ln = lanthanide),?*?4 the so-
called constrained-geometry catalysts such as [Me,Si-
(7>-CsMe,)(NR)MX,| (M =Ti, Zr, Hf),?2 and [(5-CsR;)-
M(y-diene)R,] (M=Nb, Ta),3 although many other
classes of catalyst precursors have been investigated. In
particular, the Brookhart/Gibson catalysts indicate that on
going from the 14-electron Fe!! active site (isoelectronic with
the metallocene catalyst active site) to the 15-electron Co™
active site, the polymerization activity is not dramatically
affected in a negative way. The cobalt catalyst is only slightly
less active than the corresponding iron system. 7 8l

The effect of an additional electron on the catalytic activity
in olefin polymerization had been addressed prior to the
above mentioned work on Fe™ and Co" catalysts. The change
of electron count has in some cases been accomplished within

0947-6539/01/0721-4572 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 21





4572-4583

the same metal system by a
change of metal oxidation state,
which is accompanied by a
change of chargeP? or ligand
environment.!'®! Therefore, the
conclusions that can be drawn
on the effect of the extra elec-
tron are not always straightfor-
ward. Other comparisons be-
tween complexes having the
same charge and ligand environment and metals from
adjacent groups, like the Brookhart/Gibson Fe/Co pair, have
been reported. For instance, while [Cp,TiR]" is an active
catalyst, [Cp,VR]" is unreactive toward ethylenel! and the
same seems true for [Cp,NbR]*.BY A similar difference is
found between the isostructural [Cp3ScH] and [Cp; TiH].
On the other hand, the constrained geometry catalyst derived
from [{CsH,(CH,),NiPr}VCl,] polymerizes ethylene, although
with a lower activity and producing polyethylene with
considerably lower molecular weight than its Ti'V congener.['®]
From these reports, it is clear that the role played by an
additional electron in the electronic structure of the polymer-
ization catalyst is not well understood and further investiga-
tions on this issue are therefore warranted. A theoretical
study on rather simplified model systems differing by the d»
configuration has recently appeared.!

Herein we compare at the experimental and theoretical
levels the half-sandwich Mo complexes [CpMo(7*-diene)R,]
recently developed in our laboratoryP® 31 with the corre-
sponding niobium systems previously investigated by Mashi-
ma and Nakamura.?>3! The latter were shown to catalyze the
living polymerization of ethylene with moderate activities (up
to 35 kgmol~'h"). Since the unsubstituted CpMo complexes
have shown either a very small or no activity, bulkier Cp*
analogues have also been synthesized and are reported here
for the first time. These compounds exhibit a very small
activity but the polyethylene chains obtained are highly linear
and have very high molecular weights, indicating that a
difficult activation step generates a very active site that is
characterized by an unfavorable chain transfer. The theoret-
ical investigations provide a rationalization for the observed
results and illustrate how the additional electron relative to
the Nb system affects the interactions between metal and
ligands in the key chain propagation intermediates. These
calculations further represent a guiding tool for the future
development of new active catalysts based on molybdenum
species.

Results

Syntheses and Characterization of Cp*Mo(7n*-diene)(CH;),

By analogy with the synthesis of the corresponding Cp
systems,?> 3] compounds [Cp*Mo(n*-diene)Cl,] (diene =2-
methylbuta-1,3-diene, 1; 2,3-dimethylbuta-1,3-diene, 2) have
been prepared by direct addition of the appropriate diene to
[{Cp*MoCL}] ([Eq. (1))).

Standard alkylation by 2.2 equivalents of MeMgBr trans-
forms the dichloride compounds 1 and 2 into the correspond-

Chem. Eur. J. 2001, 7, No. 21
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ing dimethyl compounds 3 and 4 in about 50% yields
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Within experimental error, compounds 1 and 2 show
identical EPR properties, as also do compounds 3 and 4.
Furthermore, these properties are identical with those pre-
viously reported for compounds [CpMo(#*-diene)Cl,] and
[CpMo(n*-diene)(CH,),], respectively.’31 These observa-
tions show that neither the substitution on the diene internal
C atoms nor the substitution on the cyclopentadienyl ring
significantly affect the g value and the coupling pattern of the
EPR signal.

This class of half-sandwich Mo™ compounds exhibit redox
properties that are highly dependent on the nature of the
ligands,*! thus compounds 1-4 were investigated by cyclic
voltammetry. Each compound displays a reversible one-
electron reduction wave and a chemically irreversible oxida-
tion wave at the potentials shown in Table 1. All observable
trends for the reversible (Mo"/Mo'™ couple) potentials are as
expected. All potentials are shifted with respect to the
corresponding Cp complex by about — 0.2 V. Analogous shifts
were previously reported for other complexes, for example,
[Cp/Cp*Mo(PMes;),L,]"* (—0.19 V), [Cp/Cp*Mo(PMe;),CL ]+
(—0.32 V)04 [Cp/Cp*MoCl(PMe;);]”* (—0.14 V),*! and
[Cp/Cp*Cr(NO)(PPh3)I]%* (—0.30 V).2l The substitution of
both Cl ligands by Me groups causes a negative shift of about
0.9V, while a much smaller but significant negative shift is
also induced by the additional methyl group on the diene

Table 1. Redox potentials of compounds 1—4.12]
E,; Mo"/Mo™) [V] E,, (Mo"/Mo") [V]

Complex!

[Cp*Mo(i*-CsHg)CL,] 1 —1.37 (—0.18) 0.56 (—0.19)
[Cp*Mo(y*-C¢H,o)Cl] 2 —1.47 (—023) 0.50 (—0.16)
[Cp*Mo(*-CsHg)(CH,),] 3 —2.27 (—0.14) —0.23 (—0.05)
[Cp*Mo(i*-C¢H,)(CH,),] 4  —2.33 (—0.19) —0.27 (—0.04)

[a] Conditions: THF, 20°C, 200 mV's~'. [b] The values in parentheses are
the potential shifts from the corresponding wave of the related Cp
compound under identical conditions, from ref. ¥’ [c] CsHg=2-methyl-
buta-1,3-diene; C¢H,, = 2,3-dimethylbuta-1,3-diene.
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ligand. These shifts are analogous to those of the correspond-
ing Cp systems.?7)

Analogous shifts are observed for the anodic peak potential
of the oxidation wave, although the irreversible nature of this
process does not in principle allow a correlation with the
complexes ground state properties. It is important to remark
that no additional waves characteristic of the mixed Cl-Me
by-products were observed in the cyclic voltammograms of
compounds 3 and 4. As shown previously for the Cp series,?”!
these mixed species should exhibit a reduction wave at a
potential half-way between those of the dichloro and dimethyl
analogues. By EPR, on the other hand, a clear distinction
between the signals of the mixed and dimethyl species would
not be possible. Thus, cyclic voltammetry is the best physical
method for assessing the purity of derivatives 3 and 4.

Catalytic investigations

The previously reported complexes [CpMo(n*-diene)X,]
(diene =buta-1,3-diene, 2,3-dimethylbuta-1,3-diene; X=Cl,
CH;)P"l were tested as ethylene polymerization catalysts in
toluene at room temperature in the presence of 1000
equivalents of MAO. In control experiments carried out in
the absence of ethylene, the interaction between the dimethyl
complex [CpMo(n*-C,H,)(CH;),] and the excess MAO in-
duces an immediate color change from green to orange. The
dichloride compound [CpMo(#r*C,H)Cl,] gives a solution
having the same orange color. This orange color was not
persistent, however, as the solution slowly turned brown. The
rate of this change decreases upon going from the butadiene
system to the electron richer and sterically more encumbered
2,3-dimethylbutadiene system. In spite of the above indica-
tions of thermal instability, catalytic tests were carried out
under an ethylene pressure of 4 bar for 1 h in a transparent
glass autoclave as shown in Table 2. The tests with the
butadiene complexes (runs 1 and 2) gave no indication
whatsoever of polymerization activity. The runs with the 2,3-
dimethylbuta-1,3-diene complexes (Table 2, runs 3 and 4), on
the other hand, showed the development of a faint white
turbulence, suggesting the formation of polyethylene. The
dichloride compound behaved qualitatively like the corre-
sponding dimethyl compound. The amount of product,
however, was largely insufficient in each case to allow
isolation, quantification and analysis.

It is known that the catalyst activation is a critical step in
Ziegler—Natta polymerization catalysis. The product of the
first interaction between the catalyst precursor and the MAO
co-catalyst, [{M} --- CH;"MAOQ], is a molecular species or tight
ion pair and dissociation into the separate {M}~ and [CHs;-
MAO]"~ ions is believed to be required to trigger olefin
coordination and polymerization catalysis. It is also well
established that an increase of the co-ligands steric bulk
facilitates this activation process.¥l The Cp* compounds were
synthesized with this idea in mind.

Compounds 1, 2, and 4 interact with MAO to afford orange
solutions which appear more stable than those obtained from
the Cp-substituted complexes. The exposure of these solutions
to ethylene does indeed qualitatively indicate the formation
of a greater amount of polymer when the reactions are carried
out under the same conditions in the glass autoclave at low
ethylene pressure (Table?2, runs 5, 6, and 7). Again, no
qualitative difference between the dichloride and dimethyl
analogues 2 and 4 was noted. The amount of polymer formed,
however, remains too low for the isolation of sufficiently pure
materials for analysis. A sufficient amount of polymer for
isolation and characterization were eventually obtained upon
carrying out the catalytic runs at a greater ethylene pressure in
a stainless steel autoclave (Table 2, runs 8 —10).

Although the activities of these catalytic systems are quite
low (< 0.02Kgmol'atm'h™!), several features appear
rather interesting. First, the catalyst seems to remain active
over a time scale of 4 h, the activity being approximately the
same for the 1, 2, and 4 h runs. Second, all three polymer
samples are shown by IR spectroscopy to be highly crystalline
and highly linear. Particularly informative is the split band at
720 cm~! which is characteristic of highly crystalline domains
and the very weak band at 1378 cm~! which indicates a very
small degree of branching. Third, all three samples are shown
by the GPC analysis to contain a bimodal distribution—more
or less identical for the three runs—which includes extremely
high molecular weight chains (distribution centered around
ca. 10°) as the preponderant fraction in weight, plus a fraction
of shorter chains (distribution centered around 10%) (see
Figure 1). The differential scanning calorimetric analysis
shows again the same behavior for the three polyethylene
samples, with melting point at 133 -134° and AH in the range
194-215 Jg~'. These values are typical of highly linear, high-
density polyethylene.[*] While a value of 135°C is indicated

Table 2. Ethylene polymerization tests with [(CsRs)Mo(#*-diene)X,/MAO (1:1000) in toluene (60 mL) at 20°C.

Run Compound/® Amount P(C,H,) t PE Activity
[mg] [atm] [h] [mg] [Kg(PE)mol-!atm'h™!]
1 [CpMo(17*-C,H,)CLy] 25 4 1 - -
2 [CpMo(i7*-C,He)(CHs),] 25 4 1 - -
3 [CpMo(5*-C¢H,,)CLy] 25 4 1 traces b]
4 [CpMo(5*-C¢H,,)(CHS),] 20 4 1 traces b]
5 1 20 4 1 traces bl
6 2 20 4 1 traces bl
7 4 20 4 1 traces bl
8 2 42 50 1 355 0.019
9 2 59 50 2 95.6 0.010
10 2 72 50 4 127.2 0.013

[a] C;Hg=Dbuta-1,3-diene; CsHg=2-methylbuta-1,3-diene; C¢H,,=2,3-dimethylbuta-1,3-diene. [b] Estimated upper limit for the catalytic activity:

0.1 Kg(PE)mol'atm~'h'.
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Figure 1. GPC trace of polyethylene obtained from run 10 (Table 2).
Solvent: 1,2 4-trichlorobenzene. T=135°C.

for the ideal “linear” homopolymer, a degree of branching as
low as one chain per 1000 C causes a sharp melting point
decrease to less than 130 °C. The heat of fusion, in comparison
with the standard reference of about 280Jg~! for linear
polyethylene,* indicates a degree of crystallinity around 70 —
75%. Had the molecular weight distribution been less
dispersed, this value would certainly be even greater.

Our interpretation of these results is that only a small
fraction of the catalyst is activated by the MAO, to yield at
least two different kinds of active sites. It is not excluded that
one (secondary) active site is obtained by the slow decom-
position of the main site during the long polymerization runs.
This is in fact suggested by the behavior of the [Mo]/MAO
solutions in the absence of ethylene (vide supra). The very
long and highly linear polymer chains are consistent with very
little chain transfer, if any. A calculation of the average
turnover for the long chains, under the hypothesis of no
termination, yields 10 s™! (on the basis of the most probable
molecular weight of 10°), corresponding to a maximum
activation free energy of 16 kcalmol™! for the rate-determin-
ing step of the chain growth process. Evidently, the TOF is
even greater if chain transfer occurs. On the other hand, a
rough calculation from the mass of isolated polymer and the
estimated number of chains shows that a very small fraction
(< 0.1%) of the molybdenum centers are catalytically active.

It is most interesting to compare the polymerization results
obtained with compound 2 with those of its Nb congener. The
niobium system was shown to have living character and to
give polymers with M, up to 10° in 1 h runs at 20°C.5! This
corresponds to an insertion turnover of about 1 s~1. Therefore,
although the overall catalytic activity is at least 10° times
greater for the Nb system, the activity of an active site is at
least 10 times greater for the Mo system (active site leading to
the heavier chains).

To conclude the experimental part of our investigation, we
have shown that the Mo system [(CsRs)Mo(#*-diene)X,] is
indeed able to initiate and carry out Ziegler-Natta ethylene
polymerization, although the catalyst stability is low for the
less encumbered complexes and the activities are much
smaller then those of the corresponding Nb systems.’!! The
reason for this lower activity appears to be linked to the
catalyst activation step. This proposition has been further
probed by the computational work described in the following
section.

Chem. Eur. J. 2001, 7, No. 21

Computational studies

The 17-electron catalyst precursor and the methyl abstraction
step: The calculations were carried out with the B3LYP
functional and the standard LANL2DZ basis set, which is
suitable for middle size organometallic systems and has given
good quantitative results in our own recent work.[*-
Calculations were first carried out on models of the dimethyl
catalyst precursors, CpM(n*-C,H¢)(CH;), (M =Mo, Nb).
Both compounds have been fully optimized without any
symmetry constraints, yielding the results in Table 3. The Mo-
optimized structure is compared with that experimentally
determined for the 2,3-dimethylbuta-1,3-diene analogue.?’!
The excellent agreement between optimized and experimen-
tal parameters attests to the suitability of this computational
level and, at the same time, to the negligible effect of the two
diene methyl substituents on the optimum binding parameter
of the diene and the other ligands.

Table 3. Relevant structural parameters for compounds [CpM(#*-
C,Hg)(CH;),] (M=Nb, Mo) (distances in A, angles in degrees, Mulliken
charges ¢ in fractional units).

Parameter [CpNb(%*-C,He)(CHs),]  [CpMo(i7*-C,H,)(CHa),]
optimized optimized ~experimental®
M—-CNT(1)! 2224 2.123 2.020(5)
M-CNT(2)kl 2.016 1.942 1.926(3)
M-C(diene, external) 2.313 2.280 2.231(4)
2.311 2292 2.221(3)
M-C(diene, internal) 2.445 2.358 2.362(2)
2.444 2.367 2.335(2)
M-CH; 2.236 2.225 2.229(5)
2.236 2.225 2.217(9)
C—C (diene, external) 1.455 1.443 1.426(2)
1.455 1.440 1.426(7)
C—C (diene, internal) 1.406 1.419 1.394(3)
CNT(1)-M—-CNT(2)  135.70 139.03 136.1(6)
CNT(1)-M—CH; 11221 111.96 111.9(7)
111.78 112.31 112.7(3)
CNT(2)~-M—CH; 99.38 99.90 101.1(2)
99.58 98.77 100.9(2)
Ad9 -0.132 -0.0765  —0.1225
ot 93.60 92.80 93.80
q(M) 1.031 0.533
q(Cp)tt —0.128 —0.018
q(CH3)1 -0.311 -0.228
q(CH,, diene)lt ¢ -0.170 —0.089
q(CH, diene)!- ¢ 0.029 0.059

[a] For compound CpMo(7*-C¢Hg)(CHs),, see ref. [37]. [b] CNT(1): cyclo-
pentadienyl ring centroid. [c] CNT(2): butadiene ligand centroid. [d] Ad=
[d(M—C1)+d(M—C4) — d(M—C2) — d(M—C3)]/2.15%l [e] 6 =dihedral angle be-
tween the C1-M-C4 and C1-C2-C3-C4 planes.5¥ [f] Total group charge.
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[g] Average on the two equivalent groups.

An experimentally determined structure does not appear to
be available in the literature for the Nb system, therefore the
quality of the optimization cannot be directly evaluated.
However, the observed changes are as one would expect from
the known differences of metal properties. The smaller radius
of Mo!!! relative to Nb'™ accounts for the observed shortening
of all M -ligand bonds on going from Nb to Mo. Niobium,
being an earlier metal, is expected to have a better t-donating
ability because of higher energy d orbitals. This phenomenon
can be witnessed in the larger negative AdP value for the Nb
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complex and in the variations in the diene C—C bond lengths,
the internal one becoming longer and the external ones
becoming shorter on going from Nb to Mo. The calculations
support the conclusion®”! based on the experimental structure
that back-bonding is relatively important also for the Mo
compound (internal C—C bond shorter than the external
ones). According to the Yasuda—Nakamura Ad-6 correla-
tion,>3] however, both Nb and Mo systems are more appro-
priately described as M —diene complexes rather than as
MY -but-2-ene-1,4-diyl complexes.

The theoretical calculations yield the group Mulliken
charges shown in Table 3. Although the absolute values of
these charges should be taken with caution, the observed
variations for a family of similar compounds provide reliable
trends. As expected from the lower electronegativity of Nb,
this compound yields a greater positive charge for the metal
center and a greater negative (or smaller positive) charge for
all ligands relative to the compound of the more electro-
negative molybdenum. As a consequence, the M—CH; bonds
are significantly less polarized for the Mo compound. The
polarity difference suggests that the catalyst activation step,
namely the alkyl abstraction by the MAO co-catalyst, will be
substantially more difficult for the Mo system. Incidentally,
this difference also accounts for the previously reported
inertness of the [CpMo(#*-C,Hs)(CH;),] compound toward
relatively strong Brgnsted acids.’”! We can therefore propose
that the adduct between the Mo™ complex and the MAO
activator, {{M]--- CH;--- MAO)}, displays a greater resistance
toward ion separation with respect to the Nb analogue.
Preliminary studies of the interaction between [CpMo(*
C,H)(CH;),] and B(C¢Fs);, which will be reported in a
separate contribution,[ fully confirm this hypothesis. It may
also be argued that the MAO reagent could attack the
butadiene ligand rather than one of the Mo—X bonds (X =Cl
or CH;),P% 3151 given that the addition of Lewis acids to
butadiene ligands is documented in the literature.’l As
unlikely as this event may seem in the presence of Mo—X
bonds, we do not have so far any solid evidence to rule it out.
The interaction between the dialkyl complexes and B(C¢Fs)s,
however, eventually leads to the identification of a methyl
abstraction product, which forms only with difficulty.>*

Under the continued assumption that the activation step
involves methyl abstraction by MAO we have investigated
theoretically the heterolytic M—CH; bond strengths for
complexes [CpMo(n*-CHg)(CH;),] (M=Mo, Nb; see
Scheme 1). Marks and Fragala have shown the importance
of the metal-alkyl bond strengths in the thermodynamic
cycle which regulates the catalyst activation step.?® - This
process yields a model of the “active species”, [CpM(n*
C,H)(CH;)]". We would like to believe that this is a model
for the active site that leads to the longer polymer chains. The
demonstration of this statement will require, however, further

[COM(C4Hg)(CHy)y]  ——  [CpM(C4H)I(CH3)I" + CHy

AE =200.78 keal mol™'(Mo)
191.30 kcal mol™'(Nb)

Scheme 1. The heterolytic M—CH; bond strengths for complexes
[CpMo(*-C;H,)(CH),] (M = Mo, Nb).
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experimental investigations. The energy results shown in
Scheme 1 confirm the predictions made on the basis of the
Mulliken charge analysis. The heterolysis of the Mo—CHj,
bond requires almost 10 additional kcalmol~! than that of
the corresponding Nb—CH; bond. The optimized geometries
of the “active species” [CpM(C,Hg)(CH;)]* are discussed in
the next section.

The ethylene insertion coordinate: The above calculations
seem to confirm that the lower Mo activity relative to the Nb
complex is attributable to the activation step. However, we
were also interested in analyzing theoretically the chain
propagation process and to compare the energetic barrier
with that of the more active Nb system. Extensive theoretical
studies have been reported for a variety of other polymer-
ization catalysts, covering all relevant features including
initiation, propagation and chain transfer, as well as the steric
effect of the ancillary ligands.[' 2. €73 In particular, a recent
study by Lanza et al. illustrates that the ion pair separation
process becomes more favorable after the initial methyl group
has been turned into a longer alkyl chain.?*%! This is
consistent with our observed high activity of a small fraction
of the metal centers, after a difficult activation step. There-
fore, we did not deem it necessary to exhaustively investigate
all relevant geometries along the reaction coordinate, plus
solvent and steric effects. Rather, we have restricted our study
to the basic chain propagation step whereby an ethylene
molecule coordinates to the metal center and inserts into a
M—-CHj; bond to afford a M—CH,CH,CH; moiety. However,
an additional point of interest is the possible intervention of a
spin state change for the Mo-catalyzed process, to involve spin
quartet 15-electron intermediates. We have shown that other
half-sandwich 15-electron Mo™ reaction intermediates adopt
a spin quartet ground state 7 and that, in a particular
case,® the minimum energy crossing point (MECP) between
the doublet and quartet spin surfaces leading to these
intermediates lies lower in energy than the asymptote along
the spin doublet surface, resulting in a spin acceleration
phenomenon.[”” 78 Theoretical calculations on the Brookhart/
Gibson catalysts also indicate the possible involvement of
more than one spin state along the olefin polymerization
process.”> 1 Therefore, we have extended our study to both
spin doublet and quartet hypersurfaces for the Mo system,
including the MECP.

To simplify the discussion, the critical geometries are
identified by the letters A, B, C, and D according to Scheme 2.
For the Mo system, an additional lower case letter d or q
identifies the spin state. When an agostic interaction is
present, this is indicated in parentheses by the position at
which this occurs, (e.g. (a)). Complex A models the supposed
active catalyst. Complex B is the m complex that forms upon
addition of an ethylene molecule, and C is the transition state
between B and D, the latter being the insertion product. The
geometry of all species has been optimized without any
symmetry constraint. The energetic results are shown in
Figure 2 and the relevant optimized parameters are collected
in Table 4 and Table 5 for the Mo and Nb systems, respec-
tively. Fractional coordinates of all optimized structures are
available as Supporting Information.
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[CpM(n*-CaHe)CH3)"

"

[CPM(n*-CaHe Y(C, Ha)(CHy)T

(starting complex)
C,H,

B (ethylene adduct)
A\
{[CPM(*-C4He)(CoHy)(CH)T )

C ‘ (transition state)

\J
[CpM(n*-CyHy Y(CH, CH, CH; )Y

D (insertion product)

We shall discuss the results pertaining to the Mo system
first, and then compare them with the Nb analogue. The
starting complex A is calculated as more stable in the doublet
state. Unlike the quartet, the doublet benefits of an agostic
interaction that certainly contributes energetically to its
stabilization. The analysis of the insertion process along the
doublet surface suggests that the propagation should indeed
be a very facile process. Coordination of ethylene is exother-
mic as expected. The energetic barrier to this coordination
process leading from A-d(a) to B-d (as indicated by the
broken segment of the coordinate in Figure 2a) was not
calculated. Previous studies have shown that this step
proceeds without an enthalpic barrier for metallocene type
systems, even when stronger [-agostic interactions are

Scheme 2. present.® The insertion step leading to the agostic propyl
product D-d(y) has a calculated
barrier of 9.7 kcalmol !, and is

2) 4 exothermic by 11.6 kcalmol~!.

® ..
.—] Although the barrier is greater
Mo—CH than that calculated for the
5 3 @ . . .
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found, the relative stability of
the agostic propyl product goes
as > a > y. The parameters
in Table 4 reveal that this trend
parallels the strength of the
agostic interaction (a greater
stabilization is associated with
shorter Mo—H and longer C—H
distances for the agostic H
atom). From the data in Ta-
ble 4, it can also be concluded
that the transition state C-d is
@ neither a very early nor a very
late one, and its agostic inter-
action is a very weak one at
best. We have not determined

— the barrier of interconversion
&fﬁ)) between the different agostic

isomers. The [-agostic isomer

reaction coordinate

Figure 2. Energy diagram and key structures for the ethylene insertion reaction into the M—CHj; bond of

[CpM(57*-C,Hg)(CH3)]* (M =Mo, a; Nb, b).
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will probably readily form be-
fore further ethylene coordina-
tion takes place. By comparison
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Table 4. Relevant structural parameters for species A, B, C, and D with M = Mo (distances in A, angles in degrees).l?

A-d(a) A-q B-d C-d D-d(a) D-d(®) D-d(y) D-q
Mo—C1 2.107 2.160 2.236 2.432 - - 3.030 -
Mo—C2 - - 2.715 2.574 - 2.552 - -
Mo—C3 - - 2.646 2.258 2.096 2177 2179 2171
C1—C2 - - 2.868 2118 1.550 1.544 1.555 1.549
C2-C3 - - 1.372 1.439 1.532 1.515 1.548 1.548
diene C-C(ext) 1.448 1.382 1.439 1.436 1.442 1.439 1.448 1.383

1.437 1.383 1.428 1.426 1.437 1.426 1.430 1.386

diene C—C (int) 1.421 1.477 1.423 1.425 1.423 1.427 1.423 1.474
Mo-C3-C2 - - 62.82 85.20 132.28 85.45 104.04 114.22
C1-C2-C3 - - 115.62 120.33 112.31 116.55 112.15 112.12
Mo---H 2422 (] o] 2.487 2.151 2.049 2451 o]
C-H 1.124 [c] le] 1.097 1.158 1.174 1.113 le]
Mo---H-C 60.39 - - 74.32 71.55 101.20 110.83 -

[a] Numbering scheme used: C1 = carbon atom of the migrating CH; group; C2 =atom to which C1 migrates; C3 = atom forming the Mo—C ¢ bond; H=
agostic hydrogen atom. [b] Minimum Mo---H distance to nonagostic H atoms of the Mo—CH,, group: 2.742 for A-q, 2.778 for B-d, 2.701 for D-q.
[c] Maximum C—H distance to nonagostic H atoms of the Mo—CH,, group: 1.100 for A-q, 1.098 for B-d, 1.104 for D-q.

Table 5. Relevant structural parameters for species A, B, C, and D with
M =Nb (distances in A, angles in degrees).l"

A B c DP)

Nb—Cl1 2.119 2.160 2.290 -
Nb—C2 - 3.185 2.630 2.690
Nb—C3 - 3.343 2363 2.144
Cc1-C2 - 3.299 2.132 1.545
C2-C3 - 1.356 1.429 1.538
diene C—C(ext) 1.466 1.458 1.449 1.461

1.466 1.466 1.452 1.457
diene C—C (int) 1.410 1.408 1.410 1.411
Nb-C3-C2 - 71.55 83.97 92.38
C1-C2-C3 - 80.61 11831 114.28
Nb---H 26021 2.546 2201 2302
C-H 1.109%! 1.113 1128 1.136
Nb--H-C 52.531d! 57.37 79.85 97.05

[a] Numbering scheme as in Table 4. [b] Identical for two methyl H atoms;
the third H atom is at 2.869 A from the Nb center. [c] Identical for the two
agostic H atoms; the third C—H distance is 1.091 A. [d] Identical for the two
agostic H atoms; the third Nb--- H—C angle is 38.04°.

with the A-d(«) to B-d transformation, it is predictable that
further coordination of ethylene to complex D-d(3) will be
exothermic by about 2 kcalmol™' and, as argued above,
should have a small or nonexisting barrier.

Like complex A, complex D is also calculated as more
stable in the doublet state. Species D-q is 20.3 kcalmol ! less
stable than D-d(y) and 20.9 kcalmol~! less stable than D-d(a).
This latter difference is substantially greater than that
between A-q and A-d(a). A possible explanation can be
found in the optimized parameters of Table 4. The ethyl
substituent on the a-C atom in D-d(«) is forced away from the
metal (large Mo-C3-C2 angle), forcing in turn one of the H
atoms closer to the Mo center (shorter Mo --- H contact) and
thereby establishing a stronger agostic interaction. This is also
evidenced by the longer C—H bond in D-d(a) relative to
A-d(a). A stronger a-agostic interaction for an ethyl versus a
methyl group has been verified experimentally for a hydro-
tris(pyrazolyl)borate derivative of Ta"™.[

As both the starting complex A and the final product D
have higher energies in the quartet state than the transition
state to insertion on the doublet surface, C-d, we did not
investigate the insertion process along the quartet surface.
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However, we carried out an MECP calculation starting from
the C-d geometry. This calculation converges to a geometry
that has no resemblance to a structure involved in a
propagation step of ethylene polymerization, with a relative
energy of 11.5 kcalmol! relative to A-d(a) + C,H, (point
marked with a cross in Figure 2a). In fact, this geometry is
characterized by a n?-coordinated diene ligand, a coordinated
ethylene (Mo—C distances similar to those in C-d) and a
coordinated CH; group, with no indication of an incipient
ethylene—CHj interaction. Starting from this MECP geome-
try, optimization as a quartet leads to [CpMo(#*-C Hg)(n?-
C,H,)(CH,;)] with a relative energy of 4.5 kcalmol~. It is quite
unexpected that this quartet species is lower in energy relative
to A-q + free C,H,, indicating that two separate double bonds
adjust better than a conjugated diene to the geometric
preference of the spin quartet three-legged piano stool. At
any rate, the above computational studies cast serious doubts
on the intervention of spin quartet intermediates along
the ethylene polymerization process catalyzed by
[CpMo(diene)R]*. To summarize, the [CpMo(diene)(n*-
C,H,)R]* intermediate leads to ethylene insertion along the
spin doublet surface, while spin crossover to the quartet
surface occurs at higher energy and leads to partial decoordi-
nation of the diene ligand. The calculations further indicate
that the [CpMo(diene)R]" species is kinetically competent to
propagate the polyethylene chain growth with a high turnover
frequency. The last conclusion appears consistent with the
calculated chain propagation coordinate for the related Nb
system (Figure 2b), which shows an essentially identical
barrier to insertion (9.7 kcalmol™' from B to C). It is
important to emphasize that these calculations are carried
out on sterically unhindered model compounds and hence are
not directly comparable with the experimentally determined
turnover frequencies. After submission of our manuscript, a
more extensive computational study of the [CpNb(diene)R]*-
catalyzed ethylene polymerization has appeared in the
literature.[®®! This study covers the insertion mechanism as
well as the termination step and it is carried out with a variety
of functionals and basis sets. However, it was limited to the
niobium system. The results of our less extensive investiga-
tions agree with those of this more detailed study.
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A few calculated structural features for the Nb system
appear out of the ordinary and merit discussion. The
optimized species A is not isostructural with the Mo system
A-d(a). While the latter shows a single agostic interaction and
the methyl C atom is displaced toward one side of the bisector
plane of the Cp and butadiene ligands (Figure 3 a), the former

a)

A-d(a) (M = Mo)

A (M =Nb)

Figure 3. Top views of the optimized geometries for [CpM(C,4H;)(CHs;)]*
(a: M=Mo; b: M=Nb).

shows a significant and equivalent distortion for two of the
three methyl H atoms (see Table 5) and the methyl C atom
lies on the bisector plane to afford a C,-symmetric structure
(Figure 3b). It seems reasonable to attribute this difference to
the availability of a second empty orbital on the Nb center,
while a single electron occupies this orbital for Mo. This
additional interaction possibly explains the lower energy of A
relative to B and C for the Nb system versus the Mo system. It
is interesting to remark that a-agostic interactions were also
calculated for [Cp,Zr(CHj;)]*, but not for the isoelectronic
[Cp,Sc(CH5)].[*) An example of a double a-agostic interac-
tion was observed experimentally by single crystal neutron
diffraction for compound [Mo(CHj;),(NC¢H;,Pr,-2,6),] .54
The same structure and energy for B has been obtained
starting from an initial geometry which had been adapted
from the optimized B-d (M =Mo), or by descending the
reaction coordinate from the transition state C, convincing us
that this is the global minimum for this stoichiometry. This
geometry shows two remarkable features (Figure 4). The first

&

P

a) b)

O
B-d (M = Mo)

Figure 4. Top  views of the  optimized
[CpM(C,H,)(C,H,)(CH;)]t (a: M=Mo; b: M=Nb)

B (M =Nb)

geometries  for

one is the presence of a single a-agostic interaction for the
methyl group in the Nb complex, while this is absent in the Mo
complex. Like for A, this difference is easily interpreted on
the basis of the electronic difference between the two metals.
Following ethylene coordination, only one metal orbital
remains available for the agostic interactions. Thus, a single
agostic interaction may be established when this orbital is
empty (Nb), and none when it is singly occupied (Mo). The
second feature is a significantly weaker M—C,H, bond for Nb.
This phenomenon, also noticed by Laasonen,®l appears again
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interpretable on the basis of the electronic difference. The
same additional electron which blocks the formation of the
agostic interaction for Mo also engages in a Mo—C,H, back
bonding interaction which is absent for Nb. This is clearly
shown by the orbital diagrams in Figure 5. The half occupied

' a) b}
EleV
0.2 _
—E T
; L i
0,34
: o
#—f— " T
. “~r
-0.4— ol
@ (B

Figure 5. Energy diagram of the Kohn—Sham frontier molecular orbitals
for structures [CpM(C,H)(C,H,)(CH;)]* (a: M=Mo; b: M=Nb). The
contour diagrams shown for the Mo species are those of the f spinorbitals.
The corresponding a spin orbitals have an essentially identical shape.

MO for the Mo system is essentially a metal d,, orbital, with a
small in-phase participation of the ethylene m* combination
which signals the back-bonding interaction. Interestingly, the
corresponding empty Nb orbital (LUMO) shows a much
smaller participation of the ethylene m* orbital and a much
greater out-of-phase participation of the methyl C p orbital,
corresponding to a m-type antibonding Nb—CHj; interaction,
that is, the antibonding component of the Nb—H—C agostic
interaction. Consistent with the presence of a one-electron
Mo—C,H, m-bonding interaction, the ethylene C—C bond
length is greater for the Mo complex (cf. Table 4 and Table 5).
Figure 5 also shows the relative energies of the frontier
orbitals for B (Nb) and B-d (Mo). It can be noted, in
particular, that the energy of the doubly occupied orbital,
which is engaged in the M—diene back-bonding interaction, is
higher for the less electronegative Nb system, as expected.
Indeed, for all related pairs of complexes in Table 4 and
Table 5, the external diene C—C distances shortens on going
from Nb to Mo, while the internal diene C—C bond
correspondingly lengthen.

The geometries of the transition states for the two metal
complexes are very close (cf. Table 4 and Table 5). In the
transition state for the Nb system, the metal interacts more
strongly with the propyl y-H atom and with the propyl a-C
atom. Contrary to the Mo system, an energy minimum for a y-
agostic propyl complex, D(y), could not be located with Nb.
Starting from either an adapted geometry from optimized D-
d(y) (M =Mo) or descending the reaction coordinate from
the optimized C, led to the same 3-agostic product. Obviously,
even if a local minimum for a y-agostic structure should exist,
its rearrangement barrier to the [-agostic product must be
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very small. The optimized geometries of the S-agostic propyl
products are nearly identical for the Nb and Mo systems (cf.
Table 4 and Table 5). The a-agostic complex has not been
optimized for Nb. The olefin insertion process [B to D(f)] is
exothermic by 24 kcalmol™" for Nb versus 20.5 kcalmol~' for
Mo.

In conclusion, the additional electron on the metal for the
Mo complex does not play any significant role in altering the
enthalpic barrier to the olefin insertion process. However, the
low polarity of the Mo—CHj; bond renders the activation step
problematic. The most energetically costly step consists of the
ion separation to afford the active 15-electron species, which
most likely exists as a f-agostic complex in the doublet spin
state as this is the resting state of the chain propagation
process.

Discussion

The present investigation has shown that the most important
change for the catalytic activity of the [Cp*M(n*-diene)-
(CHs;),]/MAO system on going from Nb to Mo is a decreased
polarity of the M—CH; bond, affecting the activation step. On
the other hand, the polymerization studies have shown that
the Mo system is capable of generating an active site that
leads to the formation of long and highly linear polymer
chains. This site has in fact a higher turnover frequency than
the related Nb active site. The more difficult activation step
for Mo is born out by the DFT Mulliken analysis on the model
[CpMo(n*-diene)(CH;),] precursors and by the calculated
heterolytic Mo—CH; bond dissociation energy. The spin
doublet 15-electron [CpMo(#*-diene)R]* species appears to
be kinetically competent to carry out the chain propagation
process. Therefore, it seems that this Mo'" system is a
potentially attractive one provided that a different way to
generate the 15-electron species is found and we are actively
working in this direction. Given the established steric effect
on the activation step,*’! derivatives based on more encum-
bering cyclopentadienyl rings such as CsHiPr, or CsPhs are
current synthetic targets.

The formation of high-density polyethylene indicates that
this system does not favour the chain transfer process, which
would require a S-H elimination, a S-H transfer, or a
transmetalation to aluminum. The absence of transmetalation
may be attributed to the covalence of the Mo—R bond (R =
growing polymer chain), which is the same cause of the
difficult activation process. The unfavorable -H elimination
and transfer processes can be rationalized by the low
availability of the metal lone pair, which is heavily engaged
in back-bonding with the diene ligands, even though to a
lesser extent than for the Group 5 (Nb, Ta) congeners. This
back-bonding interaction may in fact be the primary cause,
more so than the agostic interaction, for the adoption of a
doublet ground state by the 15-electron [CpMo(#*-diene)R]*.
The argument is illustrated in an oversimplified but, we
believe, qualitatively correct fashion in Scheme 3. In the 15-
electron [CpMo(7*-diene)R]* complex, six metal orbitals are
used to receive the electrons from the ligands, thus three
metal orbitals remain available to accommodate the metal
electrons and to establish the back-bonding interactions with

4580

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

" & "

2"
jH %H:s

%

L2
Oea

Scheme 3.

the ligands. In the doublet form I, one of these three orbitals is
doubly occupied, one is half occupied, and the third one is
empty. While the empty orbital may be profitably used to
establish the agostic interaction, the doubly occupied orbital
can maximize the back-bonding interaction with the diene
ligand. This is emphasized in Scheme 3 by including the
metallapentene limiting form in which the doubly occupied
metal orbital has now become fully involved in the o
interaction scheme.® The heavy involvement of the two
metal electrons in the M—diene back-bonding interaction
makes them unavailable to trigger a chain transfer during the
chain growth process by the $-H elimination pathway, while
the unpaired electron in the other metal orbital is evidently
insufficient to cause the same phenomenon. Several examples
of stable/inert -H-containing alkyl compounds where the
available metal electrons are all unpaired are known.[’ Thus,
this additional electron is located in an inactive orbital and
plays no apparent role during the chain propagation mech-
anism.

In the quartet form II, neither the agostic interaction, nor
the back-bonding interaction to the diene ligand can be as
effective. Indeed, the Mo—C(diene) distances increase dra-
matically on going from the doublet to the quartet species
(e.g. for species A the average distance to the lateral C atoms
increases from 2.25 to 2.63 A, and that to the internal C atoms
from 2.37 to 2.48 A), and the diene C—C bonding pattern
manifests a much weaker transfer of electron density from the
metal to the diene Huckel-type m; orbital. Therefore, the -
acidic nature of the diene ligand is the major cause forcing
electron pairing in the 15-electron [CpMo(n*-diene)R]*
species. Other organometallic 15-electron Mo™ species do
adopt spin quartet ground states, for example, [(CsPhs),Mo]*
and [Mo(SC¢H;Mes,-2,6),],*¢ %] the latter having one of the
mesityl groups 7°-bonded to the metal center. Furthermore,
species [CpMoClL,(PR;)], whose isolation did not prove
possible,® would also adopt a spin quartet ground state
according to DFT calculations.[+7¢

On the basis of this simple model, we predict that the
replacement of the diene with a less m acidic ligand should
stabilize the quartet ground state of a putative [CpMoL,R]*
intermediate, possibly leading to more efficient polymeriza-
tion catalysts. Previous investigations in our laboratory have
shown that compound [CpMo(PMe;),(CH;),] is thermally
unstable.[® *l However, a large variety of other ligands are at
our disposal and future work in our laboratory will also be
carried out in this direction.

0947-6539/01/0721-4580 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 21





Half-Sandwich Mo Complexes as Polymerization Catalysts

4572-4583

Experimental Section

General procedures: All reactions involving air- and moisture-sensitive
organometallic compounds were carried out in a Jacomex glove box or by
the use of standard Schlenck techniques under an argon atmosphere.
Toluene and diethyl ether were purified by distillation under argon after
drying over sodium benzophenone ketyl. THF was dried over sodium
benzophenone ketyl and then over Na/K alloy. Pentane was dried over
sodium. The IR spectra were recorded on a Bruker IFS66V spectropho-
tometer with NaCl optics. EPR measurement were carried out at the X
band microwave frequency on a Bruker ESP300 spectrometer, equipped
with a ER4111 VT unit. The spectrometer was calibrated with DPPH (g =
2.0037). EPR spectra simulations and fittings were carried out with
WinSim.’l Cyclic voltammograms were recorded with an EG&G 362
potentiostat connected to a Macintosh computer through MacLab hard-
ware/software. The electrochemical cell is a locally modified Schlenk tube.
The cell is fitted with a Pt counterelectrode, a Ag/AgCl reference electrode
and a Pt working electrode. Bu,NPF, was used as supporting electrolyte at
a concentration of 0.1M. All potentials are reported versus the Cp,Fe/
Cp,Fe* couple that was introduced under argon into the cell at the end of
each measurement. Elemental analyses were performed with a Fisons
EA 1108 apparatus. The polyethylene GPC analyses were carried out with a
Polymer Labs mod. 210 apparatus equipped with a 4*TSK gel GM-H6
column. The polyethylene differential scanning calorimetry (DSC) analy-
ses were carried out with a Perkin Elmer mod. DSC7 instrument.
2-Methylbuta-1,3-diene and 2,3-dimethylbuta-1,3-diene (Aldrich) were
degassed and stored on A4 molecular sieves before use. CH;MgBr
(3.0 M in Et,0) and MAO (10% w/w in toluene) (Aldrich) were used as
received. Compounds [{Cp*MoClL,},]®” and [CpMo(#*-diene)X,] (X =Cl,
CHs;; diene = buta-1,3-diene, 2-methylbuta-1,3-diene, 2,3-dimethylbuta-1,3-
diene)P”) were synthesized according to the literature procedures.

Synthesis of [Cp*Mo(n*-diene)Cl,]

Diene = 2-methylbuta-1,3-diene, 1: 2-Methylbuta-1,3-diene (72 pL,
0.72 mmol) was added to a suspension of [{Cp*MoCL},] (176 mg,
0.29 mmol) in THF (30 mL). The mixture was warmed to 70°C for 4 h,
during which time the suspension turned into a red-brown solution. After
evaporation of the solvent to about half volume, the product 1 was
precipitated by addition of pentane (10 mL). The compound was recovered
by filtration, washed with pentane (2 x 7 mL) and dried under vacuum.
Yield 162 mg (74 %); elemental analysis caled (%) for C;sHy;ClLMo: C
48.67, H 6.26; found: C 48.98, H 6.67; EPR (THF, 20°C): singlet with Mo
satellites, g=1.997; ay, =378 G; MS (EI, 70 eV): m/z (%): 371 ([M*],
MoCl, pattern, 5.2), 336 ([Cp*MoCIl(CsHg)"], MoCl pattern, 21.5), 303
([Cp*MoCl,*], MoCl, pattern, 67.4), 268 ([Cp*MoCl*], MoCl pattern,
100), 135 ([C,oH,57], 30).

Diene = 2,3-dimethylbuta-1,3-diene, 2: By using a procedure identical to
that described above for the isoprene derivative, compound 2 was
synthesized starting from [{Cp*MoCl,},] (367 mg, 0.62 mmol) and 2,3-
dimethylbuta-1,3-diene (175 pL, 1.55 mmol). Yield 336 mg (72%); ele-
mental analysis calcd (% ) for C;4H,sCl,Mo: C 50.02, H 6.56; found: C 49.63,
H 6.31; EPR (THF, 20°C): singlet with Mo satellites, g=1.997; ay,=
378 G; MS (EL 70eV): m/z (%): 385 ([M'], MoCl, pattern, 9.6), 350
([Cp*MoCI(C¢H,p) ], MoCl pattern, 5.2), 303 ([Cp*MoCl,*], MoCl,
pattern, 100), 268 ([Cp*MoCl*], MoCl pattern, 90), 135 ([C;(H;57], 31).

Synthesis of [Cp*Mo(*-diene)(CH5;),]

Diene = 2-methylbuta-1,3-diene, 3: During this procedure, all operations
were conducted in the dark by wrapping all glassware with aluminum foil.
CH;MgBr (0.30 mL, 3.0 M diethyl ether solution, 0.90 mmol) was added to
a precooled suspension of 1 (150 mg, 0.40 mmol) in diethyl ether (30 mL) at
—78°. The mixture was stirred and slowly allowed to rise in temperature.
As this occurred, formation of a white precipitate was observed, while the
red-brown solid was consumed to yield a green solution. After further
stirring at room temperature for 3 h, the solvent was completely removed
under reduced pressure and the residue was extracted with pentane (2 x
20 mL). After filtration through Celite, the solution was evaporated to
dryness leaving analytically pure 3. Yield 66 mg (50 % ); elemental analysis
caled (%) for C;H,yMo: C 62.00, H 8.87; found: C 61.83, H 9.10; EPR
(pentane, —80°C): multiplet with Mo satellites, g=2.013; ay,=33.3 G,
ay=53 (6H); ay;=6.0 2H); ay=5.3 (2H).
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Diene = 2,3-dimethylbuta-1,3-diene, 4: By using a procedure identical to
that described above for the isoprene derivative, compound 4 was
synthesized starting from 2 (300 mg, 0.78 mmol) and 0.60 mL of CH;MgBr
(3.0 M diethyl ether solution, 1.80 mmol). Yield 147 mg (55 %); elemental
analysis calcd (%) for CgH;Mo: C 62.97, H 9.10; found: C 62.79, H 9.36;
EPR (pentane, —90°C): multiplet with Mo satellites, g=2.012; ay,=
33.0G, ay=>5.6 (6H); az=5.9 (2H); az=>5.1 (2H).

Ethylene polymerization runs: A standard procedure was used for all
polymerization runs. The reactions were conducted at room temperature in
a Biichi glass autoclave (for the low pressure reactions) or in a stainless
steel Parr autoclave, both equipped with a mechanical stirrer. After an
argon purge, toluene (60 mL) was introduced, followed by the appropriate
amount (see Results and Discussion) of MAO. The reactor was then
conditioned under ethylene (1 bar) for 30 min with stirring. A toluene
solution (10 mL) of the appropriate molybdenum complex (20 -50 mg) was
then added. The autoclave was then pressurized at the desired ethylene
pressure and the reaction mixture was stirred for the required time (see
Results and Discussion). After hydrolysis with MeOH containing HCl
(10%) at reflux conditions for 1 h, the polymer was collected by filtration,
washed with MeOH, and dried in an oven (100°C) until constant weight.

Computational details: All calculations were performed using Gaussi-
an 94 or Gaussian981* on SGI Origin 200 and Origin 2000 workstations.
The LANL2DZ basis set was employed to perform geometry optimiza-
tions with a DFT approach. The three parameter form of the Becke, Lee,
Tang and Parr functional (B3LYP)[®! was used in all cases. The energies
reported for all open shell systems correspond to spin unrestricted B3LYP
calculations (UB3LYP). The mean value of the first-order wavefunction,
which is not an exact eigenstate of S? for unrestricted calculations, was
considered suitable for the unambiguous identification of the spin state.
Spin contamination was carefully monitored and the values of <S?> for
the UB3LYP systems at convergence were very close to the ideal values of
0.75 for doublets and 3.75 for quartets. The geometry of the minimum
energy crossing point (MECP) was fully optimized by the method
described in the literature,l ) adapted for use with Gaussian.
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Supercritical Carbon Dioxide as Solvent and Temporary Protecting Group
for Rhodium-Catalyzed Hydroaminomethylation
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Abstract: Supercritical carbon dioxide (scCO,) acts simultaneously as solvent and
temporary protecting group during homogeneously rhodium-catalyzed hydroami-
nomethylation of ethyl methallylic amine. Cyclic amines are formed as the major

products in scCO,, whereas the cyclic amide is formed preferentially in conventional
solvents. Multinuclear high-pressure NMR spectroscopy revealed that this selectivity
switch is mainly due to reversible formation of the carbamic acid in the solvent CO,,
which reduces the tendency for intramolecular ring closure at the Rh-acyl

Keywords: hydroaminomethylation
- hydroformylation - homogeneous
catalysis supercritical fluids
protecting groups

intermediate. These results substantiate the general concept of using scCO, as a
protective medium for amines in homogeneous catalysis and demonstrate for the first

time its application for selectivity control.

Introduction

Compressed (liquid or supercritical) carbon dioxide is finding
increasing interest as an environmentally benign reaction
medium that has unique properties for homogeneously metal-
catalyzed synthesis.I" 2 The use of supercritical carbon dioxide
(scCO,) seems particularly attractive, since it results not only
in the replacement of the organic solvent, but also may affect
the underlying chemical transformation. At present, there are
only few examples for such effects?®¢l and a better under-
standing of possible interactions of the reaction medium CO,
with catalytic pathways is urgently required.

A number of studies have focussed on late transition metal
catalyzed carbonylation reactions in the presence of com-
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pressed CO,, recent examples include the carbonylation of
methanol,®! Pd-catalyzed carbonylations of aryl halides,* and
the Pauson-Khand reaction.’! The industrially important
hydroformylation has been investigated intensively, and
catalytic systems compatible with the use of compressed
CO, include unmodified cobalt!®! or rhodium!™! catalysts,
phosphane-modified rhodium catalysts,[> 1% heterogenized
rhodium systems,["!l and even chiral catalysts for asymmetric
synthesis.'”! The rhodium-catalyzed cyclohydrocarbonylation
of homoallylic amides has been investigated in the presence of
carbon dioxide at temperatures and pressures beyond the
critical data of CO,.["3]

Herein, we report on the successful application of scCO, as
a reaction medium for the intramolecular hydroaminomethy-
lation of an unprotected secondary allylic amine. In particular,
we demonstrate that the reversible interaction of CO, with
the N—H functionality dramatically changes the product
selectivity during the intramolecular hydroaminomethylation
of ethyl methallylic amine. A mechanistic rationale for this
remarkable effect is provided and supported by high-pressure
multinuclear NMR studies of the substrate/CO, interaction.

Results and Discussion

Mechanistic considerations: The hydroaminomethylation se-
quence converts olefins to saturated amines under hydro-
formylation conditions in the presence of a primary or
secondary amine.'¥ In the first part of the sequence, the
olefin reacts with synthesis gas (CO/H,) under the catalytic
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influence of a rhodium center H
~ N

to give an aldehyde. This pri-
[Rh]-H

—

mary product undergoes a sub-
sequent condensation reaction
with the amine, followed by
hydrogenation of the resulting
imine or enamine which is also
catalyzed by the transition met-
al compound. Intramolecular
versions of this reductive ami-
nation of in situ generated
oxo—aldehydes provide an in-
teresting approach to the syn-
thesis of nitrogen-containing
heterocycles and macrohetero-
cycles.[']

[Rh]-H +

the intramolecular hydroami- + H,
nomethylation of ethyl methal-
lylic amine should lead to the
corresponding pyrrolidine as
shown on Path A of Scheme 1.
However, it was observed ear-
lier that this substrate reacts
exclusively to give the cyclic
amide when subjected to hydro-
formylation conditions in con-
ventional organic solvents.['%]
The five-membered ring lactam
is formed in the coordination

ZT

(0]
By
H
\/N

According to this sequence, - Hy0

~QL

Scheme 1. Mechanistic rationale for the competing formation of pyrrolidine or cyclic amide products during
hydroaminomethylation of ethyl methallyic amine.

COM, (40 - 45 bar) /- O\ Ve &

T=55-85°C,t=20h

Sl o

olefin insertion H

CcoO CO insertion

[Rh]
Ha \/l;l cyclization

NS

Path A

Path B
/_’\33\ +[Rh]-H

reductive amination

sphere of the catalyst by nucle- ~
ophilic attack of the nitrogen 1
atom at the carbonyl group in
the intermediate rhodium acyl
species (Path B, Scheme 1). In
liquid organic solvents, this in-
tramolecular cyclization is fast-
er than the hydrogenolysis of
the rhodium acyl moiety, thus
preventing the subsequent con-
densation/hydrogenation  se-
quence that would lead to the
saturated heterocycle (Path A,
Scheme 1). Based on our earlier
findings concerning the catalytic olefin metathesis of secon-
dary amines,['”! we speculated that if the hydroaminomethy-
lation of ethyl methallylic amine could be carried out
successfully in scCO, as the solvent, then chemical interaction
of the N—H group and CO, would reduce the nucleophilicity
of the nitrogen atom and thus suppress the cyclization
pathway B.

reaction medium.

Rhodium-catalyzed hydroaminomethylation of ethyl meth-
allylic amine in supercritical carbon dioxide: Scheme 2 shows
the general reaction conditions and the products detected
during hydroaminomethylation of ethyl methallylic amine 1in
scCO,. Detailed results are summarized in Table 1. Initially,
we used an unmodified rhodium catalyst as reference in the
optimized procedure in organic solvents (Table 1, entry 1).

Chem. Eur. J. 2001, 7, No. 21

scCO, (d=0.56-0.78 gmL™
Rh-cat. (1mol %)

[(cod)Rh(hfacac)]

Scheme 2. Conversion of ethyl methallylic amine 1 under hydroaminomethylation conditions in scCO, as the

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001
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CF3
’7 /O
Rh-cat.: 6/\ \ ) + P (CH2)2(CF)sCF3
(o]
)’ CFs 3

4-HFE.TPP

The active species was formed in situ from [(cod)Rh(hfacac)]
(cod =1,5-cyclooctadiene,  hfacac = hexafluoroacetylaceto-
nate) under hydroformylation conditions in scCO,. To keep
the total pressure within practical limits when working in
scCO,, the temperature and synthesis gas pressure had to be
significantly reduced (Table 1, entry 2). Despite these mild
conditions, almost quantitative conversion of 1 was achieved,
with compounds 2, 3, and 4 being formed in an approximate
3:3:2 ratio. The formation of pyrrolidine 2 as the main
compound is fully in line with our mechanistic rationale and
the proposal that CO, acts as a protecting group. However,
hydrogenation of 1 to give the saturated amine 4 was now a
prominent side reaction, probably resulting from the H, being
more readily available in the supercritical phase than in liquid
organic solvents.?! Increasing the CO/H, ratio retarded the
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Table 1. Rhodium-catalyzed hydroaminomethylation of ethyl methallylic amine 1 in supercritical CO,.[?!

Entry 1 T Piyngas CO:H, P:Rh t d(CO,)° Conv.ld Product distribution [% ]
g] [°C] [bar] (h] [gmL'] [%] 2 3 4 5

1 143 110 110 9:2 - 24 dioxane >95 <1 93 <1 —
2 1.48 80 40 1:1 - 20 0.56 92 41 34 25 -
3 0.75 55 40 2:1 - 21 0.68 81 41 37 22 -
4 0.74 55 40 2:1 3:1 21 0.67 94 35 62 3 -
5 0.75 60 40 1:1 3:1 20 0.68 65 37 58 5 -
6 0.73 60 40 1:2 3:1 20 0.68 61 64 18 5 13
7 0.74 78 40 1:2 3:1 20 0.71 70 56 <1 6 38
8 0.75 79 45 1:4 3:1 20 0.67 60 40 <1 8 52
9 0.15 80 40 1:2 3:1 44 0.78 77 76 7 4 13

[a] See Experimental Section for details. [b] Determined from the weight of CO, in the reaction vessel (V=25 mL). [c] Determined by GC.

reaction slightly but did not significantly alter the product
ratio (Table 1, entry 3).

The use of a phosphane-modified catalyst, formed in situ
from [(cod)Rh(hfacac)] and the “CO,-philic” analogue of
triphenylphosphane, 4-H?Fo-TPP, "1 allowed the undesired
hydrogenation pathway to be suppressed while retaining a
reasonable activity (Table 1, entry 4). Although less of the
lactam 3 was formed than when using the conventional
solvent system, it was still the major product (ratio 1.8:1
relative to 2). Increasing the partial pressure of hydrogen
resulted in almost complete suppression of lactam formation,
but at the same time a new product was observed in significant
yields (Table 1, entries 4—6). This new compound, like 3,
contains a five-membered saturated nitrogen heterocycle,
but this is now part of the bicyclic bisamino structure 5.
Under certain conditions the bicyclic saturated heterocycle
could even be obtained as the major product (Table 1, entries
6-38).

The unusual heterocycle 5 was formed as a mixture of
diastereomers, one of which could be isolated in pure form by
TLC and was fully characterized by mass spectrometry and
NMR spectroscopy (see Experimental Section). A plausible
reaction sequence for the formation of 5 is shown in Scheme 3.
The primary steps in this sequence are largely identical with
the formation of the pyrrolidine (Scheme 1, Path A), except
that the pathway of condensation of the amine and the
aldehyde group is intermolecular rather than intramolecular.

A subsequent Mannich-type aldol addition of the resulting
dimer leads to the formation of the transannular C—C bond,
creating the bicyclic skeleton. Rhodium-catalyzed hydroge-
nation closes the sequence, again in analogy to the pyrrolidine
pathway.

The initial dimerization by intermolecular condensation
may be facilitated by solute/solute clustering of the amino
aldehyde through hydrogen bonding in the nonpolar scCO,
environment at higher concentrations. In accord with this, the
formation of 5§ could be significantly suppressed at lower
substrate concentration (Table 1, entries 7, 9). Further studies
on the stereochemistry and the potential synthetic utility of
the hitherto not observed dimerization of 4-amino-pentanals
are in progress.

Under the conditions of entry 9 in Table 1, a selectivity for
the monocyclic pyrrolidine 2 of 76 % was achieved at 77 %
conversion of 1. In general, path B is shut down effectively in
scCO, and more than 90 % of the products are of type 2 and §
under various conditions. These saturated heterocycles are
formed exclusively by path A in Scheme 1.'! Thus, the
catalytic experiments described herein demonstrate nicely
that it is possible to exploit the specific chemical and
physicochemical properties of scCO, in a rational way to
alter the course of a catalytic reaction dramatically. In the
present case, the switch from path B to A is thought to result
mainly from the reversible chemical interaction of CO, with
the N—H group. To gain more evidence for this concept, we

K\J/\N/\
H

) H\/N\ [Rh], CO/M,
~_ N -H,0 N
'I" l 2 ~ \/I\/\o
1 ~_N
-OH
. [
N Rh, Hy N—\ /\ﬂ/\%{\
N - @N/ \}Nw

5 L

Scheme 3. Reaction sequence for the intermolecular condensation/hydrogenation pathway leading to the formation of 5 in scCO,.
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investigated the behavior of 1 in scCO, by high-pressure
NMR spectroscopy.

High-pressure NMR spectroscopic investigation of 1 in
scCO,: Depending on the basicity of the amine and the

I

reaction conditions, the reaction of the N—H unit with CO, 5 o P 3 5 o

can lead to carbamic acids or the corresponding ammonium 3

carbamates (Scheme 4)1*! and the equilibria involved have an

H C]
; O _OH ¥ 080 o l ﬁ
¢ AN c H H ‘ LJ
CO, R’ R? | N4 _k J U

/N\ —_— /N\ _— N N T T T T T — T

R! R? R’ R2 R1/ \R2 R1/ \R2 12 10 8 6 s 4 2 0
—

1
Scheme 4. Possible equilibria for the interaction of N—H units with CO,.

impact on the physical and chemical behavior of amines in
$cCO,.[1%20-21.22 The high-pressure NMR spectroscopic inves-
tigations described below indicate that the carbamic acid is
the preferred species formed from substrate 1 and scCO,
under conditions closely related to the catalytic experiments.

The top trace of Figure 1 shows the standard 300 MHz
'TH NMR spectrum of 1 in [Dg]THF (concentration
1 mmol L") at room temperature under air at ambient
pressure. The assignment of the signals is straightforward,
the N—H proton giving rise to a somewhat broadened signal at
approximately 0 = 1.4. A 'TH NMR spectrum of 1 recorded on
the same instrument in scCO, (40°C, 120 bar) using a high-
pressure sapphire NMR tube with built-in pressure sensor?*l is
depicted as the bottom trace in Figure 1. Despite some loss of
resolution under these conditions, the individual groups are
readily observed and assigned in this spectrum. Most signifi-
cantly, the signal of the N-H proton is absent under these
conditions and has been replaced by a new signal at 6 =12.4
with a relative intensity of one proton. The signals of both the
CH, groups directly adjacent to the nitrogen center of 1
exhibit a significant high frequency shift of Ad =0.6, whereas
the more remote groups are less affected.

The large shift of the N-H proton to high frequency (Ad =
11) observed on dissolving 1 in scCO, is consistent with the
formation of the carbamic acid. In contrast, when 1 is
converted to the ammonium ion by protonation in [D4]ben-
zene and [Dg]acetone, smaller high frequency shifts of 5.8 and
5.0 ppm, respectively, are observed.?* Furthermore, while the
differences between the CH, signals of the amine and the
ammonium ion are very small, their resonances in scCO, are
more similar to the chemical shifts observed in N-acetylated
secondary allylic amines. Nevertheless, it cannot be ruled out
completely that the carbamic acid is in a fast equilibrium with
small amounts of the other species.

The interaction of the basic nitrogen center with CO, is
reflected also in the spectroscopic data of the quadrupolar
nucleus “N (I=1). The “N NMR spectra of 1 in [D¢]ace-
tone (top trace) and in the presence of scCO, (bottom trace)
are depicted in Figure 2. In conventional solution, the free
amine shows a signal at 0(**N) = —349 with an approximate
linewidth at half height of 180 Hz. In the presence of scCO,,
the signal of the major component appears at higher

Chem. Eur. J. 2001, 7, No. 21

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

Figure 1. 'H NMR spectra of 1in [Dg]THF (25°C, top trace) and in scCO,/
[Dg]THF (180 bar, 50°C, bottom trace).
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Figure 2. “N NMR spectra of 1 in [DgJacetone (25°C, top trace) and
scCO,/[DgJacetone (110 bar, 40°C, bottom trace).

At

frequency (6 =—285), an induced shift of Ad =64 ppm,
indicating again the formation of the carbamic acid as the
major species.?! In contrast to the '"H NMR spectra, a smaller
signal of a second species is visible under the somewhat
different experimental conditions of the N NMR investi-
gation. The chemical shift (0 =—336) and the linewidth
(Avy, =340 Hz) of this smaller signal strongly suggest the
presence of the ammonium ion of 1,? although an unambi-
gous distinction from the free amine is difficult considering
the difference in the type of solvent and the typically very
small differences in nitrogen shifts between amines and
ammonium ions.

Conclusion

Hydroaminomethylation of ethyl methallylic amine can be
carried out efficiently in supercritical carbon dioxide (scCO,)
as the reaction medium using unmodified or phosphane-
modified “CO,-philic” rhodium catalysts. The reaction occurs
at considerably lower temperatures and lower synthesis gas
pressures than usually required for this transformation in
conventional solvents. Most significantly, the product distri-
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bution obtained in scCO, differs remarkably from that
observed in organic liquid solvents: whereas the cyclic amide
is obtained as the major product in conventional solvents,
saturated nitrogen heterocycles are formed preferentially in
scCO,. The reaction conditions can be optimized further to
yield either the pyrrolidine or a new bicyclic framework as the
major saturated heterocyclic product.

There are presently only very few examples for such a
remarkable change of the preferred reaction pathway upon
replacing organic solvents with scCO,, and our understanding
of these effects on a molecular level is even more limited.? In
the present case, high-pressure 'H and '“N NMR spectroscopy
were used to demonstrate that the selectivity switch results
primarily from the protection of the N—H unit in the amine by
the reversible formation of the carbamic acid in the presence
of CO,. The intriguing possibility for selectivity control
substantiates the general concept of using scCO, as protective
medium for amines in catalytic chemical synthesis, which may
find application in various C—C bond-forming reactions.!'”

Experimental Section

Safety warning: The use of highly compressed gases such as supercritical
fluids must be conducted only with suitable high pressure equipment under
appropriate safety conditions.

Catalytic experiments: In a typical experiment, ethyl methallylic amine (1,
0.74 g, 7.5 mmol), [(cod)Rh(hfacac)] (30 mg, 0.07 mmol), and 3-H?F°-TPP
(300 mg, 0.23 mmol) were placed in a home-built stainless steel high-
pressure reactor (V=25mL) equipped with thick-walled borosilicate
windows for visual control of the phase behavior of the reaction mixture.
The mixture was pressurized with a 1:2 mixture of CO and H, t0 pyye.s =
40 bar and filled with CO, (17.8 g) by means of a compressor. The reactor
was heated to reach an inside temperature of 7= 78 °C within 30 min, and
the homogeneous single-phase reaction mixture was stirred at this temper-
ature for 20 h. Systematic variations of the reaction conditions were carried
out as summarized in Table 1.

For standard workup, the reactor was allowed to cool to room temperature
and then slowly depressurized, venting the gas stream through a cold trap at
—60°C. The contents of the reactor and the trap were collected by washing
with diethyl ether and the combined solutions analyzed by gas chromatog-
raphy (GC: Fisons 8130 with 30 m CP sil-5 capillaries, GC/MS: Finnigan
ITD 800 (MS)). For individual characterization and assignment of the
reaction products, a representative crude reaction mixture was isolated as
above and worked up by kugelrohr distillation.
1-Ethyl-3-methylpyrrolidine (2): GC-MS: m/z (%): 112 (24, [M* —1]), 98
(100), 82 (10), 71 (14), 56 (24); '"H NMR (CDCl;, 400 MHz): 6 =0.95 (d,
3H, 3J=6.8 Hz), 1.03 (t, 3H, 3/ =73 Hz), 1.27 (m, 1H), 1.89 (m, 1H), 1.96
(m, 1H), 2.17 (m, 1H), 2.38 (m, 3H), 2.63 (m, 1H), 2.77 (m, 1H); C{'H}
NMR (CDCl;, 100 MHz): 6 =13.9 (CH;), 20.3 (CH,), 31.7 (CH), 32.5
(CH,), 50.3 (CH,), 53.8 (CH,), 62.0 (CH,); GC-FTIR: ¥ = 2966 (s), 2791 (s),
1458 (m), 1387 (m), 1330 (m), 1178 (m), 841 (w), 664 (w), 620 (w) cm~".
1-Ethyl-4-methyl-pyrrolidin-2-one (3): Spectroscopic data were identical
do those reported in reference [16].

Ethyl isobutylamine (4): GC-MS: m/z (%): 102 (14, [M* +1]), 58 (100);
GC-FTIR: 7#=2965 (s), 2889 (m), 2820 (m), 1463 (m), 1384 (m), 1136 (m),
1037 (w), 973 (w), 909 (w), 852 (w), 821 (w), 695 (w), 657 (w) cm~.
1,5-Diethyl-3,7-dimethylperhydropyrrolo[3,2-clazepine (5): The com-
pound was present in the crude product as a mixture of diastereomers as
indicated by GC-MS. A representative diastereomer was isolated by
preparative thin-layer chromatography on silica. The NMR signals were
assigned on basis of H,H- and C,H-correlation as well as *C-DEPT spectra.
GC-MS: m/z (%): 225 (67, [MT +1]), 179 (12), 164 (7), 138 (38), 124 (14),
112 (100), 56 (5); '"H NMR (CDCl;, 400 MHz): d =1.04 (m, 12H; 4 x CH,),
1.38 (m, 1H; NCHCHH), 1.69 (t, */=9.4 Hz, 1H; NCHHCHCHH), 1.85
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(m, 1H; NCHCHH), 1.93 (m, 1H; NCHCH), 1.98 (m, 1H; NCHCHCH),
213 (m, 2H; NCHHCHCHH, NCHHCH,;), 218 (m, 1H;
NCHHCHCHCH), 2.32 (m, 2H; NCHHCHCH, NCHHCH,), 2.48 (m,
2H; NCH, NCHHCHj,), 2.63 (m, 2H; NCHHCHCH, NCHHCHCHCH),
285 (m, 1H; CHHCH;), 3.26 (dd, ’J=87Hz, 3/=6.6Hz, 1H;
NCHHCHCHH); B“C{'H} NMR (CDCl;, 101 MHz): 6=13.7 (2x
NCH,CH;), 18.8 (CHCH,;), 21.4 (CHCH;), 31.1 (NCH,CHCH,), 33.8
(NCH,CHCH), 36.1 (NCHCH,), 48.5 (NCHCH), 49.2 (NCH,CHj;), 50.5
(NCH,CH;), 583 (NCH,CHCH), 622 (NCH,CHCH,), 63.1
(NCH,CHCH), 66.8 (NCH); GC-FTIR: 7#=2963 (s), 2882 (m), 2793 (s),
1458 (m), 1384 (m), 1322 (m), 1173 (m), 1038 (w), 914 (w), 859 (w), 810 (w),
688 (w) cm™!.

High-pressure NMR spectrosocpic investigations: Measurements were
carried out using a S mm or 10 mm sapphire NMR tube with an titanium
pressure head equipped with a needle valve and a pressure sensor.”l The
tubes were always kept behind a protective shield and/or inside a cylinder
made from polymethacrylate??” during handling, filling, transport, and
insertion into the magnet of the spectrometer. 'H NMR spectra were
measured at the NMR facilities of the MPI Miilheim and chemical shifts
are given relative to TMS using the residual signal of the deuterated lock
solvent as internal reference. '“N NMR spectra were measured at the NMR
facilities of the University of Amsterdam or the MPI Miilheim and
chemical shifts are given relative to MeNO, (0 ppm), using either MeNO,
itself or Me,NCI (—335.7 ppm) as the external references.

Ethyl methallylic amine (1, ca. 100 uL) was placed in the tube together with
[Dg]THF (ca. 150 pL) as the lock solvent. The tube was charged with a
weighed amount of liquified CO, (0.28 g) to adjust an average density of
about 0.70 gmL-!. The tube was carefully lowered into the preheated
(40°C) standard 5 mm probehead of a Bruker AMX400 NMR spectrom-
eter and '"H NMR spectra were recorded without spinning after constant
shim parameters were reached. The N NMR spectra were measured on a
Bruker DRX300 NMR spectrometer following the same procedure but
using a 10 mm tube and [Dg]acetone as the lock solvent.
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Synthesis and Photophysical and Cation-Binding Properties of Mono- and
Tetranaphthylcalix[4]arenes as Highly Sensitive and Selective Fluorescent

Sensors for Sodium

Isabelle Leray,**! Jean-Pierre Lefevre,* ! Jean-Francois Delouis,*! Jacques Delaire,*! and

Bernard Valeur*® Pl

Abstract: The syntheses and properties
of two calixarene-based fluorescent mo-
lecular sensors are reported. These com-
prise tert-butylcalix[4]arene either with
one appended fluorophore and three
ester groups (Calix-AMNT1), or with four
appended fluorophores (Calix-AMN4).
The fluorophore is 6-acyl-2-methoxy-
naphthalene (AMN), which contains an
electron-donating substituent (methoxy
group) conjugated to an electron-with-
drawing substituent (carbonyl group);
this allows photoinduced charge transfer

emission spectra upon cation binding, a
drastic enhancement of the fluorescence
quantum yield—in an “off —on” fashion
comparable to that seen in photoin-
duced electron transfer (PET) molecu-
lar sensors—was observed. For Calix-
AMNI, it increases from 103 for the
free ligand to 0.68 for the complex with
Ca?*. This exceptional behaviour can be
interpreted in terms of the relative
locations of the nm* and mm* levels,
which depend on the charge density of
the bound cation. For Calix-AMN4, in

addition to the photophysical effects
observed for Calix-AMNI1, interactions
between the chromophores by complex-
ation with some cations have been found
in the ground state (hypochromic effect)
and in the excited state (excimer forma-
tion). Steady-state fluorescence aniso-
tropy measurements for the system
Na* C Calix-AMN4, show a depolariza-
tion effect due to energy transfer (ho-
motransfer) between the fluorophores.
Regarding the complexing properties, a
high selectivity for Na* over K*, Li*,

(PCT) to occur upon excitation. The
investigated fluoroionophores thus be-
long to the family of PCT fluorescent
molecular sensors. In addition to the
expected red shifts of the absorption and

Introduction

The design of selective fluorescent molecular sensors for
cations is a subject of considerable interest because of their
numerous potential applications in analytical chemistry,
biology, medicine (clinical diagnosis), environmental chem-
istry, chemical oceanography etc.!'5] Most fluorescent molec-
ular sensors consist of a cation recognition unit (ionophore)
linked to a fluorophore; thus they are often called fluoro-
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Ca?" and Mg>* was observed in ethanol
and ethanol — water mixtures. The selec-
tivity (Nat/other cations) expressed as
the ratio of the stability constants was
found to be more than 400.

excimers -

ionophores. The recognition moiety is responsible for the
selectivity and the efficiency of binding, therefore consider-
able efforts have been made to develop selective sensors for
particular cations. In this respect, calixarenes with appropriate
appended groups exhibit high selectivitiesl® and have been
shown to be useful building blocks in the design of fluorescent
sensors for cations.’'? The design of such calixarene-based
sensors differs according to the nature of the cation and to the
photoinduced process responsible for the photophysical
changes upon cation binding: photoinduced electron transfer
(PET),"! photoinduced charge transfer (PCT),®° excimer
formation!'” or energy transfer.['!]

It is worth bearing in mind that the electron-donor and
electron-acceptor groups in PET sensors are nonconjugated
(transfer of an electron), whereas those in PCT sensors are
conjugated (partial charge transfer).

A distinct feature of PET molecular sensors is the very
large cation-induced change in fluorescence intensity that is
usually observed. The absence of a shift in the fluorescence or
excitation spectra, however, precludes the possibility of
intensity-ratio measurements at two wavelengths. In contrast,
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shifts in the fluorescence or excitation spectra of PCT
molecular sensors permit ratiometric measurements to be
made; this allows the determination of cation concentration
independently of various parameters such as sensor concen-
tration, incident-light intensity and photobleaching. However,
the changes in fluorescence quantum yield on cation binding
are generally not very large relative to those observed with
PET sensors. This paper reports the properties of two
calixarene-based PCT molecular sensors that exhibit an
enhancement of fluorescence quantum yield—in an “off-
on” fashion—as large as those seen in PET sensors with the
additional advantage of spectral shifts upon complexation.
In line with our previous works on PCT fluoroiono-
phores,[¥l we selected 6-acyl-2-methoxynaphthalene (AMN)
as a fluorophore. This moiety incorporates an electron-
donating substituent (methoxy group) conjugated with an
electron-withdrawing substituent (carbonyl group). As re-
gards the recognition moiety,'*! a fert-butylcalix[4]arene
frame with appended carbonyl groups was chosen, with the
aim of selectivity for sodium. The investigated fluoroiono-
phores—Calix-AMN1 and Calix-AMN4, comprising tert-
butylcalix[4]arene with one and four appended acyl naphtha-

Abstract in French: Cet article présente la synthése et I'étude
des propriétés photophysiques et de complexation de deux
nouvelles sondes fluorescentes a base de calixaréne. Ces
fluoroionophores sont constitués de tert-butylcalix[4]arenes
liés de facon covalente a un fluorophore et trois groupes ester
(Calix-AMNI1) ou a quatre fluorophores (Calix-AMN4). Le
fluorophore utilisé est composé d’un groupe methoxy (don-
neur) conjugué da un groupe carbonyle (accepteur), participant
a la complexation du cation. Ainsi un transfert de charge
photoinduit se produit lors de [excitation Ilumineuse. La
complexation du cation par le calixaréne s’accompagne non
seulement d’'un déplacement bathochrome des spectres d’ab-
sorption et de fluorescence mais aussi d’une trés forte
augmentation du rendement quantique de fluorescence aussi
importante que dans le cas de fluorionophores fonctionnant
suivant le principe du transfert d’électron photoinduit (PET).
Dans le cas du Calix-AMNI, le rendement quantique passe de
~107% a 0.68 lors de la complexation avec le calcium. Ce
phénomeéne remarquable peut s’expliquer par une modification
des niveaux d’énergie relatifs des états singulets nwm* et na*
(dépendant de la densité de charge du cation complexé). Dans
le cas du Calix-AMN4, des intéractions entre les chromophores
lors de la complexation de cations ont été mises en évidence
aussi bien a I'état fondamental (effet hypochrome) qu’a I’état
excité (formation d’exciméres). D’autre part des mesures
d’anisotropie de fluorescence sur le systéeme Na* C Calix-
AMN4 ont montré un effet de dépolarisation dii a I'existence
d’un transfert d’énergie entre les chromophores (homotrans-
fert). En ce qui concerne les propriétés de complexation, une
excellente sélectivité de ces systémes vis-a-vis du sodium par
rapport aux autres cations a été obtenue dans des solvants
protiques (éthanol et mélanges éthanol—eau). La sélectivité du
sodium par rapport aux autres cations (exprimée par le rapport
des constantes de stabilité) est supérieure a 400.
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lene fluorophores, respectively—are shown in Scheme 1.
Preliminary results on Calix-AMN1 have been reported
previously.’]

4 Calix-AMN4

Scheme 1. Synthesis of Calix-AMNI1 (3) and Calix-AMN4 (4): i) KHCO;,
acetone; ii) BrCH,COOEt, K,CO;, acetone; iii) Nal, K,CO;, acetone.

The new Calix-AMN4 compound, containing four fluoro-
phores, offers additional interesting features with respect to
Calix-AMNT1 in terms of: i) sensitivity of detection (molar
absorption coefficient four times larger), ii) additional photo-
physical effects (possibility of excimer formation) and iii) im-
proved photochemical stability. The advantages of multi-
chromophoric sensors have already been outlined, in partic-
ular for sensors based on dendrimers.['”]

In this paper the syntheses of Calix-AMN1 and Calix-
AMN4 are reported, together with their cation-induced
photophysical changes and their complexing properties.

Results and Discussion

Synthesis: Calix-AMN1 (3) was prepared (Scheme 1) from
the parent calix[4]arene. 4-tert-Butylcalix[4]arene was mono-
alkylated with 2-chloroacetyl-6-methoxynaphthalene in the
presence of KHCO; in acetone. The 2-chloroacetyl-6-meth-
oxynaphthalene was obtained by Friedel — Crafts acylation of
methoxynaphthalene with chloroacetyl chloride in nitroben-
zene.l') The remaining three phenolic positions were then
functionalized with ethyl bromoacetate in acetone in the
presence of K,CO;.

Calix-AMN4 (4) was prepared according to Scheme 1, by
condensation with 2-chloroacyl-6-methoxynaphthalene and
K,CO; in acetonel'l in the presence of sodium iodide to
provide halogen exchange.

Compounds 2, Calix-AMNT1 and Calix-AMN4 had 'H NMR
spectra characteristicl® of a cone conformation.
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Results of the photophysical studies

Absorption spectra: Figure 1 displays the absorption spectra
of Calix-AMNI1 and Calix-AMN4 in acetonitrile. In the free
ligands, the molar absorption coefficient of Calix-AMN4 is
about four times larger than that of Calix-AMNT1; this implies

&

—
(5]

e[x 10°m 7 om™
b=

e[x 10°M T em™|

2 [nm]

Figure 1. Absorption of a) Calix-AMN1 and b) Calix-AMN4 in acetoni-
trile and their complexes with perchlorate salts.

that there is no significant interaction between the naphtha-
lene fluorophores in the ground state. Upon cation binding,
the observed red shifts in the absorption spectra of Calix-
AMNI and Calix-AMN4 were to be expected from cation—
dipole interactions: the interaction between the bound cation
and the electron-withdrawing carbonyl group conjugated to
the electron-donating methoxy group. These effects on
absorption spectra are comparable to those reported with
aminocoumarins linked to crown ethers.[’]

After division of the absorption coefficients of the Calix-
AMN4 complexes by four, for comparison with those of the
Calix-AMN1 complexes, no significant difference was ob-
served except with lithium complexes, for which a hypochro-
mic effect of about 15 % was found on going from the complex
Li* C Calix-AMN1 to the complex Li* C Calix-AMN4. This
can be explained by the smaller size of the lithium cation, the
binding of which reduces the distance between the naphtha-
lene rings so that some excitonic coupling takes place. This
was confirmed by energy-minimized structures (Figure 2)
obtained according to the procedure described by Diamond
for similar compounds.l'’] The estimated interatomic distances

4592
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Figure 2. Energy-minimized structure of Na* C Calix-AMN4 obtained by
using Hyperchem software with the molecular mechanics subroutine.

between similar pairs of atoms depends on the bound cation.
The average distance between the carbonyl groups of the
naphthalene rings decreases in the following order: 0.57 nm
for the complex of Calix-AMN4 with K*, 0.53 nm for Ca*,
0.51 nm for Na* and 0.48 nm for Li*.

Fluorescence spectra and quantum yields: The emission
spectra of Calix-AMN1 and Calix-AMN4 and their com-

plexes in acetonitrile are presented in Figure 3. The two
ligands have very low fluorescence quantum yields (=1073).

0.8

0.6

IF [a.u]

0.4

0.2

0.03

350 400 450 500 550 600
A [nm]

Figure 3. Corrected emission spectra of a) Calix-AMN1 and b) Calix-
AMN4 and their complexes with perchlorate salts in acetonitrile.

0947-6539/01/0721-4592 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 21





Calixarene Sensors

4590-4598

Interaction of a cation with the carbonyl group of the
fluorophore produces a red shift in the emission spectrum,
as a result of the enhancement of the photoinduced charge
transfer from the methoxy group to the carbonyl group.
Moreover, an outstanding enhancement of the fluorescence
quantum yield was observed (0.68 for the complex Ca’t C
Calix-AMNT1).

For the complexes Ca®" C Calix-AMN4 and Li* C Calix-
AMN4, the fluorescence quantum yields were found to be
smaller than those of the corresponding Calix-AMN1 com-
plexes as a result of self-quenching of the fluorophores. In
addition to this effect, tails at long wavelengths were observed
in the emission spectra of the complexes with Lit* and Na™.
This is likely to be due to excimer formation between adjacent
naphthalene groups, previously observed in the case of j3-
cyclodextrins with seven appended naphthalene chromo-
phores.'®! The relative contributions of excimers and mono-
mers to the fluorescence intensities were found to be related
to the size of the complexed cation (Li">Na*>K"). The
smaller the size of the cation, the smaller the average distance
between the naphthalene groups and the higher the proba-
bility of excimer formation. This result is in accordance with
the ground-state interaction between the fluorophores in the
complex Li* C Calix-AMN4, as revealed by the absorption
spectrum (hypochromic effect).

In ethanol, the enhancements of the fluorescence quantum
yields of Calix-AMN1 and Calix-AMN4 upon complexation
with Na* and K* follow the same trend as in acetonitrile.
Measurement of the fluorescence quantum yields of com-
plexes of Calix-AMN4 and Calix-AMN1 with the other
cations (Li*, Ca?") in ethanol was impossible because of the
very small stability constants (see below).

Time-resolved fluorescence: An attempt to record the fluo-
rescence decay of free Calix-AMN1 failed because of its very
low fluorescence quantum yield. The fluorescence decay
curves of complexes of Calix-AMNI1 with various cations are
shown in Figure 4a. Table 1 shows that in most cases a sum of
two or three exponentials was necessary to obtain a satisfac-
tory fit of the decays. Such multiexponential decays can be
interpreted in terms of the existence of different types of
available binding sites for the complex. Indeed, different
binding sites were found by Arnaud-Neu et al.'¥l by X-ray
diffraction on samples of tetraethyl p-fert-butylcalix[4]arene-
tetraacetate. Interestingly, in the case of the complex with
Ca?*, the fluorescence decay was found to be almost mono-
exponential; this led us to conclude that there is close to a
single conformer for this complex. The average decay times
(defined as (tr) =Z=fi7;, in which f; and 7; are the fractional
intensities and time constants, respectively) for the complexes
follow the variation in the fluorescence quantum yields.

The fluorescent decays for the complexes of Calix-AMN4
with alkali and alkaline earth cations were recorded at two
observation wavelengths: at 420 nm (Figure 4b), where no
emission from the excimers was expected, and at 520 nm,
which should provide the larger contribution. A sum of two or
three exponentials was necessary to fit the fluorescence
decays. Compared with Calix-AMN1 complexes, the fluores-
cence decays of the Calix-AMN4 counterparts also reflect
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Figure 4. a) Fluorescence decays of Calix-AMN1 complexes in acetoni-
trile. Excitation wavelength 310 nm, emission wavelength 420 nm; b) fluo-
rescence decays of Calix-AMN4 complexes with perchlorate salts in
acetonitrile. Excitation wavelength 310 nm, emission wavelength 420 nm.

Table 1. Fluorescent decay components [ns] of the various complexes with
perchlorate salts of Calix-AMN1 and Calix-AMN4 in acetonitrile at different
observation wavelengths [A. =310 nm]

2

Aem [nm] 7y [ns] 7, [ns] 75 [ns] () [ns]  x&
() () (f)
Calix-AMN1
K+ 420 0.19+0.02 0.67 £0.02 3.0+0.5 0.51 1.1
(0.524£0.06)  (0.44+0.05)  (0.04+0.04)
Na*® 420 0.22+0.01 0.71+£0.01 29+05 0.81 1.1
(02840.02) (0.58+0.03)  (0.14+0.12)
Lit 420 0.33+0.05 1.03 +£0.06 3374002 28 1.03
(0.054£0.02) (0.16+0.04)  (0.78+£0.04)
Ca2t 420 1.04+0.26 4+0.15 3.8 1.05
(0.05+0.03)  (0.94+0.02)
Calix-AMN4
K+ 420 0.27 £0.03 1.13+0.06 0.9 1.07
(0.224+0.06)  (0.73 £0.05)
520 1.48 +0.03 1.5 0.96
Na*® 420 0.33+£0.04 1403 34405 1.7 1.07
(0.314£0.07)  (0.29+0.1) 0.4+0.1)
520 13402 3.6+02 32 1.03
(0.184+0.07)  (0.81+0.6)
Lit 420 0.21+0.02 0.90+0.10 29405 1.2 1.01
(0254+0.05) (0.36+£0.08) (0.3+0.1)
520 1.5+£0.2 46+0.3 4.0 0.97
(0.82+£0.04)  (0.17 +0.05)
Ca2t 420 0.27 +£0.02 1.64 +0.05 1.4 0.99
(0.16+0.03)  (0.84+0.03)
520 1.96+0.01 152+1.4 33 1.03
(0.940.01) (0.1+0.03)
0947-6539/01/0721-4593 $ 17.50+.50/0 4593
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interactions between the fluorophores. In particular, the
decays are affected by the formation of excimers, especially
for smaller cations. However, it is important to note that no
rise time resulting from excimer formation was detected at
520 nm on the shortest timescale available through our
instrumentation (around 60 ps); this means that the excimers
are preformed, as previously reported for 5-cyclodextrins with
seven appended naphthalenic fluorophores.['®!

Interpretation of the fluorescence enhancement upon cation
binding: In order to understand the enhancement of the
fluorescence quantum yield upon complexation, the relative
locations of the singlet nzt* and stm* states of the naphthalene
fluorophores in the absence and in the presence of a bound
cation should be considered. This fluorophore, belonging to
the family of ketones, would indeed be expected to have a
low-lying nm* excited state.l'”) The molar absorption coef-
ficient of an nst* band is generally of the order of 10°M~'ecm ™.
Therefore, in view of the absorption spectrum and the molar
absorption coefficient (=10* M~! cm™!), the nm* absorption
band is likely to be buried beneath the intense szt* absorption
band generally observed for aromatic ketones. The very low
fluorescence quantum yield of Calix-AMNI1 can be explained
in terms of efficient intersystem crossing from the low-lying
n* excited state to the triplet state, which has a mm*
character, as previously determined by ESR for 6-methoxy-2-
acetonaphthalene."]

It is worth noting that the fluorescence quantum yield, the
absorption spectra and the emission spectra of Calix-AMN1
are solvent-dependent. In ethanol, the fluorescence quantum
yield is twice as large as in acetonitrile. The greater the
polarity of the solvent, the higher the fluorescence quantum
yield. This observation is consistent with the fact that, in
general, when the polarity and the hydrogen-bonding power
of the solvent increases, the ni* state shifts to higher energy
whereas the mm* state shifts to lower energy and can
eventually become the low-lying excited state, with the
consequence of a higher fluorescence quantum yield (see,
for instance, the solvent-dependence of the luminescence of
xanthone.?!)

Possible changes in the relative locations of the nmt* and
ne* levels as a function of solvent polarity should be kept in
mind when the effect of cation binding on the fluorescence
quantum yield of Calix-AMNI1 is considered. Such an analogy
is indeed supported by the fact that the higher the charge
density of the bound cation (Li* and Ca®"), the larger
the fluorescence quantum yield (Figure 3). Therefore,
it is reasonable to make the assumption that interaction with
a bound cation can reduce the energy difference between
the nx* and mm* levels and can even invert these levels
if the charge density on the cation is large enough. When the
nn* and mm* levels are close (in cases of interaction with
cations of moderate charge density, such as Na® and K),
there is competition between intersystem crossing from the
nrt* state and emission from the mm* state (allowed tran-
sition). In the case of cations of greater charge density, de-
excitation mainly occurs from the nm* state through the
allowed S;— S, transition, and the fluorescence quantum
yield is higher.

4594
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These observations prompted us to examine the radiative
and nonradiative rate constants (k, and k,=ki + ki
respectively) for de-excitation of the low-lying S, states.
These can be calculated from the fluorescence quantum yields
and average excited-state lifetimes for the complexes of Calix-
AMNI1 and Calix-AMN4 (Table 2). Since the fluorescence

Table 2. Photophysical properties for Calix-AMN1 and Calix-AMN4 and
their complexes with perchlorate salts in acetonitrile

Charge density @ (t)  k kyp=ki + kie
[q A1] [ns]  [10%s7'] [10%s7']
Calix-AMNI1 0.001
K* 0.75 0.020 0.5 0.4 19.6
Na* 1.03 0.044 0.8 0.5 12
Lit 1.47 0.32 2.8 1.14 2.4
Ca** 2.02 0.68 3.8 1.78 0.84
Calix-AMN4 0.001
K* 0.75 0.024 0.9 0.27 10.8
Na* 1.03 0.031 1.7 0.18 5.7
Li* 1.47 0.059 1.2 0.49 7.9
Ca** 2.02 0.092 14 0.66 6.5

decays deviate strongly from a single exponential in most
cases, the values of these rate constants should be taken with
caution, but the trends provide valuable information. For the
complexes with Calix-AMN]1, the nonradiative rate constant
decreases drastically when the charge density of the bound
cation increases; it varies from about 2 x 10°s~! for K*C
Calix-AMNT1 to 8.4 x 107 s7! for Ca** C Calix-AMNT1. Such a
drastic change is consistent with a decrease in the efficiency of
intersystem crossing as a de-excitation pathway as the charge
density of the cation increases. This supports our interpreta-
tion in terms of the relative locations of the singlet nm* and
n* states, the latter becoming the low-lying state in the
presence of cations of large charge density.

In order to confirm this interpretation further, the transient
absorption spectra of Calix-AMNI1 and its complexes with
alkali and alkaline earth cations were recorded in acetonitrile
after nanosecond pulse excitation at 355 nm (Figure 5). The
triplet absorption spectrum of the free ligand exhibits a
maximum at 447 nm (Table 3). For the complex Ca** C Calix-
AMNUI, the triplet absorption was too low to be determined at

Absorbance

L U t
400 440 480 520
A [nm]

Figure 5. Transient absorption spectra of Calix-AMN1 and its complexes
in degassed acetonitrile obtained 8 ns after laser pulse excitation at 355 nm.
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Table 3. Transient absorption maxima and triplet lifetimes of Calix-AMN1
and its complexes with perchlorate salts in acetonitrile.

Cation Diameter [A]  Charge Ar [nm] Tr [us]
density [q A~']

Calix-AMN1 447 1.37

K+ 2.66 0.75 450 4.14

Na* 1.94 1.03 450 4.83

Li* 1.36 1.47 456 10

Ca?+ 1.98 2.02 not measurable

each wavelength. For the complexes with the other cations,
the triplet absorption efficiencies were found to be smaller
than those of the ligands. This effect is again related to the
charge density of the bound cation and is in agreement with
less-efficient intersystem crossing to the triplet state when the
calixarene is complexed with a cation. The absence of a
significant shift of the transient absorption spectra upon
complexation (Table 3) means that the nature of the triplet
state is the same whatever the bound cation and should have a
an* character according to El Sayed’s rules.'”) This is
consistent with the ESR measurements on 6-methoxy-2-
acetonaphthalene.?”]

Finally, the single-exponential decays of the transient
absorption show that the triplet lifetime increases when the
charge density of the bound cation increases (Table 3). The
nonradiative de-excitation from the triplet state indeed
becomes slower when the spin—orbit coupling between the
triplet state (Pmz* character, totally symmetrical) and the
ground state (totally symmetrical) is weaker. Such an increase
in the lifetime of the triplet states of aryl ketones on going
from a ’nm* to a 3mm* triplet state has been described
previously.?? 23

In the case of Calix-AMN4, the interpretation of the
calculated values for the nonradiative rate constants is not
straightforward because of the additional excited state
interactions between the fluorophores and excimer forma-
tion.

Steady-state fluorescence anisotropy: Since the fluorescence
quantum yields of the free ligands, Calix-AMN1 and Calix-
AMN4, are too low for it to be possible to carry out
fluorescence polarization experiments, we compared the
excitation polarization spectra of the sodium complexes of
Calix-AMN1 and Calix-AMN4 in rigid glasses formed at
100 K from ethanol —methanol mixtures (9:1, v/v) (Figure 6).
It turned out to be impossible to perform the same measure-
ments for the complexes of Calix-AMN4 and Calix-AMN1
with the other cations (Li*, Ca**, K*) because of their very
low stability constants in ethanol (see below).

The anisotropy values of Calix-AMN4 are clearly smaller
than those of Calix-AMNI, except upon excitation at the red
edge of the absorption spectrum. Since rotational motions of
the fluorophores are impossible in frozen glasses, this
depolarization effect is solely due to nonradiative energy
transfer between the fluorophores. Energy transfer was
indeed expected, because the average distance between the
fluorophores is about 0.51 nm, which is smaller than the
Forster critical radius, estimated at about 0.8nm (see
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Figure 6. Excitation polarization spectra of the sodium complexes of
Calix-AMN1 and Calix-AMN4 in rigid glasses formed from ethanol-
methanol mixtures (9:1, v/v) at 100 K. Observation wavelength 410 nm.

Experimental Section). The lack of depolarization observed
at the extreme red edge of the absorption spectrum (Weber
red-edge effect) is due to inhomogeneous broadening, as
previously reported with multichromophoric S-cyclodex-
trins.l'®: 24 Tt is interesting to note that the shoulder of the
absorption spectrum at about 345 nm corresponds to a
shoulder in the excitation polarization spectrum of Na* C
Calix-AMN4; this means that excitation at the red edge of
vibronic bands is able to produce a vibronic red-edge effect
(as in the case of multichromophoric cyclodextrinst!s 241),

Around the absorption maximum (~315 nm), and thus in a
region where red-edge effects should not be significant, the
anisotropy value of Na* C Calix-AMNI1 is about 0.33 and that
of Na* C Calix-AMN4 is about 0.05-0.04. The ratio is thus
about 7. This value should be compared with the value that
would be observed if the fluorophores were oriented at
random. In such a case, under the reasonable assumption that
the energy-transfer process is very fast with respect to the
fluorescence decay, the ratio should be 4, because there are
four fluorophores. In fact, when the fluorophores are ran-
domly oriented, only the initially excited one contributes
significantly to the value of the anisotropy and, since the
probability that this fluorophore emits a photon is 0.25, the
anisotropy should be a quarter of the value in the absence of
transfer. A ratio of 7 instead of 4 means that the fluorophores
are not randomly oriented in the Na* C Calix-AMN4 com-
plex; in other words, the bound cation induces some
preferential conformations, as expected.

Cation binding properties of Calix-AMNI and Calix-AMN4:
The stoichiometries and stability constants of complexes were
determined by analysis of the variations in absorbance or
fluorescence intensity upon addition of metal ion. When the
stoichiometry is 1:1, satisfactory fits must be obtained by using
Equation (1) as previously reported.['*"

X=X X“’“_XO[C Cot CL+C 12zxcc] 5!
= 0+T Lt M+B <L+ MJrB) LCm )

Here X is the absorbance or fluorescence intensity of the
solution. X and Xj;,, are the values of X for the free ligand and
the ML complex, respectively. C; and Cy; are the total
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concentrations of ligand and metal ion, respectively, and f3 is
the stability constant. When X, cannot be accurately
determined, it can be left as a floating parameter in the
analysis. An example of the spectral evolution and titration
curve is given in Figure 7. Apart from the complexation of
Calix-AMN1 with Na*® in ethanol, satisfactory fits for 1:1
complexes were found.

1.5 o1
Q
C
812
3
£
[} < 1
e 1r
©
2
2 0.0001  0.0002
2 [Ca®"] (mol L")
0.5 |
0 J
300 350 400 450
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Figure 7. Evolution of the absorption spectrum of Calix-AMN4 (1.9 x
10~ molL!) upon addition of calcium perchlorate in acetonitrile. Inset:
titration curve at 326 nm.

In the case of the complex of Calix-AMNI1 with Na™ in
ethanol, no satisfactory fits were found by using Equation (1).
Further analysis of the evolution of the whole absorption
spectra (200 wavelengths) by means of the SPECFIT software
(global analysis) showed that the titration curves were
consistent with the formation of two complexes, metal/ligand
1:1 and 1:2; this is consistent with the NMR study undertaken
by Detellier®! in the case of the complex of sodium with
calix[4]arene tetraester. The constants of the successive
equilibria K; and K, were determined.

M + L=ML K _ ML) (2)
- T ML

ML + L=ML K _ ML, (3)
D ? T ML

The global equilibrium for the formation of the complex
ML, is:
[ML,]

M + 2L=ML, MILT

Br=

Q)

The stability constants obtained for the complexes with
alkali and alkaline-earth cations in acetonitrile, ethanol and

water —ethanol mixtures are reported in Table 4. The values
of the stability constants in acetonitrile are in good agreement
with those previously reported in the case of tetraethyl p-tert-
butylcalix[4]arenetetraacetate and p-tert-butylcalix[4]arene
tetraphenyl tetraketone.['¥l In ethanol, the stability constants
of the complexes with Na*™ and K* are much larger than those
with Li*, Ca’* and Mg?* because the last three cations have
higher charge densities and are thus more solvated than
complexed, in contrast to the situation observed in acetoni-
trile. In ethanol, a good selectivity for Na* in preference to K*
was observed. With the goal of practical applications, the
stability constants were measured in the presence of water.
Since the compounds Calix-AMNI1 and Calix-AMN4 are not
soluble in water, the stability constants were measured in
ethanol —water mixtures. The maximum water content allow-
ing sufficient solubility for spectroscopic measurements was
40% by volume for Calix-AMNI1 and 20% by volume for
Calix-AMNA4. This fact is not a drawback because our goal is
to design an optical-fibre device in which the fluoroiono-
phores will be immobilized within a polymer or a sol-gel film.
Insolubility in water is therefore preferable, to minimize
leaching. The stability constants for Calix-AMN4 and Calix-
AMNI in an ethanol —water mixture (80:20, v/v) showed the
expected very good selectivity towards sodium: the Na'/K*
selectivities (expressed by the ratio of the stability constants)
were found to be 500 for Calix-AMN1 and 407 for Calix-
AMN4. For Calix-AMNI1, when the amount of water in-
creases (EtOH/H,O 60:40, v/v), a very high selectivity
towards sodium (1300) is still shown.

Conclusion

The fluoroionophores Calix-AMN1 and Calix-AMN4 descri-
bed in the present paper belong to the PCT sensor class. It is
remarkable that, in addition to the spectral shifts upon cation
binding, they exhibit fluorescence enhancements as large as
those found in PET sensors, due to inversion of the low-lying
nrt* and wiw* levels. This is the first time that advantage has
been taken of such a photophysical effect in a fluoroiono-
phore. In addition to these outstanding photophysical re-
sponses, they show very good selectivities for sodium ions in
water —ethanol mixtures. Such selectivities in the presence of
water are very promising for practical applications to aqueous
samples.

Table 4. Stability constants of Calix-AMNI1 and Calix-AMN4 complexes with alkali and alkaline-earth cations in acetonitrile, ethanol and ethanol-water

mixtures. The values given in this table are log;,f.

Solvent Compound Li* Na* K* Mg>* Ca*+
(136 A) (1.94 A) (2.66 A) (132 A) (1.98 A)
acetonitrile Calix-AMN1 6.28 +0.06 6.32+0.07 4.74 £0.03 2.06 +0.04 5.3+0.06
Calix-AMN4 7.1240.12 7.03+0.1 4.0+0.01 2.75+0.04 6.84+0.12

ethanol Calix-AMNI1 0.9+£0.08 logK;;=4.6+ 0.1 2.87+0.03 1.82+0.06 1.25+0.03

log3,,=9.7+0.13

logK;;=5.1+£0.1
EtOH/H,0 Calix-AMNI1 3.87+£0.05 1.17+0.05
(80:20, v/v) Calix-AMN4 <1 4.23+0.04 1.62+0.03 <1 1.14+0.03
EtOH/H,0 Calix-AMN1 3.04+0.07 0
(60:40, v/v) (8=0.75£0.3)
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Experimental Section

Synthesis

General procedures: 'H and *C NMR spectra were recorded at room
temperature on a Brucker AC400 spectrometer. Elemental analyses were
performed at the Institut de Chimie des Substances Naturelles (France).

2-Chloro-1-(6-methoxynaphthalen-2-yl)ethanone (1): 2-Methoxynaphtha-
lene (3.95 g, 25 mmol) dissolved in nitrobenzene (20 ml) was added to a
mixture of chloroacetyl chloride (2 mL, 25 mmol) and aluminium chloride
(3.6 g, 27 mmol) in nitrobenzene (20 mL). The solution was left stirring at
0°C for 20 min and was then heated at 40°C for 2 h. Water was carefully
added to the solution mixture. Nitrobenzene was removed by steam
distillation. The product was extracted with ether. The organic layer
obtained was washed with water, dried over MgSO, and evaporated in
vacuum. Column chromatography on silica (eluent cyclohexane/AcOEt
95:5) gave a white solid, which was recrystallized from toluene/hexane to
give 6-chloroacetyl-2-methoxynaphthalene (1). Yield: 1.28 g, 21 %; m.p.
113°C; 'H NMR (400 MHz, CDCL): 6 =3.97 (s, 3H; CH,), 4.84 (s, 2H;
CH,), 719 (m, 2H; ArH), 7.84 (m, 3H; ArH), 8.41 (s, 1 H; ArH), elemental
analysis calcd (%) for C3H,,ClO,: C 66.53, H 4.72; found C 66.53, H 4.73.

5,11,17,23-Tetra-tert-butyl-25-mono- [ (6'-methoxynaphthalen-2'-yl)-carbon-

ylmethoxy]calix[4]arene (2): 4-tert-Butylcalix[4]arene (414 mg, 0.63 mmol)
was suspended in acetone (30 mL) containing KHCOj; (126 mg, 1.26 mmol)
and  2-chloro-1-(6-methoxynaphthalen-2-yl)ethanone (1) (300 mg,
1.26 mmol). The reaction mixture was heated under reflux for 2 days. The
cooled mixture was filtrated and evaporated under reduce pressure. The
crude product was chromatographed on silica column (eluent cyclohexane/
AcOEt 95:5) to give 2. Yield: 265 mg, 50.2%; m.p. 235°C; 'H NMR
(400 MHz, CDCly): 6=1.22 (s, 18H; rBu), 1.24 (s, 18H; Bu), 3.42 (d,
%J(H,H)=13.6 Hz, 2H; Ar-aCH,), 3.45 (d, ?/(HH)=13 Hz, 2H; Ar-
aCH,y),3.97 (s, 3H; CH;), 4.32 (d, ”/(H,H) = 13.6 Hz, 2H ; Ar-aCH,), 4.61
(d, ”/(H,H) =13 Hz, 2H; Ar-aCH,,), 5.76 (s, 2H; Ar-aCH,), 7.1 (m, 10H;
ArH), 7.84 (d, ¥J(H,H) =9 Hz, 1H; ArH), 7.88 (d, 2/(H,H) =9.3 Hz, 1H;
ArH), 8.06 (d,%/(H,H) =8.5 Hz, 1H; ArH), 8.46 (s, 1H; ArH), 9.55 (s, 2H;;
OH), 10.38 (s, 1H; OH); elemental analysis calcd (%) for Cs;HgOg-
1.5H,0: C 78.32, H 7.96; found C 78.41, H 8.15.

5,11,17,23-Tetra-tert-butyl-25-mono-[(6'-methoxynaphthalen-2'-yl)carbonyl-
methyoxy]-26,27,28-tris-(ethoxycarbonylmethoxy)-calix[4]arene (3): Com-
pound 2 (425 mg, 0.4 mmol) and ethyl bromoacetate (177 uL, 1.6 mmol)
were refluxed in the presence of K,CO; (123 mg, 0.8 mmol) in acetone
(40 mL) for 12 h. The reaction mixture was filtered and concentrated under
vacuum. The crude product was chromatographed on silica column (eluent
CH,Cl/AcOEt 80:20) and recrystallized from EtOH to give the desired
product. Yield: 305 mg, 67 %; m.p. 144°C; 'H NMR (400 MHz, CDCL,):
0=1.05 (m, 36 H; rBu), 1.21 (m, 9H; CHj;), 3.21 (m, 4H; CH,), 3.95 (s, 3H;
CH,), 4.1 (t, 2J(H,H) =6 Hz, 4H), 4.15 (t, 2J(H,H) =6 Hz, 2H), 4.81 (m,
8H), 5.05 (d, 2J(H,H) =12 Hz, 2H), 5.72 (s, 2H), 6.82 (m, 8H), 7.15 (m,
2H), 772 (d, 2/(H,H) =74 Hz, 1H; ArH), 791 (d, 2/(H,H) =8.1 Hz, 1 H;
ArH), 8.07 (d,/=8 Hz, 1 H; ArH ), 8.59 (s, 1 H; ArH); elemental analysis
caled (%) for CeHgO4,: C 74.97, H 7.66; found C 74.82, H 7.81.

5,11,17,23-Tetra-tert-butyl-25,26,2728-tetra-[ (6'-methoxynaphthalen-2'-yl)-

carbonylmethyloxy]calix[4]arene (4): 4-tert-Butylcalix[4]arene (505 mg,
0.77 mmol), K,CO; (418 mg, 3.3 mmol), Nal (454 mg, 3.3 mmol) and
2-chloro-1-(6-methoxynaphthalen-2-yl)ethanone (710 mg, 3.3 mmol) in dry
acetone were stirred under reflux under argon for 48 h. The reaction
mixture was poured into water (50 mL) and extracted with dichloro-
methane. The extract was washed consecutively with 5% aqueous sodium
metabisulfite, water, 3% sulfuric acid and water. The organic layer was
dried over MgSO,. The crude product was chromatographed on silica
(eluent CH,Cl,/acetone 80:20) and recrystallized from MeOH to give the
desired product. Yield: 280 mg, 34 %; m.p. 152°C; '"H NMR (400 MHz,
CDCly): 6=1.21 (s, 36 H; Bu), 3.52 (d, 2/(H,H) =12 Hz, 4H; Ar-aCH,,),
3.96 (s,12H; OCHs;), 4.52 (d, >J(H,H) =12 Hz, 4H; Ar-aCH,,), 5.49 (s, 4H;
CH,), 712 (d,%J(H,H) = 8.8 Hz, 4H; ArH), 7.17 (s, 4H; ArH), 7.23 (m, 8 H;
ArH), 75 (d,2/(H,H)=9.2 Hz, 4H; ArH), 7.72 (m, 8 H; ArH), 8.16 (s, 4H;
ArH); ®C NMR (100.6 MHz, CDCL): 6 =30.2 (CH,), 31.4 (CHj;), 34.3
(C(CH;)3), 55.6 (OCH;), 79.1 (CH,CO), 105.9 (CHAr), 120.1 (CHAr),
123.9 (CHAr), 126 (CHAr), 127.6 (CHAr), 129.2 (CAr), 129.4 (CHAr),
131.1 (CHAr), 134.6 (CAr), 1379 (CAr), 148.5 (COAr), 150.4 (COAr),
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160.2 (CArC=0),195.6 (C=0); elemental analysis caled (%) for
Cy;Hy3O,,+-3H,0: C 77.16, H 6.94; found C 77.38, H 6.81.

Solvents and salts: Acetonitrile from Aldrich (spectrometric grade) and
absolute ethanol from SDS (spectrometric grade) were used as solvents for
absorption and fluorescence measurements. Alkali and alkaline-earth
perchlorates and potassium thiocyanate, from Alfa, were of the highest
quality available and vacuum dried over P,Oj5 prior to use.

Spectroscopic measurements and calculations: UV/vis absorption spectra
were recorded on a Varian Cary SE spectrophotometer. Corrected emission
spectra were obtained on a SLM-Aminco8000C spectrofluorimeter. The
fluorescence quantum yields were determined by using quinine sulfate
dihydrate in H,SO, (0.1N) as a reference (@ =0.546)!"2. All solvents used
were of spectroscopic grade.

Steady-state fluorescence anisotropies, defined as r= (I, —1,)/({; + 21,)
(where /| and I, are the fluorescence intensities observed with vertically
polarized excitation light and vertically and horizontally polarized emis-
sions, respectively) were determined by the G-factor method. Low
temperature measurements (100 K) were carried out in specially made
lcem x 1 cm strain-free quartz cuvettes and with an Oxford DN1704
cryostat with quartz windows.

The critical radius for transfer by the dipolar mechanism was evaluated
from the following Equation:

R,=0.020108 {1<2¢0n*4 / I(i)e(l)l"dl} " )
"o

with R, in nm, where x? is the orientational factor, ¢, is the donor
fluorescence quantum yield, n is the average refractive index of the
medium in the wavelength range in which spectral overlap is significant,
I(2) is the normalized fluorescence spectrum of the donor, &(4) is the
acceptor absorption coefficient [dm*mol~'cm~'] and 1 is the wavelength in
nanometers. The orientation factor was taken to be equal to the dynamic
average, that is %3. The refractive index was chosen to be that of ethanol.
Under these conditions, the value of R, calculated by Equation (5) is
0.8 nm.

Time-resolved fluorescence-intensity decays were obtained by the single-
photon timing method, with picosecond laser excitation with a Spectra-
Physics set-up composed of a Titanium Saphir Tsunami laser pumped by an
argon ion laser, a pulse selector and doubling (LBO) and tripling (5SBBO)
crystals. Light pulses were selected by optoacoustic crystals at a repetition
rate of 4 MHz. Fluorescence photons were detected by means of a
Hamamatsu MCPR3809U photomultiplier, connected to a constant-
fraction discriminator. The time-to-amplitude converter was purchased
from Tennelec. In this investigation, the FWHM (full width at half
maximum height) instrument response was 61 ps. Data were analysed by
the maximum entropy method.??!

Transient absorption measurements were carried out by nanosecond laser
flash photolysis. The instrument uses the third harmonics of a BM Indus-
tries Q-switched Nd-YAG (model BMI 5011 DNS 10), delivering 7-8 ns
pulses at 1064 nm. Q-switching was achieved with a Pockels cell inside the
cavity. The giant pulse was frequency-doubled and -tripled in potassium
dihydrogen phosphate (KDP) crystals. The output energy was 120 mJ at
355 nm. The energy deposited in the sample was lowered to 3 mJ by
interposing a diffusing plate in front of the irradiation cell. The excitation
beam and the probe beam generated by a pulse xenon source were
perpendicular to each other inside the 1 x 1 cm cell. The analysing beam
was spectrally dispersed by a monochromator and converted into an
electric signal by a Hamamatsu R 928 PM tube. The electrical signal was
recorded by a digital memory oscilloscope (Tektronix TDS 620 B) con-
nected to a PC. The transient signals were analysed by an Igor® procedure-
based in-house routine. The reported decays and rate constants are the
mean values of at least ten different measurements.

Energy-minimized structures were generated by Hyperchem V5.1 software
with MM + as force-field.

Global analysis of the evolution of the whole absorption spectra was
performed with the Specfit Global Analysis System V3.0 for 32-bit
Windows systems. This software uses singular value decomposition and
nonlinear regression modelling by the Levenberg—Marquardt method.??’)
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Formation of Novel Photodimers from 4-Aryl-1,4-dihydropyridines

Andreas Hilgeroth**! and Ute Baumeister!"!

Abstract: N-substituted  3-alkoxycar-
bonyl-4-aryl-1,4-dihydropyridines have
been photochemically investigated for
the first time. In contrast to reports of
analogous 3,5-dialkoxycarbonyl deriva-

lution irradiation with unfiltered light
(A>270 nm) led to novel diazatetrakis-
homocubanes in 30-50% yields. Dia-
zatetrakishomocubanes were also ob-
tained by irradiation with filtered light

(A>313 nm) besides head-to-tail con-
nected syn-dimers. The irradiation of the
syn-dimers with unfiltered light led to
centrosymmetric cage dimers accompa-
nied by some dimer fragmentation. For-

tives, they are unreactive in the solid
state with shortest distances of poten-
tially reacting double bonds of
6.883(3) A for one derivative examined
by x-ray crystal structure analysis. So-

photochemistry

Introduction

The compounds 3,5-dialkoxycarbonyl-aryl-1,4-dihydropyri-
dines have recently been reported to be highly photoreactive
agents in the solid state.ll They almost exclusively yielded
head-to-tail cage dimers when irradiated at A >270 nm. The
reaction proceeded via syn-dimeric intermediates as was
demonstrated by solid-state *C NMR spectroscopy.? Thus
the formation followed a double [2+42] cycloaddition reaction
pathway (Scheme 1).

R3

Scheme 1. Formation of head-to-tail cage dimers via syn-dimeric inter-
mediates from 4-aryl-1,4-dihydropyridines (R'=H, CH,CsHs, R?>=CHj,
C,H;, and R®=OCHs).
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mation of the homocubanes via inter-
mediate biradicals is supported by the
available data.

dimerization -
radicals

The N-substituted cage dimers possessing C, symmetry
have been suggested to be novel inhibitors of HIV-1 protease
(PR) on the basis of molecular modeling results.?! For the first
series of such derivatives, N-benzyl substituted compounds
turned out to be the best PR inhibitors with inhibitory
activities ICs, of about 20 pm.[*

In order to vary the substitution patterns of the pharmaco-
logically interesting cage compounds, 1,4-dihydropyridines
with just one 3-alkoxycarbonyl substituent have been chosen
as further synthetic starting compounds. There are only a few
reports of the photooxidation of 4-substituted 1,4-dihydropyr-
idines bearing one carbonyl substituent at the 3-position of
the 1,4-dihydropyridine ring. The characteristic photooxida-
tion products are pyridines.F!

Here we report the photochemical properties of N-alkyl
4-aryl-1,4-dihydropyridines with one 3-methoxycarbonyl sub-
stituent and we focus on solid-state as well as solution
reactivity. Irradiation at varying wavelengths has been carried
out to get an insight into the reaction mechanism by which the
observed different cage dimers are formed.

Results and Discussion

Synthesis of N-alkyl 3-methoxycarbonyl-4-phenyl-1,4-di-
hydropyridines:  Starting  1,4-dihydropyridines 2a, 2b
(Scheme 2) have been prepared from the corresponding
pyridinium salts a,bl®! by treatment with equimolar amounts
of phenylmagnesium chloride in anhydrous THF. Arylation
occurred selectively at the 4-position of the pyridine ring by
using catalytic copper(l) iodide with isolated yields of about
90 %.
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o o}
Q)kocm OCHs3
N N

R X R
1a,R=CHy X =1 2a,b

b, R = CHyCeHs, X = CI

Scheme 2. Formation of 2ab. Reagents and conditions: PhMgCl,
Cul (cat.).

Solid-state chemistry: For the investigation of the solid-state
photoreactivity, crystalline 1,4-dihydropyridine materials
grown from solutions in ethanol (2a) and methanol (2b)
were used. Irradiation was carried out with Ultra Vitalux
lamps exhibiting emission spectra at 1 >270 nm for several
days under excitation of the dihydropyridine chromophore
with 4., =348 nm (2a) and 346 nm (2b).

Since the crystalline 1,4-dihydropyridines remained un-
changed, these materials are essentially photostable. X-ray
crystal structure analysis of derivative 2a (Figure 1) was
carried out in order to characterize the topochemical proper-
ties responsible for this behavior.

Figure 1. Molecular structure of 2a in the crystal.

The 4-phenyl substituent in the molecular structure of 2a
(Figure 2) shows a pseudoaxial orientation as has been
reported for the corresponding derivatives with carbonyl
substituents in the 3- and 5-positions of the dihydropyridine
ring.!! This molecular conformation with pseudoaxial 4-phen-
yl positioning has also previously been favored by molecular
modeling.”

Molecules form one-dimensional stacks generated by trans-
lation along [010] in the crystal lattice. Molecules of neigh-
boring stacks show antiparallel orientation due to the
centrosymmetrical arrangement. However, the shortest dis-
tance between potentially reacting double bonds of such a
molecule pair is 6.883(3) A between C1—C2a and C2—Cla,
respectively. This distance substantially exceeds the previous-
ly postulated maximum distance of 4.2 A for potentially
reacting double bonds in the solid state.’! Thus the photo-
stability of the derivative results from unfavorable packing
restraints.

4600
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Figure 2. Crystal packing of 2a (projection along [100]) and shortest
distances between neighboring double bonds.

Solution photoreactivity: Irradiation of solutions of 14-
dihydropyridines 2a,b in methanol/THF, carried out in a
quartz flask, led to the exclusive formation of two different
dimers: one with symmetric properties (3) (Scheme 3) as
could be observed from just one set of proton signals for both

o OOC:_}R
OCH3 c) /,‘2 + 3a,b + 4ab

4a,b

Scheme 3. Photoreactivity of 4-aryl-1,4-dihydropyridines 2. Reagents and
conditions: a) hv, solid state; b)hv, MeOH/THF, 1>270 nm; c) hv,
MeOH/THEF, A4 >313 nm (R = CH;, CH,CHs).
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subunits and one IR carbonyl bond and the other one with
asymmetric character (4) documented by a double set of
proton signals as well as two IR carbonyl bonds.

X-ray crystal structure analyses of both dimers 3a and 4al’!
showed an unexpected arrangement of the dihydropyridine
subunits in the dimers: instead of the known head-to-tail ring
conjunction of all previous dihydropyridine dimerization
products, the dihydropyridine ring planes in 3 and 4 make
an angle of just 90°. Thus, the resulting dimers are novel
tetrakishomocubanes instead of tetraasteranes. Mechanistic
aspects of their formation will be discussed below. As a result
of the pseudoaxial orientation of the phenyl substituents in
the 1,4-dihydropyridines, all the phenyl rings in 3 and 4 show
the same pseudoaxial arrangement to their dihydropyridine
ring planes. Thus, the dimer formation may have resulted from
the attack of one monomer at the back side of the other one,
the side that faces away from the aryl moiety.

When irradiation was carried out with filtered (copper(1)
sulfate solution) light at 2 >313 nm, the combined isolated
yield of both dimers3 and 4 decreased to about 60%.
Another dimer was obtained that was characterized as the
syn-dimer 5 by spectroscopic properties and, furthermore, by
its cyclization to a cage compound as will be discussed later:
the IR spectra showed two carbonyl bonds, one of the
unconjugated ester carbonyl group at 1735 cm~! (5a) and
1714 cm™' (5b), and the other one of the conjugated carbonyl
group at characteristic shorter wavelengths of 1659 cm~' (5a)
and 1680 cm™' (5b). UV spectra show an absorption of the
carbamide ester chromophore at 280 nm (5a) and 290 nm
(5b).

Irradiation of the syn-dimers with unfiltered light led to
centrosymmetrical cage dimers 6a and 6b (Scheme 4) under
excitation of the remaining carbamide ester chromophore.

H
o oC N3/ R
R/N%
CH:O ©O

5a,b

OCH3
N

R
6a,b 2a,b

Scheme 4. Photolysis of syn-dimersS. Reagents and conditions: Av,
MeOH/THEF, 1 >270 nm (R = CH;, CH,C¢Hj).

The structure of the tetraasterane dimers 6 was confirmed
by X-ray crystal structure analysis of compound 6a (Figure 3)
with a significant difference in cyclobutane bond lengths that
has been reported for previous tetraasterane cage compounds
derived from solid-state synthesis:[!l the mean bond lengths of
the former dihydropyridine (Cla—C2a and C4a—C5a and its

Chem. Eur. J. 2001, 7, No. 21

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

Figure 3. Molecular structure of 6a.

centrosymmetric equivalents with 1.561(2) and 1.548(2) A)
were significantly shorter than those that were obtained by
the dimerization reaction (Cla—C4 and C2a—C5' and its
centrosymmetric equivalents with 1.561(2) and 1.607(2) A).
The phenyl substituents in these dimers show pseudoaxial
orientations towards the dihydropyridine planes as well.

Some fragmentation to monomeric 1,4-dihydropyridines
2a,b could be observed by TLC during the irradiation of syn-
dimers Sa and Sb. Irradiation of solutions of the cage
dimers 6a and 6b themselves led to fragmentation back to
the monomers. Thus, it becomes plausible that the above-
mentioned formation of either syn-dimers 5a and 5b or their
cyclization products 6a and 6b could not be observed after
irradiation with unfiltered light.

Mechanistic aspects: In contrast to the 3,5-dialkoxycarbonyl-
aryl-1,4-dihydropyridines, the 3-monosubstituted derivatives
have two different double bonds, one conjugated and one
nonconjugated. So there are several reaction possibilities for a
primary excited molecule. Corresponding to recent studies on
the photoreactivity of substituted ethylene derivatives with
enhanced conjugation of the ethylene double bond,'”l a
primary radical attack via C3 (conjugated double bond) of the
excited dihydropyridine molecule may take place either at C2
(conjugated double bond) or C6 (nonconjugated double
bond) of the other molecule; this is in accordance with the
formation of all known 1,4-dihydropyridine dimers showing
head-to-tail arrangements. The formation of syn-dimers 5
presumably follows a classical concerted [2+4-2] photocycload-
dition reaction mechanism between the conjugated double
bond of the excited molecule and the nonconjugated double
bond of the other one in the ground state with both
dihydropyridine planes making an angle of 180° as has been
reported.l* 1 A second intramolecular excitation of one
carbamide ester chromophore is necessary to initiate a radical
mechanism for the cyclization to cage dimers 6.

It is likely that the formation of 3 and 4 involves primary
biradicals, and thus it follows the initial reaction step of the
reported [2+42] cycloaddition reactions of the primary attack
via C3 of the excited molecule and either at C2 or C6 of the
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other one with both dihydropyridine planes making an angle
of 90°.010. 1]

As has been demonstrated by the irradiation experiments
with filtered light, the formation of 3 and 4 does not involve a
second molecular excitation of the intermediate carbamide
ester chromophore. The dimers are formed, even though the
shorter wavelengths necessary to excite the carbamide ester
chromophore are absent. Perhaps, consequent reactions of
primary formed biradicals may lead to the cage closure.

In conclusion, the photoreactivity of 3-alkoxycarbonyl
monosubstituted 4-aryl-1,4-dihydropyridines substantially dif-
fers from that of the corresponding 3,5-disubstituted deriva-
tives. The monomers were found to be photostable in the solid
state due to packing restraints. The previously unreported
tetrakishomocubanes were formed in solution as well as syn
and centrosymmetric cage compounds that were found to be
unstable on further irradiation. The C, symmetry of the
homocubanes qualifies them for binding to C,-symmetric PR.
Therefore they are of special interest as potential PR
inhibitors. Moreover, recent studies suggested that such cage
compounds were novel inhibitors of P-glycoprotein.l'”l With
respect to their biological activity, investigations on further
structural variations of the homocubane skeleton are in
progress.

Experimental Section

General: Commercial reagents were used as received, without additional
purification. Melting points were determined with a Boetius apparatus and
were uncorrected. '"H NMR spectra were recorded on a Varian Gemini 500
at 25°C with TMS as the internal standard. IR spectra were measured as
potassium bromide disks using a BrukerIFS-28. UV measurements were
taken in chloroform with a diode-array spectrophotometer 8452A. Mass
spectra were obtained with an AMD402, and elemental analysis was
carried out using a Leco CHNS-932 apparatus.

Procedure for the preparation of N-alkyl 4-phenyl-1,4-dihydropyridines (2)
Methyl 14-dihydro-1-methyl-4-phenylpyridine-3-carboxylate (2 a): Pyridi-
nium salt 1a (1.5 g, 10 mmol) was suspended in anhydrous THF (100 mL).
After addition of copper(t) iodide!” (0.095 g, 0.5 mmol), a solution of
phenylmagnesium chloride (1m) in THF (10 mL, 10 mmol) was added
dropwise to the suspension. After 2 h, the solution was treated with an
aqueous solution (60 mL) of ammonium chloride (60 mL, 113 mmol) and
then extracted with diethyl ether (150 mL). For washing details of the ether
phase, see ref. [9]. After final removal of the ether phase in vacuum, the
oily residue was taken up in ethanol from which 2a crystallized with a final
yield of 91 % (m.p. 115-120°C; 2.086 g, 9.1 mmol).

'"H NMR (CD;OD): 6=7.87-7.09 (m, 6H; aromatic H, 2-H), 5.94 (d,
3J(HH) =7.8 Hz, 1H; 6-H), 4.89 (dd, 3/(H,H) =78, 4.7 Hz, 1 H; 5-H), 4.41
(d, 3J(H,H)=4.7 Hz, 1H; 4-H), 3.53 (s, 3H; COOCHj;), 3.10 (s, 3H;
NCHj;); IR: #=1690 cm~'; UV/Vis (methanol): A, (¢)=232 (6166),
348 nm (4365 mol~'dm3cm~'); MS (70 eV, EI): m/z (%): 229 (2) [M]*+, 169
(100) [M — 60]*; elemental analysis caled (%) for C,H;sNO, (229.3): C
73.34, H 6.59, N 6.11; found: C 73.10, H 6.53, N 5.92.

X-ray crystal structure analysis: A yellow crystal C,;H,sNO, (from ethanol),
crystal size 0.80 x 0.48 x 0.27 mm, was measured at room temperature by
using a Stoe-STADI4 Diffractometer with Moy, radiation (1 =0.71073 A)
and a graphite monochromator. The number of reflections collected was
5984, and they were collected in the range 4.64° <26 < 55.94° in 2 6/w scan
mode; hk, range from —10, —15, —17 to 10, 15, 17. Crystal system:
monoclinic, space group P2,/n, Z=4, a=8.0365(12) A, b=11.721(2) A,
c=13.643(3) A, f=104.85(2)°; V=12422(3) A3, p=1226gem™>; u=
0.082 mm~". No absorption correction was applied during data reduction.
The structure was solved by direct methods (SHELXS-97). Structure
refinement: full matrix least-squares methods on F? using SHELXL-97, all
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the non-hydrogen atoms with anisotropic displacement parameters. All
hydrogen atoms were taken from a difference Fourier synthesis and
isotropically refined. The refinement converged to a final wR,=0.1317 for
2992 unique reflections and R, =0.0553 for 1072 observed reflections [, >
2.00(1,)] and 215 refined parameters.

Methyl 1-benzyl-14-dihydro-4-phenylpyridine-3-carboxylate (2b): Yield:
88% (2.69 g, 8.8 mmol); m.p. 80-82°C.

'H NMR (CDCly): 6=738-723 (m, 11H; aromatic H, 2-H), 5.89 (d,
3J(H,H) =78 Hz, 1H; 6-H), 4.91 (dd, */(H,H) =78, 4.7 Hz, 1H; 5-H), 4.52
(d, J(HH)=4.7Hz, 1H; 4-H), 442 (s, 2H; NCH,), 3.56 (s, 3H;
COOCH;); IR: 7=1695cm™!; UV/Vis (methanol): 1., (¢)=218
(13183), 346 nm (4266 mol-'dm*cm); MS (70 eV, EI): m/z (%): 305
(10) [M]*,290 (3) [M — CH,]*, 274 (4) [M — OCH,]*, 228 (100) [M — Ph]*;
elemental analysis calcd (%) for C,0H;sNO, (305.4): C 78.66, H 6.27, N 4.59;
found: C 78.63, H 6.48, N 4.59.

Irradiation experiments

Method A, solid-state irradiation at A > 270 nm: The compound 4-phenyl-
1,4-dihydropyridine (2a) (1.0 g, 4.36 mmol) with a layer thickness of 1 mm
was irradiated with an Ultra Vitalux lamp from a distance of 60 cm at a
temperature of 25°C. After several days, the 1,4-dihydropyridine was found
to be unchanged as was proved by TLC.

Method B, solution irradiation at A > 270 nm: The compound 4-phenyl-1,4-
dihydropyridine (2a) (0.47 g, 2 mmol) was dissolved in THF (40 mL) under
stirring. The solution was irradiated in a quartz flask with an Ultra Vitalux
lamp from a distance of 60 cm at 25°C. After eight weeks, the starting
compound had almost vanished, and the formation of two products could
be observed by TLC. The solvent was removed by evaporation. The
adducts 3a and 4a were obtained by fractional crystallization.

Method C, solution irradiation at A > 313 nm: The compound 4-phenyl-1,4-
dihydropyridine (2a) was dissolved and irradiated as described above,
except that irradiation was carried out in a bath of copper() sulfate
(1.25m). After reduction of the solution volume, fractional crystallization
led to isolation of compounds Sa, 3a, and 4a.

The following yields of dimerization products are based on 0.47 g of 2
corresponding to 100 %.

Dimethyl 6,12-dimethyl-3,10-diphenyl-6,12-diazapentacyclo[6.3.1.0?7.0*11.05°]-
dodecane-2,9-dicarboxylate (3a): Method B: 39% yield (0.183g,
0.39 mmol); Method C: 26% yield (0.122 g, 0.27 mmol); m.p. 212—
218°C; 'H NMR (CDCl,): 6 =7.18-7.05 (m, 10H; aromatic H), 4.59 (t,
4J(H,H)=19 Hz, 2H; 7-, 8-H), 3.84 (dt, /(H,H)=94, 2x “(HH)=
1.9 Hz, 2H; 1-, 5-H), 3.69 (s, 6H; COOCH,), 3.37 (d, 3/(H,H) =19 Hz,
2H; 3-, 10-H), 3.18 (AA'HH'RR'XX', 3J(H,H)=9.4, 1.9, 2 x */(H,H)=
1.9 Hz, 2H; 4-, 11-H), 2.04 (s, 6H; NCH;); IR: #=1723 cm™!; MS (70 eV,
EI): m/z (%): 458 (3) [M]*, 427 (2) [M — OCH;]*, 229 (34) [M/2]*, 152
(100) [M/2 — Ph]*; elemental analysis calcd (%) for C,sH;(N,O, (458.6): C
73.34, H 6.59, N 6.11; found: C 73.26, H 6.51, N 6.17.

Dimethyl 6,12-dibenzyl-3,10-diphenyl-6,12-diazapentacyclo[6.3.1.027.0*11.05°]-
dodecane-2,9-dicarboxylate (3b): Method B: 48% yield (0.226 g,
0.37 mmol); Method C: 28% yield (0.132 g, 0.22 mmol); m.p. 213—
226°C; '"H NMR (CDCly): 6 =726-6.31 (m, 20H; aromatic H), 4.87 (t,
4J(H,H) =18 Hz,2H; 7-, 8-H), 3.70 (s, 6 H; COOCHs), 3.68 (dt, 3J(H,H) =
8.2 Hz,2 x “J(H,H)=1.8 Hz,2H; 1-, 5-H), 3.57 (d, /(H,H) = 13.2 Hz, 2 H;
NCH,), 3.36 (d, 3J(H,H)=1.8Hz, 2H; 3-, 10-H), 3.36 (d, 2/(H,H)=
13.2 Hz, 2H; NCHy), 3.18 (AA'HH'RR'XX', 3J/(H,H) =82, 1.8 Hz, 2 x
4J(HH) =18 Hz, 2H; 4-, 11-H); IR: 7=1715 cm™!; MS (70 eV, EI): m/z
(%): 610 (2) [M]*,579 (1) [M — OCH5]*, 305 (47) [M/2]*, 228 (100) [M/2 —
Ph]*; elemental analysis calcd (%) for C4H3N,0, (610.8): C 78.66, H 6.27,
N 4.59; found: C 78.76, H 6.28, N 4.49.

Dimethyl 6,12-dimethyl-3,10-diphenyl-6,12-diazapentacyclo[6.3.1.0?7.0*11.05°]-
dodecane-2,11-dicarboxylate (4a): Method B: 42% yield (0.197 g,
0.43 mmol); Method C: 35% yield (0.164g, 0.36 mmol); m.p. 188-
191°C; 'H NMR (CDCl): 6 =7.19-7.03 (m, 10H; aromatic H), 4.58 (d,
4J(H,H) =2.9 Hz, 1 H; 1-H), 4.43 (dd, 3/(H,H) = 4.5, */(H,H) =2.7 Hz, 1 H;
7-H), 3.76 (ddd, 3J(H,H) =8.9, 4.9, “/(H,H) =2.7 Hz, 1H; 5-H), 3.75, 3.73
(2 x s, 6H; COOCHj,), 3.51 (ddd, 3/(H,H) =8.9, 4.5, /(H,H) =2.9 Hz, 1 H;
8-H), 3.38 (d, 3J(H,H) =3.3 Hz, 1H; 10-H), 3.36 (d, */(H,H) =3.1 Hz, 1H;
3-H), 3.29 (ddd, 3J(H,H) =8.9, 4.9, 3.3 Hz, 1H; 9-H), 3.25 (dd, */(H,H) =
8.9, 3.1 Hz, 1H; 4-H), 2.04, 2.00 (2xs, 6H; NCH;); IR: 7=1713,
1725 cm™!; MS (70 eV, El): m/z (%): 458 (15) [M]*, 427 (4) [M—
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OCH;]t, 228 (35) [M/2—1]*, 152 (100) [M/2 — Ph]*; elemental analysis
caled (% ) for CsH3N,0, (458.6): C73.34, H 6.59, N 6.11; found: C 73.02, H
6.40, N 5.97.

Dimethyl 6,12-dibenzyl-3,10-diphenyl-6,12-diazapentacyclo[6.3.1.077.0*11.05]-
dodecane-2,11-dicarboxylate (4b): Method B: 32% yield (0.151¢g,
0.25 mmol); Method C: 31% yield (0.146 g, 0.24 mmol); m.p. >360°C;
'H NMR (CDCl): 6 =7.35-7.19 (m, 20H; aromatic H), 4.83 (d, 2/(H,H) =
10.5Hz, 1H; NCH,), 4.82 (d, 2J(H,H)=10.5 Hz, 1H; NCHp), 4.67 (d,
4J(HH) =18 Hz, 1H; 1-H), 4.33 (dd, *J(H,H) = 4.3, “/(H,H) = 2.1 Hz, 1 H;
7-H), 4.29 (d, 2J(H,H) =13.3 Hz, 1H; NCH,), 4.27 (d, 2/(H,H) =13.3 Hz,
1H; NCHp), 4.03 (ddd, 3/(H,H)=10.5, 5.1, */(H,H) =2.1 Hz, 1H; 5-H),
3.73 (ddd, 3J(H,H) =10.5, 4.3, */(H,H) = 1.8 Hz, 1H; 8-H), 3.65, 3.63 (2 x s,
6H; COOCHs;), 3.52 (d, 3J(H,H) =2.9 Hz, 1H; 10-H), 3.48 (d, 3/(H,H) =
2.8 Hz, 1H; 3-H), 3.45 (dd, 3/(H,H) =10.5, 2.8 Hz, 1H; 4-H), 3.36 (ddd,
3J(H,H) =10.5, 5.1,2.9 Hz, 1H; 9-H); IR: #=1731, 1733 cm~'; MS (70 &V,
El): m/z (%): 610 (1) [M]*, 579 (1) [M — OCH5;]*, 305 (36) [M/2]*, 228
(100) [M/2 — Ph]*; elemental analysis calcd (%) for C,yH;sN,O, (610.8): C
78.66, H 6.27, N 4.59; found: C 78.36, H 6.58, N 4.58.

Dimethyl 1,5,8,8bf-tetrahydro-1,5-dimethyl-4,8-diphenyl-cyclobuta[1,2-b:
3,4-b']dipyridine-3,7(4H,4affH,4bfH)dicarboxylate (5a): Method C: 33%
yield (0.155 g, 0.34 mmol); m.p. 100-105°C; '"H NMR (CDCL): 6 =778
(brs, 1H; 2-H), 7.29-7.15 (m, 10H; aromatic H), 5.11 (d, 3/(H,H) = 7.0 Hz,
1H; 6-H), 4.83 (dd, J(H,H) =70, 4.0 Hz, 1H; 7-H), 4.45 (d, *J(H.H) =
70Hz, 1H; 4b-H), 3.80 (d, *(HH)=9.5Hz, 1H; 8b-H), 3.68 (d,
J(HHH)=25Hz, 1H; 4-H), 3.63 (s, 3H; C3-COOCH;), 3.51 (d,
3J(HH)=4.0Hz, 1H; 8-H), 3.47 (s, 3H; C8a—COOCH;), 3.46 (ddd,
3J(H,H)=9.5, 70, 2.5 Hz, 1H; 4a-H), 2.76 (s, 3H; C1-NCH,), 2.64 (s, 3H;
C5-NCHj;); IR: 7=1659, 1735 cm™"; UV/Vis (CHCL): A, (¢) =242
(14125), 280 nm (5888 mol~'dm*cm™!); MS (ESI): m/z (%): 459 (100)
[M+H"]; elemental analysis calcd (%) for C,gH3N,O, (458.6): C 73.34, H
6.59, N 6.11; found: C 73.04, H 6.59, N 6.07.

Dimethyl 1,5-dibenzyl-1,5,8,8bf-tetrahydro-4,8-diphenyl-cyclobuta[1,2-b:
3,4-b']dipyridine-3,7(4H,4affH,4bfH)dicarboxylate (5b): Method C: 38 %
yield (0.179 g, 0.29 mmol); m.p. 180-185°C; 'H NMR (CDCl,): 6 =7.72 (s,
1H;2-H), 7.32-6.91 (m, 20H; aromatic H), 4.97 (d, */(H,H) =6.0 Hz, 1 H;
6-H), 4.83 (dd, 3J(H,H) =70, 4.0 Hz, 1H; 7-H), 4.66 (d, 2/(H,H) =15.3 Hz,
1H; C1-NCH,), 4.61 (d, ¥/(H,H)=15.3 Hz, 1H; C1-NCHp), 4.32 (d,
3J(H,H) =7.8 Hz, 1 H; 4b-H), 431 (“d”, 3J(H,H) =6.0 Hz, 1 H; 7-H), 4.15
(d, 2J(H,H)=13.8 Hz, 1H; C5-NCH,), 4.02 (d, 2J(H,H)=13.8 Hz, 1H;
C5-NCHg), 4.00 (d, 3/(HH)=9.6 Hz, 1H; 8b-H), 3.99 (d, 3/(H.H)=
2.6 Hz, 1H; 4-H), 3.56 (“s”, 4H; C3—COOCH,;, 8-H), 3.51 (s, 3H;
C8a—COOCH;), 3.38 (ddd, 3/(H,H) =9.6, 7.8, 2.6 Hz, 1H; 4a-H); IR: 7 =
1680, 1714 cm~'; UV/Vis (CHCL): An, (¢)=218 (15849), 346 nm
(6760 mol-tdm*cm~!); MS (ESI): m/z (%): 610 (1) [M]*, 579 (1) [M —
OCH;]*, 305 (40) [M/2]*, 228 (100) [M/2 — Ph]*; elemental analysis calcd
(%) for C,H;sN,O, (610.8): C 78.66, H 6.27, N 4.59; found: C 78.38, H 6.38,
N 4.58.

Dimethyl 3,9-dimethyl-6,12-diphenyl-3,9-diazahexacyclo[6.4.0.0%7.0*11.051°]-
dodecane-1,11-dicarboxylate (6a): The preparation followed Method B
using syn-dimer 5a (0.1 g, 0.22 mmol). After four weeks of irradiation, the
syn-dimer vanished as could be observed from TLC. Besides the detection
of cage compound 6a that crystallized on solution evaporation, the
decomposition to starting compound 1,4-dihydropyridine was observed.
Yield: 25% (0.025 g, 0.05 mmol); m.p. 225-230°C; '"H NMR (CDCl;): 6 =
7.23-7.09 (m, 10H; aromatic H), 4.14 (dt, *J(H,H) =8.2, “/(H,H) = 1.6 Hz,
2H; 2-, 10-H), 3.88 (d, %/(H,H)=2.7 Hz, 2H; 6-, 12-H), 3.57 (s, 6H;
COOCHs;), 3.41 (dt, 3J(H,H)=9.4, */(HH)=1.6 Hz, 2H; 4-, 8-H), 3.34
(ddd, 3J(H,H) =94, 8.2,2.7 Hz, 2H; 5-, 7-H), 2.79 (s, 6H; NCHs;); IR: 7=
1723 cm™'; MS (70 eV, EI): m/z (%): 458 (1) [M]*, 229 (27) [M/2]*, 152
(100) [M/2 — Ph]*; elemental analysis calcd (%) for C,3H;3(N,O, (458.6): C
73.34, H 6.59, N 6.11; found: C 73.47, H 6.55, N 6.25.

X-ray crystal structure analysis: A yellow crystal C,sH;N,O, (from THF),
crystal size 0.57 x 0.36 x 0.21 mm, was measured at room temperature by
using a Stoe-STADI4 Diffractometer with Moy, radiation (1 =0.71073 A)
and a graphite monochromator. The number of reflections collected was
13670 and these were collected in the range 3.38° <26 < 60.0° in 2 6/w scan
mode; Ak, range from —11, —16, —18 to 11, 16, 18. Crystal system:

triclinic, space group PI, Z=2, a=82399(5) A, b=11.7575(9) A, c=
13.3497(6) A, a=112.962(5)°, B=98.604(5)°, y=92.728(5)°; V=
1169.44(13) A%; p=1.302 gem~3; « = 0.087 mm~". No absorption correction
was applied during data reduction. The structure was solved by direct
methods (SHELXS-97). Structure refinement: full matrix least-squares
methods on F? using SHELXL-97, all the non-hydrogen atoms with
anisotropic displacement parameters. All hydrogen atoms were taken from
a difference Fourier synthesis and isotropically refined. The refinement
converged to a final wR,=0.1580 for 6835 unique reflections and R, =
0.0577 for 4594 observed reflections [/, > 2.00(J,)] and 427 refined param-
eters.

Dimethyl 3,9-dibenzyl-6,12-diphenyl-3,9-diazahexacyclo[ 6.4.0.0>7.0*!1.051°]-
dodecane-1,11-dicarboxylate (6b): The preparation followed that reported
for 6a using syn-dimer 5b (0.1 g, 0.16 mmol). Yield: 30% (0.03 g,
0.05 mmol); m.p. 172-177°C; 'H NMR (CDCl;): 6 =7.23-6.91 (m, 20H;
aromatic H), 4.32 (dt, 3/(H,H) =7.8, /(H,H) = 1.6 Hz, 2H; 2-, 10-H), 4.15
(d, 2J(HH)=13.5Hz, 2H; NCH,), 4.02 (d, 2/(H,H)=13.5Hz, 2H;
NCHy), 4.00 (d, 3J(H,H) =2.6 Hz, 2H; 6-, 12-H), 3.56 (s, 6H; COOCHs),
3.39 (ddd, *J(H,H) =9.6, 7.8, 2.6 Hz, 2H; 5-, 7-H), 3.36 (dt, *J(H,H) =9.6,
4J(HH)=1.6 Hz, 2H; 4-, 8-H); IR: #=1725cm™!; MS (70 eV, EI): m/z
(%): 610 (2) [M]*,579 (2) [M — OCH5;]*, 304 (71) [M/2 — 1]*,228 (100) [M/
2 — Ph]*; elemental analysis calcd (%) for C4HzsN,0, (610.8): C 78.66, H
6.27, N 4.59; found: C 78.80, H 6.28, N 4.49.

Crystallographic data (excluding structure factors) for the structures 2a, 6a
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-157612.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB21EZ, UK (fax: (+44)1223-336-033;
e-mail: deposit@ccdc.cam.ac.uk).
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Pivalase Catalytic Antibodies: Towards Abzymatic Activation of Prodrugs

Nicolas Bensel, Martine T. Reymond, and Jean-Louis Reymond*!?!

Abstract: Screening of monoclonal-an-
tibody libraries generated against the
tert-butyl phosphonate hapten 2 and the
chloromethyl phosphonate hapten 3

hibited by the product and accept differ-
ent acyloxymethyl derivatives of acidic
phenols as substrates. The highest activ-
ity was found for the bulky, chemically

less-reactive pivaloyloxymethyl group;
there is no activity with acetoxymethyl
or acetyl esters. This difference might
reflect the preference of the immune

with pivaloyloxymethyl-umbelliferone
1 as a fluorogenic substrate led to the
isolation of eleven catalytic antibodies
with rate accelerations around k,/
Kuncat = 10°. The antibodies are not in-

Introduction

Catalytic antibodies are obtained by immunization against
stable transition-state analogues of chemical reactions. This
technique allows, in principle, the installation of any catalytic
activity in the combining site of immunoglobulins.!' On
account of their excellent long-term stability in human blood
and their ability to escape immune rejection, immunoglobu-
lins are also an outstanding framework for designing whole-
protein drugs. Several monoclonal-antibody drugs have
reached the market recently; in particular, antibodies that
bind to tumor antigens and that are thus effective as antitumor
agents.”l Similarly, one of the best applications envisioned for
catalytic antibodies lies in the medicinal area, particularly for
drug detoxification® and prodrug activation.! Provided that
a useful catalytic activity is available in an antibody binding
pocket, its adaptation to a tool for prodrug activation follows
a straightforward sequence that has been well studied owing
to work with antibody —enzyme conjugates? and therapeutic
antibodies.” In particular, the “humanization” of the starting
antibody, which is essential to ensure the immunocompati-
bility of an antibody, can be done by CDR (complementarity-
determining regions) grafting without altering the specificity
of the antibody’s binding pocket.[! One of the critical factors
that remains today is the identification of prodrug-activating
reactions that are both selective and suitable for antibody
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Departement fiir Chemie und Biochemie, Universitit Bern
Freiestrasse 3, 3012 Bern (Switzerland)
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system for hydrophobic interactions in
binding and catalysis. Pivalase catalytic
antibodies might be useful for activating
orally available pivaloyloxymethyl pro-
drugs.

hydrolysis -

catalysis.”! Herein we report on the activation of pivalate
prodrugs by an esterolytic reaction that makes use of catalytic
antibodies.

Results and Discussion

Design: The reaction catalyzed most often by catalytic
antibodies is ester hydrolysis. Catalytic antibodies, however,
most often hydrolyze reactive esters, which are chemically too
unstable to be suitable for prodrug-masking chemistry. We
reasoned that a useful catalytic antibody for prodrug activa-
tion should be able to cleave less-reactive esters, for example,
sterically hindered esters such as pivalate esters. The piv-
aloyloxymethyl group seemed interesting since it can be used
to protect a variety of functional groups found in drugs, such
as phenols, amides, amines, pyridines, or phosphates, and is
frequently used in prodrug formulations to make drugs orally
available.l®! We therefore set out to investigate the prepara-
tion of “pivalase” catalytic antibodies (Scheme 1).

(o}
Me,
pivalase Me OH
catalytic Me
[o) antibody J
Me,
Me)ej\o/\x \' XH
Me
CH,0
prodrug (X = OR, NRj, N*R3) drug

Scheme 1. Principle of pivalase catalytic antibodies. Pivaloyloxymethyl-
protected drugs (XH) become selectively activated by pivalase catalytic
antibodies.
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The pivaloyloxymethyl derivative of 4-carboxymethyl um-
belliferone 1 was selected as a convenient fluorogenic prodrug
model (Scheme 2). Fluorescence screening with substrate 1
would allow us to test catalysis early in the process of cell
culture that leads from immunized mice to the stable hybrid-
oma cell lines that produce catalytic antibodies.”? Phospho-
nate-type haptens 2 and 3 were chosen to elicit a catalytic
immune response. tert-Butyl phosphonate 2 has a phospho-
nate group that corresponds to the hydrolyzing pivalate and
also the correct spacing to the anilide aromatic group. We
selected this anilide group and its adjacent glutaramide linker
because this immunogenic combination is often found in
haptens that lead to catalytic antibodies. The discrepancy
between the anilide group in the hapten and the coumarin
nucleus in the assay substrate was intended to enforce the
selection of catalytic antibodies with a broad substrate
tolerance. In addition to the tert-butyl phosphonate 2, we
also prepared the chloromethyl phosphonate hapten 3, which
might trigger a process of reactive immunization, whereby a
nucleophilic residue in the antibody binding pocket would
displace the reactive chloride and become covalently attached
to hapten 3.1 This nucleophilic residue would then assist the
hydrolysis of the substrate.

Synthesis and immunization: Alkylation of 4-carboxymethyl
umbelliferone 4 with iodomethyl pivalate under optimized
conditions gave an equal mixture of the desired pivaloyloxy-
methyl derivate 1 together with the corresponding pivalate
derivative. Selective cleavage of this more reactive pivalate
ester with buffered ammonia in methanol and subsequent
purification by preparative reverse-phase HPLC allowed the
isolation of substrate 1 in a pure (>99%) form, as required
for high-throughput screeening (HTS) (Scheme 3). Hapten 2

©
olele]

O
H
1
o}
Myk
Me
Me
o H
N H
c Y
~Ps o} O
R \(\)O
2 (R = tBu)
3 (R = CICH,)

Scheme 2. Hapten design and HTS assay for pivalase catalytic antibodies. Antibodies raised against hapten 2
(exact match) or 3 (reactive immunization) might catalyze the hydrolysis of fluorogenic prodrug model 1 to
release pivalate, formaldehyde, and the strongly fluorescent umbelliferone 4.
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Scheme 3. Synthesis of assay substrate 1 and haptens 2 and 3. The haptens
were conjugated to carrier proteins KLH for immunization and to BSA for
ELISA assays. i) NaH, ICH,0,CtBu, DMF, —60°C to RT, 10 h; ii) NH,/
NH,Cl in MeOH, 20°C, 6 h (5 %). iii) NaH, dioxane, tBuPOCI,, 50°C, 1 h
(35%); iv)a) 1 atm H,, Pd/C, MeOH, 25°C, 2 h; b) glutaric anhydride,
CH,Cl,, 25°C, 3h (80%). v) CICH,POCI,, iPrEt;N, cat. tetrazole, 25°C,
8h (20%); vi)a) 1 atm H,, Pd/C, MeOH, 25°C, 3 h; b) glutaric anhydride,
DMF/CH,Cl,, 25°C, 3 h (27 %).

was prepared by esterification of tert-butyldichloro phosphor-
idate['] with the sodium salt of 4-nitrophenethyl alcohol, ']
followed by hydrogenation of the nitro group and amidation
with glutaric anhydride. Hapten 3 was obtained by a similar
sequence by means of the tetrazole-catalyzed phosphonate
synthesis described by Landry et al.’¥l The haptens were
conjugated to carrier proteins KLH (keyhole limpet hemo-
cyanin) and BSA (bovine serum albumin) through their N-
hydroxysuccinimide esters.
Two series of four 129 GIX + mice were immunized with
the KLH conjugate of either hapten 2 or hapten 3, according
to standard procedures.'] The
spleen cells of the immunized
& mice were fused with NSI1
myeloma cells, and the resulting
S hybridoma plated out in 96-well
microtiter cell-culture plates.
Wells containing cells that were
producing hapten-specific anti-
bodies against the hapten-—
BSA conjugates, as judged by
ELISA (enzyme-linked immu-
CH,O no-sorbens  assay),l®l  were
propagated to a volume of
SmL. At that stage, the anti-
bodies present in the superna-
coo tant of each cell-culture sample
were isolated by a short pro-
A tein-G-affinity column and as-
sayed for catalysis. Catalysis
was assayed in each antibody
sample by measuring the rate of
4 hydrolysis of fluorogenic sub-
strate 1, by taking the identical
sample with added hapten 2 or
3 as inhibitor as reference for
the uncatalyzed reaction. This
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procedure allowed the unequivocal identification of any
catalysis occurring specifically in the combining site of the
antibodies. This procedure was used systematically to confirm
all ELISA data for hapten binding, and proved indispensable
in the further steps of subcloning for distinguishing cell
colonies producing catalytic antibodies from those producing
only hapten-binding antibodies.

The overall experiment lead to the isolation of 24 hybrid-
oma (Table 1). The monoclonal antibody expressed by each
cell line was produced in 5 to 50 mg amounts by cell culture,
and purified to homogeneity by ammonium sulfate precip-
itation and protein-G-affinity chromatography. Immunization

Table 1. Data for immunization with haptens 2 and 3 and catalysis HTS with

substrate 1.

hapten mouse LY mouse Rl mouse LL) mouse LR

2 (1Bu) serum titer!®! 12800 6400 25600 25600
no. of bindersl 13 47 55 75
monoclonalsld 1 1 3 2
catalyticl®] 0 0 0 0

3 (CICH,) serum titerl®] 12800 19200 25600 25600
no. of bindersl 36 45 160 50
monoclonalsld 0 0 16 1
catalyticl®! 0 0 11 0

[a] Mouse code according to ear marks. [b] Dilution factor of blood serum
(after immunization with hapten—-KLH conjugates) for 50% reduction of
ELISA signal against the hapten—BSA conjugate. A high number indicates
strong immune response. [c] Number of hybridoma cell lines that test positive
for binding by ELISA against the hapten— BSA conjugate after fusion and that
were grown up to 5 mL for catalysis testing. [d] Number of fully subcloned and
stabilized hybridoma. [e] Number of fully subcloned hybridoma producing

catalytic antibodies.

with tert-butylphosphonate hapten 2 did not produce any
clones that tested positive for catalysis. Nevertheless, seven
clones were isolated as controls. None of these showed any
catalytic activity in the purified form; this showed that the
HTS fluorescence assay did not produce false negatives. The
immunization with chloromethylphosphonate hapten 3, by
contrast, showed a number of “hits”. Seventeen of the initial
hits were successfully subcloned twice to stable hybridoma.
Eleven of these showed confirmed catalytic activity after two
subclonings and large-scale production and purification. All
catalytic antibodies were obtained from a single mouse
(Table 1).

Kinetic analysis: All eleven catalytic antibodies showed
Michaelis —Menten kinetic behavior for the hydrolysis of 1
(Table 2). All the antibodies also bound to hapten 3 tightly,
and their activity could be titrated quantitatively to two
equivalent binding sites per antibody molecule. The rate
accelerations k ,/k,n..c observed with substrate 1 are in the
range of three orders of magnitude, a typical number for
esterolytic catalytic antibodies. The transition-state dissocia-
tion constants Krs = Ky/(kcy/kunca) are in the range of 1077w,
as found for most known catalytic antibodies. Remarkably,
the catalytic antibodies were not susceptible to any product
inhibition by pivalic acid or umbelliferone.
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Table 2. Catalytic anti-3 antibodies: immunological data and kinetic
parameters with substrate 1.

Antibody®®)  Amount Isotypel k., Ky kealkunea? Krs
[mg]™! [107s7]  [um]@ [pm]
8D5 18.5 Ky2a 0.12 43 1700 0.025
8A9 14.8 Kyl 0.17 270 2450 0.11
TH11 15.5 Kyl 0.08 57 1120 0.05
8A11l 53.7 xyl 0.11 47 1900 0.02
2G8 15.3 Kyl 0.07 69 1020 0.07
8E1 11.5 Kyl 0.12 83 2100 0.04
8C5 18 xyl 0.09 185 1280 0.14
9D12 15.5 Kyl 0.09 130 1260 0.10
8F10 39 Ky2a 0.07 185 990 0.19
6F4 23 xyl 0.05 60 700 0.09
1C12 15.8 Ky2a 0.07 150 980 0.15

[a] The code refers to the numbering of the original fusion cell-culture plate
followed by the well code (Al1-H12). [b] Amount of pure antibody
isolated from 1L of culture of the corresponding hybridoma cell line.
[c] Isotype, as determined by immunological isotyping. All isotypes were
cleanly unique and establish the monoclonal nature of the cell lines.
[d] Measured at 30°C in aq. bis-tris buffer (20mm), NaCl (150mwm),
pH 7.55, 5% v/v DMEF, with antibody (0.2 mgmL~!). The uncatalyzed
reaction is 7 x 108s7! under these conditions. See also Experimental
Section. Error margins are +10%.

The hydrolysis of 1 was proportional to the hydroxide ion
concentration between pH 6.5 and 9.5, in agreement with the
generally accepted mechanism of hydrolysis of acyloxymethyl
esters, as shown in Scheme 2.'" A pH-profile analysis with
catalytic antibody 8A11 showed that its catalytic efficiency
was also proportional to the concentration of hydroxide
between pH 6.5 and 9.5. This suggests that the antibody-
catalyzed process also used the classical esterolytic mecha-
nism, in agreement with the phosphonate transition-state
analogues used for immunization. This suggested that no
protein sidechain ionizable in that range participated in the
catalysis, and that reactive immunization had not occurred
with chloromethyl phosphonate hapten 3. Indeed, while all
the antibodies lost their catalytic activity in the presence of
hapten 3, the activity returned in all cases by repurifying the
antibodies by protein-G-affinity chromatography. This proce-
dure included an extensive washing step in which the antibody
was bound to the column (at neutral pH) to remove the
hapten before acidic elution. The inhibition by hapten 3 was
thus reversible and most likely noncovalent. The catalytic
activity of these antibodies probably reflects simple transi-
tion-state stabilization. The absence of catalytic antibodies in
the immunization with hapten 2 is unclear, especially in view
of the fact that all the anti-3 catalytic antibodies are also
inhibited by hapten 2.

Substrate specificity: The substrate specificity of the catalytic
antibodies was then investigated. The simple fluorogenic
umbelliferone derivative § and the chromogenic nitrophenyl
derivative 6 were both accepted as substrates, with kinetic
parameters almost equivalent to those of substrate 1 for all
catalytic antibodies. Derivatives of substrate 5, whose syn-
thesis was less problematic than that of substrate 1, were thus
prepared (Scheme 4). Gradual removal of the pivalate’s
methyl substituents to give isobutyryloxymethyl umbellifer-
one 7 and propionyloxymethyl umbelliferone 8, resulted in a
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Scheme 4. Substrates for anti-3 catalytic antibodies.

decrease in the catalytic activity, as measured by k ,/kypca; With
all catalytic antibodies (Table 3). Only two of the antibodies
catalyzed the hydrolysis of acetoxymethyl substrate 9 (8A9,
Kot Kuncat =200; 8E1, key/kuncar =300). The antibodies also
hydrolyzed the umbelliferyl esters 10—12, but showed no
activity with umbelliferyl acetate 13. The highest turnover
numbers k., were observed with propionate derivative 12, but
these reflect its high spontaneous reactivity. Overall, the
pivaloyloxymethyl (POM) derivatives 5 and 6 were the best
substrates in terms of rate acceleration k.,/ky,.,. and transi-
tion-state binding Krg; this reflects the antibody-specific
contributions to catalysis.

With the POM group providing the optimal functional
group for our antibodies, we next investigated whether POM-
protected derivatives other than umbelliferone would react
with our antibodies. While the chromogenic POM derivative 6
of 4-nitrophenol was a good substrate with all antibodies, the
corresponding POM-protected 2-nitrophenol 14 (Scheme 5)
was not accepted as a substrate by any of the catalytic
antibodies. Competitive inhibition experiments with this and
other POM derivatives of ortho-substituted phenols, such as
the vanilline derivative 15 (Scheme 5), showed that such
derivatives were not recognized by the catalytic antibodies;
this points to strict steric requirements for access to the
antibody’s binding pocket. Among the sterically less-demand-
ing para-substituted phenols, only 4-acetylphenol 16 and
4-cyanophenol 17 showed marginal activity with one of the
antibodies, while the others, such as the 4-chlorophenol
derivative 18, paracetamol derivative 19, or fluoresceine
derivative 20, all acted as competitive inhibitors of the
catalytic antibodies but did not undergo any reaction.
Pivaloyloxymethyl pyridinium trifluoroacetate (21) was ac-
cepted weakly by one of the antibodies. These observations
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Scheme 5. Some POM derivatives tested with anti-3 catalytic antibodies.

showed that a strongly acidic leaving group was required
for the antibodies to hydrolyze the pivaloyloxymethyl
prodrugs. It should be noted that the Boc-protected
umbelliferone 22 was not accepted as a substrate by any of
the catalytic antibodies, despite its high spontaneous reac-
tivity.

Interestingly, the difficulty encountered with our catalytic
antibodies for hydrolyzing the bulky and unreactive POM
derivatives when attached to nonacidic leaving groups was
also observed with esterolytic enzymes. Thus the caged NO
prodrug 23, which we had synthesized from DEA NONOate
(2-(N,N-diethylamino)diazenolate-2-oxide sodium salt) by
reaction with chloromethyl pivalate, was not hydrolyzed by
the antibodies; it was also resistant to a range of esterases,
lipases, and to exposure to mouse serum. This is in contrast
to the corresponding acetoxymethyl derivative.['’l Similarly,
while esterolytic enzymes cleaved our fluorogenic umbellifer-
one substrates (horse liver esterase and Pseudomonas
fluorescens lipase were used as representative cases),
they were not capable of cleaving the POM derivate of the
less acidic fluorescein 20. This showed that a bulky pivalate
group combined with an unreactive leaving group poses
particular problems for enzymes and catalytic antibodies
alike.
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Table 3. Kinetic parameters for anti-3 catalytic antibodies.?)
Substrate 5 6 7 8 10 11 12
background Kunear [107°571] 0.007 0.04 0.3 04 0.06 0.2 0.6
Ab8DS5 Keat [107571] 12 60 180 115 26 22 255
Kead Kuneat 1770 1580 610 285 440 110 430
Ky [um] 65 120 245 100 100 1040 225
Krs [m] 0.037 0.07 0.4 0.36 0.23 0.93 0.52
Ab 8A9 Keat [107571] 17 37 154 280 5 22 195
Kead Kuneat 2450 940 515 710 80 110 325
Ky [um] 265 200 70 100 35 1040 155
Krs [m] 0.11 0.21 0.14 0.14 0.42 0.93 0.48
Ab 7H1 Koo [1075571] 8 50 133 106 10 14 485
Keail Kuncat 1125 1240 445 265 165 70 810
Ky [um] 60 265 70 80 70 120 350
Krs [um] 0.05 0.2 0.16 0.3 0.42 1.72 0.43
Ab 8A11 kea [1072571] 11 50 125 83 27 15 266
Kead K uncat 1590 1250 415 210 445 80 445
Ky [um] 95 135 95 45 282 220 165
Krs [uM] 0.06 0.11 0.2 0.22 0.63 2.87 0.37
Ab 2G8 ke [1073571] 7 37 110 180 5 40 300
Kead Kuncat 1015 940 370 460 80 200 500
Ky [um] 70 200 70 240 35 310 265
K [um] 0.07 0.21 0.19 0.52 0.41 1.54 0.52
Ab 8E1 koo [1075571] 12 37 70 135 13 40 170
Kead Kuncat 1740 940 225 340 215 200 280
Ky [um] 95 90 55 135 70 310 415
Krs [um] 0.055 0.09 0.25 0.39 0.33 1.54 1.48
Ab 8C5 koo [1075571] 9 12 65 95 5 70 275
Kead K uncat 1280 310 215 240 90 355 460
Ky [um] 185 65 90 120 60 1440 420
Krg [um] 0.14 0.21 0.42 0.49 0.65 4 0.91
Ab 3E2 koo [1075571] 9 19 57 56 6 21 224
Kead Kuncat 1260 470 190 140 100 105 375
Ky [um] 130 100 255 65 65 165 240
Krs [um] 0.1 0.21 1.33 0.46 0.65 1.52 0.64
Ab 8F10 koo [107571] 7 19 45 175 7 14 415
Keail Kuncat 990 470 150 440 125 70 695
Ky [um] 185 150 52 130 130 255 310
Krs [um] 0.19 0.32 0.35 0.3 1 3.55 0.45
Ab 6F4 koo [107571] 5 20 45 175 5 34 162
Kead Kuneat 700 470 145 435 90 170 270
Ky [um] 60 100 50 175 30 215 165
Krs [um] 0.09 0.21 0.34 04 0.34 1.25 0.62
Ab 1C12 koo [10759571] 7 19 30 150 5 180 440
Kead Kuneat 985 470 100 380 90 890 735
Ky [um] 150 200 50 70 30 600 485
Krs [um] 0.15 0.43 0.5 0.18 0.34 0.67 0.65

[a] Measured at 31°C in 20mM bis-tris pH 7.55, see Experimental Section for details. The background reaction was measured in the presence of catalytic

antibody with excess (20 um) hapten 3. Error margins are +10%.

Conclusion

Immunization with chloromethyl phosphonate hapten 2 has
yielded the first catalytic antibodies capable of hydrolyzing
bulky pivalate esters, in particular the rather stable POM-
protected derivatives, which can be incorporated as elements
of orally available prodrugs. The catalytic antibodies obtained
appear to be limited to POM derivatives of acidic phenols and
do not cleave POM derivatives with less acidic phenol leaving
groups. The limitation to activated leaving groups is often
encountered with esterolytic catalytic antibodies. In the
present case, the reactivity pattern also parallels that observed
with esterases and lipases—with the enzyme-resistant POM
derivatives, which are the most interesting in prodrug
applications, being presently left untouched. The preference
of our catalytic antibodies for pivalate esters over less bulky
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analogues might reflect the strong preference of the immune
response for exploiting hydrophobic interactions as a means
of achieving high binding affinity to antigens. Further
immunizations or manipulation of the current set of catalysts
by recombinant methods might lead to pivalase catalytic
antibodies with improved kinetic properties.

Experimental Section

Synthesis: All reagents were either purchased from Aldrich or Fluka or
synthesized following literature procedures. Chromatography (flash) was
performed with Merck silica gel 60 (0.040—0.063 mm). Preparative HPLC
was performed with HPLC-grade acetonitrile and MilliQ deionized water
in a Waters prepak cartridge 500 g (RP-C18 20 um, 300 A pore size)
installed on a Waters Prep LC4000 system from Millipore (flow rate
100 mL min~!, gradient +0.5% min~' CH;CN) following the conditions
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given in Table 4. TLC was performed with fluorescent F254 glass plates.
MS was provided by Dr. Thomas Schneeberger (University of Bern,
Switzerland).

Table 4. Reverse-phase HPLC conditions for analysis and purification.?]

Compounds A [%] B[%] tx[min] Preparative conditions!
1 30 70 18.3 50-70% B in 20 min
2 40 60 6 [e]

3 70 30 4.8 30-50% B in 20 min
5 40 60 24.9 [e]
6 15 85 13.5 [e]
7 50 50 26.9 45-75% B in 30 min
8 50 50 13.5 40-60% B in 20 min
9 75 25 15.6 10-40% B in 30 min

10 40 60 27 [e]

12 50 50 10.5 40-60% B in 20 min

13 65 35 10 40-60% B in 20 min

21 90 10 14.9 0-20% B in 20 min

24 20 80 8.3 60-80% B in 20 min

25 60 40 3.8 20-40% B in 30 min

[a] Isocratic conditions for analytical RP-HPLC on a Vydac 218-
TP54C18RP, particle size 5pm, pore size 300 A, 0.45x22cm, flow
1.5mLmin"!, A=0.1% CF;COOH in water, B=acetonitrile/water
(1:1). [b] Preparative HPLC was performed by gradient elution on a
Waters prepak cartridge (500 g), flow rate 100 mLmin~!, with the same
eluents as indicated. [c] This compound was purified by flash chromatog-
raphy on silica gel.

4-Nitrophenethyl-tert-butylphosphonate (24): A solution of nitrophenethyl
alcohol (100 mg, 0.57 mmol) in dry dioxane (2 mL) at —20°C was treated
with NaH (23 mg, 55 % in oil, 1.1 equiv). After 5 minutes at 25 °C, tert-butyl
phosphonyl dichloride!'! (100 mg, 0.57 mmol) was added, and the reaction
was heated to 50°C for 1h. Water (1 mL) was added, and the reac-
tion mixture was heated for 45 minutes at 50°C. The reaction was
then acidified with aq. 1N HCI (50 mL) and extracted twice with ethyl
acetate. The organic phase was dried (Na,SO,) and concentrated, and the
residue purified by preparative reverse-phase HPLC (gradient 30—40 %
acetonitrile in 20 minutes). The main fraction was lyophilized to give
compound 24 as a yellow solid. Yield: 55 mg (0.19 mmol, 35%); '"H NMR
(200 MHz, CDCl,): 6 =8.20 (d, J=8.5 Hz, 2H), 742 (d, J=8.5Hz, 1H),
4.45 (m, 2H), 3.17 (t, 2H), 1.23 (d, /=21 Hz, 9H); C NMR (75 MHz,
CDCly): 0=144.7, 1412, 129.8, 123.7, 65.8 (d, J=36.4 Hz), 378 (d, J=
466 Hz), 36.1 (d, J=26.7Hz), 242 (d, /J=4.8 Hz); *P NMR (81 MHz,
CDCl;): 6 =57.2.
4-{4-[2-(tert-Butylphosphonyloxy)ethyl]phenylcarbamoyl} butyric acid (2):
A solution of fert-butylphosphonate 24 (90 mg, 0.31 mmol) in methanol
(2 mL) was stirred with Pd/C (9.5 mg) under 1 atm H, for 2 h, filtered over
celite, and concentrated. The residue (80 mg of a colorless oil) was
dissolved in anhydrous CH,Cl, (3 mL), and glutaric anhydride (53 mg,
1.5 equiv) was added at 0°C. After 3 h at 25°C, the solution was washed
with 1N HCI, dried with Na,SO,, and concentrated. The residue was
purified by flash chromatography [i) hexane/ethyl acetate 3:7, ii) ethyl
acetate, iii) CH,Cl,/MeOH 7:3] to give hapten 2 as a yellow oil. Yield:
92mg (0.25 mmol, 80%); R;=0.15 (CH,Cl/MeOH 7:3); 'H NMR
(200 MHz, CDCL,): 6=8.28 (s, 1H), 749 (d, J=8.4 Hz, 2H), 713 (d, /=
8.4 Hz,2H), 4.36 (m, 2H), 2.98 (t,2H), 2.42 (m, 4H), 2.04 (qu, 2H), 1.25 (d,
J=20.7 Hz,9H); BC NMR (50 MHz, CDCl,): 6 =177.3,171.2,136.8, 132.5,
129.4, 1202, 67.1 (d, J=9.4 Hz), 371 (d, /=704 Hz), 33.1, 24.3, 20.7; 3P
NMR (81 MHz, CDCl,): 6 =55.8; IR (CHCL,): #=3021, 1711, 1604, 1519,
1414, 1216, 760 cm™!; MS (SIMS): 371 [M]*, 297 [M — tBuOH]*, 234 [M —
tBuPO;H]*, 120.

Carrier-protein conjugates of hapten 2: The following four solutions were
prepared:

A: EDCI (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochlor-

ide, 44 mg) in DMF (0.125 mL) and water (0.025 mL), c=1.5M.
B: N-Hydroxysuccinimide (25mg) in DMF (0.09 mL) and water
(0.04 mL), c=1.6Mm.
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C: KLH (5 mgmL~!) in phosphate buffer saline (PBS: Na,HPO, (10mm),
NaCl (160mm), pH 7.4).

D: BSA (5mgmL~!) in PBS.

A solution of hapten 2 (10 mg, 0.027 mmol) in DMF (0.15 mL) was treated
with EDCI (soln A, 0.045 mL, 2.5 equiv) and NHS (soln B, 0.042 mL,
2.5 equiv). After 24 h, HPLC analysis (Table 4) showed that 2 (f; = 6.0 min)
was >90% converted to the active ester (g =12.9 min). 0.075 mL of the
active solution was then added to KLH (soln C, 0.5 mL) and 0.15 mL to
BSA (soln D, 1mL). Aq. sat. NaHCO; (0.07 mL) was added to each
solution. After 24 h at 4°C, HPLC analysis indicated that the active ester
had been consumed. No free acid was detected. The carrier-protein
solutions were used without further purification.

4-Nitrophenethyl chloromethyl phosphonate (25): A solution of nitro-
phenethyl alcohol (100 mg, 0.6 mmol) in toluene (3 mL) and anhydrous
DMEF (0.5 mL) at 0°C was treated with 'H-tetrazole (4 mg, 0.1 equiv), N,N-
diisopropylethylamine (0.15mL, 2.2 equiv), and chloromethyl dichloro-
phosphoridate (100 mg, 0.062 mL, 1 equiv). The temperature was slowly
raised to 25°C. After 8 hours, water (1 mL) was added. After 45 minutes,
the reaction was acidified (50 mL HCI, 1n) and extracted twice with
CH,Cl,. The organic phase was dried over Na,SO, and concentrated, and
the residue was purified by preparative reverse-phase HPLC (gradient 10—
20% acetonitrile in 30 minutes). The main fraction was lyophilyzed to give
the phosphonate 25 as a colorless solid. Yield: 50 mg (0.18 mmol, 30%);
m.p. 101°C; 'H NMR (300 MHz, CDCl;/CD;0D): 6 =8.14 (d, /= 6.6 Hz,
2H), 745 (d, /=6.6 Hz, 2H), 432 (q, /= 6.3 Hz, 2H), 3.47 (d, /= 10.7 Hz,
2H), 3.09 (t, J=6.3 Hz, 2H); C NMR (75 MHz, CD;0D/CDCl;): d =
1475, 146.2, 130.6, 124.1, 66.9 (d, J=6.1 Hz), 372 (d, /= 6.6 Hz), 34.0 (d,
J=156 Hz); IR (CHCL): 7 =2956, 2322, 1598, 1511, 1394, 1341, 1270, 1046,
1035, 852 cm~'; MS (SIMS): 281 [M+H]*, 267, 221, 207, 154, 147, 136, 120;
elemental analysis caled (%) for CoH;;CINOsP (279.01): C 38.71, H 3.97;
found: C 38.78, H 3.94.

Chloromethylphosphonic acid 2-[4-(5-hydroxy-1,5-dioxopentalamino)phe-
nyl]ethyl ester (3): A solution of chloromethyl phosphonate 24 (100 mg,
0.36 mmol) in methanol (3 mL) was stirred with Pd/C (8 mg) under 1 atm
H, for 3 h, filtered over celite, and concentrated. The residue (86 mg of a
pale yellow oil) was dissolved in anhydrous CH,Cl, (3 mL) and dry DMF
(3 mL); then glutaric anhydride (80 mg, 2 equiv) was added. After 3 h at
25°C, the solution was concentrated under vacuum, and the residue
purified by preparative reverse-phase HPLC. Lyophilization of the main
fraction yielded hapten 3 as a yellow oil. Yield: 37 mg (0.1 mmol, 27%);
'H NMR (200 MHz, CD;OD): 6 =743 (d, J=8.2Hz, 2H), 714 (d, /=
8.2 Hz, 1H), 4.21 (q,/J=6.9 Hz,2H), 3.43 (d, /=102 Hz, 2H), 2.92 (t, /=
6.9 Hz, 2H), 2.37(m, 4H), 1.98 (q, 2H); 3C NMR (75 MHz, CDCl;): 6 =
176.2, 172.5, 1373, 133.3, 129.7, 120.6, 67.6 (d, J=6.1 Hz), 36.7 (d, J=
5.5Hz), 36.2, 340 (d, J=119.5Hz), 33.5, 21.2; IR (CHCL): 7=3002,
1712, 1673, 1518, 1388, 1093 cm .

Carrier protein conjugates of hapten 3: The same procedure as for hapten 2
was applied starting with hapten 3 (10 mg, 0.028 mmol).

7-[ (Pivalyloxymethyl)oxy]-4-(carboxymethyl)-2H-benzopiran-2-one  (1):
7-hydroxy-4-carboxymethyl-2 H-benzopiran-2-one 4 (150 mg, 0.68 mmol)
was dissolved in anhydrous DMF (3 mL), and NaH (35 mg , 55 % in oil, 2.1
éq.) was added at —20°C. The temperature was raised to 25 °C for 30 min,
then cooled again to — 60 °C, and a solution of iodomethyl pivalate (250 mg,
1.5 equiv; prepared from the chloride by reaction with Nal and purified by
distillation) in anhydrous THF (1 mL) was added dropwise. The temper-
ature was maintained at — 60 °C for 2 h, then the mixture was stirred for a
further 10 h up to 25°C. The reaction was poured into aq. 0.IN HCI and
extracted twice with ethyl acetate. The organic phase was dried (Na,SO,)
and concentrated, and the residue dissolved in MeOH (1 mL) buffered with
NH,/NH,CI. After 6 h at 25°C, the solution was evaporated and the residue
purified by preparative reverse-phase HPLC (gradient 25-35% acetoni-
trile in 20 minutes). After lyophylization, the main fraction gave the
desired product 1. Yield: 6.5 mg (5%); 'H NMR (300 MHz, CDCL,): d =
7.55 (d, J=8.8 Hz, 1H), 701 (dd, J=8.8 Hz, J=2.2 Hz, 1H), 6.97 (d, /=
2.2 Hz, 1H), 6.20 (s, 1H), 5.82 (s, 2H), 2.43 (s, 2H), 1.22 (s, 9H); ®*C NMR
(75 MHz, CDCly): 6 =174.2, 173.4, 160.9, 159.7, 155.0, 152.2, 125.8, 115.2,
113.3, 113.0, 103.5, 85.0, 39.0, 26.9, 18.7; IR (CHCl;): 7= 3265, 2985, 1754,
1724, 1619, 1243, 1109, 997 cm~!; MS (EI): 290 [M — CO,]*, 259, 174, 147,
57.
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General procedure for the synthesis of oxymethyl esters of 7-hydroxy-2H-
1-benzopiran-2-one or 4-nitrophenol: A solution of 7-hydroxy-2H-1-
benzopiran-2-one (300 mg, 1.85 mmol) in dry DMF (3 mL) was treated
with NaH (118 mg, 55 % suspension in oil, 1.5 equiv). After 30 min at 25°C,
the reaction was cooled to —60°C, and the alkylating agent was added as a
solution in dry THF (1 mL). The temperature was maintained at —60°C for
2h, then slowly raised to 25°C overnight. Subsequently, the reaction
mixture was poured into aq. 1IN HCI (50 mL) and extracted twice with
CH,CI,. After evaporation of the organic phase, the residue was purified by
preparative reverse-phase HPLC.

The alkylating agents bromomethyl acetate (distilled at 80°C, 180 mbar),
bromomethyl propanoate (distilled at 70°C, 190 mbar), and chloromethyl
isobutyrate (distilled at 85°C, 170 mbar) were obtained as pure compounds
in 30-50 % yield by adding the acyl chloride (20 g) dropwise over 1 h to an
ice-cold mixture of paraformaldehyde (1.0 equiv) and ZnCl, (0.02 equiv),
then heating the reaction at 55°C for 15 h, and distilling the product under
reduced pressure.'! Todomethyl isobutyrate was obtained from chloro-
methyl isobutyrate by reaction with Nal in acetonitrile (24 h).

7-[ (Pivalyloxymethyl)oxy]-2H-benzopiran-2-one (5): Colorless solid;
yield: 228 mg (0.82 mmol, 44 %); R;=0.5 (hexane/AcOEt 7:3); 'H NMR
(300 MHz, CDCLy): 6 =7.66 (d, J=9.6 Hz, 1H), 742 (d, J=8.4 Hz, 1H),
702 (d, 47 =2.6 Hz, 1H), 6.95 (dd, J=2.6, 8.4 Hz, 1H), 6.31 (d, /=9.6 Hz,
1H),5.82 (s,2H), 1.20 (s, 9H); *CNMR (75 MHz, CDCl;): 6 =177.0, 160.8,
159.8, 155.5, 143.1, 128.9, 114.3, 114.0, 113.6, 103.4, 84.9, 38.9, 26.9; IR
(CHClL,): #=3020, 1736, 1618, 1216, 762 cm~!; MS (EI): 276 [M]*; 175; 162;
134; 85; 57.

7-(iso-Propylcarbonyloxymethyl) oxy-2H-1-benzopiran-2-one (7): Color-
less solid; yield: 107 mg (0.41 mmol, 30%); m.p. 54°C; 'H NMR
(300 MHz, CDCl;): 6 =768 (d, J=9.6 Hz, 1H), 742 (d, J=8.5 Hz, 1H),
702 (d, J=2.2Hz, 1H), 6.95 (dd, /=8.5, 2.2 Hz, 1H), 6.31 (d, J=9.6 Hz,
1H), 5.82 (s, 2H), 2.62 (hept, /=7.0Hz, 1H), 1.19 (d, J=70Hz, 6H);
BC NMR (75 MHz, CDCL): 6 =175.6, 160.8, 159.7, 155.5, 143.1, 128.9,
114.3,114.0, 113.5, 103.4, 84.7, 33.9, 18.7; IR (CHCl;): 7=2977, 1732, 1616,
1506, 1397, 1343, 1278, 976, 759 cm~'; MS (EI): 262 [M]*, 232,175,163, 134,
71, 43; elemental analysis calcd (%) for C,H;,05 (262.26): C 64.12, H 5.38;
found: C 64.02, H 5.32.

7-[ (Ethylcarbonyloxymethyl)oxy]-2H-1-benzopiran-2-one (8): Colorless
solid; yield: 110 mg (0.44 mmol, 24%); m.p. 83°C; 'H NMR (300 MHz,
CDCly): 6=1767 (d, J=9.6 Hz, 1H), 742 (d, J=8.4Hz, 1H), 703 (d, /=
2.6 Hz, 1H), 6.95 (dd, J=8.4,2.6 Hz, 1H), 6.31 (d,/=9.6 Hz, 1 H), 5.82 (s,
2H), 2.42 (q, /=74 Hz, 2H), 1.19 (t, /=74 Hz, 3H); *C NMR (75 MHz,
CDCly): 6 =173.1,160.8,159.7,155.5, 143.1, 128.9, 114.2, 113.5, 113.9, 103.4,
84.7,27.4,8.7; IR (CHCL,): 7 = 3080, 1759, 1712, 1621, 1507, 1413, 1345, 1280,
1162, 1044, 959 cm~'; MS (EI): 248 [M]*, 218, 175, 162, 134, 105, 57.

7-[ (Acetoxymethyl)oxy]-2H-1-benzopiran-2-one (9): Colorless solid;
yield: 110 mg (0.43 mmol, 25 % ); m.p. 122°C; '"H NMR (300 MHz, CDCL,):
0=1767 (d, J=9.6 Hz, 1H), 742 (d, J=8.4Hz, 1H), 703 (d, J=2.6 Hz,
1H), 6.95 (dd, /=84, 2.6 Hz, 1H), 6.31 (d, J=9.6 Hz, 1H), 5.82 (s, 2H),
2.14 (s, 3H); B¥C NMR (50 MHz, CDCLy): 6 =169.6, 160.8, 159.7, 155.5,
143.1,129.0,114.3,114.0, 113.5,103.5, 84.7,27.4; IR (CHCL,): 7 = 3084, 1763,
1720, 1621, 1508, 1430, 1349, 1221, 1169, 1052, 970 cm~'; MS (EI): 234 [M]*,
204, 175, 162, 134, 105, 43.

General procedure for the synthesis of 7-hydroxy-2H-1-benzopiran-2-one
esters: A solution of 7-hydroxy-2H-1-benzopiran-2-one (200 mg,
1.23 mmol) in dry DMF (3mL) was treated with NaH (118 mg, 55%
suspension in oil, 2.3 equiv). After 30 minutes at 25°C, the reaction was
cooled to 0°C, and the acyl chloride (1.5 equiv) as a solution in dry THF
(1 mL) was added dropwise. After 2 hours at 25 °C, the reaction was poured
into aq. 1N HCI (50 mL) and extracted twice with CH,Cl,. The organic
phase was dried over Na,SO,, and the residue purified either by flash
chromatography or by reverse-phase HPLC.
7-Pivaloyloxy-2H-benzopiran-2-one (10): Colorless solid; yield: 228 mg
(0.97 mmol, 79%); m.p. 139°C; R;=0.5 (hexane/AcOEt 7:3); 'H NMR
(300 MHz, CDCLy): 6 =770 (d, J=9.6 Hz, 1H), 749 (d, J=8.4 Hz, 1H),
710 (d, J=2.6 Hz, 1H), 7.02 (dd, /=8.4, 2.6 Hz, 1H), 6.40 (d, J=9.6 Hz,
1H), 1.38 (s, 9H); *C NMR (50 MHz, CD;OD): 6 =176.4, 160.3, 154.7,
153.7, 142.8, 128.4, 118.3, 116.2, 115.9, 110.3, 39.2, 27.0; IR (CHCL): v=
2977, 1744, 1723, 1621, 1264, 1232, 989 cm~'; MS (EI): 246 [M]*, 162, 134,
105, 85, 77, 57; elemental analysis calcd (%) for C,,H,,0, (246.26): C 68.28,
H 5.73; found: C 68.28, H 5.69.
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7-(Isobutyroyl)oxy-2H-1-benzopiran-2-one (11): Colorless solid; yield:
180 mg (0.77 mmol, 63%); m.p. 102-103°C; R;=0.3 (hexane/AcOEt
8:2); TH NMR (300 MHz, CDCl,): 6 =769 (d, J=9.6 Hz, 1H), 748 (d, /=
8.4 Hz, 1H), 708 (d, J=2.2 Hz, 1H), 7.04 (dd, J=8.4,2.2 Hz, 1 H), 6.40 (d,
J=9.6 Hz, 1H), 2.84 (hept, J=70H, 1Hz), 134 (s, /=70Hz, 6H);
3C NMR (50 MHz, CDCly): 6 =174.6, 160.8, 159.7, 155.5, 143.1, 129.0,
114.3,114.0,113.5, 103.5, 33.6, 20.4; IR (CHCL,): #=2976, 1754, 1716, 1616,
1399, 1266, 1145, 1130, 1095, 990, 832 cm ™.

7-(Propanoyl)oxy-2H-1-benzopiran-2-one (12): Colorless solid; yield:
226 mg (1.0 mmol, 84%); m.p. 94°C; 'H NMR (300 MHz, CDCl;): 6 =
770 (d, J=9.6 Hz, 1H), 749 (d, J=8.4 Hz, 1H), 712 (d, J=2.2 Hz, 1H),
7.05 (dd, J=8.4, 22 Hz, 1H), 6.40 (d, J=9.6 Hz, 1H), 2.64 (q, /=74 Hz,
2H), 1.29 (t,J =74 Hz, 3H); *C NMR (50 MHz, CDCL;): 6 =172.2, 160.4,
154.7, 153.3, 142.8, 128.5, 118.4, 116.5, 116.0, 110.4, 27.7, 8.9; IR (CHCl,):
7=2976, 1754, 1716, 1616, 1399, 1266, 1145, 1130, 1095, 990, 832 cm™!; MS
(EI): 218 [M]*, 162, 134, 105, 77, 57.

7-Acetoxy-2H-1-benzopiran-2-one (13): Colorless solid; yield: 195 mg
(0.95 mmol, 79%); m.p. 140°C; '"H NMR (300 MHz, CDCl;): 6 =7.69 (d,
J=9.6 Hz, 1H), 748 (d, J=8.4 Hz, 1H), 7.12 (d, J=2.2 Hz, 1 H), 7.05 (dd,
J=84, 22Hz, 1H), 639 (d, J=9.6Hz, 1H), 234 (s, 3H); C NMR
(50 MHz, CDCly): 6 =169.4, 161.0, 155.3, 153.8, 143.5, 129.2, 119.7, 1173,
116.7, 111.1, 21.7; IR (CHCL,): #=3079, 1740, 1620, 1565, 1506, 1427, 1400,
1372,1198,1121, 1011, 988, 906 cm~!; MS (EI): 204 [M]*, 162,134,105, 78, 43.

Synthesis of pivaloyloxymethyl derivatives of phenols: A solution of phenol
(300 mg) in dry DMF (4 mL) was treated with NaH (55 % suspension in oil,
1.5 equiv) at 0°C. After 10 min, the temperature was lowered to —60°C,
and iodomethyl pivalate (1.5 equiv) as a solution in dry THF (4 mL) was
slowly added. The temperature was allowed to rise to 25°C over 2 hours.
The mixture was poured into aq. 1IN NaOH and extracted twice with ethyl
acetate. The organic phase was dried over Na,SO, and concentrated, and
the residue purified by flash chromatography.

2,2-Dimethylpropionic acid (4-nitrophenoxy)methyl ester (6): Colorless
solid; yield: 450 mg (1.78 mmol, 82 % ); m.p. 135-137°C; R;= 0.8 (hexane/
AcOEt 1:1); 'TH NMR (300 MHz, CDCl,): 6 =8.23 (d,J =9.2 Hz, 2H), 7.13
(d, /=92 Hz, 2H), 5.85 (s, 2H), 1.21 (s, 9H); *C NMR (50 MHz, CDCl;):
0=176.9, 161.5, 142.9, 125.8, 115.9, 84.6, 38.9, 26.8; IR (CHCl,): 7= 3120,
2979, 1744, 1594, 1348, 1135, 850 cm~'; MS (EI): 253 [M]*, 223, 180, 152, 85,
57.

2,2-Dimethylpropionic acid (2-nitro-phenoxy)methyl ester (14): Colorless
solid; yield: 431 mg (1.78 mmol, 79%), R;=0.7 (hexane/AcOEt 1:1);
'"H NMR (300 MHz, CDCl,): 6 =7.84 (dd, /=8.1, 1.5 Hz, 1H), 7.55 (ddd
J=85,84,15Hz,1H,),728 (dd,/=8.5,1.1 Hz,1H),7.16 (ddd,/ =8.4,8.1,
1.1 Hz, 1H), 5.85 (s, 2H), 1.21 (s, 9H); C NMR (50 MHz, CDCL;): 6 =
173.4 (G;); 149.9, 140.7, 133.9, 125.5, 122.9, 1178, 86.3, 38.8, 26.8; IR
(CHCl,): 7=3028, 2979, 1752, 1609, 1532, 1482, 1356, 1244, 1218, 1147,
1122, 1092, 1023, 983, 858, 772, 747 cm~'; MS (EI): 253 [M]*, 223, 152, 139,
122, 85, 57.

2,2-Dimethylpropionic acid (2-methoxy-4-formylphenoxy)methyl ester
(15): Prepared from vanillin (200 mg, 1.3 mmol). Colorless solid; yield:
220 mg (0.83 mmol, 63%); R;=0.45 (hexane/AcOEt 9:1); 'H NMR
(300 MHz, CDCL): 6=9.70 (s, 1H), 727 (m, 2H), 703 (d, /=8.8 Hz,
1H),5.70 (s,2H), 3.75 (s, 3H), 1.02 (s, 9H); *C NMR (50 MHz, CDCL,): 6 =
190.6, 176.8, 151.1, 150.2, 131.9, 125.5, 115.1, 110.0, 85.5, 55.8, 38.7, 26.7; IR
(CHCLy): 7=3026, 2978, 1749, 1687, 1594, 1509, 1466, 1425, 1395, 1268, 1227,
1112, 1025, 980, 768, 752, 668 cm™'; MS (EI): 266 [M]*, 236, 165, 152, 85, 57.

2,2-Dimethylpropionic acid (4-methyl-phenoxy)methyl ester (16): Color-
less oil; yield: 358 mg (1.43 mmol, 65%); R;=0.4 (hexane/AcOEt 95:5);
'H NMR (300 MHz, CDCL): 6=1795 (d, J=8.8Hz, 2H), 707 (d, J=
8.8 Hz, 2H), 5.82 (s, 2H), 1.20 (s, 9H); 3C NMR (75 MHz, CDCl,): § =
196.6, 177.1, 160.5, 131.8, 130.5, 115.5, 84.7, 38.9, 26.8, 26.3; IR (CHCL;): 7=
2981, 1749, 1679, 1603, 1510, 1273, 1236, 1123, 1028, 757 cm~!; MS (FAB™):
251 [M+H]*, 221, 165, 137.

2,2-Dimethylpropionic acid (4-cyanophenoxy)methyl ester (17): Colorless
solid; yield: 387 mg (1.66 mmol, 66%); R;=0.6 (hexane/AcOEt 4:1);
'H NMR (300 MHz, CDCL): =762 (d, J=88Hz, 2H), 710 (d, J=
8.8 Hz, 2H), 5.81 (s, 2H), 1.20 (s, 9H); *C NMR (50 MHz, CDCL): 6 =
177.0,159.9,134.1, 118.7,116.5, 106.1, 84.5, 38.9, 26.9; IR (CHCl,): 7 = 3024,
2979, 2230, 1751, 1608, 1510, 1241, 1119, 1027, 983, 839, 765, 756 cm~!; MS
(FAB™): 234 [M+H]*, 149, 135, 123, 119.
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2,2-Dimethylpropionic acid (4-chlorophenoxy)methyl ester (18): Colorless
solid; yield: 387 mg (1.66 mmol, 58%); R;=0.7 (hexane/AcOEt 95:5);
'H NMR (300 MHz, CDCL,): =727 (d, J=8.8Hz, 2H), 6.96 (d, /=
8.8 Hz, 2H), 5.75 (s, 2H); 1.21 (s, 9H); *C NMR (50 MHz, CDCL,): 6 =
1772, 155.5,129.5, 127.7,122.8, 85.7,38.9, 26.9; IR (CHCl;): 7 = 3034, 2978,
1748, 1493, 1281, 1231, 1156, 1157, 1122, 1055, 1029, 973, 829 cm™'; MS
(EI*): 242 [M]*, 212, 141, 128, 111, 85, 57.

2.2-Dimethylpropionic acid (4-(N-acetylamino)phenoxy)methyl ester (19):
Colorless solid; yield: 187 mg (0.70 mmol, 71 %); R;=0.3 (hexane/AcOEt
9:1); '"H NMR (300 MHz, CDCl;): 6 =743 (d, J=8.8 Hz, 2H), 7.00 (d, J =
8.8 Hz, 2H), 5.74 (s, 2H), 2.17 (s, 3H), 1.21 (s, 9H); *C NMR (75 MHz,
CDCly): 6 =1774, 168.5, 153.5, 133.0, 121.6, 116.6, 86.1, 38.8, 26.9, 24.2; IR
(CHCL,): 7=2979, 1744, 1659, 1608, 1505, 1412, 1318, 1216, 1125, 1057, 975,
824 cm™!; MS (EI*): 265 [M]*, 235, 164, 151, 122, 109, 85, 57.

(Pivaloyloxymethyl)fluorescein (20): A solution of fluorescein (200 mg,
0.45 mmol) in dry DMF (2 mL) and dry THF (2 mL) at 0°C was treated
with NaH (29 mg, 55% suspension in oil, 1.5 equiv). After 10 min, the
temperature was lowered to —60°C, and a solution of iodomethylpivalate
(174 mg, 1.2 equiv) in dry THF (4 mL) was added dropwise. The temper-
ature was raised to 25 °C over 2 hours, after which the solution was poured
into aq. 1N HCI (50 mL) and extracted twice with ethyl acetate. The organic
phase was dried over Na,SO,, and the residue purified by flash
chromatography to give 20 as a yellow solid. Yield: 80 mg (0.18 mmol,
30%); R;=0.7 (hexane/AcOEt 1:9); 'H NMR (300 MHz, CDCl,): 6 =8.03
(m, 1H), 7.66 (m, 2H), 7.26 (m, 1H), 6.72 (m, 3H), 6.55 (m, 1H), 5.78 (s,
2H),1.22 (s,9H); BC NMR (75 MHz, CDCl,): 6 =177.5,176.5,170.0, 158.5,
158.2,153.0,152.4,135.2,129.8, 129.3, 126.6, 125.1, 124.0, 113.2, 110.7, 103.7,
103.1, 85.3, 38.9, 26.9; MS (FAB*): 447 [M+H]*, 417, 333, 287, 271, 119.

(N-Pivaloyloxymethyl) pyridinium trifluoroacetate (21): Pyridine (300 mg)
was treated dropwise under stirring with a solution of iodomethyl pivalate
(1.5 equiv) in hexane (5 mL). After 4 hours at 25°C, the precipitate was
filtered off and purified by preparative RP-HPLC to give 21 as a pale
yellow solid. Yield: 580 mg (1.89 mmol, 50%); m.p. 64°C; 'H NMR
(300 MHz, CDCl;): 6=9.15 (d, J=7.5Hz, 2H), 8.58 (t, J=75Hz, 1H),
8.13 (t, J=7.5Hz, 2H), 6.53 (s, 2H); 1.21 (s, 9H); C NMR (50 MHz,
CDCl;): 0 =175.7,148.1, 145.8, 128.9, 80.8, 39.6, 27.3; IR (CHCl;): 7= 3096,
2990, 1754, 1634, 1504, 1484, 1410, 1200, 1137, 1111, 1049 cm~'; HRMS calcd
for C;;H;(NO,: 194.118104, found: 194.117460
7-(tert-Butoxycarbonyl)oxy-2H-1-benzopiran-2-one (22): A solution of
umbelliferone (215 mg, 1.34 mmol) in dry CH,Cl, (1 mL) and dry DMF
(4 mL) at 0°C was treated with di-rert-butyldicarbonate (440mg, 1.5 equiv)
and pyridine (0.16 mL, 1.5 equiv). After 2 h at 25°C, the reaction mixture
was directly purified by flash chromatography (hexane/ethyl acetate 6:4) to
give 22 as a white solid. Yield: 190 mg (0.725 mmol, 55%); m.p.=109°C;
'"H NMR (300 MHz, CDCl,): 6=7.69 (d, J=9.6 Hz, 1H), 748 (d, J=
8.5Hz, 1H), 721 (d, J=2.6 Hz, 1H), 7.14 (dd, J=9.6, 2.6 Hz, 1 H), 6.40
(d, J=9.6 Hz, 1H), 1.58 (s, 9H); *C NMR (75 MHz, CDCl;): 6 =160.2,
154.6, 153.4, 150.7, 142.7, 128.4, 1178, 116.4, 115.9, 109.9, 84.4, 275; IR
(CHCL,): 7=3021, 1741, 1623, 1285, 1250, 1218, 1144, 1125, 775, 744,
670 cm™!; MS (EI*): 262 [M]*, 247, 203, 162, 145, 134, 117, 57.
1-(Pivalyloxymethyl)-2-0x0-3,3-diethyltriazene (23): A suspension of
1-(N,N-diethylamino)diazen-1-ium-1,2-diolate (sodium salt; DEA/NO;
100 mg, 0.64 mmol) in DMF (2mL) at 0°C was treated with N,N-
diisopropylethylamine (0.05mL) and chloromethyl pivalate (0.1 mL,
1.1 equiv). The solution was stirred for 30 min at 0°C and for 12 h at
25°C, then directly deposited onto silica gel. Elution with hexane/ethyl
acetate (95:5) gave product 23 as a colorless solid. Yield: 30 mg (0.12 mmol,
18%); R;=0.3 (hexane/AcOEt 6:4); '"H NMR (300 MHz, CDCL;): 6 =5.82
(s, 2H), 3.18 (q, 4H, J=735Hz), 1.19 (s, 9H), 1.1 (t, 6H, J=735Hz);
BC NMR (75MHz, CDCL): 6=176.7, 87.5, 48.3, 38.7, 26.8, 11.4; IR
(CHCL,): 7#=2983, 1752, 1519, 1481, 1386, 1281, 1238, 1168, 1131, 1054,
1033, 963, 759 cm~'; MS (SIMS): 248 [M+H]*, 187.

Immunization:") Two sets of four mice (129 GIX/boy + ) were immunized
with the KLH conjugates of either hapten 2 or 3. Each mouse received two
intraperitoneal injections of hapten—KLH conjugate (100 pg in 200 pL
PBS emulsified with MPL + TDM adjuvent (SigmaM6536)) one on day 1
and one on day 14. Samples of serum were taken by means of a tail bleed on
day 21 to estimate the titer.

Fusion: Myelomas (NS1) were grown for a week in RPMI-1640 (Sigma
R0883) with 10 % FCS (Fetal Calf Serum) (Sigma F2442) and 8-azaguanine
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(Sigma A5284) as a selective agent. A minimum of 107 myeloma cells were
used to fuse one spleen. Three days before the scheduled fusion, and at
least 40 days after the second hapten— KLH injection, four mice were given
a final intravenous injection of 50 ug KLH-conjugate in PBS. On the
fusion day, the spleen cells of each mouse were collected and washed with
no-serum media, together with the myelomas. The spleen cells and the
myelomas were then fused with PEG 1500 (Roche 783 641). The fused cells
were diluted in 150 mL media containing HAT (H=hypoxanthine
9x10°M, A=aminopterin 2x10°M, T=thymidine 8x 10~*m)
(SigmaH0262) and plated out in (10) 96-well cell-culture plates (Corning
Costar 3598).

Cell culture: The fused cells were fed twice a week with media containing
HT (H=hypoxanthine 9x 1073 M, T=thymidine 8x 10~*m) (Sigma
HO0137) for two weeks. After two weeks, the plates were tested by ELISA
to identify those hybridomas that were producing antigen binding.
Preclones were also selected for their ability to catalyze the hydrolysis of
1 (see below). Positive preclones were cultured further and cloned twice by
limited dilution, and finally produced in 1L cultures or with Integra
CL1000 (Integra Biosciences 90005). After removal of the cells by
centrifugation, antibodies were purified from the cell-culture media by
ammonium sulfate precipitation and protein-G-affinity chromatography
(Amersham Pharmacia Biotech 27-0886-01). The antibodies were finally
dialyzed into PBS and concentrated to 3—7 mgmL~!. Although repeated
freeze —thaw cycles may be damaging, the antibodies can be stored in this
form at —20°C without loss of activity for at least several months. Isotypes
were determined by means of an isotyping kit (Pierce no. 37501).

Screening for catalysis: A fluorescence assay for catalysis with substrate 1
was performed on all preclones when the cell culture reached a volume of
SmL, before the first subcloning dilution. Thus 5mL of cell-culture
supernatant were passed on 100 mg of protein-G gel (Gammabind Plus
sepharose, Pharmacia Biotech) in a cotton-plugged Pasteur pipette. The gel
was washed with PBS (2 x 1 mL) and 0.1m aq. NaCl (2 x 1 mL), and finally
eluted with citrate (50mwm, 2 x 150 uL, pH 2.7). The eluted acidic buffer
containing the antibody, was neutralized with Tris-base (tris(hydroxy-
methyl)aminomethane; 1M, 40 uL). 90 uL of this antibody-containing
solution were transferred to a well of a 96-well microtiter plate and mixed
with borate buffer (0.5M, 5 pL, pH 8.8) and substrate 1 (5 uL of a 2mm
stock solution in DMF). 50 pL of the solution was immediately transferred
to another well containing a solution of hapten 2 or 3 (0.5 pL, 2mm in PBS).
The time dependence of fluorescence increase was then followed over the
next 3 h. The difference in apparent rate between the antibody and the
antibody + inhibitor samples was used as a criterion for specific catalysis.
The purification/assay procedure was performed easily in parallel with up
to 40 different cell-culture samples, and was performed repeatedly with
each individual hybridoma at all stages of cell culture.

Kinetics: Reactions were followed either by fluorescence in round-bottom
polypropylene 96-well plates (Costar) with a Cytofluor II Fluorescence
Plate Reader (Perceptive Biosystems, filters 4., =360 420 nm, 4., =460 +
20 nm), or by UV/Vis spectroscopy at 1 =405 nm (for nitrophenyl substrate
6) in half-area flat-bottom clear polystyrene cell-culture plates (Corning —
Costar) on a UV Spectramax250 instrument from Molecular Devices.
Solutions containing antibodies (90 pL at 0.2 mgmL~! in either 20 mM bis-
tris  [bis(hydroxyethyl)-tris(hydroxymethyl)aminomethane] pH 7.55 or
20mm borate pH 8.8) were thermostated at 31°C. The reactions were
initiated by addition of DMF (5 uL) and of a properly prediluted solution
(5 uL) of substrate in DMF/water (1:1). The activity screening concen-
tration was 100 uM, kinetic measurement concentrations were 17, 26, 39, 59,
89, 133, 200, and 300 uM (as obtained by a % serial dilution of substrate in
the 20X stock starting with 6mm). The fluorescence or UV signals were
converted to product concentration according to a calibration curve with
either 4, umbelliferone, or 4-nitrophenol. The net reaction rate of
background was used to calculate the kinetic parameters according to the
Michaelis —Menten model, as already reported.?”) The lines obtained from
8 datapoints had correlation factors R? > 0.995. Systematic errors of £10%
must be assumed as a result of uncertainty in the antibody concentrations
and pipetting inaccuracy of small volumes.

The catalytic constants k., are reported for one active site, assuming a
molecular weight of 150 kDa and two catalytic sites for each antibody.
Exact active-site titrations were carried out with all antibodies by using
hapten 3 as a tight binding ligand. These titrations showed the expected
active-site concentration within 10 %.
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Kinetics of the Interaction of Indium (1) with 8-Quinolinol-5-sulfonic Acid

and with Sulfate

Alessio Ricciu,'*! Fernando Secco,*!! Marcella Venturini,'*! Begofia Garcia,® and

José Maria Leal®

Abstract: The kinetics and equilibria of
indium(111) binding to 8-quinolinol-5-sul-
fonic acid (HQSA) have been investi-
gated in acidic aqueous solution at 0.2m
ionic strength and 25 °C by stopped-flow,
absorption and fluorescence spectro-
metric methods. Absorption and fluo-
rescence spectrometry revealed that a
monoprotonated MHL3* complex is
formed in addition to the ML?** chelate.
The stability constants of the chelate
(log Ky = 6.53), of the monoprotonated
complex (log Ky =3.51) and its acid
dissociation constant (pK,=1.4) have
been determined. Stopped-flow mea-

that involve the interaction of M** with
H,L*  (k;=(321£0.04) x 10>°m~'s71),
M*  with HL (k,=(6.52+0.04) x
10*m~1s7!) and MOH?* with HL (k;=
(1.60 £0.08) x 10°m~'s7"), respectively.
The reactivity of In’* toward the un-
charged form of HQSA has been found
to be approximately two orders of
magnitude less than expected based
upon water exchange experiments. This
behaviour has been explained with the
assumption that the ligand is distributed

Keywords: indium - kinetics - reac-

tion mechanisms - thermodynamics

between two forms (neutral and zwitter-
ion) of which only the neutral form is
reactive. The rate of complex formation
between In** and SO, ion has been
measured by the temperature-jump
method with Tropaeolin 00 as the indi-
cator. The second-order rate constant of
the binding process is 5.1 x 10*m~!s7L.
This quantity yields a value for the first-
order rate constant of 570 s~! for ligand
penetration into the In** coordination
shell, approximately two orders of mag-
nitude less than normal. This finding is
interpreted by the hypothesis that SO,?~
forms a chelate with In** for which ring

surements indicate three reaction paths

Introduction

Indium(ur) and gallium(in) have useful and increasing appli-
cations as tumour-localising agents in nuclear medicine.
Actually, in order to localise non-osseous tumours, 'In and
%Ga are administered in the form of complexes, mostly with
citrate or bleomicine.['l These ligands exchange the metal with
transferrin, which is believed to play the role of biodistributor
for the radionuclides. Hence, elucidation of the interactions of
these ions with certain ligands is important so that the
processes involved in the metal uptake by malignant and
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closure is the rate-determining step.

inflammatory lesions may be learned, and can thus aid in the
identification and design of better radiopharmaceuticals.

However, forty years after the proposal of Eigen and co-
workers> about the general mechanism that accounts for the
kinetic features of complex formation of most metal ions, the
position of tervalent cations of Group 13 presents several
aspects that still have not been elucidated. This fact can be
ascribed to the extensive hydrolysis and polymerisation of
these cations,®) which leads to the formation of several
reactive species. Moreover, “proton ambiguity””) makes it
impossible to unequivocally associate a given experimental
rate parameter to a particular reaction path when the metal
and the ligand are distributed among several reactive forms
that differ in their degree of protonation.

In the case of indium(i11), an additional difficulty arises due
to the high reactivity of this metal ion, which often makes flow
methods not applicable. Thus, it is often necessary to resort to
relaxation techniques, which are available only in relatively
few laboratories. Moreover, it is difficult to determine the
kinetic parameters for the water exchange process at indi-
um(ii), the knowledge of which would be very enlightening
for the understanding of the complex formation mechanism.
Actually, the literature values of the rate constants for the
water exchange process differ by several orders of magni-
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tude,®° whereas data on activation volumes are lacking.
Kinetic studies on ligand substitution at indium(ii) are
relatively scarce and have provided results that should be
carefully analysed before mechanistic conclusions about the
complex formation of this metal ion are drawn. The systems
investigated to date can be divided into two classes, the first
group includes ligands with first-order substitution rate
constants that are higher than 10*s~!, the second group
includes ligands with substitution rates that range from 10%-
103 s7'. The reason for this rate reduction should probably not
be ascribed to a lower nucleophilic power, but rather to other
characteristics of the ligand.

We report herein on the equilibria and kinetics of the
process of indium(ir) binding to 8-quinolinol-5-sulfonic acid
and to sulfate, two ligands that, for independent and different
reasons, bind to indium(iil) at rates lower than normal.

Results

The indium(@1) - HQSA system (HQSA = 8-quinolinol-5-sul-
fonic acid)

Equilibria: The equilibria of the indium(ur)-HQSA system
have been investigated in the presence of excess metal in
order to avoid the formation of 1:2 complexes. The spectra
recorded during titrations at constant acidity show a single,
well-defined isosbestic point (inset of Figure 1A) which

A 34 3
ab
g
<
1 1
240 250 260 270
0
200 250 300 350 400 450
A/nm ——
B 0.75]
[ b
& 05
3
s
Y
B
Y
<
£
g 0.25
3
E
<
a
0 .
400 448 492 538 584 630

A/nm ——
Figure 1. Absorption and fluorescence spectra of the indium(ir) — HQSA
system at pH=3, I=0.2M and T=25°C. A) Absorption: a) 7.4 x 10-m
HQSA; b) 7.4 x 10-°m HQSA + 1.0 x 1072M In(ClO,);. The inset shows
the spectral changes during a spectrophotometric titration. B) Fluores-
cence emission at A..=325nm: a) 74 x 10°m HQSA; b) 74 x 10-°Mm
HQSA + 1.0 x 1072m In(CIO,);.

4614

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

indicates that the system can be represented by the reaction
given in Equation (1):

M; + Li=ML, )

for which [M]=[M*] + [MOH*] + [M(OH),"] +
2[M,(OH),**] + 3[M;(OH),**], Ly=[H,L] + [HL"] + [L*7]
and [MLy] is the sum of the formed mononuclear complexes.

Figure 1A shows the UV spectra of the free ligand (curve a)
and of the total complex (curveb). All titrations were
performed with excess metal ion, and a typical titration curve
is shown in Figure 2A. The reaction parameters were derived

A g
- 2
z
N‘d
o
2
S N
7
<
Y ,
0 2 4 6 8 10
103 Cyy/M ——
B 3

103 AF ¢l ——
Y

0 2 4 6 8 10
103 ChyiM ———

Figure 2. Analysis of the equilibria of the indium(ur) — HQSA system:
[H]=75%x1073M, I=02M, T=25°C. A) Spectrophotometric titration
performed at 234 nm; the continuous line is based on Equation (2). B)
Spectrofluorimetric titration monitored at 519 nm with A.,. =325 nm; the
continuous line is based on Equation (3).

according to Equation (2), in which /=1 cm, ¢; and ¢y are the
total concentrations of ligand and metal, respectively, AA =
A —¢cr, (A being the absorbance), Ae=¢eyr— & is the
extinction coefficient difference and K,,, is the equilibrium
constant of reaction given in Equation (1).

AA AeK, ¢
2O et (2
cL 1 + Kpem

It should be noted that Ae and K, are apparent quantities
which, in principle, could be pH dependent.['”l The solid line
represents the trend that was calculated on the basis of
Equation (2). Values of K,,, as determined by absorption
measurements at different values of hydrogen ion concen-
tration are listed in the second column of Table 1. [Fractions
of the free and bound forms of the ligand for different
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Table 1. Apparent equilibrium constant (K,,,) at different hydrogen ion
concentrations for the indium(r) - HQSA system at 25°C.

103[H*] [m]

1072 K [M71]
[b] [e]

12 - - 145+£70
2.0 - - 5145
2.5 27+0.5 2641 -
35 17+0.4 16+£0.2 -
3.7 - 15+1 -
4.0 - - 149+0.6
43 - - 14.0£0.7
4.6 - - 122+0.8
5.0 9.1+09 83+0.1 -
6.0 - - 6.7+04
75 4604 44+0.1 -
8.5 35+08 34+0.1 -
10 25408 22401 -
12 - - 1.91+£0.03
15 - - 1.15+0.03
16 - 1.1+02 -
25 0.49+0.2 0.35+0.04 -

[a] Spectrophotometry. [b] Spectrofluorimetry. [c] Kinetics (K,,, = ki/ky).

PP

hydrogen ion concentrations in the indium(ii)— HQSA sys-
tem are available in the Supporting Information.]

Aqueous solutions of HQSA, when illuminated with ultra-
violet light, display a very weak fluorescence that is enhanced
strongly upon binding to indium() (Figure 1B). Figure 2B
shows a fluorescence titration recorded at A, =325 nm and
Aem =519 nm. In order to minimise the inner filter effect, the
system was excited at 325 nm, a wavelength at which the
absorbance is less than 0.1. The results have been analysed
according to the relationship in Equation (3),

AF AfK, c
AF [ Af Koy )
cL 1 + Kyppom

for which /=1 cm, AF is the difference between the fluo-
rescence measured during the titration and the fluorescence
of the free ligand, Af is a parameter that depends on the
intensity of the excitation signal, on the difference of the
quantum yield between complex and ligand and on the
geometry of the apparatus. The values of K,,, as determined
by fluorescence measurements at different hydrogen ion
concentrations are shown in the third column of Table 1.
The dependence of the apparent equilibrium constant on
the hydrogen ion concentration and the kinetic behaviour of
the system suggest the kinetic pattern shown in Scheme 1.

ki
M+H)L =———— MH,L |
K1
H KAl H KCl
ko
M+HL =———— MHL 1
ko
H|| Kon1 H|l Kcz
ks
MOH+HL ——— ML 11
k3

Scheme 1. Kinetic pattern for the binding process of indium(i) to
8-quinolinol-5-sulfonic acid (HQSA). Charges and water molecules
involved in the process are omitted.
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Figure 3 shows the analysis of the dependence of K, on the
hydrogen ion concentration. The linear plot agrees with
Equation (4), in which Ky and K, are the stability constant

571
[4
u
T
s 3
T
L
o
8 2
e
o 4
01
=
~
0 ; . -
0 1 2 3

102 [HTYM ™ ——s
Figure 3. Analysis of the equilibria of the indium(tr) — HQSA system: I =

0.2m, T=25°C. The dependence of the apparent equilibrium constant,
K,pp» 0N [H*]: @ absorption, A fluorescence, m kinetics.

of the MHL complex and its acid dissociation constant,
respectively. The variables a and f are defined by Equa-
tions (5) and (6), respectively.

Kapp Ky K,
=Kyy + —— 4
P MHL H'] 4
[HL-] 1 )
o= =
H* K
L] 14 [H'] 4 Lw
K (H]
[M3+] 1 6
p= My] _1 n Kom Kom 2Kpeym 3Kcy (©)

w) Cwy T mer T

The equilibrium constant of step III is evaluated as Ky; =
Ky Ko/ Koni- The plot shown in Figure 3 is linear over the
full range of the investigated acidity, which means that the
species MH,L3** is present in small amounts and the equili-
brium constant K could not be evaluated. Noticeable
amounts of MH,L** would be revealed by upward deviations
from linearity at low values of 1/[H*]. However, this species
was included in Scheme 1 since its presence is revealed by the
kinetic experiments. The values of the individual equilibrium
constants are presented in Table 2.

Table 2. Reaction parameters for the indium(ur)-HQSA system at
I=02wmand T=25°C.

pKai 3790l

pKa: 79621

pKomn 4.420]

pKomz 8.30[!

pKp 52101

pKy 9.70M!

Ke (3.940.8) x 102m~!
Ky, (32+£0.7) x 10°m~!
Ky (3.4£02) x 10°M"!

ky (3214£0.04) x 10?m~''s7!
ky (6.5240.01) x 10*M~''s7!
ks (1.60 £0.08) x 10°Mm~''s~!
kKo™ (6.01 £0.06) x 102m~1s7!
k., (1.92+0.05) x 10" s~
ks (49+1.7)x 10" s!

[a] Ret. [14]. [b] Ret. [31]. [c] Ky, = [ML]/(MOH][HL]).
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Kinetics: The stopped-flow experiments were performed by
monitoring the absorbance change both for complex forma-
tion (Figure 4A) and complex dissociation (Figure 4B). The
amplitude of the kinetic effect drops to zero at A =254 nm,

e o = = SISV e

. A ]

a e

e 4

T 1

a / ok E

v

gF T E

a / 1

>  ARRREY + t 3 t H t H

g / ]

st/ 1

(=1 . £ -
SE

! 4

V/ 3

LlJLILIAIA_IlAlllI\'II\IAlll'l\ll ||wu||x||:

100 mS / DIV

T T T T

B 3

ZH A T =

ar ]

.é I\l t t t t } t ]

sH . ]

=H : T -

i ~ ]

H X e L -4

aadaa e ke b by a T v bova i faiay g

250 mS/ DIV

Figure 4. Stopped-flow experiments on the indium(r) — HQSA system:
I1=02m, T=25°C. A) Complex formation curve; ¢, =4 x 107°M, ¢y =2 x
10-3m, [H] =4 x 107>M. B) Complex dissociation curve; ¢y =4 x 1075M,
[Hf]=1.7 x1073Mm.

which corresponds to the isosbestic point shown in the inset of
Figure 1A. Below that wavelength, the amplitudes are neg-
ative, and above they are positive according to the spectra.
Moreover, the time constants do not depend on the chosen
wavelength. These observations confirm that the reacting
system is adequately represented by the reaction in Equa-
tion (1). Under the conditions of excess metal ion, the
reciprocal relaxation time, 1/7, depends on the total metal
concentration, ¢y, according to Equation (7) (Figure 5), in

2
103 Cyy /M ———

Figure 5. Dependence of the time constant, 1/r, on the metal ion
concentration for the indium(iiy) — HQSA system: [H]=4 x 1073wm, I=
0.2m, T=25°C.

4616 —
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which k; and k, are the rate constants of the Equation (1) in
the forward and reverse direction, respectively.

Vr=kiy + kg (7)

Note that, at the highest hydrogen ion concentrations
investigated, the 1/t versus ¢y, plots derived from the complex
formation experiments provide slope values that are too small
to be reliable. Therefore, for [H] > 0.015Mm, the k; values were
obtained by evaluating k; from the complex dissociation
experiments and by using the relationship k;= K, k.

The complex-containing solutions to be used in the
dissociation experiments were prepared before each experi-
ment by mixing small amounts of metal and ligand in
equimolar concentration (4 x 10°M) and then increasing the
pH value to 6. The complex dissociation experiments were
accomplished by mixing the preformed complex with cali-
brated amounts of perchloric acid in the stopped-flow
apparatus. Under these circumstances, the concentration of
free metal is negligible and Equation (7) is reduced to 1/t = k.

Figure 6 shows the dependence of the forward and reverse
rate constants on the hydrogen ion concentration. The change
of k; with [H*] (Figure 6A) is best represented by the three-

w

N

107k (o) it st —— 7

6 9
102 HT M ——

o
w
N

102 kyy st —

6 9 12
102[H*]/M ——

o
w

Figure 6. Dependence of the apparent rate parameters on the hydrogen
ion concentration for the indium(iir) - HQSA system: /=0.2m, T=25°C: @
complex formation, o complex dissociation. A) The continuous line is
based on Equation (8); B) The continuous line is based on Equation (9).

term equation,[''l Equation (8), whereas the change of k, with
[H*] (Figure 6B) is best represented by Equation (9)", for
which the value of y is given by Equation (10).

k _ kSKOHl + k + kl[H+]>aﬂ (8)
CUHET T Ka
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ko= (k k[HY] ko [HYT 9
a=(k5+ Ko KoKeo )y )]
LY 1 (10)

UML) HT | HT

KCZ KCIKCZ

Since K> [H'], Equation (10) reduces to y = Kq,/([H']
+ Kco)-

The rate constants k,, k,, k5, k_Kcl, k_,, and k_;, which
refer to the individual steps shown in Scheme 1, have been
evaluated by a non-linear least-square fit of the data to
Equations (9) and (10), respectively. The solid lines of Fig-
ure 6A and B represent the calculated trends. The values of
the kinetic parameters are reported in Table 2.

It should be noted that, owing to the proton ambiguity, each
of the three steps in Scheme 1 can be replaced by one or even
two other possible steps. Three of these steps, two that involve
H,L* and one that involves L?~, have been excluded because
of the extremely low concentration of such species. The
remaining possible steps are represented in Scheme 2, in
which steps IV and V are equivalent to steps II and III of
Scheme 1, respectively. Reaction steps that involve the metal
dimer and trimer have been excluded, since the reaction was
found to be strictly first-order with respect to metal ion.

Ka

MOH + H,L MHL \Y%
kKa

H || Kon1 H|l Kez
ks

M(OH), + HoL ML \%
ks

Scheme 2. Alternative reaction paths for the binding of indium(m) to
8-quinolinol-5-sulfonic acid (HQSA).

By using the relationships k,ay Sy = k4O fuon and
k3 apr Pyion = Ks O Promy, one obtains k,=2.8 x 10°M~'s™!
and ks =2.0 x 10°M~'s~!. These values are similar to k, and ks,
respectively, which means that step IV could compete with
step II, and step V with step III.

The indium (1) - sulfate system
Figure 7 shows a temperature-jump relaxation curve of the
indium(r)-sulfate system obtained at [H*]=1.0x 1072m,

LI L B B 0 0 0 A i B S e e
3

i - o B

10 mV / DIV

FENEN SISO IR A TS WA W

BT SYA am—
Figure 7. Temperature-jump experiment on the indium(iir)—sulfate sys-
tem. The signal was detected by laser monitoring at 543 nm, with the use of
Tropeolin 00 as an acid-base indicator. cyy=c =35 x 1072m, [H*] =0.01wm,
1=03m, T=25°C.
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¢y =C. =5x%x1072M, and I=0.2M (I =ionic strength). The
course of the reaction was observed by monitoring the color
change of the reacting mixtures that contained the indicator
Tropeolin 00 (5 x 10-°M) and were illuminated with a 0.5 mW
He-Ne laser that emitted at 543 nm. The relaxation curves are
strictly single exponential and the concentration dependence
of the reciprocal relaxation time is described by the relation-
ship in Equation (11),1!?

1—k M3+ oL L]+ K! 11
C=h(M] S L]+ K (an

for which K=220m""! is the equilibrium constant!® of the
binding of In** to SO*>~. The factor dL/OM is a concentration
variable that accounts for the contribution of the indicator to
the relaxation time and is given by the relationship in
Equation (12):

oL Ky
oM [H7] + K, |

[HL)/(H'] + Ka)

1 12
+1HWMN+&%MWW+KJ()

in which K, =32 x1072M and K;=2.0 x 1072M are the acid
dissociation constants of HL~ (sulfate monoanion) and HIn
(Tropeolin 00), respectively. Under these experimental con-
ditions, the term that contains the indicator concentration is
negligible and the second term in braces in Equation (12) is
reduced to [HL-J/([H*] + K4 + [L*]). The evaluation of the
data yields k; = (5.140.1) x 10*m~ s~

Discussion and Conclusion

The equilibrium parameters listed in Table 2 for MHL?*" are
compared with the values Ky =6.9 x 10°M~! and K=
3.4 x107'm that were obtained for the indium(i)-Ferron
system.['I The structure of the reaction site is the same for
both ligands, since Ferron differs from HQSA only by the
iodine atom at the a-position with respect to the OH moiety.
This comparison indicates that MHL?* becomes more stable
in the HQSA case. This result is ascribed to the higher basicity
of the phenol oxygen in HQSA (pK,,=796)! relative to
that of Ferron (pK,,=7.08).['!

Table 3 shows the results of all available kinetic data on
complex formation at indium(11); k} and k3 are first-order rate
constants. According to the Eigen and Tamm argument,F! the
k; values refer to the conversion step of the outer-sphere
complex into the corresponding inner-sphere complex. These
could be evaluated by the relationship k; = k;/Kg, in which k;
is the second-order rate constant of the binding process,
whereas K, is the stability constant of the outer-sphere
complex (an electrostatic ion pair).['’ This operation provides
a suitable tool to normalise the reaction rates for the charge
and ionic strength effects, regardless of the mechanism of
complex formation. However, some uncertainty in the
evaluation of Ky arises from the arbitrary choice of the
charge distance in the ion pair.["’]

The ki and k3 values are higher than those found for similar
reactions that involve gallium(ii) and aluminium(iir) and are
in agreement with the reactivity sequence In'! > Gall > Al
Table 3 shows that the values of kj for PCV°["3l Ferron=,ll
Murexide ') SOX -1 and PCV -3 are quite similar and, in
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Table 3. Rate parameters for ligand substitution at In** (k}) and InOH?* (k3).

T=25°C, I=02Mm.

Ligand!® ki Kos k3 Kos Ref.
[s7] [mol~tdm’] [s7!] [mol~!dm?]

Ferron’ 37x10° 03 - - [11]
HQSA® 1.1x10° 03 - - this work
PAN? 1.8x10*> 03 27x10° 03 [18]
SO2- 57 %102 44 - - this work
H,PAR* 24x10° 002 - - [32]
H,PAR? 50x10° 03 - - [32]
PCV? 51x10° 03 - - [13]
Ferron-~ 26x10* 3.7 59x10° 1.6 [11]
Murexide~ 1.6 x10° 3.7 43x10° 1.6 [16b]
HQSA- 1.8 x10* 3.7 1.0x10° 1.6 this work
PCV 32x10° 37 27x107 1.6 [13]
H,SOX>- 31x10*  4.1° 57x10°  1.80 [17]
H.SOX~ - - 3.0% 106 0.740) [17]
H,0 20x10* — - - 8]

> 107 - - - [9]

[a] Ferron = 7-iodo-8-hydroxyquinoline-5-sulfonic acid; PAN =1-(2-pyridyl-
azo)-2-naphtol; HQSA =8-quinolinol-5-sulfonic acid; PAR =4-(2-pyridyl-
azo)-resorcinol; PCV = pyrochatecol violet; SOX =semiXylenol orange.

[b] /=2.0Mm.

any case, no definite trend emerges that would indicate a
ligand dependence of the reactivity of In** ion. This behaviour
would suggest that this species reacts according to the
interchange dissociative mechanism (I;). By contrast, the
negative value (— 6.3 Jmol~' K') of the activation entropy for
the In**—PVC~ system'® hint at a possible interchange
associative (I,) mode of activation. Note that activation
entropy is not a very reliable parameter to use for the
assignment of a reaction mechanism owing to the large error
limits involved in the extrapolation of the data to infinite
temperature. Unfortunately, the ky, values published to date
are too far apart to allow a reliable comparison with kj, which
might be helpful for mechanistic purposes. Moreover, as
mentioned above, the activation volumes for water exchange
and complex formation at indium(ii) have not yet been
measured. However, it should be mentioned that Kowall
et al”l suggested AV+= —5.2 cm*mol~! for water exchange at
In** based upon bond cleavage and bond formation consid-
erations.

In conclusion, the data available at present do not clearly
indicate which of the two mechanisms, I, or I,, is operative in
the complex formation at In3*, since the rate independence on
the ligand nature contrasts with the negative value of the
activation parameters. This apparent inconsistency can be
overcome by advancing the hypothesis of a concerted
mechanism in which the structure of the transition state is
such that both the outgoing water and the incoming ligand are
loosely bound. This hypothesis does not disagree with the
value of AS* for the In** —=PVC- reaction!, which is much
closer to zero than the values found for systems with definite
associative or dissociative modes of activation.

In the case of the InOH?* species, the kinetic results show
that the hydrolysed species is more reactive than the
hexaaquo ion, as already observed with tervalent metal ions
(with the exception of lanthanides, VI and Ti'™").l In order to
assess the influence of the ligand basicity on the reactivity of
InOH?*, the values of k3 for HQSA~ and for the less basic
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Ferron~ should be compared. The difference in logks is 0.23,
whereas that for pK, is 1.4. We conclude that the dependence
of logk; on the ligand basicity is too small to indicate an
associative mode of activation for complex formation at the
InOH?* species.

A discussion of the behaviour of the first four ligands in
Table 3 should prove useful. Their values of k{ are much lower
than those already discussed. Such a large difference can be
rationalised if one accounts for the fact that the first three of
these ligands, in aqueous solution, are distributed between
two isomeric forms with different reactivity. 1-(2-Pyridylazo)-
2-naphtol (PAN) is distributed between a nonreactive form, in
which the reaction site becomes deactivated by the effect of
internal hydrogen bonding, and a reactive form in which the
hydrogen bridge is absent.'¥! Similarly, HOSA is distributed
between two isomers, the zwitterion and the neutral form, as
shown in Equation (13):[4

SO3 SOzH
B K, B (13)
N N”

OHH OH

However, the reaction site in the zwitterion is blocked by a
proton, therefore the reactive form should be the neutral one.
Since the proton conceivably resides much longer on the
nitrogen atom than on the sulfonate group, the zwitterion will
be the prevalent form and the value of the equilibrium
constant of reaction, K,, would be less than one. Under these
circumstances, the value of k; and, as a consequence, that of k}
would be reduced by a factor equal to K.I') This hypothesis is
supported by the value of ki for the In**—Ferron® system,
which is somewhat larger than that of the In**-HQSA®
system. As the basicity of the nitrogen atom in Ferron is
lower than that of the nitrogen atom in HQSA, the K, value
and that of k7 is expected to be larger for the former ligand, as
was experimentally observed.

The reactivity of the In'!! sulfate system appears to be lower
than originally expected. Our experiments yield a value of
ky=5.1 x10*m~'s™! for the binding of SO,*>~ to In**. By using
a distance of closest approach of 5 x 108cm to calculate K,
one obtains ki =5.7 x 10? s~". This value is somewhat higher
than the value of 3 x 10? s~! derived by Miceli and Stuher!?)
from relaxation measurements performed at variable ionic
strength, but is still two or three orders of magnitude below
the values quoted in Table 3 for those ligands that behave
normally. The low reactivity of SO2 is particularly surprising
if one takes into account that SO~ is a relatively simple ion
with no isomers, which, therefore, supposedly interacts
rapidly with indium(i). Actually, we have performed, for
comparison purposes, some temperature-jump measurements
on the binding of the simple monodentate ligand SCN~ to In3*
and found a value of kj>10°s!. To explain the low
substitution rate of SO,2~ with respect to that of murexidel'sl
(ki=2x10*s71), Miceli and Stuher®! suggested that substi-
tution at In** proceeds by an associative mechanism. Since the
data now available do not reveal a definite dependence of the
In** reactivity on the nucleophilic power of the ligand, we feel
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that other causes should be responsible for the behaviour of
the In**-SO,2~ system.

It has been demonstrated that, whereas ClO,™ can cross a
liquid membrane only after the loss of its entire hydration
shell,?'! SO is able to cross the same membrane while
bearing eight water molecules.”l The hydration shell of the
anion persists even in solid sulfates, such as NiSO, - 7H,O for
which the seventh water molecule is situated between three
water molecules of the Ni(H,0),*" group and one O atom of
the SO,2 ion.] Hence, assuming that the metal and the
ligand are both solvated in the outer-sphere complex, the
distance between the charge centres should be of the order of
7.5-—10 x 108 cm (two hydration layers). This would cause
k7 to increase by a factor of about three, which is insufficient
to reach the value expected for ligands that behave normally
(10*-105 s71). Therefore, other factors should be at work, such
as the ability of the SO,?~ ion to form chelates with suitable
metal ions. Infrared spectra of the species [Co(en),SO,]
provide evidence for coordination of two oxygen atoms from
SO,?~ to the cobalt centre.? The Goldsmith radius of Co?* is
0.82 nm, which is almost the same as that of In** (0.81 nm). On
the basis of this similarity, it seems conceivable that the final
InSO,* species could be a chelate. The sequence of steps of
the complex formation process can thus be written as shown in
Scheme 3; the water molecules involved in the process are not

K k o_oO k +0_0
I + SOZ —== In¥*S02 —=- 2+ S - 2% |15
k32 In-O O k43 fofle)
outer-sphere inner-sphere inner-sphere
monodentate chelate
1 2 3 4

Scheme 3. Kinetic pattern for the reaction of complex formation between
indium(i11) and sulfate ion.

shown. Step 1 =2 is fast (diffusion controlled). Steady — state
application to the inner-sphere monodentate complex gives
k(/K o= kysks/(ks, + ks). Step 2=3 corresponds to the
penetration of the first oxygen into the metal coordination
sphere; therefore, the value of k,; should be similar to that of
ki for “normal” ligands. The prevailing term in the denom-
inator of this equation is ks, since the oxygen atoms of SO~
are weak donors and, under these circumstances, k3, is always
larger than k.l As a consequence, step 3 =4 becomes rate-
determining and the ratio k,/Kg, instead of providing a value
of ky; (=k7), yields kysksi/ks,, in the limiting case. For the Nil-
malonatel®! and Ni'-tartratel?’l systems, where the closure of
the six-membered ring is rate — determining, the k,/Kyg values
are five and ten times, respectively, lower than normal
substitution at Ni'l. Since formation of a four-membered ring
is less favoured than formation of a six-membered ring, the
reduction of k34, and by consequence of k,/K, by more than a
factor of ten appears to be reasonable.

Experimental Section

Chemicals: All chemicals were analytical grade. Twice distilled water was
used to prepare the solutions and as a reaction medium as well. Indium
perchlorate was prepared by dissolving a known amount of the pure metal
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in a known excess of perchloric acid. The indium() concentration was
verified by titration with EDTAP and was found to coincide with that
calculated from the weight of the dissolved metal. The ligand, 8-quinolinol-
S-sulfonic acid (HQSA), was from Fluka (purity > 95 % ). Stock solutions of
HQSA were prepared weekly. Perchloric acid and sodium perchlorate were
used to attain the desired medium acidity and ionic strength, respectively.

Methods: The hydrogen ion concentrations of solutions with [H] <0.01m
were determined by pH measurements performed with a PHM 84 Radio-
meter Copenhagen instrument. A combined glass electrode was used after
the standard KCI bridge was replaced by 3m NaCl in order to avoid
precipitation of KClO,. The electrode was calibrated against sodium
perchlorate/perchloric acid solutions of known concentration and ionic
strength to directly give —log[H*]. Absorption titrations were performed
on a Perkin — Elmer Lambda 17 double-beam spectrophotometer, whereas
fluorescence titrations were performed on a Jasco FP 770 spectrofluorim-
eter. Increasing amounts of indium perchlorate were added by micro-
syringe to a solution of the ligand already at steady temperature in the
measuring cell. Temperature fluctuations were kept within +0.1°C
throughout. The medium acidity and ionic strength were kept constant at
the desired value during each titration. Data were evaluated by non-linear
least-square procedures.

The kinetic behaviour of the indium(1r) — HQSA system was monitored at
260 nm with the use of a stopped-flow apparatus that was constructed in
our laboratory. A Hi-Tech SF-61 mixing unit was coupled to a spectro-
photometric line through two optical guides. The ultraviolet radiation
produced by a Hamamatsu 1.248102 “quiet” lamp was passed through a
Bausch and Lomb 338875 high-intensity monochromator and then split
into two beams. The reference beam was sent directly to a 1P28
photomultiplier. The measuring beam was sent through a quartz optical
guide to the observation chamber and then, through a second optical guide,
to the measuring photomultiplier, also a 1P28. The outputs of the two
photomultipliers were balanced before each shot. The signal that revealed
the course of the reaction was sent to a Tektronix TDS 210 oscilloscope
equipped with a digital storage unit capable of memorizing 2500 data points
at a maximum sampling rate of 60 MHz. Finally, the acquired signal was
transferred to a personal computer via a GPIB interface and analysed by a
non-linear least-square procedure.?”) The observed time constants used in
this work were averaged over at least four repeated experiments, the
maximum spread was within 10 %, and usually much less.

The rate measurements of the In"™'-SO, system were performed on a
Messanlagen temperature-jump instrument in which, to improve the signal-
to-noise ratio, the detection system was replaced by a spectrophotometric
device that makes use of lasers as light sources.’® The indicator, Tropeo-
line 00, was used to monitor the course of the reaction!’?! with a laser
module that emits at 543 nm. The signals were collected and processed by
the same devices and methods used in the stopped-flow experiments. Here
too, the agreement among repeated runs was within 10 %.
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Catalyst Screening by Electrospray Ionization Tandem Mass Spectrometry:
Hofmann Carbenes for Olefin Metathesis

Martin August Otfried Volland,®! Christian Adlhart,?! Christoph Alexander Kiener,"!
Peter Chen,*?! and Peter Hofmann*"!

Abstract: A new screening methodolo-
gy, which combines in situ synthesis of
complexes with an assay by electrospray
ionization tandem mass spectrometry
(ESI-MS), is introduced in order to
investigate highly active, cationic ruthe-
nium - carbene catalysts in ring-opening
metathesis polymerization (ROMP).
The parameter space, whic is defined

ligand) and the variation of the meta-
thesis substrate, is mapped out. Chloride
as the anionic ligand X, a small chelating
angle (n=1), and reduced steric de-
mand of the substituents R (Cy versus
Bu) lead to the most reactive complex
in acyclic olefin metathesis, whereas
variation of the carbene moiety CHR'
has only a modest influence. The overall

rate in the gas phase depends on the n-
complex preequilibrium and metallacy-
clobutane formation, which was found
to be the rate-determining step. In
ROMP reactions backbiting has a pro-
found influence on the overall rate.
Moreover, we were able to establish
that the reactivity trends determined in
the gas phase parallel solution-phase

by systematic variation of four structural
features of the catalyst [{R,P(CH,),PR,-
kK?P}XRu=CHR']* (the halogen ligand,
the diphosphane bite-angle, the steric
bulk of the phosphane, and the carbene

Introduction

The rapid or high-throughput screening of homogenous
organometallic catalysts produced by variation of a lead
structure is a much-desired goal, which, however, has been
hampered by gaps in the needed technology.l! Existing
methodology for the screening of homogenous catalysts
suffers from a two-fold limitation. Firstly, because parallel
synthesis in microtiter plates,) microreactor arrays,?! or on
beads!*! (by split-pool methods) encodes catalyst identity
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reactivity. The overall rate in solution
is also determined by a favorable dimer/
monomer preequilibrium providing the
active catalyst by facile dissociation of
dicationic, dinuclear catalyst precursors.

high-

ruthenium

spatially, that is, one well/one catalyst, one reactor/one
catalyst, one bead/one catalyst, a multistep catalyst synthesis
without intermediate purifications steps produces an identi-
fiable product only when each step is quantitative and
selective. The constraint upon the synthesis limits the
structural types that can be screened to a small subset of
possible catalysts, among which organometallic catalysts are
especially poorly represented. Secondly, the high-throughput
screen itself is usually based on the measurement of a simple
physical indicator, for example, heat release,’! color ! vis-
cosity, refractive index,/! etc., which may or may not have a
direct connection to the activity or selectivity of the catalyst in
question. Circumvention of the two-fold limitation requires
the introduction of a new methodology. Recently we have
shown that electrospray ionization tandem mass spectrometry
is an excellent tool to test reactivity of organometallic
catalysts.®'!] We report here screening of structural variants
of Hofmann’s [{R,P(CH,),PR,-x*P}XRu=CHR'[* ionic ring-
opening metathesis polymerization (ROMP) catalysts'2l—the
fastest homogenous ROMP catalysts in solution for olefins
such as cyclooctene—by means of in situ synthesis of
complexes combined with an assay by electrospray ionization
tandem mass spectrometry. In situ synthesis combined with
online “purification”, reaction, and analysis in the mass
spectrometer is an extremely fast method for assessment of
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catalytic activity relative to conventional studies on the
activity of Grubbs type ruthenium carbenes, which rely on
preparative isolation and careful purification of every single
compound.l*?4 The present work, in which 180 reactions
(repeated 10 times each) were carried out in two weeks, maps
out the parameter space defined by systematic variation of
four structural features of the catalyst [{R,P(CH,),PR,-x?P}-
XRu=CHR'|" (the halogen ligand, the diphosphane bite-
angle, the steric bulk of the phosphane, and carbene ligand
(Figure 1)), and the variation of the metathesis substrate.

Substituent R Carbene moiety

rR®

o [

Bite angle———> CFP;RU X
Ry

Halides
l Substrate

Figure 1. Screening of structural variants of Hofmann’s [{R,P(CH,),PR,-
k?P}XRu=CHR']* cationic ROMP catalysts

The reactivity data show systematic trends, which, more-
over, upon quantitative analysis provide key mechanistic
details regarding the metathesis reaction.

For specific examples, we were able to confirm by
independent synthesis and evaluation of selected compounds
that reactivity trends determined in this gas phase study are
paralleled in solution. In the solid state, as well as in solution,
the [{R,P(CH,),PR,-x*P}CIRu=CHR'[* ions dimerize to form
dicationic, dinuclear complexes [{{R,P(CH,),PR,-x*P}CIRu=
CHR'},]**. By crossover and trapping experiments it was
shown that monomeric species are formed in solution.!'? 251 Tn
a second preequilibrium step these monomeric, cationic,
ruthenium — carbene complexes are believed to form an olefin
7t complex. Product formation presumably proceeds via the
metallacyclobutane according to the Chauvin metathesis
mechanism (Scheme 1).2

Results and Discussion

General results: In order to determine the factors responsible
for intrinsic reactivities of the non-coordinated catalyst
monomers, electrospray ionization tandem mass spectrometry
was employed. This allows us to select the monomeric cations
and examine their specific reactivities towards olefins, apart
from the monomer—dimer preequilibrium that is present in
solution.['% 12271 Baseline-resolved spectra on a Finnigan
LCQ DECA ion trap were taken to ensure the absence of
the dicationic dimer, nominally at the same mass-to-charge
ratio, by means of isotope distribution. The effects of the
variations of these compounds will be discussed below.
Preparing the complexes with cyclohexyl-substituted phos-
phanes in situ by addition of the phosphane to the Grubbs
complex, and mass-selecting the desired monomeric cations in
the first quadrupole prior to the collision cell, we assessed the
reactivity of these complexes. A direct comparison of in situ
prepared [(dcpe-x*P)CLRu=CHPh] (dcpe = bis(dicyclohex-
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Scheme 1. Proposed mechanism for olefin metathesis by dicationic
dinuclear complexes [{{R,P(CH,),PR,-x*P}CIRu=CHR'},]**.

ylphosphino)ethane) and isolated [(dcpe-x?P)ClL,Ru=CHPh]
(characterized by NMR) showed the same behavior of the
[(depe-x?P)CIRu=CHPh]* ion within error bounds. This was
taken as validation of the in situ preparation of desired
complexes.

Different test reactions for olefin metathesis with acyclic
(ethyl vinyl ether, propyl vinyl ether, and 1-butene) and cyclic
substrates (norbornene and cyclopentene) were carried out
(Scheme 2).

o -
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CEzRuz o G=Re
R NN AR CRF;
m/z=a+72 m/z=a+45-m/z(R")
]
R P ®
R
R (x R i
Cp,Ru; F?’ _______
R2 — R2 —
m/z=a+94 m/z=a+188

Scheme 2. Examples for olefin metathesis with acyclic or cyclic substrates
in the gas phase

Figure 2 shows a daughter-ion spectrum of [(dcpm-x?P)
CIRu=CH(p-C,H,Me)]", (dcpm = bis(dicyclohexylphosphino)-
methane) m/z 649, after reaction with ethyl vinyl ether in the
collision cell. The metathesis product, m/z 603, the ethyl vinyl
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® was observed. The absence of
1007 6493 Me any metathesis cross products
] in both cases indicates that the
® s | species formed is the m-adduct
0o |/ {jf‘;Ru"'““C' complex rather than the metal-
0 Cys lacyclobutane.

%yz (,.u-CI A low-resolution daughter
\Cl;”RLr @ ion spectrum of [(dtbpm-x2P)-

60" 2 r CIRu=CH-CH=CPh,],
1% 603.2 o ® (dtbpm = bis(di-zert-butylphos-
”chR!r cl Me phino)methane) m/z 633, and
201 \pr: = AN sub§equent collision vx./ith prop-
Che | yl vinyl ether was carried out to
wrPrpyCl confirm formation of the de-
o2 CF;IZ = o7 N sired product [(dtbpm-x2P)-
207 o1 1 CIRu=CH-OGC;H,]*, m/z 513
' (Figure 3). Analysis of the iso-
tope patterns proves that a
o .I'---.----IJ-L-A‘--.----jl---m-v-:p . ,‘_I_ product with the expected mo-

550 600 650 700 750 lecular formula is formed.
m/z

Figure 2. Daughter-ion spectrum of [(dcpm-x?P)CIRu=CH(p-C,H,Me)]*, m/z 649, and collision with ethyl vinyl

ether in the collision octopole at low energy (nominal 1 eV).

ether adduct, m/z 721, as well as the ethyl vinyl ether adduct to
the product (thus at least two collisions), m/z 675, are formed.
In order to examine the nature of the adduct complex with
vinyl ethers, control experiments with diethyl ether were
carried out. [(depm-x?P)CIRu=CHOEL]|* was prepared in situ
and allowed to collide with diethyl ether at 180 mTorr in the
atmospheric pressure ionization (API) region. The possible
diethyl ether adduct [(dcpm-k*P)CIRu=CHOEt(OEt,-x'0)]*
was not observed under these conditions. However, if
[(depm-x?P)CIRu=CHOPr]*
collides with ethyl vinyl ether
instead of diethyl ether under
identical conditions, formation
of the adduct [(dcpm-k*P)-
CIRu=CHOPr(H,C=CHO-
Et)]* is observed. While this
suggests that the vinyl ethers
do not coordinate through the
oxygen atom, the assumend -
adduct complex still cannot be
differentiated from the metal-
lacyclobutane on the bases of
m/z alone. Therefore, in a
cross experiment, the com-
plexes [(depm-x?P)CIRu=
CHOPr(H,C=CHOE?)]" and
[(depm-x*P)CIRu=CHOEt-

1007

807 {Bup (

tBUZ

60
1% ]

40

@
OC3Hy

513.6

Anionic ligand variation: The
results of the reaction of
[(1Bu,PCH,PrBu,-x?P)(X)Ru=
CH—CH=C(CH,),]* (X=Cl,
Br, I, OTY) with 1-butene are summarized in Table 1.2 2
As has been reported for the Grubbs system[** the chloride
ligand leads to the most active compound. Reactivity in the
Hofmann system is reduced by the factor of 20 when chloride
is replaced by iodide. We were unable to synthesize the
expectedly more reactive fluoride complex, neither by
replacement of a chloride by fluoride starting from the
dinuclear [{(tBu,PCH,P:Bu,-1>P)(Cl)Ru=CH—CH=C(CH,),},]-
[OTf], nor by replacement of a triflate by fluoride starting

513.5

6335 Ph_ _Ph@

fBUz |

tBu,

Z0c4H, .
-—

633.5

Ad

207
(H,C=CHOPr)|* were pre- ]
pared in the API region and
fragmented with Ar in the

calcuiated

calculated

second octopole. Under mild
conditions (1.4 mTorr Ar, 5 eV
nominal kinetic energy) only
loss of the added vinyl ether

Chem. Eur. J. 2001, 7, No. 21
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800
m/z

Figure 3. Low-resolution daughter-ion spectrum of [(dtbpm-x?P)CIRu=CH—CH=CPh,]*, m/z 633, collision with
ethyl vinyl ether in the collision octopole at low energy (nominal 1 eV) and high-resolution Q2 scan.
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Table 1. Variation of halogen substituent X.

Table 2. Comparison of the tBu versus Cy phosphane ligands.

X k. 1-butenel®!

not available

| al 1.00 (0.46 % )2
Br 0.4
Bl x I 0.046
By OTt 0.000
® .
| from the mononuclear bistri-
" flate complex [(rBu,PCH,P-
u; | . . .
\Fﬁ Ru:--OjSOCFB Bu,-k?P)OTf),Ru=CH—CH=C-
tBu, (CH3),].

No reactivity towards the
substrate 1-butene can be ob-
served for triflate (OTf") under
the outlined conditions. It is
conceivable that bidentate co-
ordination of the triflate
ligand blocks the reactive coordination site as shown in
Figure 4.5

With these results in hand, chloride was chosen as the most
suitable anionic ligand for the following studies.

Figure 4. Proposed bidentate
coordination of the triflate li-
gand in the gas phase that
blocks the reactive site of
[(dtbpm-x?P)(OTf)Ru=CH—
CH=C(CH,),]*.

Variation of phoshane ligands

Steric influence of phosphane ligands: Comparison of the
reactivity of [(dcpe-k?P)CIRu=CHPh]* and [(dtbpe-x*P)-
CIRu=CHPh|* (dtbpe = bis(di-tert-butylphosphino)ethane)
allows the direct investigation of the effect of steric differ-
ences between phosphane ligands. This comparison is free of
electronic differences, due to the similarity of dcpe and dtbpe
in donor strength and chelating angle. Our results reveal that
the catalyst with the less bulky
dcpe ligand reacts 55 times
faster with ethyl vinyl ether

krel Krel
norbor- ethyl vinyl ethyl vinyl
nenel®! ether® ether®!
Cyo
P
o [ 1.00 (0.01%)2 1.0 (32%) 1.0 (0.0059)2)
Ph P
HPZ ( Cl {gyz
CEJRU """ B2
2 ( 0.00038 0.018 0.020
P
Bw,

Influence of the chelating angle (bite angle): Variation of the
ligand bite angle (P-Ru-P angle) from 74° to ~180° has a
profound effect on the reactivity towards different olefinic
substrates as can be seen for [{tBu,P(CH,),PrBu,-x*?P}XRu=
CH—CH=C(CH,),]* (n=1,2), [{Cy,P(CH,),PCy,-x*P}CIRu=
CHPh]* (n=1, 2, 3), and [(PCy;),CIRuCHC¢H;]" (Table 3)
(Cy = cyclohexane).

For the /Bu ligands, enlarging the bite angle from 74° to 86°
decreases the rate by a factor of five for 1-butene up to a
factor of 100 for ethyl vinyl ether.>»] The same trend was
observed in the case of the Cy ligands. The extreme case with
a P-Ru-P angle of ~180° is realized in [(PCy;),CIRuCH-
CeHs]*,P! which shows no reactivity (neither formation of
adduct nor metathesis product) towards olefinic substrates
under these conditions.

Furthermore, the adduct to reactant ratio was determined
for acyclic olefinic substrates (Table 3). With the exception of
the two entries (1-butene: dtbpm vs dtbpe) for the adduct to
reactant ratio, all complexes show a reduced tendency to form

Table 3. Influence of rBu and Cy phosphane ligands.

than the catalyst with the more ki K.
; . norbornene®  1-butene®! ethyl vinyl ether® 1-butene®! ethyl vinyl ether®!
bulky dtbpe ligand (Ta
ble 2);5! this underlines the B
rofound influence of steric ® 1.00 1.00 1.00 10 10
gemand on metathesis | <P (0.4%)[29] (0.5%)[29] (19%)[29] (0'009%)[29] (0.002)[29]
. Buw,
Additionally, the equilibri- By, |i 1B,
CPrpy~C! 5
um constant for the adduct tBS: 0.034 020 0oLl 300 o2
complex of [(L-x?P)CIRu= ‘ : ‘ ’
CHPh]* and ethyl vinyl ether fBEuz
is considerably larger in case of
. _ . Cy2
the stenca'lly lesg demanding 2 1,00 10 1.00 1.00 10
dcpe. We find a difference of <P (88 %) (0.07%)2  (42%)) (1.9)2 (0.04)2
a factor of 50 for the preequi- Cy
libria constants K,; between ® Cy
dcpe and dtbpe (Table 2 and Ph P
S Crf” 0.080 0.09 0.020 0.01 02
Scheme 1). The significance of CheRu—C!
this increased formation of Cyw CF;Z
adduct will be discussed below. Cy
P
In sgmmary,.the'overall meta- < 3 0.01 0.003 0.001 0.04
thesis rate is higher for the p
sterically less demanding Oy
phosphane [(PCy;),CIRu(CHPh)]*  0.000 0.000 0.000 0.000 0.000
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adducts with an increased ligand bite angle. It should be noted
that a second—and for some reactants even a third—insertion
of norbornene was only observed for dtbpm systems, although
dcpm is much more reactive towards norbornene in the first
step. Moreover, no second insertion was detectable for any
complex upon reaction with cyclopentene. In summary, the
overall metathesis rate is reduced drastically for increased
ligand bite angles.

Variation of the carbene moiety: Varying the carbene moiety
has only a slight effect on reaction rates, relative to the large
phosphane ligand influence. Interestingly for the Grubbs
system, the benzylidene complexes are more reactive than the
alkenylidene carbenes in the gas phase. However, in the
cationic cis systems, this trend is reversed (Table 4).

The influence of the carbene moiety was investigated for
the readily available rBu systems. The reactivity of [(dtbpm-
k*P)CIRu=CHR]* (R = CH=CPh,, CH=C(CH,);, CH=CMe,
and CHMe,) shows an increase in rate with an increased
unsaturation in the carbene moiety (Table 5). In summary,
changes in the carbene moiety have only a modest influence
on the overall metathesis rate.

Linear free-energy relationships (LFERs): Reactivity studies
with para-substituted benzylidene carbene moieties allowed
the systematic investigation of electronic effects on rate and
adduct to reactant ratio devoid of steric influence. Using the
technique to prepare these complexes in situ by addition of
the corresponding styrene to the Grubbs complex, subsequent
treatment with either dcpm or dcpe and mass-selecting the
desired product in the first quadrupole prior to the collision
cell, the reactivity of these complexes was also easily assessed.

Table 4. Influence of carbene substituents.

Linear free-energy relationship fits were performed accord-
ing to Hammett with ¢ parameters®? for the substituted
carbene ligands (Figure 5). The corresponding p values are
shown in Table 6. A positive p value is found for both the
dcpm and the dcpe system. However, electron-withdrawing
groups accelerate olefin metathesis more in the dcpe systems,
which are also overall slower. The LFERs for the adduct to
reactant ratio show that s-complex formation (adduct) occurs
to a greater extent for electron-withdrawing groups. In
summary, electron withdrawing groups on the carbene moiety
slightly accelerate metathesis.

Secondary isotope effects: In order to examine possible
secondary isotope effects, a deuterium label was introduced
on the carbene carbon atom which changes hybridization
during the metathesis reaction.®® An inverse secondary
isotope effect for the reaction of [(dcpm-x*P)CIRu=CHPh]*
and [(depm-x2P)CIRu=CDCD;]* with ethyl vinyl ether of
kyu/kp =0.92 £0.02 was found. The inverse secondary isotope
effect for the reaction of [(dcpe-x?P)CIRu=CHPh]* and
[(dcpe-k2P)CIRu=CDC¢Ds]* with ethyl vinyl ether was
ky/kp =0.68 +£0.08.

ROMP with norbornene: Norbornene was polymerized in the
gas phase by Hofmann-type carbenes [{R,P(CH,),PR,-x>P}-
CIRu=CHR’]*. For the Hofmann catalyst [(dtbpm-k*P)-
CIRu=CH—CH(CHs;),]*, up to three norbornene insertions
were observable. Notably, the rate of the initiation and
propagation step are identical within error bounds (ki =
1.00; Kpropre = 1.06).

Reversibility of ROMP: In a previous report we showed that
we can directly test reversibility of ring-opening metathesis in
the gas phase by using bifunc-
tional substrates. These provide
the product of a ring-opening

R’ k
norbornenel?

rel

ethyl vinyl etherl?]

K metathesis reaction the chance
i sy
ethyl vinyl ether to undergo a nondegenerate

. @ CH=CMe, 1.00 (0.01 % )2 - - ring-closing metathesis to an
B . . . Ny
C&FE ..... o - 020 ) ) isotopically or oth.erfmse.substl
tBP/ ) tuted complex distinguishable
* ® ) from the original complex by
Cr rF{' CH=CMe, - 100 22%) 0.070 mass.®!  Along these lines,
| K2 = +
C,':iRu Cl Ph _ 037 1.0 (0.017)2 [(dtbpm-x>P)CIRu=CHR]
Cyo (R =CH=CPh, and CH=CMe,)
_1c2 = +
o r? CH=CMe, B 141 03 and [(depm-« I.’)ClRu CHPh]
M Oy were treated with 4-[(Z)-2-pen-
Cl Ph B 27 03 teny1-§,4,4,5,5,5,-.21.{(,]-cyclopen-
Ru=\ tene in the collision cell. The
c R . .
control experiment with 4-[(Z)-
2-pentenyl-3,4,4,5,5,5,->Hg]-cy-
Table 5. Influence of carbene substituents. clopentane was also carried out.
R k. K. In contrast to the Grubbs sys-
norbornenel®!  propyl vinyl ethyl vinyl propyl vinyl  ethyl vinyl  tem  [{Me;N(CH,),Cy,P}Cl,-
ether(! ether(l ether(® ether(! Ru=CHPh]* there is no indica-
R ® CH=CPh, 0013 1.00 (54%)  1.00 (46%))  0.043 _ tion for reversibility of ROMP
By, |j CH=CMe, 0.284 0.499 0.48 0.064 0.12 (ROM-RCM reaction path-
<wPeru-Cl CH=CH,, 0026 0.153 0.121 0.083 0.15 way) for the dtbpm and depm
tBup CHMe, 1.00 (0.4%)P 0020 0.039 1.0 (0.024)% 1 (0.01)P

systems.
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Table 6. Influence of carbene substituents.

Comparison of gas-phase and

Ky Kl solution-phase results: In ad-
R’ R ) R R dition to the reactivity studies
. (©/ ] p/ of [{(dtbpm-x2P)CIRu=CH—
Yo Y _
Ploc  rlloa  Pleo  rlea CH=C(CH,);LJ[OT], ~ and
~p=Ru p—Ru ~p=Ru p~RU dtb 2P)\CIRu=CH—
Cy Cy Cy Cy [{(dtbpe-x>P) u=
- CH=C(CH,),},][OTf], in the
ethyl vinyl ethert®) OMe 0.371 0.0076 0.0281 0.0021 . .
Me 0.380 0.0081 0.0881 0.0027 gas phase, solution-phase ki-
H 0455 0.0098 0.0404 0.017 netics of the desired com-
F 0573 0.020 0.0317 0.066 plexes were carried out.
CF; 0538 0.026 0.100 0.12 These complexes were syn-
Hammett p parameter!®) 0.23+0.17 0.69 +0.39 - - .
LFERM N N 05408 20410 thesized and fully character-

ized. Their ROMP activity in

[a] Each rate (or adduct to reactant ratio) is the average of 10 measurements; the last representative digit at 95 %
confidence bounds based on a ¢ distribution is given. [b] Hammett p and LFER parameters are given at 90 %

confidence bounds based on a ¢ distribution.
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Figure 5. Top: Hammett plot for the relative rate data for [(dcpm-
k?P)CIRu=CH(p-C¢H,R)]* (R'=0OMe, Me, H, F, and CF;) in Table 6.
Bottom: Hammett plot for the relative rate data for [(dcpe-x?P)CIRu=
CH(p-CH,R')]* (R"=0Me, Me, H, F, and CF;) in Table 6. Least-squares
fits constrained to go through the origin are shown.
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CD,Cl, at ambient temper-
ature with cyclooctene as a
substrate was determined by
'H NMR spectroscopy in analogy to our previous report
(Figure 6).112]

From the solution-phase kinetics we can derive that
[{(dtbpm-x?P)CIRu=CH—CH=C(CH,),},][OTf], is at least
15 times  faster than [{(dtbpe-x*P)CIRu=CH—CH=C-
(CH;),},][OTTf], and the second-generation Grubbs catalyst
tricyclohexylphosphane[1,3-bis(2,4,6-trimethylphenyl)-4,5-di-
hydroimidazol-2-ylidene](benzylidene)ruthenium dichloride
3).

In summary, cationic ruthenium—carbene complexes with
small chelating angles prove to be the fastest ROMP catalysts
for cyclooctene in solution.

Screening results: In this work we have introduced a new
methodology for catalyst screening. The problem of the two-
fold limitation encountered in typical catalyst screening
methods, that is, limited synthetic access and lack of a direct
analytical probe for catalyst activity, has been solved by
combination of in situ synthesis with online “purification”,
reaction, and analysis in the mass spectrometer. First, the
synthesis of the complexes—necessary only in micromolar
amounts—has neither to be clean nor quantitative; even if the
desired complex is only a side product, a complete study of
reactivity can be carried out. Secondly, the mass spectrometer
enables us to directly monitor intensities (= concentration) of
reactants and products with different m/z. Given the time
needed to work out a clean synthesis, purification, and
crystallization of a single compound, the screening offers a
tremendous strategic advantage. In practice, this means that
screening of libraries generated in situ can be done prior to
the targeted synthesis of any particular structure in pure form.

With 180 experiments (repeated 10 times each) we were
able to map out in two weeks the parameter space defined by
systematic variation of four structural features of the catalyst,
[{R,P(CH,),PR,-x’P}XRu=CHR']* (the halogen ligand, the
diphosphane bite-angle, the steric bulk of the phosphane, and
carbene ligand) and the variation of the metathesis substrate.
A pitfall of the in situ synthesis is the possible formation of
structural isomers that can not be distinguished on the basis of
m/z alone. Therefore, we synthesized, isolated, and charac-
terized [(dcpe-x?P)ClL,Ru=CHPh] independently by NMR
spectroscopy and compared its reactivity with the reactivity of
the in situ synthesized [(dcpe-x*P)CLLRu=CHPh] in our
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Figure 6. ROMP of cyclooctene in solution. Comparison of polycyclooctenamer production as followed by 'H NMR spectroscopy. 7=298 K; 0.5 mL

CD,Cl,; c(cyclooctene):c(Ru) =12500:1.

experimental setup. Within error bounds the [(dcpe-«?P)-
CIRu=CHPh]" ions derived from both sources showed the
same behavior upon reaction with olefins in the mass
spectrometer; this validates the in situ library formation.

The gas-phase screening results are significant for catalyst
tuning if the observed trends correlate to catalysis in solution.
We find experimentally that the influence of the bite angle on
reactivity in the gas phase is paralleled in solution. Also, in
other reports, comparability of gas- and solution-phase
reactivity trends in organometallic reactions was shown.[® %34 A
The reactivity trends can be summarized as follows: The
chloride complexes are more reactive relative to bromide and
iodide complexes. We can also state that, in general, a
decrease in steric bulk (Cy ligand versus ¢Bu ligand), a small
bite angle, and electron-withdrawing groups on the carbene
substituents, accelerate the metathesis reaction.

Key mechanistic details: The advantage using mass spectrom-
etry for investigation of key mechanistic details is the explicit
exclusion of solution-phase preequilibria in the gas phase, in
which the catalytically active species is directly examined.?”!
In addition, we can observe certain intermediates, such as the
7t complex or the transient metathesis products. For mecha-
nistic discussion we only take into account the exothermic
metathesis reactions!®! with either ethyl vinyl ether or propyl
vinyl ether for two reasons: first of all, in case of norbornene,
with mass spectrometry as our analytical technique we cannot
distinguish between a m-adduct complex and a ROM product.
Secondly, for the nearly thermoneutral metathesis reaction of
our catalysts with 1-butene, we cannot exclude reverse
reaction after passing through the metallacyclobutane. The

Chem. Eur. J. 2001, 7, No. 21
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possible reversibility makes the 1-butene results unsuitable
for the following mechanistic considerations.

The proposed reaction path in Scheme 1 implies a free
energy profile for strongly exergonic reactions such as in the
case of ethyl vinyl ether as shown in Figure 7.5

From the observed preequilibrium for the formation of the
nt complex B, we can deduce that B is slightly higher in energy

c
,_\
ky )
B .
A K=
- R ®
R @ Rz
R, [ CSLFE&"C'
Chora-© 0kt
R,
+
e 2
— E
R ® —
CPP/RU\ Ro
Ro l /\R CE;RU ..... Cl
R, |
OFt 2
OEt
.
/\R'

Figure 7. Proposed free-energy profile for the olefin metathesis with ethyl
vinyl ether.
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than A. We assume the preequilibrium to be fast because it is
just a coordination or dissociation of an olefin to a low-
coordinate metal center with a small barrier. Whether the
metallacyclobutane C is a transition state or an intermediate is
not decisive for our kinetic interpretation, as long as the step
from B to C is rate determining. Since the reaction is strongly
exergonic, ring opening to the m-complex D is irreversible and
subsequent olefin dissociation to E is fast.

Steric effects: Comparison of the data for [(dcpe-k*P)CIRu=
CHPh]* and [(dtbpe-x?P)CIRu=CHPh]* (Table 2) allows the
separation of electronic and steric influences, since these two
complexes differ only in the steric demand of the ligand.F1 A
factor of 50 for the metathesis rate as well as for the fast
olefin-binding preequilibrium K; (A =B) is observed. As-
suming a rate-determining step k,, the ratio of the constant K,
accounts for essentially all of the difference in rate for the
metathesis reaction [Eq. (1)].

d[P)/dt = k,[adduct] = (k\/k_,)(k,)[reactant][olefin] = K, k,[reactant][olefin]
@

Interestingly this means that the activation energy for step
B to C must be nearly the same for these two systems
(Figure 8). From the olefin complexation constant K| it can be
derived that the olefin binds ~2.7 kcalmol~! more tightly to
the sterically less-demanding dcpe complex than to the dtpbe
complex.

Stereoelectronic effects: Changing the bite angle of the
phosphane ligand by increasing chelate ring size changes
both the electronic and steric properties of the complex.
Enlarging the P-Ru-P angle from ~74° (four-membered
chelate ring)l'? to ~86° (five-membered chelate ring),!'”
and then further to the six-membered chelate ring reduces
the reaction rate by a factor of 300.°! The extreme case with a

Ph @
Cyz
CP;RU \-Cl
Cy2
OFEt

P-Ru-P angle of ~180° is achieved in [(PCy;),CIRu=
CHC¢Hs]*, for which we detect no reactivity towards olefins.
Two different explanations for this observation are possible.
Either, as we have outlined in a previous communication, in
the extreme case of a~180° a ruthenium carbyne hydride
rather than a ruthenium carbene may be present in the gas
phase, as has been demonstrated for the Werner systems in
solution.’”l In order to become a metathesis-active rutheni-
um-carbene catalyst, the carbyne hydride must undergo a
1,2-hydride shift, adding an unfavorable preequilibrium to the
observed gas-phase rate. Reduction of the bite angle from
~180° to ~74° may shift the carbyne hydride to carbene
preequilibrium towards the carbene. However, it has to be
pointed out that Werner could not observe the formation of
the ruthenium carbyne hydride in solution upon attempted
abstraction of a chloride with a Lewis acid from the Grubbs
catalyst.’”] Alternatively, the large rate deceleration may be
due to an increase of the energy barrier for the rate-
determining metathesis step upon enlargement of the chelat-
ing angle, which is supported by DFT calculations. Use of a
model system with H,P(CH,),PH, ligands allows assessment
of electronic influences without considerable steric influences.
Density functional theory (DFT) calculations at the B3LYP/
LANL2DZ level on the model systems [(H,PCH,PH,-
k*P)CIRu=CH,]* and [{H,P(CH,),PH,-x*P}CIRu=CH,|* in-
deed show an increase of the energy barrier for the formation
of the metallacyclobutane, starting from the olefin &t complex,
of 2.0 kcal mol~L.¥ Within an Arrhenius model this difference
in activation energy results in a rate acceleration by a factor of
20 for the smaller chelate ring.

From [(dtbpm-x?P)CIRu=CH—CH=CMe,|* to [(dtbpe-x>P)-
CIRu=CH—CH=CMe,|" the experimental rate of metathesis
with ethyl vinyl ether is decreased by a factor of ~100,
whereas the 7t complexation is decreased by a factor of ~5
(Table 3). The missing factor of ~20 is readily explained by
the different energies of activation for the metathesis step B to

Ph @
£ tBuy
/:pP;Ru \.Cl
Buy
OEt
e
k2(tBu),
®
Ph
ﬂ':;Uz( N Ea2(tBu)
Eacbs(Bu) prRu=_ !
Bu, / OEt
K1(tBu)
®
Ph
tBuzﬁ
C:;Ru -Cl
tBuy

Figure 8. Preequilibrium constant K, is decisive for the difference of the overall rate olefin metathesis rate for [(dcpe-x?P)CIRu=CHPh]* and

[(dtbpe-x2P)CIRu=CHPh]".
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C for different P-Ru-P angles. Analogously, for [(dcpm-«2P)-
CIRu=CHPh]* and [(dcpe-x?>P)CIRu=CHPh]*, the reaction
rate decreases by a factor of ~50, whereas ; complexation
decreases by a factor of ~5. Through enlargement of the
P-Ru-P angle from 74° to 86° the rate for the metathesis step
B to C is decreased by a factor of 10 to 20.

Electronic effects, Hammett parameters, and isotope effects:
Varying substituents R’ (R"=OMe, Me, H, F, and CF5;) in the
para position of the benzylidene moiety allows the direct
assessment of electronic effects without steric influences.
From Hammett plots, a positive p value of 0.23+0.17 for
[(depm-x2P)CIRuv=CH(p-C¢H,R’)]* and a p value of 0.69 +
0.39 for [(dcpe-k?P)CIRu=CH(p-CsH,R')]* are found. The
faster dcpm systems with a lower activation barrier are
influenced less by electronic effects than dcpe systems. This is
consistent with an earlier transition state for the faster
reaction according to Hammond postulate arguments. The
positive p value indicates that electron-releasing groups slow
down the reaction. The low-coordinate 14-electron complex B
is stabilized more by electron-releasing groups than the
metallacyclobutane C, in which the aryl group is no longer in
direct conjugation to the ruthenium. This leads to a higher
overall energy barrier and therefore lower rate. Furthermore
the olefin m-complexation preequilibrium constant K; de-
creases for electron-releasing groups.

Inverse secondary kinetic isotope effects are found for both
[(depm-k?P)CIRu=CDC,D;]* with ky/kp,=0.92+0.02 and
[(depe-k?*P)CIRu=CDC,Ds]* with ky/kp,=0.68 +£0.08 when
reacting with ethyl vinyl ether. This is—according to an
admittedly simple model—consistent with a rate-determining

\P/Ru """
tBu,
1.06l dl
®
X
Y

Bu (|
{"g;Ru ..... Cl
tBu,

step in which the hybridization of a carbon is changed from sp?
to sp?, which means that formation of the metallacyclobutane
C is the rate-determining step.®*! The smaller inverse
secondary kinetic isotope effects for the faster reaction is
again consistent with an earlier transition state.

Backbiting: In ROMP with Grubbs-type catalysts, intramo-
lecular m complexation of the growing polymer chain
competes with propagation, which was deduced in solution
phasel'*l and observed for gas phase by a faster initiation than
propagation (Kiyre = 1.00; Kprop 1 = 0.011).) In the Hofmann
dtbpm system on the other hand, initiation and propagation
rates in the gas phase are the same (ki1 = 1.00; Kproprer =
1.06). From these results we can deduce that, in this type of
catalyst, intramolecular m complexation of the growing
polymer chain does not compete significantly with propaga-
tion (Scheme 3).

This interpretation is consistent with large PDIs (polydis-
persity index) of norbornene ROM polymers!'? 3 obtained by
using [{(dtbpm-x?P)CIRu=CH—CH=CMe,},][OTf],. Along
these lines, this catalyst is not well suited for RCM in solution
phasel'> ! due to lack of backbiting, which is the prerequisite
for RCM.

Notably, in the gas phase, the sterically less demanding
[(depm-x*P)CIRu=CHPh]*, ®
though reacting at a very high Cyo %{
rate in the first step in compar- <Py =S Y
ison to that of [(dtbpm-«x2P)- Cy2
CIRu=CH—CMe,]*, shows no
second insertion of norbornene
(Figure 9).

Ph

Figure 9. Backbiting of the
growing polymer chain in the
dcpm system.
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Scheme 3. Backbiting of the growing polymer chain in the Grubbs system slows down insertion of additional norbornene, whereas backbiting seems to be

absent in the Hofmann dtbpm systems.
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This may be due to higher tendency for backbiting, which is
underlined by the extremely high complexation constant K;
for 1-butene (Table 3).

ROMP activity in solution—Grubbs versus Hofmann car-

benes: The Grubbs complex is a less active ROMP catalyst in

solution compared to the dtbpm carbenes. The overall

solution phase rate is mainly governed by three factors: 1)

concentration of the active species, 2) backbiting of the

growing polymer chain, and 3) intrinsic reactivity of the active
species.

1) In the Hofmann system formation of the catalytically
active monomer by dissociation of the dinuclear dicationic
dtbpm complexes is more facile than formation of the
catalytically active complex [(PCy;)ClL,Ru=CHPh] by loss
of one PCy; in the Grubbs system.””) Therefore the
concentration of the active species is presumably higher
in the dtbpm system.

2) As shown previously for the Grubbs system, the propaga-
tion rate is reduced by a factor of 90 relative to the
initiation rate due to backbiting. In the dtbpm systems, on
the other hand, backbiting is absent.

3) The intrinsic reactivity of the active species of the Grubbs
system is higher than for the Hofmann system (k. is ~=40:1
for [{Cy,P(CH,),NMe;}CL,Ru=CH-CH=CMe,]* and
[(dtbpm-x2P)CIRu=CH—CH=CMe,]|*).?"!

All three factors enter into the observed solution-phase
reactivity, with the net result that, although the active species
of the Grubbs system is intrinsically more reactive in the gas
phase than the active species of the Hofmann system, the
higher concentration of active species and lack of backbiting
in the latter system makes it the more potent ROMP catalyst
in solution.

It should be emphasized that the overall metathesis rate of
the Hofmann carbenes in solution is proportional to the
dimer/monomer preequilibrium (Kj,,) as well as to the olefin-
binding preequilibrium K;. Given that k, is rate determining,
the overall metathesis rate in solution is described by
Equation (2) (cf. Scheme 1).

d[P]/dt = k,[adduct] = (k,) K [monomer][olefin] = k, K, K ,[dimer]"*[olefin]
@

As a consequence, further ROMP catalyst development
also has to focus on shifting the preequilibrium K, towards
the monomer; this should also lead to a narrower PDI.
Enhanced olefin binding, for example, by reduction in steric
demand of the phosphane ligand, although increasing the rate
by enlarging K,;, will decrease the ROMP rate, since the
second insertion is hampered by backbiting. Evidently,
reduction of the energy barrier of the rate-determining step,
for example, by decreasing the P-Ru-P chelating angle, leads
to a larger rate due to an increased k,. From these results, one
can predict that the broad PDI of ROM polymers made with
[{(tBu,PCH,PBu,-x?*P)CIRu=CH—CH=C(CHs),},][OTf], can
be narrowed by using a more electron-deficient initial carbene
for which the initiation, but not the subsequent propagation,
would be accelerated.
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Conclusion

In situ synthesis of complexes combined with an assay by
electrospray ionization tandem mass spectrometry, excluding
solvent effects and solution-phase preequilibria, was used to
systematically investigate the influence of four structural
features of catalysts [{R,P(CH,),PR,-x?P}XRu=CHR']*, that
is, the halogen ligand, the diphosphane bite-angle, the steric
bulk of the phosphane, and carbene ligand, as well as the
variation of the metathesis substrate. Moreover, we were able
to establish that the reactivity trends determined in the gas
phase parallel solution-phase reactivity. Chloride as the
anionic ligand X, a small chelating angle (n=1), and reduced
steric demand of the substituents R (Cy versus rBu) lead to
the most reactive complex in acyclic olefin metathesis,
whereas variation of the carbene moiety CHR' has only
modest influence. The overall rate for the monocations in the
gas phase depends on the m-complex preequilibrium and
metallacyclobutane formation, which was found to be the
rate-determining step. In ROMP reactions backbiting has a
profound influence on the overall rate. The overall rate in
solution is also determined by a favorable dimer/monomer
preequilibrium, which provides a high concentration of active
monocations from dicationic precursors.

The rapid assay of a variety of structural effects on
metathesis rate, combined with mechanistic analysis, leads
to predictions for optimized catalysts for given applications.
As was already shown, the experimental assay for backbiting
leads to the rapid determination of catalysts suitable for
ROMP or RCM. Optimizations of a given catalyst structure
for a given reaction ordinarily requires independent synthesis
of each individual candidate complex, followed by testing.
Given that, for typical organometallic complexes in homoge-
neous catalysis, the synthesis consumes the greatest fraction of
expended time, the methodology described here—screening
before synthesis—offers great savings in time and effort.

Experimental Section

Instrumental: Gas-phase experiments with norbornene and with 1-butene
were performed on a slightly modified Finnigan MAT TSQ-7000 tandem
mass spectrometer. In case of ethyl vinyl ether, propyl vinyl ether, and
cyclopentene a modified Finnigan MAT TSQ-700 tandem mass spectrom-
eter equipped with an electrospray ionization source as described
previously was used.*'!] Typically 10°m solutions of the complex in
CH,Cl, were electrosprayed at a flow-rate of 5 uLmin~!' with nitrogen as
sheath gas at 5kV and a capillary temperature of 423 K. The tube lens
potential was varied between 70 V and 190 V depending on the complex. In
a typical collision experiment, the principal isotope peak of a cationic
complex was thermalized to 343 K in the atmospheric pressure ionization
(API) octopole (O1) (or API24-pole in TSQ-700), then mass-selected with
the first quadrupole (Q1) and collided with the reactants at a nominal
kinetic energy of 1 eV (laboratory frame) in an octopole (O2) collision cell.
The width of the energy distribution of the ions after mass selection in Q1
was approximately 1 -2 eV. The pressure in the collision cell was taken with
a Pirani gauge without further correction and maintained constant for each
series of experiments to within 5 %. The products were mass-analyzed with
the second quadrupole (Q2) and detected with an electron multiplier at
1400 V (TSQ-7000) or 1100 V (TSQ-700). Every spectrum consists of
60 averaged scans of 1 s to give a signal to noise ratio of more than 10000 to
1. The product distributions were taken from the integrated peak intensities
without further intensity correction depending on the mass.
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From previous Monte Carlo simulations we know that the ions in the
collision cell at a pressure in the mTorr range undergo a total of up to
~5000 collisions.®) We assume that under these multiple-collision con-
ditions, all reactants and intermediates are approximately thermalized and
that fast preequilibria are reached, in contrast to typical gas phase
experiments under single collision conditions.’!

Each experiment was repeated 10 times. Error bounds on the relative rates
were determined from a ¢ distribution by standard statistical methods and
represent 95 % confidence limit. Rates were calculated from Equation (3)
and equilibrium constants from Equation (4).

r=p?/p(av)?([prod] — baseline)/([prod] + [reactant] + [adduct] — baseline)
3

K.,=plp(av) ([adduct] — baseline)/([reactant] — baseline) 4)

For each given reactant, equilibrium constants were linearly normalized to
one pressure. For each given reactant, pseudo-first-order reaction rates
were normalized by the square of the pressure, because the rates depend
linearly on the concentration (pressure) of the reactant, and at low
conversion linearly on reaction time in O2 (foxk ' and k x p~' = tx p; kK =
diffusion coefficient; these assumptions agree with our Monte Carlo
simulations!®!). Baseline resolved spectra of several reactants were taken on
a Finnigan LCQ DECA ion trap.

Organometallic complex chemistry: The CH,Cl, was dried over CaH, and
saturated with argon prior to use. All reactions were carried out in a dry box
(H,O <1 ppm and O, < 1 ppm). The cationic ruthenium compounds used
in this study were prepared as follows: cationic ruthenium carbene
complexes with the tert-butyl-substituted phosphanes [i.e., bis(di-ters-
butylphosphino)methane (dtbpm)®#) and bis(di-ters-butylphosphino)-
ethane (dtbpe)]*’ were prepared according to literature procedures!'?!
and electrosprayed from a 10~°m solution of the triflate salts in CH,Cl,.
To study the halogen substituent effect, chloride was exchanged in situ by
treatment of complex [{(1Bu,PCH,PtBu,-x2P)CIRu=CH—CH=
C(CH,),},][OTf], with an excess of [Bu,N][Br] or [Bu,N][I] in CH,Cl,.
Complexes with cyclohexyl-substituted phosphane ligands [LCl,Ru=
CHPh] or [LCLRu=CH—CH=C(CHj;),], with L =bis(dicyclohexylphos-
phino)methane (dcpm),* bis(dicyclohexylphosphino)ethane (dcpe),***!
and bis(dicyclohexylphosphino)propane (dcpp),***! were prepared in situ
by adding a 10->m CH,Cl, solution of the corresponding ligand to a 10 m
solution of commercially available [(PCy;),CL,Ru=CHPh]*d  or
[(PCy3),CLRu=CH—CH=C(CH,),],* respectively, in CH,Cl, (reaction
conditions: r.t., 15min). The derivatives [LCL,Ru=CHAr] ([LCLRu=
CDCDs]) were also prepared in situ by adding an excess of the substituted
styrene H,C=CHAr (D,C=CDC,Djs) to a 10~>m solution of [(PCys;),C,Ru=
CHPh] in CH,Cl, (r.t., 30 min) and subsequent treatment with the ligand L
(rt., 15min). All corresponding cations [LCIRu=CHR]* ([LCIRu=
CDC,Ds]*) were formed under electrospray conditions.

Attempted in situ preparation of [(fBu,PCH,PBu,-x*P)Cl,Ru=CHPh] by
addition of dtbpm to [(PCy;),Cl,Ru=CHPh] in CH,Cl, in order to generate
the desired [(1Bu,PCH,PtBu,-«x*P)CIRu=CHPh]* ion did not show the
desired product peak in ESI-MS. As reported, a dinuclear ylide rather than
the cationic carbene complex [(1Bu,PCH,PrBu,-x?P)CIRu=CHPh]* is
formed for this rBu-substituted diphosphinomethane ligand under these
conditions.!

The cyclooctene (>99.5% (GC)) for the NMR ROMP kinetics in CD,Cl,
was obtained from Fluka, degassed and used without further purification.
NMR spectra were recorded on a Bruker DRX 500 spectrometer.
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Reactions of the Allenylidenes trans-[IrCl{=C=C=C(Ph)R}(PiPr;),] with
Electrophiles: Generation of Butatriene —, Carbene —, and Carbyne - Iridium

Complexes
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Abstract: The  allenylideneiridium()
complexes trans-[IrX(=C=C=CPh,)-
(PiPr;),] (X=Cl: 1; X=1: 2) react with
excess methyl iodide by C—C coupling
and elimination of HI to give the #7*
butatriene  compounds  frans-[IrX-
(7*-CH~=C=C=CPh,)(PiPr3),] (3, 4), of
which 3 (X=Cl) was characterized
by X-ray crystallography. Treatment
of 1 and 5 (containing C=C=C(Ph)/Bu
as the allenylidene ligand) with HCI
leads to the formation of the six-coor-
dinate hydridoiridium(ur) complexes

(Ph)R}(PiPr3),]

complexes -
iridium

Introduction

After we had shown that the Selegue method for the
preparation of transition metal allenylidenes!!! can also be
applied to the synthesis of square-planar iridium complexes
trans-[IrCl{=C=C=C(Ph)R}(PiPr;),] @ we started to investi-
gate the reactivity of these molecules. We found that the
chloride cannot only be replaced by other halides but equally
by pseudohalides such as OCN~, SCN-, or N5~ and even by
hydroxide and similar O-donor ligands. However, in contrast
to the vinylidene analogues trans-[IrCl{=C=C(Ph)R}(PiPr3),],
which react with organolithium compounds R'Li to give the
substitution products trans-[Ir(R){=C=C(Ph)R}(PiPr;),] in
excellent yields,”! our attempts to obtain the related al-
lenylidene derivatives trans-[Ir(R"){=C=C=C(Ph)R}(PiPr;),]
failed. For this reason we were unable to carry out C—C
coupling reactions, for example with CO, which in the case of
the vinylidene complexes trans-[Ir(R"){=C=C(Ph)R}(PiPr;),]
led by migratory insertion of the C=C(Ph)R fragment into the
Ir—R’ bond to substituted vinyl units.?!

[a] Prof. Dr. H. Werner, Dr. K. Ilg
Institut fiir Anorganische Chemie der Universitdt Wiirzburg
Am Hubland, 97074 Wiirzburg (Germany)
Fax: (+931)888-4623
E-mail: helmut.werner@mail.uni-wuerzburg.de
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[IrHCL,{=C=C=C(Ph)R}(PiPr3),] (6, 7)
by oxidative addition at the metal cen-
ter. In contrast, the reactions of 1 and 5
with both CF;CO,H and CF;SO;H af-
ford the four-coordinate vinylcarbene
compounds trans-[IrCl{=C(X)—CH=C-
(8-10). For X=

Keywords: allenylidene complexes -
butatriene complexes -
carbyne complexes -
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CF;CO,, in nitromethane a dissocia-
tion of the C—X bond occurs and the
cationic  iridium carbynes trans-
[IrCl{=C—CH=C(Ph)R}(PiPr;),]* are
generated. Upon addition of NaBPh,,
the stable carbyne complexes 11b (R =
Ph) and 12b (R = tBu) with BPh,~ as the
counterion were isolated in almost
quantitative yields. The X-ray crystal
structure analysis of 6 reveals that the
chloro ligands are cis and the phosphane
ligands trans disposed.

carbene

Therefore, we turned our interest to the reactivity of the
compounds  trans-[IrCl{=C=C=C(Ph)R}(PiPr;),] towards
HCI, CH;l, and other electrophiles with the particular aim
to find out whether the electrophilic substrates would
preferentially attack the electron-rich metal center or the
highly unsaturated IrC; moiety. Herein we report that both
reaction paths are possible and that, depending on the nature
of the attacking reagent, the allenylidene unit can be
converted into butatriene, carbene, and carbyne ligands.
Some preliminary results of this work have already been
communicated.X!

Results and Discussion

Preparation of iridium() complexes with an unsymmetrical
butatriene ligand: In the context of our studies on the
reactivity of rhodium-bonded cumulenylidenes, we recently
found that both trans-[RhCl{=C=C=C(Ph)R}(PiPr;),] and
trans-[RhCI(=C=C=C=C=CPh,)(PiPr;),] react with excess
diazomethane in benzene at room temperature within a
few minutes to give, via coupling of CH, with the C; or C;
unit, the butatriene and hexapentaene complexes trans-
[RhCl{n?- CH,~C=C=C(Ph)R}(PiPr;),] and trans-[RhCl-
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(17— CH;=C=C=C=C=CPh,)(PiPr3),], respectively.> ¢l Under
the same conditions, the iridium compounds 1 and 2 are
completely inert toward CH,N,. However, when we attempt-
ed to oxidatively add CH;l to the metal center of the
allenylideneiridium(r) complexes 1 and 2 by anticipating that
they might react analogously to the Vaska-type compounds
trans-[IrCl1(CO)(PR3),] (R =Me, Ph) with methyl iodide, we
discovered that CH;I behaves as a CH, source. Treatment of 1
or 2 with excess CH;l in benzene at room temperature led,
although rather slowly, to the formation of the butatriene
complexes 3 and 4 (Scheme 1) in high yield without the
presence of a base. Since the iodo compound 4 is obtained
from 2 and CH;l together with small amounts of by-products,
the more convenient procedure for the preparation of 4
consists of the salt metathesis of 3 and KI. In this case, the
yield of 4 is 81 %.

L
cl I/LC C c’Ph LS —nZc=c c/P]1
—Ir=C=C= —Ir=C=C=
/ “Ph / “Ph
L L
1 2
CH,1 | (- HI) CH,I | (- HI)
H H
C—H C—H
/L C// K1 /L C//
cl—Ir—/ I—Ir—g
L &Y L R\
3 /C—Ph 4 /C—Ph
Ph Ph

Scheme 1. L =PiPr;.

Compounds 3 and 4, which to the best of our knowledge are
the first iridium representatives with a #*-bonded butatriene
ligand, are orange, moderately air-sensitive solids, the com-
position of which has been confirmed by elemental analysis.
The stereochemical inequivalence of the protons of the CH,
unit of the butatriene is indicated by the 'H NMR and that of
the phenyl groups of the CPh, moiety by the “C NMR
spectra. The assignment of the resonances for the H,,,, and
H,,, protons follows from the work of Gladysz et al.”l who
assigned the corresponding signals of the CH, protons of
the allene complex [(7>-CsHs)Re(n*-CH,~C=CH,)(NO)-
(PPh;)|BF, based on NOE measurements. Owing to the
presence of an unsymmetrical butatriene, the C NMR
spectra of 3 and 4 display four resonances in the region
between 6 =120 to 92 for the carbon atoms of the C, chain.
Two of these signals show a P,C coupling and thus belong to
the butatriene C atoms linked to the metal. The IR spectra of
3 and 4 exhibit an intensive band at 1932 and 1928 cm~,
respectively, which is assigned to the stretching mode of the
cumulene ligand.

To substantiate the proposed stereochemistry, an X-ray
crystal structure analysis of 3 was carried out (Figure 1), which
reveals that the iridium is coordinated in a slightly distorted
square-planar fashion with the two phosphane ligands in trans
disposition. The metal is bound to the central C—C double
bond, similarly as found in some rhodium() complexes
containing symmetrical butatriene ligands.’l Although the

4634
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Figure 1. Molecular structure of 3. Principal bond lengths [A] and angles
[°]: Ir=Cl1 2.3700(12), Ir—P1 2.3535(12), Ir—P2 2.3609(12), Ir—C2 2.075(5),
Ir-C3 2.031(5), C1—C2 1.303(7), C2—C3 1.384(7), C3—C4 1.358(7); P1-Ir-P2
167.67(4), Cl-1r-P1 88.06(5), Cl-Ir-P2 87.53(5), Cl-Ir-C2 166.43(12), Cl-Ir-C3
154.18(14), P1-Ir-C2 90.58(13), P1-Ir-C3 93.89(14), P2-Ir-C2 91.01(13), P2-
Ir-C3 95.09 (14), C1-C2-C3 146.6(5), C2-C3-C4 142.2(5), C2-Ir-C3
39.38(18).

plane of the carbon atoms of the triene lies perpendicular to
the plane Cl, Ir, P1, P2 (the dihedral angle being 90.0(3)°), the
distances Ir—C2 and Ir—C3 differ by about 0.05 A. As a
consequence, the bond angles Cl-Ir—C2 and Cl-Ir-C3 are
unequal and differ by about 12°. The C, chain is bent, in
agreement with previous findings, possessing C—C—-C angles
that are similar to those in related butatrienerhodium(i)
complexes.® ) The C2—C3 distance (1.384(7) A) is slightly
longer than in other metal butatrienes,*'% which could be
explained by an increased back-donation from iridium to the
at* orbital of the olefinic C—C double bond. While the Ir—P
bond lengths are essentially the same, the P—Ir—P axis is not
exactly linear (167.67(4)°), possibly due to the unsymmetric
bonding situation of the C, unit.

As far as the mechanism of formation of the butatriene
compounds 3 and 4 is concerned, we assume that in the initial
step an oxidative addition of CH;I at the metal center takes
place to give intermediate A which is followed by the insertion
of the allenylidene unit into the Ir—CH; bond. The so-formed
intermediate B (Scheme 2) then reacts by -H shift to afford
the octahedral butatriene(hydrido)iridium(ii)) species C,
which reductively eliminates HI to yield the product. We
can not exclude, however, that the formation of C is preceded
by the generation of a thermodynamically less favored isomer
in which the terminal C=CH, bond of the butatriene is linked
to the metal. In the above-mentioned reaction of trans-
[RhCl{=C=C=C(Ph)R}(PiPr;),] with CH,N,, related trans-
[RhCl{#n?-CH,=C=C=C(Ph)R}(PiPr;),] compounds are initial-
ly formed, which upon heating in toluene to 80-90°C
rearrange to the more stable isomers trans-[RhCl-
{7*-CH,=C=C=C(Ph)R}(PiPr3),]."] There is precedence for
the first two steps shown in Scheme 2 insofar as both we and
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‘c—H
L L/
/ _Ph soe
X—Ir=C=C=C_ X—r—]
/ Ph / C
Loy, L P
s 3,4 /C—Ph
Ph
CH,1 -HI
H
c—H
H,C L H L /
Mmx rEc=c=cZ"" mx I[ z ﬁ
—Ir=C=C= —Ir—
7 “Ph G
(X
1(X) X) c—ph
A C Ph
/L /CH3 B-H shift
acsnint VX7 Ir—c\\c
IX N\
X N
B Ph
Scheme 2. L=PiPr;.
Fryzuk etal. found that the vinylidene compounds

trans-[IrCl(=C=CH,)(PiPr;),] and [Ir(=C=CH,){#n*-N-
(SiMe,CH,PPh,),}] react with methyl iodide to give
the vinyl complexes [IrCI(I){C(CH;)=CH,}(PiPr;),] and
['{C(CH;)=CH,){>-N(SiMe,CH,PPh,),}], respectively.l'" 12!
However, in these cases a subsequent $-H shift does not
occur.

Reactions of the iridium(@) allenylidenes with Brensted acids:
The reaction of the allenylidene complexes 1 and 5 with HCI
proceeds analogously to that of the structurally related
carbene derivative trans-[IrClI(=CPh,)(PiPr;),].['}] Treatment
of a solution of 1 or 5 in benzene with a solution of HClI in the
same solvent affords, after removal of the volatiles and
recrystallization of the residue from acetone at —60°C, the
hydridoiridium(i1) compounds 6 and 7 (Scheme 3) in almost
quantitative yields. The deeply colored solids are thermally
quite stable and only slightly air-sensitive. If they are dissolved
in CH,Cl, and the solution is stirred for 3—4 h, a slow reaction
to regenerate the starting materials via elimination of HCI can
be observed. Typical spectroscopic features of 6 and 7 are the
high-field resonance at 6 = —17.63 (6) and —17.11 (7) in the
'"H NMR spectra and the intense band at 1834 cm~! (6) and
1819 cm™' (7), assigned to the C=C=C stretching mode, in the
IR spectra. The ®C NMR spectra of 6 and 7 display, in
contrast to those of 1 and 5, the signal for the a-carbon atom
of the C; chain at lower field (6 =267.4 for 6 and 6 =284.4 for
7) than that of the S-carbon atom (6 =210.7 for 6 and 0 =
217.7 for 7), which reflects the different coordination number
and oxidation state of the metal in the two types of
compounds.

The molecular structure of the diphenylallenylidene (hydri-
do) complex is shown in Figure 2. The coordination geometry
around the metal center corresponds to a slightly distorted
octahedron, in which the P-Ir—P axis is somewhat bent
(166.91(15)°) towards the hydride ligand. The position of the
hydride could be located by a difference Fourier synthesis.

Chem. Eur. J. 2001, 7, No. 21
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The two chloro ligands are cis disposed, one being trans to
hydride and the other ftrans to the allenylidene unit. Like in
the starting material 1, the C1—C2 bond length is about
0.1 A shorter than the C2—C3 bond length, which suggests
that apart from the usual bonding description M=C=C=C for
allenylidene transition metal compounds a second zwitter-
ionic resonance structure M—C=C—C with a positive charge at
the a y-carbon atom and a negative charge at the metal center
has to be taken into consideration.['’ The Ir-C-C-C axis of 6 is
nearly linear with a marginal bending at C2. The ipso-carbon
atoms of the phenyl groups lie not exactly in the plane Cl1, Ir,

oy
Ha ol Il/ c=c=cZ""
—Ir=C=C=
L/| R
Cl 6,7
L L X
_Ph HX /7
cl—ir=c=c=c{ CI=F=C_ Ph
L L c=C
1 / \
»5 H R
8,9,10
(X = CF,CO,) | CH,;NO,
0,CCF.
L H "|BPh, L H TJosccr,
Z / NaBPh, /. /
Cl—k=c—C -_— Cl—k=c—C
N \\C R
L LR L ;
Ph Ph
11b, 12b 11a, 122
B Ix =
1,6,11a,b | Ph 8 | O,CCF, Ph
5,7,12a,b | fBu 9 | 0,CCF, 1Bu
10 | OSO,CF; Ph

Scheme 3. L =PiPr;.

Figure 2. Molecular structure of 6. Principal bond lengths [A] and angles
[°]: Ir—Cl11 2.407(4), Ir—CI2 2.478(4), Ir—P1 2.383(4), Ir—P2 2.373(4), Ir—C1
1.877(15), C1—C2 1.249(19), C2—C3 1.349(19); C1-Ir-P1 91.5(4), C1-Ir-P2
91.3(4), C1-Ir-Cl1 176.8(4), C1-Ir-CI2 94.3(4), Cl11-Ir-P1 88.45(14), Cl1-Ir-P2
88.09(13), Cl1-Ir-CI2 88.88(16), Cl2-Ir-P1 96.46(15), ClI2-Ir-P2 96.09(14),
P1-Ir-P2 166.91(15), Ir-C1-C2 178.7(13), C1-C2-C3 176.0(15).
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P1, P2, C1, the dihedral angle between this plane and the
plane C10, C3, C20 being 10.9(1)°. Another noteworthy
feature is that the Ir—CI2 distance is about 0.07 A longer than
the Ir—CI1 distance, which is probably due to the different
trans influence of the hydrido and the allenylidene ligand.

In contrast to the reactions of 1 and 5 with HCI, those of the
same starting materials with CF;CO,H and CF;SO;H take a
different course. Treating a solution of one equivalent of 1 or §
in benzene with one equivalent of the corresponding acid at
room temperature leads to a rapid change of color from red to
brown-yellow or brown and finally to the isolation of
crystalline compounds 810 (see Scheme 3) which, however,
are not iridium(i11) but iridium() complexes. The IR spectra of
the products confirm that an allenylidene ligand is no longer
present and that, in the case of 8 and 9, the trifluoroacetate
behaves as a substituent linked to the C; unit. Therefore, we
conclude that both CF;CO,H and CF;SO;H substrates react
like nucleophiles HNu (Nu=OR, SR, NR,) with 1 and 5 and
afford, via addition of the proton to the 5-C and of the acid
anion to the a-C atom of the allenylidene unit, the carbene
derivatives 8 —10.1'° The isolated yield of these compounds is
85-90%.

The spectroscopic data of §—10 are in good agreement with
the proposed structure shown in Scheme 3. The *C NMR
spectra display one low-field resonance around 6 =240-242
which is split into a triplet due to P,C coupling. The
corresponding signal of other Fischer-type carbeneiridium(t)
compounds, of which only a few examples are known,['” lies in
a similar region. The CH=C(Ph)R vinyl proton of 8-10
resonates between  =2.76 (for 8) and 3.77 (for 10) and, owing
to NOE spectra of 9, there is no doubt that in this case the
CH= proton is cis disposed to the group R. It should be
mentioned that the reactions of 1 and 5 with either HBF, or
HBATrf, (Arf =2,6-(CF;),C¢H;) led to a mixture of products
which could not be separated by fractional crystallization or
column chromatography. The behavior of the allenylidene
complexes is thus different to that of the structurally related
iridium carbene trans-[IrCl(=CPh,)(PiPr;),], which reacts
with HBF, to give the stable five-coordinate cation
[IrHCI(=CPh,)(PiPr;),]* .

While compounds 8 and 9, if dissolved in benzene, are non-
electrolytes, solutions of the same carbene complexes in
CH,Cl, and CH;NO, exhibit a significant conductivity. The A
values in nitromethane are 47 cm’Q~'mol~! for 8 and
51 cm?Q~'mol~! for 9 and this suggests a nearly complete
dissoziation of the neutral compounds into the ionic species
[IrC{=CCH=C(Ph)R}(PiPr;),]" and CF;CO, . The formation
of the carbyneiridium cations is not only indicated by the
conductivity measurements but also by the 'H, 3C, and 3'P
NMR data (for details see Experimental Section). Since in
solution the carbyne —metal cations and the trifluoroacetate
anion are in equilibrium with the undissociated carbene
complexes, our attempts to isolate saltlike products of the
general composition [[rC{=CCH=C(Ph)R}(PiPr;),]CF;CO,
(11a,12a) failed.

However, the cationic iridium carbynes can be trapped if
the starting materials 8 and 9 are dissolved in methanol and
one equivalent of NaBPh, is added. Partial evaporation of the
solvent and cooling of the concentrated solution to —60°C

4636 ——
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leads to the precipitation of brown solids 11b and 12b, the
composition of which has been substantiated by elemental
analyses and conductivity measurements. The C NMR
spectra of 11b and 12b display a triplet resonance for the
carbyne carbon atom at 6 =238.8 (11b) and 239.6 (12b), and
the '"H NMR spectra a signal for the vinyl proton at 6 =2.24
(11b) and 2.61 (12b). These chemical shifts are quite similar
to those of the carbyne(hydrido)osmium(il) complexes
[OsHCL,(=CCH=CMe,)(PR;),] (R=iPr, Cy) which were
obtained from six-coordinate hydridoosmium(v) precursors
and terminal alkynes.['> 11 We note that two relatives of 11b
and 12b with the general composition trans-[IrCl(=CCH,R)-
(PiPr;),]|BF, (R=H, Ph) are known and have been prepared by
protonation of the iridium vinylidenes trans-[IrCl(=C=CHR)-
(PiPr;),] with HBF,.

In the presence of bases, not only the O-functionalized
carbene compounds 8—-10 but also the carbyne complexes
11b and 12b eliminate HX and regenerate the allenylidene-
iridium(1) precursors. Although the reaction of 11b or 12b, for
example with NEt;, is considerably slower than that of 8§-10,
both the carbene and the carbyne complexes can only be
stored (under argon at 0°C) for days if basic substrates are
absent. It seems to be generally true that alkyl and vinyl
protons of cations [M(ZCCH,R)(L),]" and [M(=CCH=CR,)-
(L),]* are highly acidic and easily dissociate upon addition of
even weak bases.[17 18211

Conclusion

The present investigations have shown that the allenylidene
ligands of the complexes trans-[IrCl{=C=C=C(Ph)R}(PiPr;),]
are useful building blocks to generate butatriene, carbene, and
even carbyne units in the coordination sphere of the metal
center. The different types of reactions, which are summarized
in Schemes 1-3, convincingly illustrate that the four-coordi-
nate iridium() allenylidenes are good nucleophiles and in
some respect behave similarly to the structurally related
carbonyl, carbene, and vinylidene derivatives. The remark-
able feature, however, is that the attack of the electrophile can
be directed either to the metal or the cumulenylidene ligand
and it is hard to predict (if, for example, HCI and CF;CO,H
are compared) which site for attack is preferred.

Two results should become the focus of particular attention.
The first is, that methyl iodide behaves as a source of CH,,
even in the absence of a Brgnsted base. This is in contrast
to the reactivity of the rhodium analogues trans-
[RhCl{=C=C=C(Ph)R}(PiPr;),], which upon treatment with
CHj;I afford corresponding butatriene complexes only in the
presence of Na,CO;.Pl A possible explanation is that due to
the higher electronegativity of 5d compared with 4d metals
the hydrogen atoms of the Ir—CH; fragment are more acidic
and thus the deprotonation followed by the elimination of HI
is facilitated.

The second relevant result is the ease of formation of
carbyne complexes from allenylidene precursors. Taking the
two most recent reviews on the chemistry of transition metal
allenylidenes into account,’<l only one example is known
describing the conversion of a M=C=C=CR, into a (cationic)
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M=CC(E)=CR, unit.”?l We note that there is ample evidence
for the addition of substrates HX to the C,—C; bond of a
M=C=C=CR, chain to form a metal carbene M=C(X)-
CH=CR, but apparently X must be an excellent leaving
group in order to convert the carbene into a carbyne ligand.
An easy conversion occurs for the classical Fischer-type
carbenes [Cr{=C(X)NEt,}(CO)s] (X=Cl, Br, I) into the
corresponding carbynes [CrX(=CNEt,)(CO),] but in this case
a CO ligand is eliminated and the stable trans-disposed
fragment X—Cr=CNEt, is formed.>!

Experimental Section

All experiments were carried out under an atmosphere of argon by Schlenk
techniques. The starting materials 1, 2, and 5 were prepared as described in
the literature.>?Y NMR spectra were recorded at room temperature on
Bruker AC 200 and Bruker AMX 400 instruments, IR spectra on a IFS 25
FT-IR infrared spectrometer. Coupling constants N and J are given in
Hertz. Abbreviations used: s: singlet; d: doublet; t: triplet; m: multiplet; v:
virtual coupling; br: broadened signal; N =3/(P,H) + J(PH) or 'J(P,C) +
3J(P,C). Melting points were measured by differential thermal analysis
(DTA).

Preparation of frans-[IrCl(n*-H,C=C=C=CPh,)(PiPr;),] (3): A solution of
1 (50 mg, 0.07 mmol) in benzene (10 mL) was treated with an excess of
methyl iodide (100 pL, 1.58 mmol) and stirred for 30 h at room temper-
ature. The volatiles were removed in vacuo, the residue was dissolved in
acetone (2 mL), and the solution was stored for three days at —78°C.
Orange crystals precipitated, which were separated from the mother liquor,
washed with small portions of pentane and dried in vacuo; yield 42 mg
(82%); m.p. 154°C (decomp); IR (KBr): v(C=C=C=C)=1932cm™;
'H NMR (C¢Dg, 200 MHz): 6 =9.04, 7.82 (both m, 2 H each; ortho-H of
C¢Hs), 7.37, 7.10 (both m, 6 H; meta- and para-H of C¢Hs), 5.48 (br s, 1H;
endo-H of CH,), 4.90 (br s, 1H; exo-H of CH,), 2.58 (m, 6H; PCHCHs;),
1.29 (dvt, N=13.4, J(HH) =6.7 Hz, 18H; PCHCH;), 1.13 (dvt, N=13.1,
J(H,H) =6.7 Hz, 18H; PCHCH5;); *C NMR (C¢Dy, 50.3 MHz): 6 =142.0,
132.1 (both s; ipso-CsHs) 128.9, 128.4, 1275, 126.9, 126.3, 126.2 (all s; C¢Hs),
120.6 (t, J(P,C)=3.1 Hz; I—C), 119.5 (br s; =CPh,), 116.6 (t, J(P,C)=
3.6 Hz; Ir—C], 92.4 (br s; =CH,), 22.3 (vt, N=25.6 Hz; PCHCHs;), 20.7,
19.4 (both s; PCHCH;); 3P NMR (C¢D4, 81.0 MHz): 6=20.4 (s);
elemental analysis (%) for C3Hs,ClrP, (752.4): caled: C 54.27, H 7.23;
found: C 53.98, H 7.04.

Preparation of trans-[Irl(n?-H,C=C=C=CPh,)(PiPr;),] (4): A solution of 3
(52 mg, 0.07 mmol) in acetone (10 mL) was treated with an excess of KI
(116 mg, 0.70 mmol) and stirred for 14 days at room temperature. The
solvent was removed in vacuo, the residue was extracted with pentane
(50 mL), and the extract was evaporated to dryness in vacuo. The
remaining oily solid was dissolved in acetone (2mL) and the solution
was stored for three days at —78°C. Orange crystals precipitated, which
were separated from the mother liquor, washed with small portions of
pentane and dried in vacuo; yield 47 mg (81 %); m.p. 126 °C (decomp); IR
(C¢Hy): v(C=C=C=C)=1928 cm™!; '"H NMR (C(D,, 200 MHz): ¢ =8.49,
7.71 (both m, 2 H each; ortho-H of CHs), 7.28, 6.98 (both m, 6 H; meta- and
para-H of C¢Hs), 5.25 (br s, 1 H; endo-H of CH,), 4.77 (br s, 1 H; exo-H of
CH,), 2.84 (m, 6H; PCHCH,;), 1.27 (dvt, N=13.5, J(H,H) =6.9 Hz, 18H;
PCHCHj), 1.16 (dvt, N=12.8,J(H,H) = 6.9 Hz, 18 H; PCHCH;); *C NMR
(C¢Dg, 50.3 MHz): 6 =141.9, 140.9 (both s; ipso-C¢Hs) 133.3, 130.8, 128.8,
128.4,126.5,126.4 (all s; C4Hs), 120.6 (t, J(P,C) = 3.7 Hz; Ir—C), 120.0 (br s;
=CPh,), 113.7 (t, J(P,C) =3.8 Hz; Ir—C), 92.4 (br s; =CH,), 23.1 (vt, N=
26.8 Hz, PCHCHj;), 20.8, 20.3 (both s; PCHCH;); *'P NMR (C¢D,
81.0 MHz): 6 =15.6 (s); elemental analysis (%) for CsHs,IIrP, (843.9):
caled: C 48.39, H 6.45; found: C 48.61, H 6.31. Compound 4 was also
obtained upon stirring a solution of 2 (62 mg, 0.07 mmol) and CH;l
(100 pL, 1.58 mmol) in benzene (10 mL) for 6 h at room temperature. The
'H and *'P NMR spectra of the reaction mixture showed that apart from
some unidentified byproducts, the major component was 4; yield (by
NMR) about 90 %.

Preparation of [IrHCL,(=C=C=CPh,)(PiPr;),] (6): A solution of 1 (45 mg,
0.06 mmol) in benzene (10 mL) was treated dropwise with a 0.1 M solution
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of HCI in benzene (0.7 mL, 0.07 mmol) and stirred for 5 min at room
temperature. A gradual change of color from red to red-brown occurred.
The solvent was removed in vacuo, the residue was dissolved in acetone
(2 mL), and the solution was stored for 24 h at —60°C. Dark red crystals
precipitated, which were separated from the mother liquor and dried in
vacuo; yield 44 mg (94 %); m.p. 124°C (decomp); IR (CH,CL): v(IrH) =
2210, v(C=C=C)=1834 cm™!; 'H NMR (CD,Cl,, 400 MHz): 6 =7.92 (m,
4H; ortho-H of C¢Hs), 7.86 (m, 2H; para-H of C¢Hs), 7.34 (m, 4H; meta-H
of C¢Hs), 2.64 (m, 6 H; PCHCHj;), 1.29, 1.24 (both dvt, N=14.4, J(HH) =
6.5 Hz, 18H each; PCHCH;), —17.63 (t, J(PH)=11.6 Hz, 1H; Ir—H);
3C NMR (CD,Cl,, 100.6 MHz): 6 =267.4 (t, J(P,C) =8.7 Hz, =C=C=C),
210.7 (br s; I=C=C=C), 164.1 (s; I=C=C=C), 149.1 (s; ipso-C¢Hs), 130.9,
129.2, 1275 (all s; C¢Hs), 24.0 (vt, N=24.5 Hz; PCHCH,), 18.2, 18.1 (both
s; PCHCH;); 3'P NMR (CD,Cl,, 162.0 MHz): 6 =11.6 (s); elemental
analysis (%) for Cy;Hs;CLIrP, (774.8): caled: C 51.15, H 6.89; found: C
51.31, H 7.00.

Preparation of [IrHCL{=C=C=C(Ph)Bu}(PiPr;),] (7): This compound
was prepared as described for 6, from 5 (60 mg, 0.08 mmol) and a 0.1m
solution of HCI in benzene (0.9 mL, 0.09 mmol). Olive-green solid; yield
60mg (95%); m.p. 86°C (decomp); IR (CH,Cl,): v(IrH)=2255,
v(C=C=C)=1819cm'; '"H NMR (C(D,, 400 MHz): 6 =745 (m, 2H;
ortho-H of C;Hs), 717 (m, 1H; para-H of C¢Hs), 6.94 (m, 2H; meta-H of
C¢Hs), 2.68 (m, 6H; PCHCH,), 1.32, 1.24 (both dvt, N=13.8, J(H.H) =
6.9 Hz, 18H each; PCHCH,), 1.18 (s, 9H; C(CHa),), — 17.11 (t, J(PH) =
12.3 Hz; Ir-H); 3C NMR (C;D, 100.6 MHz): 6 =284.4 (t, J(P,C) =8.1 Hz;
I=C=C=C), 217.7 (br s; I=C=C=C), 178.7 (s; I=C=C=C), 153.3 (s; ipso-
CsHs), 128.5,125.8, 125.4 (all s, C¢Hs), 52.9 (s; C(CHs)s), 27.9 (s; C(CHs);),
24.9 (vt, N=26.4 Hz; PCHCH,), 19.5, 19.4 (both s; PCHCH;); 'P NMR
(C¢Dg, 162.0 MHz): 6 =9.5 (s); elemental analysis (%) for C;Hs;CLIrP,
(754.9): caled: C 49.33, H 7.61; found: C 49.61, H 7.45.

Preparation of trans-[IrC{=C(O,CCF;) CH=CPh,}(PiPr;),] (8): A solution
of 1 (127 mg, 0.17 mmol) in benzene (10 mL) was treated with CF;CO,H
(13 pL, 0.17 mmol) and stirred for 5 min at room temperature. A change of
color from red to yellow-brown occurred. The solvent was removed in
vacuo, pentane (20 mL) was added, and the mixture was irradiated in an
ultrasonic bath for 10 min. A yellow-brown solid was formed, which was
separated from the mother liquor and dried in vacuo; yield 128 mg (88 % );
m.p. 114°C (decomp); IR (CH,CL): v(OCO),=1659, v(OCO)y,=
1389 cm~!; '"H NMR (C4Dy, 400 MHz): 6 =7.66, 743, 7.35, 7.25, 7.06 (all
m, 10H; C¢Hs), 2.76 (s, 1 H; CH=CPh,), 2.48 (m, 6 H; PCHCHs;), 1.12 (dvt,
N=14.7, J(HH) =73 Hz, 36 H; PCHCH,); *C NMR (C4D;, 100.6 MHz):
0=2405 (t, J(P,C)=9.2Hz; Ir=C), 195.8 (s, CPh,), 160.1 (q, J(FC)=
34.6 Hz; CO,CF;), 138.9, 138.8 (both s; ipso-C4Hs), 132.2, 130.7, 130.2,
129.8, 128.8, 128.4, 128.2 (all s; CsHs and CH=CPh,), 113.4 (q, J(F.C)=
286.1 Hz; CO,CF;), 26.5 (vt, N=27.5 Hz; PCHCH;), 19.8 (s; PCHCH,); F
NMR (C¢Dy, 376.0 MHz): 6 = —75.2 (s); P NMR (C4Dy, 162.0 MHz): § =
50.2 (s); elemental analysis (%) for C;Hs;CIF;IrO,P, (852.4): caled.: C
49.32, H 6.27; found: C 49.12, H 6.51.

Preparation of trans-[IrCl{=C(0,CCF;)CH=C(Ph)Bu}(PiPr;),] (9): This
compound was prepared as described for 8, from 5 (100 mg, 0.14 mmol) and
CF;CO,H (11 pL, 0.14 mmol) in benzene (10 mL). Pale brown solid; yield
105 mg (91%); m.p. 114°C (decomp); IR (CH,CL,): v(OCO),,=1658,
v(OCO)y, =1390cm™'; '"H NMR (C¢Dg, 400 MHz): 6 =726 (m, 3H;
ortho- and para-H of C¢Hs), 6.98 (m, 2H; meta-H of CHs), 2.65 (s, 1H;
CH=C(Ph)Bu), 2.48 (m, 6H; PCHCH;), 1.11 (dvt, N=15.0, JHH)=
74Hz, 36H; PCHCH;), 097 (s, 9H; C(CH;);); C NMR (CsDy,
100.6 MHz): 6=241.4 (t, J(P,C)=8.1Hz; Ir=C), 183.1 (s, C(Ph)Bu),
160.2 (q, J(F,C)=38.7 Hz; CO,CF;), 138.4 (s; ipso-C¢Hs), 132.2, 130.6,
129.0, 126.3 (all s; C¢Hs and CH=C(Ph)¢Bu), 116.9 (q, J(F,C) =289.0 Hz;
CO,CF;), 413 (s; C(CHs);), 28.6 (s; C(CH,);), 26.6 (vt, N=27.5 Hz;
PCHCH;), 19.8 (s, PCHCH,;); "F NMR (C4Dg, 376.0 MHz): 6 =—75.3
(s); *'P NMR (CyDy, 162.0 MHz): 6 =51.7 (s); elemental analysis (%) for
C33Hs, CIF;IrO,P, (832.4): caled: C 7.62, H 6.90; found: C 4725, H 6.59.
Preparation of trans-[IrCl{=C(OSO,CF;)CH=CPh,}(PiPr;),] (10): This
compound was prepared as described for 8, from 1 (103 mg, 0.14 mmol) and
CF;SO;H (12 pL, 0.14 mmol) in benzene (10 mL). Red-brown solid; yield
107mg (85%), m.p. 286°C (decomp); IR (CH,CL,): v(S=0O),,= 1389,
V(§5=0)yym =1279 cm™'; 'TH NMR (C¢Dg, 400 MHz): 6 =7.82, 7.48 (both m,
2H each; ortho-H of C¢Hs), 7.25,7.21, 7.05 (all m, 2 H each; meta- and para-
H of C¢Hs), 3.77 (s, 1H; CH=CPh,), 2.50 (m, 6 H; PCHCHy,), 1.15 (dvt, N =
13.7, J(H,H) =7.6 Hz, 36 H; PCHCH5); '*C NMR (C¢Dy, 100.6 MHz): 6 =
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242.3 (t, J(P,C) =8.9 Hz; I=C), 195.7 (s; CPh,), 139.0, 138.2 (both s; ipso-
C¢Hs), 132.2, 130.8, 130.2, 130.1, 128.5, 128.4 (all s; C;Hs and CH=CPh,),
1219 (q, J(F.C)=318.6Hz; CFy), 26.6 (vt, N=275Hz; PCHCH,),
200 (s, PCHCH;); “F NMR (C,Ds, 3760 MHz): 6=-776 (s);
SIP NMR (C¢Dg, 162.0 MHz): 6 =53.4 (s); elemental analysis (%) for
C35H;s5CIF;IrO5P,S (902.5): caled: C 45.96, H 6.01, S 3.61; found: C 45.56, H
5.64, S 3.85.

Generation of trans-[IrCI(=CCH=CPh,)(PiPr;),]0,CCF; (11a): Com-
pound 8 (43 mg, 0.05 mmol) was dissolved in nitromethane (2 mL) and
after stirring for 2 min the molar conductivity was measured. The value
A =47 cm?*Q~'mol~! indicated that by cleavage of the C-OC(O)CF; bond
most of the starting material was converted to an 1:1 electrolyte.
Spectroscopic data for the cation: 'H NMR (CD;NO,, 400 MHz): 6 =
7.77, 7.70 (both m, 2H each; ortho-H of C¢Hs), 7.64, 7.60, 7.55, 7.50 (all m,
6H; meta- and para-H of CHs), 2.88 (m, 6H; PCHCH,), 2.63 (s, 1H;
CH=CPh,), 1.40 (dvt, N=15.0,/(H,H) = 7.3 Hz, 36 H; PCHCH,); *CNMR
(CD;3;NO,, 100.6 MHz): 6 =241.3 (t, J(P,C) =8.6 Hz; I=C), 197.6 (s; CPh,),
140.1, 139.6 (both s; ipso-C4Hs), 134.4,134.2, 133.5, 131.7,130.7, 130.6, 130.4,
129.3 (all s; C4Hs and CH=CPh,), 27.4 (vt, N=28.5 Hz; PCHCHj;), 20.1 (s;
PCHCH5;); P NMR (CD;NO,, 162.0 MHz): 6 =50.4 (s).

Preparation of trans-[IrCI(=CCH=CPh,)(PiPr;),]BPh, (11b): A solution
of 8 (128 mg, 0.15 mmol) in methanol (15 mL) was treated with NaBPh,
(51 mg, 0.15 mmol) and stirred for 2 h at room temperature. The solution
was concentrated to 3 mL in vacuo and stored for 16 h at —60°C. A dark
brown solid precipitated, which was separated from the mother liquor,
washed with small portions of methanol and dried in vacuo; yield 141 mg
(89%); m.p. 34°C (decomp); '"H NMR (CD,Cl,, 400 MHz): 6 =7.63, 7.49,
7.39 (all m, 10H; C¢Hs), 7.35 (m, 8 H; ortho-H of BC;Hs), 7.05 (m, 8 H; meta-
H of BC¢Hjs), 6.89 (m, 4H; para-H of BC(Hs), 2.80 (m, 6H; PCHCHs;), 2.24
(s, 1H; CH=CPh,), 1.39 (dvt, N=15.0, J(H,H) =7.3 Hz, 36 H; PCHCH});
3C NMR (CD,Cl,, 100.6 MHz): 6 =238.8 (t, J(P,C) =9.2 Hz; I=C), 164.4
(q, J(B,C) =48.8 Hz; ipso-BC4Hs), 162.0 (s; CPh,), 139.0, 138.5 (both s;
ipso-C¢Hs), 136.3 (s; meta-BC¢Hs), 134.2, 134.0, 131.0, 130.4, 130.0, 129.6,
128.6 (all s; C4Hs and CH=CPh,), 125.9 (q, J(B,C) = 3.0 Hz; ortho-BCHs),
122.0 (s; para-BC¢Hs), 26.8 (vt, N=27.5 Hz; PCHCH};), 20.1 (s; PCHCHs;);
3P NMR (CD,Cl,, 162.0 MHz): 6 =50.6 (s); elemental analysis (%) for
Cs;H,;BCIIrP, (1057.8): caled.: C 64.72, H 6.96; found: C 64.95, H 6.99; A =
61 cm?’Q~'mol~! (CH;NO,).

Generation of trans-[IrCI=ECCH=C(Ph)rBu}(PiPr;),]0,CCF; (12a):
Compound 9 (42 mg, 0.05 mmol) was dissolved in nitromethane (2 mL)
and after stirring for 2 min the molar conductivity was measured. The value
A =51 cm?Q'mol~! indicated that by cleavage of the C-OC(O)CF; bond
most of the starting material was converted to an 1:1 electrolyte.
Spectroscopic data for the cation: 'H NMR (CD;NO,, 400 MHz): 6 =
7.83 (m, 3H; ortho- and para-H of C¢Hs), 7.61 (m, 2H; meta-H of CsHj),
3.32 (s, 1H; CH=C(Ph)rBu), 3.14 (m, 6H; PCHCHj), 1.70 (dvt, N=15.0,
J(H,H)=73Hz, 36H; PCHCH;), 149 (s, 9H; C(CH,);); “C NMR
(CD3;NO,, 100.6 MHz): 0=243.6 (t, J(P.C)=9.2Hz; I=C), 1844 (s;
C(Ph)rBu), 140.2 (s; ipso-C4Hs), 133.8, 132.2, 130.2, 128.1 (all s; C¢Hs and
CH=C(Ph)rBu), 42.7 (s; C(CHs3);), 29.6 (s; C(CH,);), 28.1 (vt, N=28.5 Hz;
PCHCH;), 20.9 (s; PCHCH;); 3'PNMR (CD;NO,, 162.0 MHz): 6 =51.8
(s).

Preparation of trans-[IrCl{=C—CH=C(Ph)¢Bu}(PiPr;),|BPh, (12b): This
compound was prepared as described for 11b, from 9 (90 mg, 0.11 mmol)
and NaBPh, (37 mg, 0.11 mmol) in methanol (20 mL). Brown solid; yield
94 mg (84 %); m.p. 78°C (decomp) 'H NMR (CD,Cl,, 400 MHz): é =7.47
(m, 1H; para-H of C¢Hs), 7.37 (m, 2 H; meta-H of C¢Hs), 7.25 (m, 8 H; ortho-
H of BC¢Hs), 7.04 (m, 2H; ortho-H of C¢Hs), 6.96 (m, 8H; meta-H of
BC¢H;), 6.80 (m, 4H; para-H of BC¢Hs), 2.67 (m, 6H; PCHCHj,), 2.61 (s,
1H; CH=C(Ph)tBu), 1.39 (dvt, N=15.2, J(H,H) =74 Hz, 36 H; PCHCH,),
1.07 (s, 9H; C(CH;);); “C NMR (CD,Cl,, 100.6 MHz): 6=239.6 (t,
J(P,C)=28.1 Hz; Ir=C), 181.6 (s; C(Ph):Bu), 163.6 (q, J(B,C)=49.8 Hz;
ipso-BC¢Hs), 1375 (s; ipso-C¢Hs), 135.5 (s; meta-BCHs), 131.2, 130.4,
128.5, 125.5 (all s; CHs and CH=C(Ph):Bu), 125.1 (q, J(B,C)=3.0 Hz;
ortho-BCHs), 121.2 (s; para-BC¢Hs), 40.8 (s; C(CH,);), 28.1 (s; C(CH,)s3),
26.0 (vt, N=274 Hz; PCHCH,), 19.3 (s; PCHCH,); 3'P NMR (CD,Cl,,
162.0 MHz): 0=52.0 (s); elemental analysis (%) for CssH;;BClItP,
(1037.9): caled.: C 63.65, H 748; found; C 6393, H 720; A=
72 cm?Q~'mol~! (CH5NO,).
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X-ray structure determination of compounds 3 and 6: Single crystals of 3
were grown from a saturated solution in dichloromethane at 5°C, and those
of 6 from a saturated solution in acetone at —60°C. Crystal data collection
parameters are summarized in Table 1. Intensity data were corrected for
Lorentz and polarization effects and an empirical absorption correction
was applied for 6 (1-scans). The structures were solved by direct methods
(SHELXS-97).%1 Atomic coordinates and anisotropic thermal parameters
of the non-hydrogen atoms were refined by the full-matrix least-squares
method (SHELXL-97).2%1 Except for Hla and H1b the positions of all
hydrogen atoms of 3 were calculated according to ideal geometry (distance
C—-H=0.95 A) and used only in structure factor calculation. For 6 the
hydride ligand was found in a differential fourier synthesis and refined with
fixed U.q. The positions of the other hydrogen atoms of 6 were calculated
according to ideal geometry and used only in structure factor calculation.*’]

Table 1. Crystal structure data of compounds 3 and 6.

3 6
formula C;,H,ClIrP, C3;3Hs;CIP,Ir
molecular mass 752.36 774.79
crystal size [mm] 0.20 x 0.18 x 0.14  0.21 x 0.16 x 0.13
crystal system triclinic monoclinic
space group PI1 (no. 2) P2/n (no. 14)
a[A] 9.0077(13) 12.154(3)
b[A] 12.329(16) 22.781(2)
c[A] 15.757(2) 12.410(3)
a ] 90.468(16) 90.0
AN 95.025(17) 91.960
v [°] 95.843(16) 90.0
vV [A3 1706.3(4) 3434.6(10)
zZ 2 4
Peatea [gem™] 1.464 1.498
diffractometer Stoe IPDS Enraf-Nonius CAD 4
radiation (graphite-monochromated) Mo, (0.71073 A) Moy, (0.71073 A)
T [K] 173(2) 173(2)
u [mm~!] 4.105 4.156
transmission min. [%] 88.00
scan method ¢ scans /0
26 (max) [°] 50.00 50.14
total reflections 11626 6542
unique reflections 5660 6034
observed reflections 4895 3677

[1>20(1)] [I>20(1)]
parameters refined 364 356
R, 0.0278 0.0697
WR, 0.0687 0.1725
GOF 1.021 1.010
reflection/parameter ratio 15.54 16.95

residual electron density [eA 7]

+1.269/-1.024  +1.484/—-2.107
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Photo- and Radiation-Chemical Formation and Electrophilic and Electron
Transfer Reactivities of Enolether Radical Cations in Aqueous Solution

Klaus Bernhard,!®! Judith Geimer,”! Moises Canle-Lopez,'*! Johannes Reynisson,!?!
Dieter Beckert, ! Rolf Gleiter,!! and Steen Steenken*?!

Abstract: In aqueous solution, enoleth-
er radical cations (EE ") were generated
by photoionization (4 <222 nm) or by
electron transfer to radiation-chemically
produced oxidizing radicals. Like other

reactivity of these electron donors
with the radical cation of cis-1,2-
dimethoxyethene't (DME") can be
described by the Marcus equation
with the reorganization energy A=

16.5 kcal mol L. By equilibrating DME*
with the redox standard 1,2,4-trimethoxy-
benzene, the reduction potential of
DME"" is determined to be 1.08+
0.02 V/INHE. The oxidizing power of

radical cations, the EE* exhibit electro-
philic reactivity with respect to nucleo-
philes such as water or phosphate as well
as electron transfer reactivity, for exam-
ple, towards one-electron reductants
such as phenols, amines, vitamins C
and E, and guanine nucleosides. The

lations -
netic resonance

potential

Introduction

Enolether radical cations (EE*") are of interest because
a) they belong to the simplest mt-type systems and b) because
they are formed in heterolytic 3-fragmentation reactions!'
involving a-alkoxyalkyl radicals, the best-known and most
important example being the C4'-radical in DNA, whose
heterolysis?>*l is shown in Scheme 1, step a.

From the products isolated, it was concluded? that the
radical cation reacts as an electrophile (Scheme 1, step b). The
other characteristic, “classical” reaction of radical cations,
that is, to act as one-electron acceptors (oxidants),”! was
discovered in the enolether case almost twenty years later
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the radical cation of 2,3-dihydrofuran,
which can be considered a model for the
enolether formed on strand breakage of
DNA, is estimated to be in the range

1.27-1.44 V/INHE.
redox

when it was found that this type of reaction occurs intra-
molecularly in DNA,* 9l whereby the most easily oxidized
nucleobase,l”! guanine, serves as the electron donor as shown
in Scheme 2.

Of course, the nucleophilic addition of water (Scheme 1,
step b) competes with this electron transfer reaction. Herein,
we try to answer the obvious question as to the dependence on
the structure obtained on the electrophilic or one-electron-
transfer properties of a family of enolether radical cations,
produced in aqueous solution by photo- or radiation-chemical
techniques.®! In two cases, also a third reaction channel of
radical cations, deprotonation, was observed to take place.

Results and Discussion

The cyclic and open-chain enolethers (EE) studied are
presented in Scheme 3. In aqueous solution, the enolether
function has an absorption band at 195-205 nm (see Figure 1
for an example), which has been interpreted® as originating
from a mw—s* transition.

Gas-phase ionization potentials

Gas-phase ionization potentials of EE, as measured by using
photoelectron spectroscopy (PES), are collected in Table 1.
The data in Table 1 reveal there is a drastic decrease in
ionization potential (IP) on going from an alkene to an
enolether. The phenyl group on the double bond reduces the

0947-6539/01/0721-4640 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 21
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Scheme 1. Heterolysis of the C4’ radical in DNA. See text for details.
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Scheme 2. Reaction of radical cations as one-electron acceptors that
occurs intermolecularly in DNA.

IP considerably. A somewhat weaker but still visible effect is
exerted by a second alkoxy group on the double bond, such as
in dimethoxyethene or 2,3-dihydro-1,4-dioxin. As expected,
the IPs also decrease with methylation at the olefinic bond, as
seen from the couple tert-butoxyethene/ethyl-1-propenylether
and from the dihydrofuran (DHF) family. With the latter, the
position of the methyl group on the double bond has no
influence on the IP (which is in contrast to the effect on the
lifetime of the corresponding radical cation, see column 5 of
Table 1). Going from the five-membered ring (furan) to the
six-membered pyran ring, the IP decreases, but the effect of
the endocyclic methylene group is smaller than that of an
exocyclic methyl group (see DHF family). Very strong is the
effect of replacing hydrogen atoms by the electron-with-
drawing (inductive effect) OH groups (compare dihydropyr-
an/galactal).

Production of radical cations EE*

Photoionization of enolethers: Photolyzing aqueous solutions
of enolethers with the 20 ns pulses from a 193 nm or 222 nm
excimer laser generated strong signals from the hydrated
electron, e~,,. Examples for this are shown in Figure 2 and
Figure 3, in which the broad band extending up and above
700 nm is that of e 4, as was confirmed by reaction with
typical electron scavengers such as O,, 2-chloroethanol (see
Figure 3), or chloromethane.

Chem. Eur. J. 2001, 7, No. 21
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In the experiments subse-
quently described, photolysis
with 222 nm light was preferred
over that of 193 nm (only) be-
cause at 222 nm photoioniza-
tion can be performed in the
presence of e~ scavengers such
as chloroalkanes which is not
possible at 193 nm due to their
strong absorption at this wave-
length.

At 193 and 222 nm, for all the
enolethers the yield of e, in-
creased linearly with increasing
laser power (see inset of Fig-
ure 3 for examples); the photo-
ionization process requires just
one photon, that is, it is mono-
photonic. This was the case
even for the least easily ionized
enolether studied, namely tert-
butoxyethene which has a gas-

nucleophilic addition of
water

><o/\ e YA o

tert-butoxyethene  ethyl-1-propenylether ~@-methoxystyrene

O

4,5-dihydro-2-methylfuran

O

O

2,3-dihydrofuran;

0.

( \jj

4,5-dihydro-3-methylfuran; 4,5-dihydro-2,3-dimethylfuran

o o H
OH
OH
3,4-dihydro-2 H-pyran D-galactal

O O
o H Et-O £t
2,3-dihydro-1,4-dioxin cis-dimethoxyethene

tetraethoxyethene

Scheme 3. Cyclic and open-chain enolethers discussed in this study.
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Table 1. Ionization potentials, photoionization quantum yields @(e~) of enolethers (EE), and formation (by Br,*~) and decay rates of EE** in water.

EE [Plal D Vmm®  k(Bry~ + EE)  k(EE* + H,0) [s]

[eV] [M~'s7!] at 20+ 2°C (from conductance)
ethenel® 10.511
propenel®! 9.73Mdl
methoxyethene 8.93,[d1 8.47 [e] 8.19le]
tert-butoxyethene 8.801e! 0.15 1.3 x 108 >5x107
ethyl-1-propenylether 8.53lel 0.17 41x108 2.4 %107
trans-w-methoxystyrene 8.001e! 0.12 9.2 x 108 2.8 x10°
cis-dimethoxyethene (DME) 8.27el 0.08 1.5 x10° 7.5 x10% 1 x 1040 6.4 x 10311
2,3-dihydro-1,4-dioxin 8.071 0.07 1.5 x10° 1.3 x 10*
tetracthoxyethene 7.80lel 0.11 7.2 %108 5x10°
2,3-dihydrofuran (DHF) 8.55,le1 8.5l 8.11, [l 7.88lel 0.12 7.7 x 108 1.2 x 107
4,5-dihydro-2-methylfuran (2-MeDHF) 8.19,le1 7.81 ¢l 7.53e] 0.12 1.9 x 10° 1% 107
4 5-dihydro-3-methylfuran (3-MeDHF) 8.20,1e 7.71 ¢ 7481 0.15 1.6 x 10° 1x10°
4,5-dihydro-2,3-dimethylfuran (2,3-Me,DHF) 7.86,le1 7.45 el 7.171ed] 0.20 3.6 x 10° 1.9 x 10*
3,4-dihydro-2H-pyran 8.3614 0.23 5.9 x 108 6 x 10°
D-galactal 9.0le! 52 %107 >5x 107

[a] Vertical ionization potential. [b] Using I for actinometry and taking @(e ), u from I to be 0.27.0% [c] Shown for comparison. [d] From ref[11]. [e] From
DFT calculations, see text for details. [f] Adiabatic ionization potential. [g] This work. From PES. [h] Determined optically. DME"* was produced by reaction
with N;°. [i] Determined optically. DME** produced by reaction with Br, . [j] From ref[12].
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Figure 1. Absorption spectrum of 4,5-dihydro-2,3-dimethylfuran in H,O.
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Figure 2. Absorption spectra observed on photolysis at 222 nm of
tBuOCH=CH, (6 mm) in H,O, pH 10.1, recorded at 0.4 (a), 0.8
(o), and 2 ps (@) after the pulse. In the insets it is seen that the lifetime
of e, (monitored at 600 nm) is considerably shorter that that of the water
adduct(s) to the radical cation (monitored at 255 nm).

phase vertical IP of 8.8 eV. Since the photon energy of 222 nm
light corresponds to 5.59 eV, at least 3.2 eV of additional free
energy is required in this case to enable the ionization process.
In fact, it is known that up to 3.5eV are available from

4642

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

AA

10 20 30 40
E / mJ per pulse

500 600 700

T T
200 300 400 A/nm

Figure 3. Absorption spectra observed at 0.8 us (o) and 4 us (A) on
photolysis at 222 nm of cis-dimethoxyethene (1.1 mm) in H,O. A represents
the spectrum recorded at 4 ps after addition of 2-chloroethanol (150 mm) to
scavenge € ,q. The inset shows the dependence on laser power at 222 nm of
the yield of ey, monitored at 650 nm, for a series of enolethers: 0= cis-
dimethoxyethene, o = ethyl-1-propenylether, < =4,5-dihydro-2H-pyran,
A =actinometry (KI).l"

the hydration of the ions produced in the photo-induced
electron loss.'> 14 The rate of hydration of e~ has been
determined to be >3 x 10'2 s~ 161 g0 the hydration of the
electron and the corresponding release of energy can be
considered to be synchronous with the ionization.

As seen in Figure 2 and Figure 3, in addition to the
absorption due to e, there is a band at 220—-240 nm, which
is assigned to the radical cation, EE"", or, if the radical cation
is very short-lived (as in the case of tert-butoxyethene), to its
follow-up products (=FP) (see below). By comparing the
optical density at 220 -240 nm with that due to e~,, at 600 nm,
and by taking into account that [EE**]=[e",,] and
(€™ aq)s00nm = 13300 M~tem 17! the ¢ values of EE** or their
follow-up products!'®! were calculated and are presented in
column 3 or 5, respectively, of Table 2.

Generation of EE* using oxidizing radicals: As an alternative
to the photochemical production of EE'", a radiation-
chemical approach was taken. In aqueous solution, ionizing

0947-6539/01/0721-4642 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 21
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Table 2. A, Values and extinction coefficients of EE** and of FP (error limits 10 %)
Enolether Amax(EE) e(EE) Amax(FP) &(FP)

[nm] [M~tem™!] [nm] [M~tem™!]
tert-butyl vinylether 238, 2360l 2000, 21001
ethyl-1-propenylether 246 9700 229, 2330l 2334l 2600, 2400, 2400[!
w-trans-methoxystyrene 375 11300 309, 3151 3140 2800, 3350, 3000°
2,3-dihydrofuran 244 2400 248, 253,I°1 248l 1900, 1700, 18001
4,5-dihydro-2-methylfuran 240 4300 251, 253,°1 2532l 3300, 2800, 28001
4,5-dihydro-3-methylfuran 252 7700 254, 25712 3960, 395002
4,5-dihydro-2,3-dimethylfuran 256, 262,I°1 26202 5040, 4000,°1 4000 244 1700
3,4-dihydro-2 H-pyran 254 2700 250, 250, 246/ 2200, 1800°, 1800
2,3-dihydro-1,4-dioxene 258, 264121 4050, 3900( 258 2400
cis-dimethoxyethene 265, 2641 26741 5900, 5300, 5500
tetraethoxyethene 286, 282,I°1 28114l 5400, 5800, 6400(! 288 3300

[a] Data from pulse radiolysis experiments involving SO,"~ to oxidize the EE (see [Eq. (6)]). [b] From the reaction of N;* (pulse radiolysis) with the EE (see

[Eqa. G)D-

radiation produces the radicals ‘OH and e, (90%) and H"
(10%) [Eq. (1)].

H,0 — "OH, e, H’ 1
€7, can be scavenged by N,O to give another "OH as in
Equation (2)

N,0+e"+H,0 — N,+OH- + ‘OH @)

Since the strongly oxidizing radical *OH typically prefers to
react by addition"” it is necessary to convert it into a species
that has a higher tendency to react by electron transfer.
Typically diffusion-controlled reaction with X~ (=Br~, SCN-,
or N;7) as outlined in Equation (3) is a means to achieve this.

‘OH+X~ — OH + X 3)

For X~ =Br~ or SCN, the final species is a dimeric radical
anion formed as shown in Equation (4).

Br'+Br- — Br," 4)

Since in N,O-saturated X -containing solutions (10—
100 mm), reactions 2—4 are complete in <100 ns, it is X" or
X,~ which are the species that react with added organic
substrates such as EE [Eq. (5)].

EE+N;* — EE** +N;- ®)

A way to generate the oxidizing radical SO, takes
advantage of the reducing properties of e™,, [Eq. (6)].

€+ 508" — SO +80,~ (6)

An example for the oxidation of an enolether by SO, is
given in Figure 4 which involves (EtO),C=C(OEt), (=TEE).
From the insets it is evident that the decline of the concen-
tration of SO,*~ (at =450 nm, inset b) is accompanied by the
buildup of a species with 4,,,,~290 nm (inset a), which is
assigned to the radical cation of TEE, TEE'*, whose decay

Chem. Eur. J. 2001, 7, No. 21
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Figure 4. Reaction of SO, (generated by reaction of e ,, with K,S,04
(10 mm) in the presence of tert-butyl alcohol (0.1 M) and HPO,2~ (0.5 mm)
at pH 8.1) with (EtO),C=C(OEt), (0.16 mm). Spectra recorded at © 0.3, m
0.9, ¢ 2.3, and A 7.8 ps after the pulse. For details on Inset a and b see text.
Inset ¢ shows the conductance change on pulse radiolysis of an N,O-
saturated solution containing N;~ (2 mm) and TEE (0.25 mm) at pH 10.

(by reaction with water, [Eq. (7)], inset c¢) at pH 10 leads to a
decrease of conductance (due to neutralization of OH™ by the
H* produced).

TEE* + H,0 — TEE(OH)"+H* )

In an analogous way, from the dependence on [EE] of the
rates of buildup at A <300 nm or that of the decay of SO, ™ at
450 nm the rate constants for reaction of SO, with the
enolethers given in Scheme 3 were obtained, the average rate
constant being k = (4.2 +-1.8) x 10°m~!s~". This independence
of k on the structure of the EE is a reflection of the large
oxidizing potential of SO, (E=2.6 V/NHERY). In the case
of the weaker oxidant Br,"~ (E =1.66 V/NHE),?!l the average
rate constant is lower (k= (1.1+£0.97) x 10° m~'s7!, see Ta-
ble 1) and the dependence on structure of the EE or its IP is
more pronounced.

In the case of the longer lived radical cations, their
extinction coefficients were measured by comparing the
optical densities at 4 <300 nm after the complete decay of
SO, with the dosimetry values or with that of SO, at
450 nm (e=1450+120 Mm~'cm™!).?2 The resulting numbers,
reported in column 3 of Table 2, are in satisfactory agreement
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with the corresponding ones obtained by using the other
methods.

Lifetimes of EE"" in water

The rate constants for the decay of EE*" in water at pH 5.5-
6.5 were determined partly by monitoring as a function of
time their absorption at A,, or by measuring the rise in
conductance on photoionization at 222 nm of the parents at
pH 5.5-6.5, using time-resolved AC and, mainly DC con-
ductance. In Figure 5 shows the situation observed with w-
methoxystyrene (=wMS) in the presence of 2-chloroethanol

conductance

=28x108s"

obs

t/ 0.4 us per div

Figure 5. Conductance change on photolysis at 222 nm of an aqueous
solution of PhCH=CHOMe at pH 6 which contained 2-chloroethanol
(120 mm) as an electron scavenger.

as the electron scavenger. There is an initial, “fast” rise of
conductance which is due to the formation of wMS** and of an
equivalent of Cl-, due to dissociative dechlorination of
2-chloroethanol by e, (from the photoionization), and there
is a slower “follow-up reaction” with the first-order rate 2.8 x
109s~L The latter is identified in terms of addition of water to
the S-carbon atom of the olefinic bond! of ®MS** to give a
benzyl-type radical and H*, whose mobility is much higher
than that of wMS*". That the ion produced in the follow-up
reaction is in fact H* was proven by the negative conductance
signal (not shown) obtained on performing the reaction in the
presence of OH~ (pH 9-10), where [OH"] decreases as a
result of neutralization by H*.

As is evident from Table 1, column 5, the rate constants for
the reaction of EE** with H,O (or, if possible, for deproto-
nation from C,, see EPR section) increase with increasing IP
of the EE, that is, with decreasing stability of the radical
cation. Interesting is the effect of ring-size or alkylation. The
additional methylene group (i.e., going from DHF to dihy-
dropyran) leads to a decrease in the reactivity by a factor of 2;
in comparison, the effect on reactivity of a methyl group at the
olefinic bond is strongly dependent on its position:?* If Me
sits at C2, there is a decrease in the reactivity by only 17 %;
however, if the Me group is attached to C3, the reactivity
decreases by a factor of 120. Methylation at C2 of 4,5-dihydro-

3-methylfuran, that is, going to dimethyldihydrofuran, leads to
a further decrease in reactivity, but only by a factor of 5. This
all indicates that C3, rather than C2, is probably the site of
reaction of the EE-+.[%]
R 0 1
. . . 1 Me
reasons for this reactivity differ- \2 5

ence between C2 and C3, MO p 2<
calculations were performed on R? 3 .
the dihydrofurans A (DHF: A B
R!=R?=H; 2-MeDHF: R!=

R!'=R?=Me) and on the very simple model B.

The ionization potentials of the EEs are also obtained from
the DFT calculations. These values are reported in Table 1,
together with the experimentally determined numbers. It is
evident that in all cases the calculated IPs are lower than the
B3LYP method.?? The calculated spin and charge densities
and the differential charge densities (C2 and C3) of the radical
cations are reported in Table 3.

With all the EE** values in Table 3 the spin is localized
mainly on O1 and C3. The spin density distribution does not
on introducing the methyl group at C3: The spin density at C3
decreases in favor of that at C2, while that at O1 remains the
same. Since methyl groups typically stabilize alkyl radicals,
this phenomenon would not be understandable unless it was
assumed that stabilization of the positive charge by the methyl
by considering the difference in positive charge densities
between C2 and C3 (see column 5 of Table 3). Compared to
the number 0.28 for the parent (DHF) this difference
increases on methylation of C2, but it decreases when the
methyl group sits at C3. From the DFT data it is thus
stabilization (by hyperconjugative delocalization) of the
positive charge at C3. If it is now assumed that C3 is the
“reactive site”?®l and, in particular, that the reaction of EE**
in water proceeds by addition of H,O to C3, the very strong
deactivating effect (factor 120, see Table 1) of placing a
of the positive charge at C3 together with the steric hindrance
for access of a water molecule to this position. Interestingly, as
compared to methylation at C3, introducing a second methyl
group (at C2), that is, going to 2,3-dimethyl-4,5-dihydrofuran,
has only a small effect (factor 5, see column 5 of Table 1) on

To obtain information on the

Me, R’=H; 3-MeDHF: R!=H, R?=Me 2,3-Me,DHF:
experimental ones, which seems to be a general trend for the
alter much on methylating C2, but there is a noticeable change
group is relatively more important.?”! This idea is supported
concluded that the methyl group at C3 exerts a considerable
methyl group at C3 can be understood in terms of stabilization
the lifetime of the EE*.

Table 3. Spin and charge density on the O1, C2, and C3 atoms for the radical cations of the DHF compounds and of methoxyethene.l?!

EE Spin/charge!®! density on position Difference
o1 C2 C3 Alel
DHF 0.30, —0.31[ 0.09, 0.240°] 0.51, —0.04 0.28
2-MeDHF 0.30, 020,41 —0.35,I°1 — .26 0.09, 0.02,l9 0.44,°1 0.56[041 0.51, 0.81,11 —0.04,°1 —0.06>4] 0.48, 0.621
2-(HOCH,)DHF 0.29, —0.35["] 0.10, 0.420) 0.50, —0.02M! 0.44
3-MeDHF 0.33, —0.330 0.15, 0.24) 0.39, 0.140! 0.10
2,3-Me,DHF 0.28, —0.36/" 0.14, 0.45P 0.44, 0.14] 0.31
methoxyethene 0.37, —0.30[ 0.07, 0.23l°) 0.55, —0.18M" 0.41

[a] According to the NPA method. Compared to O1 and C3, there is only little spin on the other atoms in the ring. [b] Charge density. [c] A is the difference of
charge density on the C2 and C3 atoms (C2 — C3) in the radicals according to the NPA method. [d] From ref. [8b].
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EPR measurements

To check these ideas and to obtain information on the nature
of the products from the reaction of EE** with/in water, we
applied the time-resolved FT EPR technique. Aqueous
solutions at 5-7°C and pH >9 that contained 10-200 mm
2,3-DHF and 1 mm anthraquinone-2,6-disulfonate (AQDS)
were photolyzed with the 308 nm, 20-ns pulses from a XeCl*
excimer laser while flowing through the <1.8 mm diameter
quartz tube positioned in the EPR resonator. Details of the
instrument and of the technique are reported in reference
[29]. Under these conditions, the 308 nm light is absorbed
only by the AQDS to give its triplet state, SAQDS. SAQDS is
typically a strong electron acceptor” that is expected to be
able to abstract an electron also from EEs. In fact, at an [EE]
concentration of >10 mw, the life time of SAQDS was found
to be <20 ns.?Y This means that after 40 ns, the earliest time
window of the apparatus (equivalent in this case to >2
reaction periods), a first meaningful recording of the situation
after the pulse can be made. At this time, lines from three
different radicals were found. Based on their known EPR
parameters, they are identified in terms of the “water
adducts” to C2 and C3, 2-HODHF* and 3-HODHF*
(Scheme 4, steps b and c), and to the allyl-type radical
DHF(-H)*, formed by deprotonation (step a) of the initially
produced DHF* .33

DHEF* itself was not seen, although, according to the
conductance results (Table 1), its lifetime in dilute aqueous
solution is as large as 83 ns. When ~20 mm phosphate was
added to the solution at pH 9.2, there was a strong signal from
the 2-phosphato-DHF-3-yl radical C (g =2.0034; the coupling
constants are in Gauss),’* which had replaced those from the

42.3

O H
12 0.6/0.3
Z04P H
H
H 31.5/15.5
22.2

water adducts, 2- or 3-HODHF". This indicates that, on the
molar basis, the phosphate dianion is a much more reactive
nucleophile (a high reactivity of radical cations of the
enolether-type with phosphate and other nucleophiles has
been previously observed.’>37) than water (cf. reactivity of
DME"* and of 2,3-Me,DHF*, see below), and that phosphate
appears to react in a site-selective way (C2 is preferred over
C3081). Tf this idea is applied to the radical ion pair formed by
C3'-phosphate heterolysis in DNA (Scheme 1, step a), re-
combination is predicted to occur, whereby addition at C3’
should lead to a reversible situation. Concerning the possibly
favored addition to C4',*°! a question is whether this is
sterically possible in DNA.

At higher concentrations of DHF (>30 mm) an additional
radical was seen which is assigned—on the basis of its known
EPR parametersi®?—to the dimer radical formed by electro-
philic addition of DHF* to the DHF parent. To see a
representative of EE‘* directly, the long-lived (53 ps, see
Table 1) radical cation of 2,3-Me,DHF was produced by using
the same conditions as described for DHF. The spectrum of
2,3-Me,DHF"" is presented in Figure 6.

The upper trace is the experimental spectrum (g =2.0045),
the lower trace the spectrum simulated by using the param-
eters a(CH3),=5.7, a(CH;)c;=18.4, a(H)c=34.2(2),
a(H)cs=8.2(2) G. On the basis of the EPR coupling con-
stants, there is a higher unpaired spin density at C3 than at C2,
which is as expected and in line with the DFT calculations (see
Table 3). In the case of 2-MeDHF two radicals were
identified: The water-adduct to C3 (3-HO-2-MeDHF-2-yl,
main product) and the allyl radical formed by deprotonation
of 2-MeDHF"* from C4.

As a second example for a long-lived radical cation, cis-
DME was studied. With cis-DME, steady-state in situ photol-
ysis EPR experiments were successful; photochemically
produced SO, ~ radicals were used to generate the radical
cation. Figure 7 shows the EPR spectrum obtained at pH 7:
The spectrum contains lines from two different radicals, the
major one of which is assigned to the radical cation, DME**,
and the other one is the “water adduct” (deprotonated from

o) s 0
S0; ) SO3 0 o
LSOO -0 - 000 ~O-1

-1 = O

b

DHF(-H)*

b ¢
H (0] (¢]
S
HO
(]
HO
H

2-HODHF *
Scheme 4. Reaction of AQDS with 2,3-DHF.
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electrophilic ~ reactivity — of
DME"" and of 2,3-Me,DHF**
with nucleophiles other than
HPO,>~ was also studied. The
rate constants for reaction with
acetate, carbonate and, of
course, hydroxide were deter-
mined and the reactivities of
these nucleophiles with the two
EE*’s follow a Brgnsted-type
relation; an example is given in
Figure 9. From the slopes of the
plots (which are influenced
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Figure 6. EPR spectrum recorded at 40 ns after photolysis (with the 308 nm pulse) of a solution of AQDS (1 mm;

at pH 11) in the presence of 2,3-Me,DHF (10 mm) at 5-7°C.

DME"*

348

MeOéH(l:HOMe
OH

Figure 7. EPR spectrum of the radicals observed on photolysis at ~250 nm
of an aqueous solution containing acetone (0.3 M; as sensitizer), K,S,04
(20 mm), and cis-DME (0.1 mm) at 3°C and pH 5-7.

the in-coming OH,), MeOC'HCH(OH)OMe. The “water
adduct” was independently and selectively produced at
pH 6.5 by reaction of ‘OH (generated by photolysis at
~250nm of H,0,) with DME, a result supporting the
identification of the reaction product as MeOC"HCH(OH)-
OMe. Clearly, C—H deprotonation of the radical cation is not
a possibility in the case of DME*. The simultaneous presence
of the radical cation and its reaction product, the water
adduct, on the millisecond time scale characteristic of the
steady-state EPR experiment is in agreement with the low
rate constant for reaction of DMEt with water, k=75 x
103 s~! (Table 1).

As in the case of DHF, the reactivity of DME " was tested
with a nucleophile other than the solvent. In the presence of
HPO,*~ (50 mm) at pH 9.2, the only lines visible (see Figure 8)
were those from the “phosphate adduct”, MeOC'HCH-
(OPO52")OMe, which is formed by addition of HPO,?~ to
the “double bond” of DME"*.

The rate constant for this reaction was determined to be
4.9 x 10° m~'s~! by monitoring the rate of decay of DME"* at
270 nm as a function of [HPO,~]. This value may be
compared with the value of 6.7 x 10°m~!s™! measured for
reaction of 2,3-Me,DHFt with the same nucleophile. The
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349

351

350 352 353 strongly by the value for
OH"), the Brgnsted coefficient
is 035 or 0.31, respectively,
indicating that the transition

state for the electrophile—nu-
DME ** + HPO,Z —» MeOCHCHOMe k=4.8x10° Ms!

OPOS* 10G

Figure 8. EPR spectrum recorded under the conditions given in Figure 7,
however, with HPO,>~ (50 mm) added to scavenge the initially formed
radical cation.

4 I I

1 1 !
10 12 14 16
PK, (H-Nu)
Figure 9. Dependence on pK,(H-Nu) of the rate constant for the reaction

of 2,3-Me,DHF** with the nucleophiles Nu-, acetate, hydrogencarbonate,
hydrogenphosphate, and OH".

cleophile interaction is more reagent- than product-like which
is in agreement with the fact that the rate constants are much
below the diffusion limit.

Oxidizing properties of EE"*

In the case of DME, the ability of its radical cation, DME"*, to
abstract an electron from electron-rich compounds such as
phenols and amines could be studied easily, due to the long
lifetime of DME-*. The experiments were performed at pH
5.6—7.9 where DME"* was produced with N3 (see [Eq. (5)]).
The data obtained are collected in Table 4.
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Table 4. Rate constants for the oxidation of electron donors (D) by DME"+.

e-donor DI pK, (D)) E/(D* + &) e (D) k(DME** + D) k(23-Me,DHF** + D)
[mV/NHE] [nm] [M~1s~')/pH [M~'s7!)/pH

TMPD 2700 330, 565, 610 2.5%x10%7.7

L-(+)-ascorbic acid 4.10 3000 368, 300 2.6 x 10%/6.3 3.5%x107.9

4-N,N-dimethylaminophenol 3600 322, 500 1.5 x 10%6.8

hydroquinone 10.35 460! 320, 430 9.1 x10%74 5.6 x 10%/8.0

trolox 121 4800 310, 430 2.6 x 10°/6.4 3.4 x10%6.8

4-methoxyphenol 10.1 600(°] 302, 420 3.8 x10%7.9 2.0 x 10%/7.9

8-OH-dGuo 8.6 7400 330, 400 8.3 x 10%14/7.6 5.6 x 10814/7.5

tyrosine 10.1 890t 295, 400 43 x107/7.0

N-phenylglycine 4.1,>14 8901 340, 460 42 % 10°/5.6

p-chlorophenol 9.4 940! 305, 420 3.0x107/6.9

tryptophan 9.44 10201 330, 520 2.0 x 10%/8.0

2'-deoxyguanosine 9.6 1290 310,390,530 4.7 x 1040

[a] Or its deprotonated form. [b] From ref. [39]. [c] From ref. [40]. [d] From ref. [40]. [e] From ref. [41]. [f] From ref. [42]. [g] From ref. [43]. [h] From ref. [7].

[i] The ET reaction is reversible, see text.

It is evident (see Table 4, column 5) that the rate constants
for oxidation of the electron donors decrease with their
increasing oxidation potential until, with guanosine, the
electron transfer changes direction (the guanosine radical is
a stronger oxidant than DME""). The data can be described
(although there is considerable scatter, as can be seen from
Figure 10) by the Marcus equation for which the reorganiza-
tion energy A is 16.5 kcalmol~!. The scatter may be due to
contributions of inner-sphere mechanisms to the overall
electron transfer. One particularly conspicuous example is
N-phenylglycine (A in Figure 10) which is much more reactive
with DME"* than it should be on the basis of its oxidation
potential.

9.0
8.5
x
8.0
7.5
7.0
6.5

PRSI IR Y R

6.0 -l
20 -15  -10 -5 0 5

A G / keal mol!
Figure 10. Marcus plot for the oxidation of the electron donors of Table 4
by DME"* (A denotes N-phenylglycine; see text for details). AG® is the
driving force for the electron transfer, assuming E(DME " +e7)=1.08 V/
NHE and taking E(D** +¢~) from Table 4.

As mentioned, DME"" is not able to irreversibly oxidize
guanosine, the data are better explained by assuming that
there is a reversible electron transfer between DME* and
guanosine, the equilibrium constant for the reaction at pH 7.5
[Eq. (8)] lying on the right hand side. Since at pH 7.5,
E(G(—H)"+e~ +H*)=1.26 V/INHE,! the potential for re-
duction of DME** must be less than this value, that is, 1.26 V is
the upper limit for E(DME"t + ¢7).

G(-H)'+DME+H"=G +DME"* 8)

Chem. Eur. J. 2001, 7, No. 21
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To get an estimate of the lower value, DME"* was allowed
to react with L-(—)-tryptophan, whose oxidation potential
increases with decreasing pH.*l DME"* is able to oxidize
tryptophan from pH 8 down. On reaching pH=~6.2, the
reaction ceased to be visible. At pH 6.2 the potential for
tryptophan is 1.06 V/NHE.*! This number can thus be taken
as an indication of the lower limit for E(DME"). An
additional, though less useful, estimate of the lower value
for the reduction potential of DME'" derives from the
observation that DME* is able to oxidize 4-chlorophenol
(see Figure 11), whose potential is 0.94 V/NHE. !

After bracketing the reduction potential of DME"* as
1.06 < E <~ 1.26, experiments were performed with the aim
of obtaining a more exact number. For this purpose, DME"*
was equilibrated with the redox standard 1,2,4-trimethoxy-
benzene, whose oxidation potential is 1.14 V/NHE.®! The
radical cation of 1,2,4-trimethoxybenzene, 1,2,4-TMB"*, has a
strong peak at a A,,,, of 450 nm,*% and it was found that it can
be produced by the reaction of the radiation-chemically
generated N;* radical (k=6.1 x 10°M~'s™!"). On addition of
DME to aqueous solutions of 1,2,4-TMB under radiolysis, the
lifetime of 1,2,4-TMB"* was found to be drastically reduced,
and its remaining concentration to depend on [DME]. The
data are interpretable in terms of a reversible electron
exchange between 1,24-TMB** and DME, the analysis of
which (Figure 11) yields the value 1.09 V/INHE for the

0.25 -
=L &
FEFY .
02 3L \
$ -
E:—- \\“
g 015 [ |
<
<'c> L 0 4 /us48
<g 01 o
0.05 -
0 | | | i

0 1 2 3 4 5
[TMB] / [DME]

Figure 11. Dependence of the yield of 1,2,4-TMB** at equilibrium on the
ratio [TMB]/[DME] in aqueous solutions containing TMB (0.5 mm) and
DME (0.1-1mm). The inset shows the decay of TMB'* in a solution
containing TMB (0.5 mm) and DME (1 mm) at pH 74.
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reduction potential of DME* from the kinetics of approach
to equilibrium”! and 1.06 V from the concentrations*’! of
1,2,4-TMB** at equilibrium, the average of which is 1.08 +
0.02 V/NHE, a number close to the lower limit of the range of
potential estimated above.

The attempt was made to obtain an estimate of the
reduction potentials also for the radical cations of DHF and
2-MeDHF, which are better models than DME for the
enolether-type radical cation formed on strand cleavage in
DNA (see Scheme 1). The reduction potential of the radical
cation of thioanisole (TA "), which absorbs at A =540 nm, has
been determined to be 1.44 V/INHE.*#] In an aqueous
solution at pH 9.6, TA*" was produced via radiation-chemi-
cally generated Br,"~ and its decay at 540 nm monitored. DHF
or 2-MeDHF was then added to this solution which led to a
drastic decrease in the lifetime of TA"*. This indicates that an
electron transfer reaction takes place between TA** and (2-
Me)DHEF, that is, the oxidation potentials of these enolethers
are below that (1.44 V) of TA. This means that 1.44 V# is the
upper limit of the reduction potentials of DHF* or
2-MeDHF". From plots of kgyeq fOr the decay of TA™" as
a function of [DHF] or [2-MeDHF], respectively, the follow-
ing rate constants were obtained: k(TA** + DHF —TA +
DHF*)=73 x 108m~!s7! and k(TA** + 2-MeDHF — TA +
2-MeDHF+)=2.5 x 10°m~'s7!, indicating that methylation
leads to a decrease of the reduction potential of the DHF**
moiety like it leads to a decrease of the IP (see Table 1).

To get an estimate of the lower limit of the oxidation
potentials of DHF and 2-MeDHEF, their reactivity was tested
with the 2'-deoxyguanosine radical (G(—H)"),” whose
reduction potential at pH 7.3 is 1.27 V/NHE.! G(— H)* was
produced via radiation-chemically generated Br,~ in an
aqueous solution at pH 7.3, where the decay of G(—H)*
proceeded with k~2 x 10° s~!. Then, DHF was added to the
solution. It was found that up to 8 mm, DHF had no effect on
the lifetime of G(— H)". Thus, the oxidation potential of DHF
is above 1.27 V/INHE. The rate constant for the hypothetical
reaction G(—H)* + DHF — G + DHF"* can be estimated as
<2x10°s7 /8 x 103 M=2.5%x105m!s7L. To summarize the
results obtained with TA and 2’-deoxyguanosine as “redox
indicators”, the potential E(DHF* + e7) is likely to lie
between 1.27 and 1.44 V/INHE.

A relevant question is to which extent DHF can be
considered to be a good model for the enolether produced
in the strand breakage of DNA (Scheme 1). The key here is
judging the electronic effect on the potential of the enolether
function of the OPO, OCH, group (as a substituent at C2)*!
as compared to that of the hydrogen in DHF. At the present
stage, we do not have any direct information on this.
Nonetheless, on the basis of the rate constants for reaction
with/in water of the radical cations of dihydropyran (k = 6.6 x
109571, see Table 1) and D-galactal (>5 x 107 s7!) it is reason-
able to assume that OH groups (as in galactal, as models for
the OPO, OCH, group) decrease, through their inductive
effect, the stability of the enolether function which thereby
becomes more electrophilic (=reactive with nucleophiles
such as water) and, probably, a stronger oxidant. This means
that the oxidation potential of the enolether is likely to
increase as a result of the inductive effect of OH, even if OH
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sits at a remote position relative to the enolether function.
The relatively very high IP of galactal (9 eV, see Table 1)
supports this assumption.

Conclusion

Enolether radical cations (EE*") were generated in aqueous
solution by photoionization (4<222nm) or by electron
transfer to radiation-chemically produced oxidizing radicals.
The EE-‘* exhibit electrophilic reactivity with respect to
nucleophiles such as water or phosphate as well as electron
transfer reactivity towards one-electron reductants such as
phenols, amines, or ascorbic acid or vitamin E. In the case of
the more long-lived enolether radical cation DME**, it was
possible to measure the reduction potential as 1.084+0.02 V/
NHE. In the case of the biologically more important radical
cation DHF*, the reduction potential could be bracketed as
1.29 < E < 1.44 V/NHE. This range may serve as a guide for
the oxidizing power of the enolether-type radical cation
produced? (Scheme 1) on heterolysis of the C4' radical in
DNA. On the basis of their relatively high oxidation
potential, P! the enolether radical cations are strong oxidants
which are clearly ablel? to oxidize the DNA base guanine
(E(dG(—H)' + e~ + HY),5; =129 V/INHE)" and they may
even be able to oxidize the nucleoside adenosine
(E(dA(—H)" + e~ + H*) =1.42 V/NHE).l An aspect related
to their relatively high electron deficiency is their pronounced
tendency to react as electrophiles (with respect to nucleo-
philes such as water, phosphate, or hydroxide) or as Brgnsted
acids (if there exists a C,—H). In real life situations, such as in
DNA in aqueous solution, this electrophilic reactivity®
competes with the one-electron transfer chemistry.

Experimental Section

General: Except 3-methyl- and 2,3-dimethyl-3,4-dihydrofuran, the enol-
ethers were purchased from Aldrich and Fluka. They were distilled over Na
(to remove OH-containing compounds and traces of acid which could lead
to decomposition) to a purity >99.8%. 3-Methyl-** and 2,3-dimethyl-
3,4-dihydrofuranl® 3! were prepared according to literature procedures
and purified by distillation to >99%. All other chemicals were of the
highest purity commercially available and used as received. The quantum
yields for photoionization by the 222 nm laser light were determined with
reference to an aqueous solution of KI for which @(e”)=0.27.1% The
vertical ionization potentials were determined at room temperature by the
photoelectron spectroscopy (PES) method, for which a Perkin-Elmer PS 18
spectrometer was used. The calibration was performed with Ar (15.76 and
1594 eV) and Xe (12.13 and 13.44 eV). The resolution was 20 meV as
judged by the 3P;, Ar line.

Pulse radiolysis experiments: A 3 MeV van de Graaff accelerator was used
that delivered 100-400 ns pulses with doses such that 0.5-2 um radicals
were produced. The optical or conductance (AC or DC) traces were
recorded with Tektronix 7612 or 7912 transient digitizers and transferred to
a DEC LSI11-73* computer which also process-controlled the apparatus
and preanalyzed the experimental data on-line. Dosimetry was performed
with N,O-saturated aqueous 10 mMm KSCN solutions in which the radiation
produces, with a yield of G=6, the radical (SCN),"~ whose ¢ value is
7600 M'em! at its A, of 480 nm.*®! For the time-resolved photolysis
experiments, a Lambda Physik EMG MSC excimer laser was used which
delivered 20 ns pulses of 193 nm (ArF#*) or 222 nm (XeF*) light with
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energies of 10—50 mJ per pulse. The light-induced signals were recorded
and processed the same way as in the case of the pulse radiolysis.

MO calculations: The energy calculations and geometry optimizations
were carried out with the GAUSSIAN 98 program package!® utilizing
density functional theory (DFT) with an unrestricted wave function. The
functional employed was the Lee, Yang, and Parr for the correlation part(®]
and Becke’s three parameter one for the exchange part (B3LYP).[: 2 The
split valence standard 6 —31G(d) basis set!®’ was used in all the calculations.
Charge and spin densities were analyzed by Mulliken!® and NPA (natural
population analysis, which is based on the natural bond order theory©3)[6]
methods, which gave very similar results.
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Oligosaccharide Synthesis by Coupled endo-Glycosynthases of
Different Specificity: A Straightforward Preparation of Two Mixed-Linkage
Hexasaccharide Substrates of 1,3/1,4-#-Glucanases

Magda Faijes,/*! Jon K. Fairweather,™ Hugues Driguez,*/*! and Antoni Planas*!*!

Abstract: Glycosynthases are engi-
neered glycosidases which are hydrolyti-
cally inactive yet efficiently catalyse
transglycosylation reactions of glycosyl
fluoride donors, and are thus promising
tools for the enzymatic synthesis of
oligosaccharides. Two endo-glycosyn-
thases, the E134A mutant of 1,3/1,4-5-
glucanase from Bacillus licheniformis
and the E197A mutant of cellulase
Cel7B from Humicola insolens, were
used in coupled reactions for the step-
wise synthesis of hexasaccharide sub-

by condensation of the corresponding
disaccharide building blocks through
sequential addition of the glycosynthas-
es in a “one-pot” process. Different
strategies were used to achieve the
desired transglycosylation between do-
nor and acceptor in each step, and to
prevent unwanted elongation of the first
condensation product and polymeriza-
tion (self-condensation) of the donor: 1)
selection of disaccharide donors differ-
ing in the configuration of the hydroxyl
substituent normally acting as acceptor,

2) temporary protection of the polymer-
izable hydroxyl group of the donor, or 3)
addition of an excess of acceptor to
decrease the probability that the donor
can act as an acceptor. The best proce-
dure involved the condensation of a-
lactosyl or 4"-O-tetrahydropyranyl-a-
cellobiosyl fluorides with a-laminaribio-
syl fluoride, catalyzed by E197A Cel7B,
to give tetrasaccharide fluorides, which
were then the donors for in situ con-
densation with methyl p-cellobioside
catalyzed by E134A 1,3/1,4-3-glucanase.

strates of 1,3/1,4-f-glucanases. Because
the two endo-glycosynthases show dif-
ferent specificity, towards laminaribiosyl
and cellobiosyl donors, respectively, the

) gosaccharides
target hexasaccharides were prepared

Introduction

The conventional use of retaining glycosidases for the
enzymatic synthesis of oligosaccharides involves reversal of
the hydrolytic reaction of the wild-type enzyme for the
formation of a glycosidic linkage, either by displacing the
equilibrium with a large excess of acceptor (thermodynami-
cally controlled synthesis) or by using activated glycosyl

[a] Prof. Dr. A. Planas, M. Faijes
Laboratori de Bioquimica
Institut Quimic de Sarria
Universitat Ramon Llull, 08017 Barcelona (Spain)
Fax: (+34)932-056-266
E-mail: aplan@igs.es
[b] Dr. H. Driguez, Dr. J. K. Fairweather
Centre de Recherche sur les Macromolécules Végétales
CNRS (affiliated with Université J. Fourier)
BP 53, 38041 Grenoble cedex 9 (France)
Fax: (+33)4-76-54-72-03
E-mail: hugues.driguez@cermav.cnrs.fr
Supporting information for this article is available on the WWW under
http://wiley-vch.de/home/chemistry/ or from the author.

Chem. Eur. J. 2001, 7, No. 21

Keywords: cellulase -
glycosylation - glycosynthases - oli-

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

After isolation, the final hexasacchar-
ides Galp4Glcp4aGlcf3Glcef4GlefaGles-
OMe and Glc4Gle4Gle3GlepaGlepd-
Glc-OMe were obtained in 70-80%
overall yields.

glucanases -

donors such as glycosyl fluorides or aryl glycosides (kineti-
cally controlled process).! Organic co-solvents have often
been used to reduce the hydrolytic reaction, but transglyco-
sylation yields rarely exceed 50 % because of hydrolysis of the
newly formed glycosidic linkage. 3]

A novel strategy, based on the redesign of the enzyme’s
catalytic machinery, is changing the outlook for the enzymatic
synthesis of oligosaccharides. Withers and co-workers!* have
introduced the glycosynthase concept for the efficient syn-
thesis of oligosaccharides; a specifically mutated retaining
glycosidase lacking its catalytic nucleophile is combined with
an activated glycosyl donor of the opposite anomeric config-
uration to the normal substrate. This approach provides an
improvement on the synthetic yields obtained under kineti-
cally controlled transglycosylation reactions with wild-type
enzymes, because the nucleophile-less mutant cannot hydro-
lyze the reaction product. This methodology was initially
developed with the exo-enzyme f-glucosidase of Agrobacte-
rium faecalis/ and was subsequently extended to endo-
glycosidases in our laboratories,> ¢ opening new synthetic
opportunities for the regiospecific assembly of large oligo-
saccharides.
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Here we report the use of two endo-glycosynthases, the
E134A mutant 1,3/1,4-8-glucanase from Bacillus lichenifor-
mist! and the E197A mutant cellulase Cel7B from Humicola
insolens,®l in coupled reactions. Both glycosynthases have
been characterized with regard to their substrate specificity;
this indicated that the minimal a-glycosyl fluoride donors
were disaccharides and that both enzymes catalyze the regio-
and stereospecific formation of a (-1,4 glycosidic bonds,
following the same strict substrate specificity shown by their
respective parent wild-type enzymes in glycoside bond
hydrolysis (for reviews on structure-function studies, see
ref. [7] for Bacillus 1,3/1,4-f-glucanases and ref. [8] for Humi-
cola cellulases). The different donor specificities led us to
propose the use of these glycosynthases in a stepwise
(tandem) protocol or in coupled reactions, to provide a facile
method for the synthesis or assembly of large oligosaccharides
from readily available disaccharides.

The hexasaccharides 1 and 2 were chosen as target
oligosaccharide substrates of 1,3/1,4-5-glucanases for our
coupled glycosynthase methodology (Scheme 1). Depolymer-
ization of 1,3/1,4-f-glucans, the major matrix polysaccharides

-4 -3 -2 -1 +1

CYWW\
OH OH ! OH OH OH OH

R? Q Ho o) O Ho Q HO o Q

HO o Ho o © o Ho OMe
o o oH oH I Soy oH

1 R'= H; R2= OH
2 R'= OH; R?= H

!

R? _oH F OH oH oH
OH OH
R* Q  Ho H Q HO Q HO 0 Q
HO ~ o HO H g Ho OMe
oH oH OH{ oH OH
6

3 R'= H; R2= OH 5
4 R'= THPO; R2= H

Scheme 1. Target hexasaccharides 1 and 2 are designed to span the six subsites (—4 to +2) of the active site of

Results and Discussion

Kinetic studies on Bacillus 1,3/1,4--glucanasel” ' have led us
to postulate that hexasaccharide 2 (Scheme 1), in which two
cellotriosyl units are connected through a f-1,3-glycosidic
linkage, should be the best substrate for this class of enzyme.
Hexasaccharide 1, which contains a D-galactosyl unit at the
nonreducing end, should also be a good substrate, since
molecular modeling indicated that no strong protein—ligand
interactions (hydrogen-bond contacts) exist with a saccharide
residue in subsite —4.

Scheme 1 delineates the retro-synthetic analysis on which
the syntheses are based. Disconnection at the indicated bonds
leads to the key disaccharide building blocks 3-6. The
specificity of each of the glycosynthases to be used was known
from previous work. In the case of E197A mutant of Cel7B
from H. insolens, a-cellobiosyl fluoride is an efficient donor
but is readily polymerized. To prevent polymerization in
coupling reactions, a-lactosyl fluoride (3)[! or 4!-O-tetrahy-
dropyranyl-a-cellobiosyl fluoride (4)!'’l may be used as donors
in the presence of various acceptors. Quantitative yields of
coupled compounds were ob-
tained when f-cellobioside and
pB-laminaribioside were used as
acceptors. On the other hand,
a-laminaribiosyl fluoride is the
donor for the E134A mutant of
1,3/1,4--glucanase from B. [li-
cheniformis, and both f-cello-
biosides and f-laminaribiosides
are good acceptors for efficient
coupling.’!  Two routes are
therefore proposed for prepa-
ration of the hexasaccharides 1
and 2. In route 1, E197A Cel7B-
catalyzed condensations of fluo-
ride donors 3 or 4 with a-
laminaribiosyl fluoride (5) will
give tetrasaccharide fluorides,
which in turn are donors for

+2

bacterial 1,3/1,4-f-glucanases; the arrow indicates the site cleaved by this class of enzyme. Dashed vertical lines

indicate bond disconnections leading to the disaccharide building blocks 3—6.

of cereal endosperm cell walls, is an early event in the
germination process.l”) These polysaccharides are efficiently
hydrolyzed by endogenous or microbial 1,3/1,4-3-glucan
4-glucanohydrolase (EC 3.2.1.73, 1,3/1,4-f-glucanases), which
specifically cleave 1,4-linkages when the glycosyl residue is a
laminaribiosyl unit.['"?l Because of its importance in glyco-
biotechnology, the Bacillus enzyme has been studied at the
molecular level to elucidate its mechanism of recognition and
action.!' While protein-substrate interactions have been
analyzed by mutational analysis!'l guided by the three-
dimensional structure of a modeled E-S complex (based on
the crystal structure of the free wild-type enzymel'* 3, the
X-ray structure of a complex between an inactive mutant and
a substrate spanning the —4 to 42 subsites is required to
evaluate the fine structural details that define substrate
specificity.

4652
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E134A 1,3/1,4--glucanase-cat-

alyzed condensation with meth-

yl B-cellobioside (6). Alterna-
tively, in route 2, E134A 1,3/1,4-f-glucanase-catalyzed con-
densation of 5 with acceptor 6 will yield a stable methyl
tetrasaccharide, which should then be an acceptor for the
E197A Cel7B-catalyzed reaction with fluoride donor 3.

Preliminary model studies were conducted with each
enzyme to find the most appropriate experimental conditions
compatible with both glycosynthases for a “one-pot” reaction
(optimal conditions were phosphate buffer pH 7.0, 0.1 mm
CaCl,, 35°C).

The first route for the synthesis of 11is outlined in Scheme 2.
The E197A Cel7B-catalyzed coupling of an equimolar
amount of a-lactosyl fluoride (3) with a-laminaribiosyl
fluoride (5) gave tetrasaccharide 7 as the sole product after
12 hours (TLC monitoring). Methyl S-cellobioside (6) and
E134A 1,3/1,4-3-glucanase were then added to the reaction
mixture. An excess of 6 (5equiv) was used to saturate the
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fluoride 9 in quantitative yield

/&, % §§ ‘: HoT~t Oﬁ after 14 hours. A fivefold excess

HO‘%\HO Ohle of methyl p-cellobioside (6)

3RI= H R2- oh 6 and E134A 1,3/1,4-6-glucanase

4R'= THPO: R2= H were then added to give hexa-

| saccharide 10, as the sole reac-

tion product (not isolated), af-

ter 24 hours. The THP group

R?2_oH OH OH OH did not seem to affect binding

R‘& Ho QHO Q to the donor subsites of the
HO o Ho o .

OH oH OH OH enzyme; this prevented self-

7 R'= H R2= OH condensation in the second gly-

9 R'= THPO; R2= H cosynthase reaction [the corre-

l sponding unprotected tetrasac-

charide, 3-O-f-cellotriosyl-a-

glucosyl fluoride, undergoes a

i . , o , fast polymerization reaction

» /ﬁ% or? /&R&Rjo om0l ,&L catalyzed by E134A 1,3/1,4-f-

R30 o\%\ R3O 0&0%30 OMe glucanase (data not shown)].

OR3 oR3 oR3 OoR? oR3 OR3

Once the oligosaccharide chain

L

(i)] E197A Cel7B

(ii) | E134A 1,3/1,4-f3-glucanase

1 R'= H: R%= OH: R3= H 10 R'= THPO: R?= H: R3= H was assembled, the THP group
('“)[ ](lv) (V)|: was removed by acid hydrolysis
8 R'= H, R%= 0Ac; R%= Ac = 2 Rl=OH R%=H, R%=H ) (Im HCI) to give hexasacchar-
("')[11 Ri= OAc; R%= H; = AC] i ide 2, which had to be isolated

Scheme 2. Synthesis of hexasaccharides 1 and 2 by route 1. i), i) phosphate buffer pH 7.0, CaCl, 0.1mm, 35°C;  as the acetate 11. De-O-acety-

iii) Ac,O/pyridine, 24 h, RT (80 % from 3);iv) MeONa/MeOH, 4 h, RT (90 %); v) 1m HCI, 30 min, RT; vi) Ac,0/  lation afforded 2 in excellent
pyridine, 12 h, RT (75% from 4); (vii) MeONa/MeOH, 3 h, RT (90%). yield (70% from fluoride 4)

Scheme 3 outlines the second

route for the preparation of the

acceptor subsites and increase the rate of transglycosylation hexasaccharide 1. The preparation of methyl tetrasaccharide

over hydrolysis of 7. Mass spectrometry confirmed the 12 by the E134A 1,3/1,4-3-glucanase-catalyzed coupling of

formation of a hexasaccharide product (m/z 1027 [M+Na]"). fluoride 5 with methyl 8-cellobioside (6) was investigated first.

Removal of the excess 6 and enzymes was achieved by Thus, reaction of equimolar amounts of donor 5 (unprotected
acetylation, and chromatographic separation of the reaction at 4'"OH) with -cellobioside 6, followed by acetylation of the
mixture then gave the peracetylated hexasaccharide 8 in 80 % mixture, gave tetrasaccharide 13 in low yield (44 %), along
overall yield. Minor tetrasaccharide side-products were with undesired side-products from the self-condensation of §

also isolated; peracetylated Glcf3Glcp4Glcp4Glc-OMe, or elongation of the newly formed tetrasaccharide 12.
(arising from condensation of
acceptor 6 with traces of un- HO _OH o OH OH oH OH
reacted 5 from the first glyco- HO%W HMOO'&% ngg;&,ow
synthase reaction), and an in- oH OH OH OHf oH OH
separable mixture of per- 3

acetylated tetrasaccharides cor-

responding  to  Glef3Glep- () | E134A 1,31 4-p-glucanase
4Glcp3Gle (from self-conden-

sation of 5) and Galg- ORO R OR ORO
4GIcf4GIeB3Gle (from hydrol- R%&@R,%&Wmm
ysis of 7). De-O-acetylation of 8 R oR R
with sodium methoxide in 12rR=1 Wy 43p-ac
methanol gave the target hexa- | ‘T)I
saccharide 1in 90 % yield (75 %

yield from 3).

Hexasaccharide 2 was pre- Ho on
pared using the analogous route l, § /&io .j §
(Scheme 2). E197A Cel7B-cat- O\W\ W
alyzed coupling of the THP-

protected (THP :tetrahydro_ Scheme 3. Synthesis of hexasaccharide 1 by route 2. i) Phosphate buffer pH 7.0, CaCl, 0.1 mm, 35°C, 24 h;
pyranyl) cellobiosyl fluoride 4 i) Ac,0/pyridine, 24 h, RT (87 % from 5); iii) MeONa/MeOH, 4 h, RT (95 % ): iv) phosphate buffer pH 7.0, 35 °C,
with 5 gave tetrasaccharide  24h (87%).

- o

(iv)| E197A Cel7B
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Although the use of a THP-protected compound as an
alternative donor could be envisaged, an additional depro-
tection step of the first condensation product would still be
required before it could be used as an acceptor in the second
glycosynthase reaction. Alternatively, side-reactions could be
minimized by using an excess of acceptor 6. Indeed, the
peracetylated tetrasaccharide 13 was obtained in 87 % yield
when a fivefold excess of 6 was employed.

De-O-acetylation of 13 gave 12 in 95% yield, which then
acted as the acceptor in the E197A Cel7B-catalyzed coupling
with a-lactosyl fluoride (3). Reaction of equimolar amounts of
12 and 3 afforded the target hexasaccharide 1 in 87 % yield
after purification by reversed-phase chromatography. The
overall yield of 1 (72 %) is similar to that obtained previously
(Scheme 2); however the latter route required an additional
purification step between the two glycosynthase reactions to
remove the excess of acceptor 6, which may otherwise
compete in the second glycosynthase-catalyzed coupling.

Both hexasaccharides 1 and 2 have been assayed as
substrates of the wild-type 1,3/1,4-f-glucanase from Bacillus
licheniformis; methyl -cellobioside (6) and the correspond-
ing tetrasaccharides were the only hydrolysis products ob-
served. In agreement with the strict substrate specificity of the
wild-type enzyme, this result provides additional proof of the
stereochemistry of the hexasaccharides.

Conclusion

This work shows that the sequential use of glycosynthases of
different substrate specificity is a rapid method for the
assembly of oligosaccharides.

The use of two endo-glycosynthases required the modu-
lation of the three possible reactions: the desired trans-
glycosylation between donor and acceptor, the unwanted
elongation of the first condensation product, and the polymer-
ization (self-condensation) of the donor. We have used
different strategies to avoid or reduce the undesired polymer-
ization and elongation reactions: 1) selection of a disaccharide
donor differing in the configuration of the hydroxyl substitu-
ent normally acting as acceptor, 2) use of a temporary
protecting group on the polymerizable hydroxyl group of the
donor, or 3) by addition of an excess of acceptor to decrease
the probability that the donor can act as an acceptor. The
hexasaccharides 1 and 2 obtained here are invaluable as
substrates for kinetic and structural studies of wild-type and
mutated 1,3/1,4-f-glucanases.

Experimental Section

General: NMR spectra were recorded on a Bruker AC300 or Varian
Gemini-300 in solvents as specified. '"H and '*C chemical shifts (0 in ppm)
were referenced to TMS and to the solvent signal, respectively. Full NMR
spectra are provided in the supporting material. High-resolution mass
spectra (HRMS) were recorded on VG ZAB and low-resolution (MS) on a
Nermag R-1010C spectrometer in the fast-atom bombardment (FAB)
mode; m/z for the peaks (100 %) corresponding to [M-+Na]* are given.
Optical rotations were measured at 20 °C with a Perkin— Elmer 241 polar-
imeter. Melting points were determined on a Biichi 535 apparatus and are
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uncorrected. TLC was performed on silica gel 60 F,s, aluminium plates with
detection by development with H,O/MeOH/H,SO, (9:9:1, v/v/v) and
heating at 125°C. Flash chromatography was performed with Merck silica
gel 60 (0.040-0.063 nm) and reversed-phase chromatography on C18 Sep-
Pak Plus cartridges (Waters) with eluents as specified.

Enzymes and substrates: Mutant E134A 1,3/1,4-6-glucanase from Bacillus
licheniformis was expressed and purified as previously reported,> '¥ as was
Mutant E197A endoglucanase Cel7B from Humicola insolens.?l Both
enzymes were freeze-dried for storage (at —20°C) and dissolved in the
reaction buffer prior to use. Disaccharide donors and acceptors were
prepared as previously reported: a-lactosyl fluoride (3),°! 4"-O-tetrahy-
dropyranyl-a-cellobiosyl fluoride (4),'”l a-laminaribiosyl fluoride (5),7!
and methyl S-cellobioside (6).1'"]

Methyl O-f-D-galactopyranosyl-(1— 4)-O-f-D-glucopyranosyl-(1 — 4)-O-
f-D-glucopyranosyl-(1 — 3)-O-f-D-glucopyranosyl-(1 — 4)-O-f-D-gluco-
pyranosyl-(1 — 4)-O-f-D-glucopyranoside (1)

Route 1 (Scheme 2): a-Lactosyl fluoride (3; 30 mg, 1 equiv, 0.09 mmol) and
a-laminaribiosyl fluoride (5; 30 mg, 1 equiv, 0.09 mmol) were incubated
with E197A Cel7B (3 mg) in phosphate buffer (0.5 mL, Na,HPO, 100 mm,
CaCl, 0.1mm, pH 7.0) at 35°C. After 12 h, TLC (acetonitrile/water 7:3)
indicated that the reaction was complete. Methyl S-cellobioside 6 (155 mg,
5 equiv, 0.44 mmol) and E134A 1,3/1,4-f-glucanase (1 mg) were dissolved
in phosphate buffer (0.5 mL), then added to the reaction mixture and
incubated at 35 °C for 2 days. After lyophilization, the reaction mixture was
treated with Ac,O/pyridine (6 mL, 1:1 v/v) at RT for 24 h. The mixture was
poured into ice-water and then extracted with CH,Cl,. The organic layer
was washed with 20 % aqueous KHSO,, saturated aq. NaHCO;, and water.
After drying over Na,SO, and evaporation of the solvent, the residue was
purified by flash chromatography (ethyl acetate/petroleum ether 2:1 v/v) to
afford, in order of elution: peracetylated methyl -cellobioside (226 mg)
(MS: m/z 673 [M+Na]*); an inseparable mixture of two peracetylated
tetrasaccharides (34 mg) corresponding to Glcf3Glcf4Glef4GlcfOMe
(MS:  m/z: 1249 [M+Nal]*), and Glcf3Glcp4Glcp3Gle  and/or
Galp4GlcpaGlep3Gle (MS: m/z: 1277 [M+Na]*); and peracetylated
hexasaccharide 8 (124 mg, 80% (from 3)) which was crystallized from
ethanol: m.p. 137-141°C; [a]® =—29.1 (¢=0.25 in CHCl;); 'H NMR
(CDCl,, 25°C): =5.30-3.50 (m, 42H; H-1-!, H-2"V, H-3"VI, H-4-V],
H-5-V1, H-6a™V!, H-6b""), 3.43 (s, 3H; OCHj;), 2.20-1.80 (19s, 57H;
19CH;CO); *C NMR (CDCl;, 25°C): 6 =170.5-168.4 (CH;CO), 101.4-
100.5 (C-1-Y1), 78.7 (C-3"M), 76.4-75.6 (C-4M1LVV) 729-67.8 (C-2Y,
C-3MLIV-VIEC4 - C-5-V1) 1 66.5 (C-4Y1), 62.2-60.7 (C-6"Y), 56.9 (OCH,),
20.8-20.3 (CH;CO); HRMS: m/z: caled for C;sH,,O5Na: 1825.5337;
found: 1825.5312 [M+Na]*.

Freshly prepared sodium methoxide (1M in methanol, 400 uL) was added to
a stirred solution of 8 in anhydrous methanol (40 mL), and the mixture was
allowed to react at RT for 4 h. The mixture was then neutralitzed with
Amberlite IR 120 (H*) resin, filtered, and lyophilized to give 1: m.p. 203 -
208°C; [a]® =—12.1 (¢=0.25 in H,0); 'H NMR (D,0, 30°C): 6 =4.78 (d,
J(1,2) =78 Hz, 1H; H-1V),4.52 (3d,J(1,2) = 7.8 Hz, 3H; H-1""1'V), 4.45 (d,
J(1,2) =78 Hz, 1H; H-1""), 4.40 (d, J,,=78 Hz, 1H; H-1"), 3.58 (s, 3H;
OCH,;), 4.10-3.20 (m, 36H; H-2-V!, H-3-V1, H-4-V1, H-5"V1, H-6a"V,
H-6b"V1); 3C NMR (D,0, 30°C): 6=103.7-103.0 (C-1-1), 84.4 (C-3),
79.2-78.7 (C-4MLVV) 1762 -71.6 (C-21-V1, C-3MLIV-VI C-5-V1) 169.2, 68.6 (C-
4V, C-4m), 61.7-60.6 (C-6'1), 57.9 (OCH;); HRMS: m/z: calced for
Cy;Hg,O5Na: 1027.3329; found: 10273331 [M+Na]*.

Route 2 (Scheme 3): a-Laminaribiosyl fluoride (5; 30 mg, 0.09 mmol),
methyl -cellobioside (6; 31 mg, 0.09 mmol) and E134A 1,3/1,4-3-glucanase
(0.5 mg) were dissolved in phosphate buffer (0.5 mL, pH 7.0) and left for
3 days at 37°C. After lyophilization and treatment with Ac,O/pyridine
(6 mL, 1:1 v/v) for 24 h, the reaction mixture was purified by flash
chromatography (ethyl acetate/petroleum ether 2:1 v/v) to afford, in order
of elution: peracetylated methyl S-cellobioside (35 mg), peracetylated
tetrasaccharide 13 (47 mg, 44 % yield), and an inseparable mixture of
peracetylated (Glcf3Glep4),GlefaGlcfOMe  (MS: m/z: 1825) and
(Glep3Glepd), (MS: m/z: 2401).

a-Laminaribiosyl fluoride (5; 30 mg, 1 equiv, 0.09 mmol) and methyl f-
cellobioside (6; 155 mg, 5 equiv, 0.44 mmol) were incubated with E134A
1,3/1,4--glucanase (0.5 mg) in the phosphate buffer (1 mL, pH 7.0) at 35°C
for 24 h. The mixture was lyophilized and treated with Ac,O/pyridine
(10 mL, 1:1 v/v) at RT for 24 h before work-up and flash chromatography,
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as previously described, gave peracetylated methyl S-cellobioside (207 mg)
and compound 13 (92 mg, 87 %), which was identical in all respects to the
sample prepared in the previous experiment.

The tetrasaccharide 13 was treated with freshly prepared sodium meth-
oxide (1M in methanol, 300 pL) in methanol (30 mL). After 4 h at RT, the
solution was neutralized with Amberlite IR 120 (H") resin, filtered, and
lyophilized to give 12 (49 mg, 95 % yield): 'H NMR (D,0, 30°C): 6 =4.6 (d,
J(1,2) =78 Hz, 1H; H-1V), 4.43, 442 (2d, J(1,2) =78 Hz, 2H; H-1"11I),
4.29 (d, J(1,2)=78 Hz, 1H; H-1"), 3.90-3.20 (m, 28 H; H-2-V: H-3"1Y,
H-4-1Y, H-5"V, H-6a""V, H-6b"), 3.45 (s, 3H; OCH;); ¥C NMR (D,O0,
30°C): d=103.4, 103.1, 102.6, 102.6 (C-1-1V), 84.3 (C-3"), 78.9, 78.7 (C-
410 76.3, 75.9, 75.9, 75.1, 75.1, 74.6, 74.4, 74.4, 73.8, 73.3, 73.3, (C-2™,
C-3MLIV. C-511V) 1 69.9, 68.4 (C-4"11V), 61.0, 60.9, 60.3, 60.2 (C-6"1), 57.7
(OCH;); MS: m/z: 703 [M+Na]*.

The tetrasaccharide 12 (15 mg, 0.02 mmol) and a-lactosyl fluoride (3;
7.6 mg, 0.02 mmol) were incubated with E197A Cel7B (0.5 mg) in
phosphate buffer (0.5 mL, pH 7.0) at 35°C. After 24 h the reaction was
complete, and the mixture subjected to reversed-phase chromatography
(1-2.5% methanol in water). The fractions containing the hexasaccharide
1 were pooled and lyophilized to yield a colorless powder (19.3 mg, 87 % ).
MS, 'H NMR, and *C NMR spectra were identical to the product obtained
in route 1.

Methyl O-f-D-glucopyranosyl-(1 — 4)-O-f-p-glucopyranosyl-(1 — 4)-O-f3-
D-glucopyranosyl-(1 — 3)-0-f-D-glucopyranosyl-(1 — 4)-O-f-p-glucopy-
ranosyl-(1 — 4)-O-f-D-glucopyranoside (2): 4!-Tetrahydropyranyl-a-cello-
biosyl fluoride (4; 37.3 mg, 0.09 mmol) and fluoride 5 (30 mg, 0.09 mmol)
were incubated with E197A Cel7B (3 mg) in phosphate buffer (0.5 mL,
Na,HPO, 0.5 M, CaCl, 0.1mm, pH 7.0) at 35°C for 14 h. Methyl g-
cellobioside 6 (155 mg, 5 equiv, 0.44 mmol) and E134A 1,3/1,4-3-glucanase
(1 mg) were dissolved in phosphate buffer (0.5 mL) and were added to the
reaction mixture, and the reaction mixture was left for 2 days at 35°C.
Finally, HCI (1M in methanol, 1 mL) was added, and stirring was continued
for 30 min at RT. The solution was neutralized with triethylamine,
lyophilized, and then treated with Ac,0O/pyridine (10 mL, 1:1 v/v) for
24h at RT. Usual work-up and flash chromatography (ethyl acetate/
petroleum ether 2:1 v/v) gave the peracetylated hexasaccharide 11 (112 mg,
75%): 'H NMR (CDCl;, 25°C): 6 =5.30-3.50 (m, 42H; H-1"V1, H-2"-V,
H-3-V1, H-4-V1 H-5-V1 H-6a"V!, H-6b""1), 3.43 (s, 3H; OCHj;), 2.20-1.80
(19s, 57H; CH;CO); HRMS: m/z: caled for C;sH;,,0O5Na: 1825.5337;
found: 1825.5340 [M+Na]*.

Compound 11 (76.5 mg) was de-O-acetylated in anhydrous methanol
(10 mL) by treatment with freshly prepared sodium methoxide (Im in
methanol, 400 uL) for 3 h at RT. The reaction mixture was neutralized with
Amberlite IR 120 (H") resin, filtered, and lyophilized to give 2 (37 mg,
90%): m.p. 190-192°C; [a]d =—12.1 (¢=0.26 in H,0); 'H NMR (D,O0,
30°C): 6=4.78 (d, J(1,2) =78 Hz, 1H; H-1V), 4.54, 4.52, 4.52, 4.50 (4 d,
J(1,2) =7.8 Hz, 4H; H-1"M1VV1) '4.40 (d, J(1,2) =7.8 Hz, 1H; H-1"), 3.58 (s,
3H; OCHj;), 4.10-3.20 (m, 36 H; H-2"-V1, H-3"VI, H-4-V1, H-5-VI H-6a"-V1,
H-6b""); BC NMR (D,0, 30°C): 6 =103.7-103.1 (C-1-"1), 86.8 (C-3'"),
79.2-79.0 (C-4MLVV) 76,6 —73.5 (C-21V1, C-3MLV-VIC-51VT) 1701, 68.6 (C-
4Vl C-4), 61.2-60.5 (C-6"""), 57.8 (OCH;); HRMS: m/z: caled for
Cy;Hg, 05 Na: 1027.3329; found: 1027.3333 [M+Na]*.
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Substrate-Binding Reactions of the 3[do*po] Excited State of Binuclear
Gold(@® Complexes with Bridging Bis(dicyclohexylphosphino)methane
Ligands: Emission and Time-Resolved Absorption Spectroscopic Studies

Wen-Fu Fu, Kwok-Chu Chan, Kung-Kai Cheung, and Chi-Ming Che*!?!

Abstract: The complexes [Au,(dcpm),]-
Y, (depm = bis(dicyclohexylphosphino)-
methane; Y=CIO,~ (1), PFs, (2),
CF;SO;~ (3), Au(CN),~ (4), CI- (5),
SCN- (6) and I~ (7)) were prepared,
and the structures of 1 and 4-7 were
determined by X-ray crystallography.
Complexes 1-4 display intense phos-
phorescence with A,,,, at 360 -368 nm in
the solid state at room temperature as
well as in glassy solutions at 77 K. The
solid-state emission quantum yields of
the powdered samples are 0.37 (1), 0.74
(2), 0.53 (3) and 0.12 (4). Crystalline
solid 5 displays both high-energy UV
(Amax =366 nm) and low-energy visible
emissions (A, =505 nm) at room tem-

only an intense emission with 4, at 465
or 473 nm, respectively. All the com-
plexes in degassed acetonitrile solutions
exhibit an intense phosphorescence with
Amax Tanging from 490 to 530 nm. The
high-energy UV emission is assigned to
the intrinsic emission of the 3[do*po]
excited state of [Au,(dcpm),|**, whereas
the visible emission is attributed to the
adduct formation of the triplet excited
state with the solvent/counterion. The
quenching rate constants of the visible
emission of [Au,(dcpm),]** in acetoni-

Keywords: binuclear complexes
exciplexes - gold - luminescence -

trile by various anions are 6.08 x 103
(ClO,7), 9.18x10° (PF¢7), 1.55x107
(CI") and 4.06 x 10° (I") mol~'dm?s~%
The triplet-state difference absorption
spectra of 1-4 in acetonitrile show an
absorption band with 1,,,, at 350 nm and
a shoulder/absorption maxima at 395-—
420 nm; their relative intensities are
dependent upon the halide ion present
in solution. Substrate binding reactions
of the 3[do*po] excited state with halide
(X7) to give [Auy(depm),X]** would
account for the lower energy absorption
maxima in the triplet-state difference
absorption spectra. With iodide as the
counterion, complex 7 undergoes a pho-
toinduced electron-transfer reaction

] quenching
perature, whereas either 6 or 7 shows

Introduction

An important class of reactions in inorganic photochemistry is
the substrate-binding reaction involving a metal ion in a
electronically excited state.l'>] These reactions are of impor-
tance with regards to molecular exciplex formation,? 3 which
usually proceeds with coordinatively unsaturated metal com-
plexes, such as the four-coordinate d** and two-coordinate d'°
metal species;>° however, there only a few studies to be
found in the literature. In the context of developing lumines-
cent probes for molecular recognition and light-induced
inner-sphere atom-transfer reactions,[!! these reactions are of
paramount importance as they bring the excited-state mole-
cule and its reaction partner into close proximity so that
chemical reactions or sensing can occur. While molecular
exciplexes have been well studied in organic photochemistry,

[a] Prof. C.-M. Che, Dr. W.-F. Fu, Dr. K.-C. Chan, Dr. K.-K. Cheung
Department of Chemistry
The University of Hong Kong
Pokfulam Road, Hong Kong
Fax: (+852)2857-1586
E-mail: cmche@hkucc.hku.hk
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with I~ to give the radical anion I,".

documentary evidence for inorganic exciplex emissions is
sparse in the literature.?>3-% Previous studies by McMillin
and co-workers had highlighted the importance of the effect
of copper(1) —solvent exciplex formation on the photophysical
and photochemical properties of luminescent d'° copper(r)
complexes.’! Our approach to develop new photocatalysts for
light-induced atom-transfer reactions is to explore the photo-
chemistry of coordinatively unsaturated gold(l) complex-
es.’>7] The two-coordinate d'° gold(l) complexes are of
particular interest: this class of complexes has vacant coordi-
nation sites at the gold atom, are readily prepared and are
stable towards air and moisture, but yet possess rich photo-
luminescence properties.®1% For dinuclear gold(l) complexes
with two gold(1) centers held in close proximity, a lower energy
5do* — 6po transition with a red-shift in energy from its
mononuclear counterpart is reported.'!! Excitation of the
weakly bonded dinuclear and polynuclear gold(l) complexes
into the 5do* — 6po transition would produce the *[do*pa]
excited state, which has a formal metal —metal single bond
and has been attributed to be responsible for their visible
photoluminescence in many instances.?> '] Recent prelimi-
nary work by our group, however, has suggested that the
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visible emissions of the [Au,(dcpm),]Y, (Y=ClO, (1), PF,~
(2), SO;CF;~ (3), Au(CN),” (4), Cl~ (5), SCN~ (6) and I~ (7);
dcpm = bis(dicyclohexylphosphino)methane) systems, with
intramolecular Au'--- Au' separations between 2.92-3.02 A,
come from exciplexes as a result of the solvent/counterion and
the 3[do*po] excited-state association.?™ In these dinuclear
gold(1) systems, dcpm was chosen as the bridging ligand, since
its intraligand transitions occur at much higher energy than
5do* — 6po transitions. Here we present results from emission
and time-resolved absorption spectroscopy revealing that the
3[do*pa] excited state of [Au,(decpm),]** readily undergoes
substrate-binding reactions. The present findings highlight the
important role of gold-ligand bonding in affecting the
photophysical and photochemical properties of photolumi-
nescent gold() complexes.

Results and Discussion

Crystal structures: The structures of the complexes 1 and 4-7
have been determined by X-ray diffraction, and some of the
results have been communicated elsewhere.” The perspec-
tive views of the molecules 1, 4, 5 and 7 are shown in
Figures 1-4, and the crystallographic data are listed in
Tables 1 and 2. Depending on the conditions of crystallisation,
complex 7 could be obtained in two crystalline forms, namely,
[Au,(dcpm),]T, (7a) and [Au,(dcpm),]L, - 0.5 CH,CI, (7b).

In all the complexes prepared in this work, the gold atom
adopts a linear coordination while displaying significant
Au--- Au interactions. The crystal structures of all the gold()
complexes reveal a T-shaped geometry at the gold atom. The
Au-Au distances found in these gold(l) complexes (1:
2.9389(9), 4: 2.9876(5), 5: 2.9925(2), 6: 2.9821(7), T:
3.0756(6) A) are within the range expected for weak Au-—
Au interactions."?l The gold —anion distance in [Au,(dcpm),]-

C24

/ Cc25
g ]3015
St
«

C18 Cc19

c23

Figure 1. ORTEP drawing of [Au,(dcpm),](CO,), (1) (the counter-anions
are not shown). The closest Au contact with a CIO,~ oxygen is 3.36(2) A.
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Figure 2. ORTEP drawing of [Au,(dcpm),][Au(CN),], (4).

Figure 4. ORTEP drawing of [Au,(dcpm),]L, (7).
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Table 1. Selected crystallographic and data collection parameters for complexes 1 and 4-7.

1 4 5 6 7a
formula Au,C5\H,P,-2Cl10,  Au,CsHy,P,-2Au(CN), Au,CsH,P,Cl,-025CH;0H  Au,CsoHy,P,-2SCN  Au,CsHy,P I,
M, 1410.01 1709.11 1290.02 1327.28 1464.09
T [K] 301 301 293 301 301
crystal system monoclinic triclinic monoclinic tetragonal triclinic
space group P2,/a (No. 14) P1 (No.2) P2,/c (No. 14) I4,/a (No. 88) P1 (No.?2)
alA] 17.812(5) 12.399(2) 19.1931(14) 30.140(3) 13.702(9)
b [A] 14.733(4) 12.984(2) 21.6614(16) 14.712(5)
c[A] 23.156(4) 10.904(2) 29.064(2) 12.872(2) 15.978(4)
a [’ 113.56(1) 81.18(2)
AN 107.98(2) 108.79(1) 94.066(2) 73.15(2)
v [°] 95.83(1) 66.78(2)
V [A] 5779.(2) 1468.7(5) 12053(2) 11693(2) 2830(2)
zZ 4 1 8 8 2
Peatea [gem 1] 1.620 1.932 1.413 1.508 1.719
u(Mog,) [cm™'] 53.02 101.39 50.86 52.44 64.31
crystal size [mm] 0.25 x 0.20 x 0.15 0.20 x 0.15 x 0.30 0.20 x 0.18 x 0.12 0.25 % 0.20 x 0.10 0.20 x 0.15 x 0.10
F(000) 2832 820 5124 5344 1432
20 [°] 50 50 55 51 50
unique reflections 10617 5167 27694 5591 9956
parameters 555 301 1054 280 523
R; 0.041 0.036 0.051 0.047 0.033
R, 0.056 0.046 0.134 0.068 0.043
goodness of fit 1.64 2.03 0.814 2.59 1.20
residual electron density [e A=) 1.09/ — 0.80 1.95/-2.29 1.052/ —1.082 1.21/-0.94 1.04/ —0.79

Table 2. Selected bond lengths [A] and bond angles [°] of 1, 4, 5 and 7.

Complex 1

Aul --- Aul* 2.9389(9) Aul-P1 2.317(3)
Aul—P2* 2.320(3) Cl1-01 1.45(2)
Cl1-02 1.35(2) Cl1-03 1.35(2)
Cl1-04 1.48(2)

Aul*-Aul-P1 93.31(8) Aul-Aul*-P2 91.20(8)
P1-Aul-P2* 173.9(1) 01-Cl1-02 114(1)
01-Cl11-04 107(1)

Complex 4

Aul --- Aul* 2.9876(5) Aul*—P2 2.307(2)
Aul—-P1 2.316(2) Au2—C1 1.98(1)
Au2—C1* 1.97(1) N1-C1 1.12(1)
N1#*-C1* 1.15(1) Aul*---N1 3.33(1)
Aul*-Aul-P1 94.25(4) Aul-Aul*-P2 89.66(4)
P1-Aul-P2* 173.92(6) C1-Au2-C1* 180.0
Au2-C1-N1 179(1) Au2-C1*-N1* 178(1)
Complex 5

Aul -+ Au2 2.9925(2) Aul-P1 2.3275(8)
Aul—-P4 2.3261(8) Au2—P2 2.3086(8)
Au2—P3 2.3091(8) Aul ---CI2 2.7755(9)
Aul-Au2-P2 95.54(2) Aul-Au2-P3 95.02(2)
Au2-Aul-P1 85.58(2) Au2-Aul-P4 87.60 (2)
P1-Aul-CI2 97.10(3) P4-Aul-CI2 91.21(3)
ClI2-Aul-Au2 171.89(2)

Complex 7

Aul --- Aul* 3.0756(6) Aul-I1 2.9960(7)
Aul-P1 2.342(3) Aul—PpP2* 2.321(2)
Aul-Aul*-11* 98.21(2) Aul-Aul*-P1* 83.72(5)
Aul-Aul*-P2 94.31(5) I1-Aul-P1 94.40(6)
11-Aul-P2* 107.62(6) P1-Aul-p2* 157.93(7)

Cl,-025CH;OH (5) differs from those in the
[Au,(dcpm),](SCN), and [Au,(dcpm),]I, salts, which exhibit
close gold —anion contacts at both gold atoms. However, for 5,
only one of the two gold atoms has a short Au—Cl con-
tact (2.7755(9) A, see Figure 3), and it is the shortest Au—
anion contact found in this work (cf. Au---1=2.9960(7);
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Au---SCN=3.011(3); Au---Au(CN),=3.33(1); Au--
0Cl0;=3.36(2) A). As discussed below, the variation of the
gold - anion contact has a significant effect on the solid-state
emission of the gold() complexes studied in this work.
Accordingly, complex 7 has a 3P NMR chemical shift (6 =
48.5) that is lowest among the gold(1) complexes studied in this
work. Indeed the 3P chemical (9) shifts of [Au,(dcpm),]Y, are
in the order 1-4 (54.1) > 5 (52.9) > 6 (50.1) > 7 (48.5), which
is in agreement with the order of softness of the Y~ ions, I~ >
SCN- > CI" > CIO,, PF,~, CF;SO;™.

Electronic absorption spectra: Complexes 1-4 have similar
UV/Vis absorption spectra in acetonitrile (Figure 5, solid
line), and we assign the intense absorption band at 277 nm
(6=2.6-2.9 x 10%) to the '(5do* — 6po) transition. The as-
signment is based on our recent resonance Raman studies of
some dinuclear gold(l) complexes.'l A weak shoulder at 1=
310 nm (e£=400) is attributed to the corresponding singlet —

1.04 {NBu,J1
—Om
0.8 1.0x105m
A 20x 105w
0.6 5.0 x 105 m
R 1.0x10*m

0.4
0.2

0.0+ .
200 250 300 350 400 450
A/ nm

Figure 5. UV/Vis spectral changes of [Au,(dcpm),](ClO,), (1) in degassed
acetonitrile at room temperature as a function of the [NBu,]I concentration
(with the same concentration of [NBu,]I in acetonitrile as the background).
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triplet transition. Similar weak shoulders at 320 nm have been
reported for [Au,(dmpm),](ClO,), (dmpm = bis(dimethyl-
phosphino)methane) and [Au,(dmpe),](ClO,), (dmpe=
bis(dimethylphosphino)ethane).['?]

The UV/Vis absorption spectrum of the iodide salt (i.e., 7)
differs significantly from those of the other gold(1) complexes.
The intense band at A =275 nm, which has a similar band
shape and energy to the 277 nm absorption band of the
[Au,(dcpm),]** ion, can be reasonably assigned to the
I(do* — po) transition. However, a definitive assignment of
the absorption at 246 nm (e =3.7 x 10*) remains problematic
because of the strong absorption of the iodide anion in a
similar spectral region. While complexes 1-6 absorb weakly
at A > 310 nm, complex 7 shows intense absorptions at 323 and
365 nm with ¢=6.1 x 10* and 1.3 x 10°, respectively. These
two intense absorption bands can be explained by the
coordination of the I~ ion to the ground state [Au,(dcpm),|**

complex [Eq. (1)].

[Au,(depm),]** + I~ = [Auy(depm),]I* @

Note that the 3'P NMR signal of the phosphine ligand in 7
appears at higher field (6 =48.5) than those of the phosphine
ligands in complexes 1-4 (6=54.1), which contain non-
coordinating counterions; this may be indicative of the iodide
coordination to the gold atom, which would lead to less
deshielded phosphorus atoms.

Figures6 and 7 depict the UV/Vis spectral changes
“[Auy(depm),](SO5CF3), (3) + [NBu,]Br” and

1.8

for

1505/

[NBu,]Br

1.2
A

0.9

0.6

0.3

350
A/nm

Figure 6. UV/Vis spectral changes of [Au,(dcpm),](SO;CF;), (3) in
degassed acetonitrile at room temperature as a function of the [NBu,]Br
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Figure 7. UV/Vis spectral changes of [Au,(dcpm),]Cl, (5) in degassed
acetonitrile at room temperature as a function of the [NBu,]Cl concen-

tration.
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“[Auy(depm),]Cl, (5) + [NBu]Cl” in acetonitrile as a
function of the concentration. These spectral changes are
attributed to the reaction given in Equation (2).
[Auy(depm),]** + X~ =[Au,(depm),]X* (2

We also note that there is a red-shift in the absorption
maxima of [Au,(depm),]X™ as X~ changes from CI~ to Br~
and I (A,,,, =302 (CI"), 310 (Br~) and 323 (I") nm). However,
the extent of the red-shift is smaller than the related changes
in LMCT [pa(X~)— Pt(x)] energies of [Pt,(P,OsH,),X,]*
(X-=Cl, Br, I, NO,", SCN").I'> 4 We suggest that the
electronic transitions of [Au,(dcpm),|X* at 1 =302-323 nm
are do*(Au) — po(Au) in origin. Interactions between the
d,-(Au) and pa(Au—X) orbitals account for the small red-shift
in the absorption maxima from Cl~ to Br~ and I". Equilibrium
constants (K) for the reaction given in Equation (2) can be
calculated according to Equation (3):3

K= (3a)
([Au*], —x)(X7], — x)
A = gap (AU,

X=—— (3b)

EauXxr ~ Ean

in which x is the concentration of [Au,(dcpm),]X*; A is the
absorbance at the observed wavelength; [Au,>"], and [X~], are
the initial concentrations of [Au,(dcpm),](SO;CF;), and
[NBu,]X, respectively, and ¢ is the extinction coefficient in
mol~tdm?cm™! of the species designated by the subscript. The
simulated UV/Vis spectral changes show good agreement
with the experimental data, and the simulated association
constants for [Au,(dcpm),]** with CI-, Br~ and I~ in acetoni-
trile are (1.84+0.7) x 103, (5.1+1.0) x 10* and (43 +21) x
10°m~!, respectively (see the Experimental Section). These
values are smaller than those values of 10*-105 for
[Au,(dmpm),]** or [Au,(dmpe),]** complexes;*3] this can be
attributed to the bulkiness of the cyclohexyl substituents.

Solid-state emission: Upon excitation at A =280 nm, com-
plexes 1-4 exhibit intense photoluminescence with 4, at
368 nm in the solid state at room temperature (Figure 8). The

2.5-
7
1.5 - : \
I ," Y 5
104 § \i ! \
Y ;
054 | \i / 5
i o 4 AN
R
0.0 2t ; . s =
400 500 600 700
Alnm

Figure 8. Room-temperature solid-state emission  spectra  of
[Auy(depm),](SO;CF3), (3), [Auy(depm),][Au(CN),], (4), [Auy(depm),]Cl,
(5) and [Au,(dcpm), ]I, (7) with excitation at A =280 nm. / = intensity.
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measured emission quantum yields of powdered samples were
0.37 (1), 0.74 (2), 0.53 (3) and 0.12 (4). The high solid-state
emission quantum yields reflect the fact that the [Au,-
(depm),]Y, solids are highly luminous materials in the near
UV-region.™ Solids 1 and 2 also display weak visible
emissions at A =564 and 505 nm, respectively, but this type
of emission was not found for 3. For solid 4, the visible
emission at A =515 nm was found to be more intense than that
of solids 1 and 2. Both the high- (360-370 nm) and low-
energy (500-570 nm) emissions have lifetimes on the micro-
second timescale; this implies that these emissions are from
the triplet-parentage excited states. As discussed in a previous
communication,® the high-energy emission is ascribed to
intrinsic phosphorescence from the 3[do*po] excited state.
With this assignment, the Stokes shift in energy between the
[do*po] absorption and 3[do*po] emission for the
[Au,(dcpm),]** complex is 8930 cm~!, which compares well
with 7793 cm~! found for the [Pt,(P,OsH,),]*" system.['™! The
277 nm absorption and the 368 nm emission bands have a
similar band-shape, which serves as evidence of common/
similar electronic origin(s).

For complexes 6 and 7, only the visible emissions are
observed from their solid samples at room temperature
(Figure 8). Emission quantum yields of powdered samples
upon excitation at A =280 nm are 0.09 (6) and 0.17 (7). These
quantum yields are significantly lower than those of the high-
energy UV ones for complexes 1-3. The crystalline solid
[Au,(dcpm),](SCN), (6) shows only one intense emission
band with 4., at 465nm at room temperature. The two
isolated crystalline forms of 7a and 7b display different
emission energies. The room-temperature solid-state emission
maxima for [Au,(dcpm),]I, and [Au,(depm),]I,-0.5 CH,Cl,
are 473 and 486 nm, respectively. It is particularly interesting
that the two compounds have virtually the same bonding
parameters. The inclusion of CH,Cl, molecules into the
crystal lattice of [Au,(dcpm),]I, causes a red-shift in the
emission energy.

As stated in a previous section, the UV/Vis absorption
spectrum of 7 is different from that of [Au,(dcpm),]**,
consistent with complexation between [Au,(dcpm),]** and
I-. The low-energy solid-state photoluminescence of this
complex is, therefore, attributed to the excited state associ-
ated with the three-coordinate AuP,I moiety. For complexes
1-3, the Au---anion contact distances are significantly longer
than that of 7. Therefore, the effect of the neighbouring anion
on the 3[do*po] excited state of [Au,(dcpm),]** is weaker. This
accounts for the intense high-energy emission at A =368 nm
for the former three complexes. Complex 4 is an intermediate
case, since the Au---anion contact distance lies between that
of 1 or 2 and 7. We found that the visible emission of 4 is more
intense than that of 1 and 2, but is not as intense as the 473 nm
emission of solid 7a.

Complex 5 displays both high- and low-energy emissions
with A, at 366 and 505 nm, respectively (Figure 8). The
overall solid-state emission quantum yield is 0.23. The X-ray
crystal structure of this complex shows a close Au---Cl
contact for one of the two gold atoms. The change in the
relative intensities between the high-energy UV and low-
energy visible emissions across 1-7 (Figure 8 and Table 1 of

4660

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

Ref. [2b]) is parallel with the variation of the Au---anion
interaction. This suggests that the cation --- anion interaction,
either ionic or covalent, has a significant effect on the
photoluminescence of the gold(i) solids.

Solution emission: In acetonitrile, all the complexes show
emission with 4,,,, ranging from 490 to 530 nm (Figure 9). The
high-energy emission at 368 nm is extremely weak. In
dichloromethane, there is no detectable emission. The ex-
citation spectra of the visible emissions obtained with dilute
acetonitrile solutions are identical to their absorption spectra
(Figure 9).

25~

2.0

0.200 300 400 500 600 700
Alnm

Figure 9. Excitation (left, emission monitored at A =500 nm) and emission

(right) spectra of [Au,(dcpm),](SO;CF;), (3), emission spectrum of

[Auy(depm),]I, (7) with excitation at 4 =280 nm in degassed acetonitrile

at room temperature, and emission spectrum of [Au,(dcpm),](SCN), (6)

with excitation at 1 =280 nm in EtOH/MeOH (1:4 v/v) at 77 K. I =inten-

sity.

We have also studied the effect of halide ion concentration
on the emission. Initial addition of a small amount of [NBu,]X
to [Au,(dcpm),](SO5CFs3), in acetonitrile led to an enhance-
ment of the emission intensity and red-shift in the emission
maxima from 508 to 510 (Cl7), 514 (Br~) and 530 nm (I).
Further addition of [NBu,]X resulted in a decrease of the
emission intensity.

In EtOH/MeOH (1:4 v/v) glassy solutions at 77 K, the
gold() complexes, with the exception of 7, display a high-
energy emission at 1 ~368 nm (Figure 9). Complex 7 shows a
low-energy emission with 4,,,, at 460 nm. It should be noted
that their solid-state emission spectra are similar. A weak
emission at 1 =420-490 nm was observed for complexes 1-6
(Table 1 in Ref. [2b]).

Emission quenching and time-resolved absorption studies:
Addition of [NBu,]X (X =ClO,", PF,~, Cl~ and I") quenched
the emission of [Au,(depm),]X, in acetonitrile, as illustrated
by the plots shown in Figure 10. The observed decrease in
emission intensity with [X~] follows the Stern—Volmer
equation [Eq. (4)]:

=1+ ky[X] 4)

in which ¢, and ¢ are the luminescent lifetimes in the absence
and presence of X~, and k, is the quenching rate constant. The
kq values are 6.08 x10°, 9.18 x 105, 1.55x 107 and 4.06 x
10° mol~tdm?®s~! for ClO,~, PF~, Cl- and I-, respectively.
The quenching rate constant for the I~ ion is particularly
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Figure 10. Room-temperature emission spectra of [Auy(dcpm),]I, (7) in
the presence of varying concentrations of [NBu,]I in degassed acetonitrile
with excitation at 4 =280 nm. Concentration of [NBu,]I: 1) Om, 2) 4 x
1075Mm, 3) 2 x 107*M, 4) 8 x 107*M, 5) 2 x 1073 M. I = intensity.

large: it is 10° times larger than those with the C1O,~ or PF,~
ions. To probe the quenching mechanism, we have studied the
effect of the counterion on the triplet-state difference
absorption spectra of [Au,(dcpm),]**.

The triplet-state difference absorption spectra of solutions
of [Au,(depm),]Y, in acetonitrile were measured after nano-
second-pulsed excitation at 4 =266 nm. Assignment of the
difference absorption spectra to the triplet excited state is
confirmed by the excellent match of the decay lifetime of the
absorption signal with that of the emission. In the absence of
any added counterion, the spectra for complexes 1-4,
recorded 1.5 ps after excitation, are similar and characterised
by an absorption maxima at 4 =350 nm with a shoulder at
~395 nm. The 350 nm absorption, with a decay rate constant
comparable to the emission lifetime, is assigned to the triplet
excited state of [Au,(dcpm),|**, while the 395 nm shoulder,
with a much longer decay lifetime, is attributed to [Au,X"/
Aw,S** via XIS + Aw,?** — [Au,X/Au,S?*H]* states. With
this assignment, the absorbance of Au,X"* is affected by X~.
The transient absorption spectra for the complexes [Au,-
(depm),]Y, were measured as a function of the halide
concentration. The results are presented in Figures 11-13.
As the anion is changed from ClO,~ to SCN- and I-
(Figure 11a), the absorption maxima at 350 nm decreases in
intensity; however, there is a concomitant development of a
lower energy absorption at 420 nm, the decay lifetime of
which is much longer than the decay lifetime measured at
350 nm. Typical spectral changes observed for complex 5 with
different Cl~ concentrations are shown in Figure 12. There is a
shift in the absorption maxima from 4 =350 to ~410 nm with
increasing Cl- concentrations. Therefore, the equilibrium
given in Equation (5) is suggested to occur.

[Au,(depm),>]* + Cl-=
350 nm

[Auy(depm),Cl +]* 5
410 nm

Chem. Eur. J. 2001, 7, No. 21
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(SO5CF3), (3) (5.1 x 10~3Mm) in various [NBuy]Br concentrations monitored
after 1.5 pus pulsed excitation at 4=266nm in degassed acetonitrile
solution.

0.60
0.55
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0.50 | tius /
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0.45 | (
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035
[NBu,]CI
—A—Qm
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Figure 12. Room-temperature transient difference-absorption spectra of
[Au,(depm),]Cl, (5) (7.5 x107°m) in various [NBuy]Cl concentrations
monitored after 1.5 ps pulsed excitation at A=266nm in degassed
acetonitrile solution. Inset: decay traces of transient difference-absorption
spectra of [Au,(depm),|Cl, (5) (7.5 x 10°m) in [NBu,]Cl (8.0 x 10-*m)
monitored at A =410 nm.

It should be noted that the decay lifetime measured at 1=
410 nm (¢, 174 ps) is substantial. Similar results have been
obtained with solutions of complex 3 in acetonitrile in the
presence of varying concentrations of [NBu,]|Br (Figure 11b).

As shown in Figure 11a, the triplet-state difference absorp-
tion spectrum for complex 7 shows an intense absorption peak
at A =420 nm and a shoulder at ~350 nm; in addition, a weak

0947-6539/01/0721-4661 $ 17.50+.50/0 4661





FULL PAPER

C.-M. Che et al.

absorption at 730 nm is observed. When [NBu,]I was added to
the solution, the 420 nm absorption peak underwent a blue-
shift to 4 =400 nm and the signal intensities at 400 and 730 nm
were enhanced with diminution of the 350 nm shoulder
(Figure 13). With reference to the previous work by Gross-
weiner and Matheson,['*'®! the 730 nm absorption maxima
can be assigned to the absorption of I,™.
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Figure 13. Transient differential absorption spectra of [Au,(dcpm),]L, (7)
(4.1x107°m) in degassed acetonitrile containing [NBu,]I (8.3 x 10-*m)
after a) 1.2 ps, b) 3.7 ps, ¢) 8.2 ps, d) 16.5 us and e) 33.9 ps pulsed excitation
at A =266 nm. Inset: [NBuy]I (5.5 x 10-5m).

Lifetime measurements showed that there are two decay
processes (lifetime = 3.8 and ~42 ps) for the 400 nm absorp-
tion in the triplet-state difference absorption spectrum of 7.
The latter component becomes the major signal at higher
[NBu,]I concentrations. It is assigned to I,~. The minor, short-
lived component at 400 nm is attributed to the triplet excited
state of [Au,(dcpm),]". We conclude that photolysis of a
solution of 7 in degassed acetonitrile results in a photoredox
reaction [Eq. (6)].

[Auy(depm),]*** + 21" — [Auy(depm),]* + I~ (6)

Conclusions

It is important to study the factors affecting the photophysical
and photochemical properties of luminescent gold(l) com-
plexes, which have been receiving growing interest in the past
several years. The open coordination framework of two-
coordinate gold(l) is important for it to be able to undergo
substrate-binding reactions in the ground and excited states.
In this work, high association constants (1.8 to 43 x 10°m™!) of
[Au,(dcpm),]** with halide ions were also determined. The
high affinity of two-coordinate gold(l) to undergo substrate-
binding reactions is in contrast to the square-planar d®
platinum(ir) system, which remains four-coordinate in most
instances. It is of interest to compare the [Au,(dcpm),]** (Au,)
with the classic dinuclear platinum(i) photocatalyst
[Pt,(P,OsH,),]*~ (Pt,). Both the Au, and Pt, systems have
vacant coordination sites at the metal atom, feature an intense
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ndo* — (n+ 1)po transition and have long-lived and emissive
3[do*po] excited states in fluid solutions at room temperature.
Importantly, the [do*po] triplet excited states of both systems
have a formal metal—metal single bond and are powerful
photoreductants. Because [Pt,(P,OsH,),]*" is an effective
photocatalyst for C—X bond activation via the reactive
[Pt,---X—C]* intermediate,'l we envisioned that [Au,(di-
phosphine),]** photocatalysts may display similar photo-
chemical reactivities.

However, the [Au,(diphosphine),]** systems do not react
with C—H bonds (including activated ones) photochemically.
Even though the [Au,(dppm),]** (dppm = bis(diphenylphos-
phino)methane) was reported to catalyze the photochemical
cleavage of C—X (X =halide) bonds, the photochemical
reaction was found to take place following an electron-
transfer mechanism rather than an atom-transfer mecha-
nism.[”! Such a discrepancy in the photochemical properties
between the Au, and Pt, systems was difficult to rationalize
prior to this work, given the similar properties of the *[do*po]
excited states of both systems and that both Au' and Pt are
coordinatively unsaturated. We propose that the apparent
lack of reactivity towards C—H bond activation of the triplet
excited states of [Au,(diphosphine),]** is attributed to the fact
that the *[do*po] state of Au, exists as a solvent/anion exciplex
in solution, rendering the gold() less accessible towards
interacting with the C—H bond by an inner-sphere pathway.
Indeed the high affinity of the *[do*po] excited state of
[Au,(diphosphine),]** toward substrate-binding reactions has
also been confirmed by molecular orbital calculations, as
described in previous works.['"]

We propose that the high-energy 3[do*po] emission should
be present for any [Au,(diphosphinomethane),]Y, compound
in which Y is a non-coordinating anion. The fact that
[Au,(dppm),](ClO,), shows no intense high-energy emission
in the solid state at room temperature deserves attention.[’ %I
The only difference between [Au,(dppm),](ClO,), and 1 is the
auxiliary phosphine ligand, namely phenyl- versus cyclohexyl-
substituted diphosphines. The phenyl rings of the dppm ligand
have their 3(zzr*) state [the 3(zzr*) emission of [Cy;PAu-Ph] is
at 347 nm in CH;CN] close in energy to the intrinsic
3[do*po] emission of [Au,(dppm),]**; there may be a deacti-
vating state for the latter through an intramolecular energy-
transfer process. The neighbouring counteranion is an im-
portant factor affecting the high-energy emission of the
[Au,(diphosphinomethane),]Y, solid. For soft anions, such as
I, clear evidence exists for the complexation of the ground
state, and Au-anion complexation in the excited state would
quench the 3[do*po] high-energy emission. It is no wonder
that only low-energy emission attributed to three-coordinate
gold(1) species can be observed in the solid-state emission
spectra of 6 and 7 at room temperature, but not for the other
gold complexes.

Experimental Section

Materials: The salt K[AuCl,] (Johnson Matthey Chemicals), thiodiglycol
(2,2'-thiodiethanol, Aldrich) and dcpm (Strem) were used as received.
[Au,(depm),]Y, (Y = ClO,~, PF4-, SO;CF;~) complexes were prepared in a
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similar manner to [Au,(dppm),](ClO,),.I"! Solvents (spectroscopic grade)
used in the spectroscopic studies were dried over suitable reagents and
distilled under an argon atmosphere prior to use.

[Au,(depm),]Y, (Y=CIO,~ (1), PF,~ (2), SO;CF;~ (3), CI™ (5)): Thiodi-
glycol (0.22 mL, 2.12 mmol) was added to a stirred solution of K[AuCl,]
(0.4 g, 1.06 mmol) in methanol (40 mL), followed by addition of solid dcpm
(0.4 g, 1.04 mmol). A pale yellow solid precipitated, which dissolved upon
warming to give a colourless solution that was filtered. Addition of excess
LiClO,4, NH,PF, or NH,SO;CF; to the filtrate produced white precipitates,
which were collected by filtration, and washed with distilled water and
diethyl ether. To purify the solids they were recrystallised from acetonitrile
by slow evaporation. Compound 5 was obtained as crystals by diffusion
with diethyl ether. The compounds were characterised by 3P NMR
spectroscopy and X-ray crystallography. 3'P NMR (acetonitrile): 6 =54.1
for 1-3; 52.9 for 5.

[Au,(depm),][Au(CN),], (4): Solid depm (0.2 g, 0.52 mmol) was added to a
solution of K[AuCl,] and thiodiglycol in methanol as described above. The
solid [Au,(dcpm)]Cl, was obtained after removal of the solvent. NaCN
(0.0225 g, 0.46 mmol) was then added to a solution of [Au,(dcpm)]Cl,
(0.2 g, 0.23 mmol) in dichloromethane (20 mL). After stirring for 2 h, the
mixture was filtered and the filtrate was concentrated to ~4 mL by rotary
evaporation. Slow addition of hexane afforded a white precipitate, which
was collected by filtration, washed with distilled water and hexane, and
recrystallised from acetonitrile/dichloromethane. The crystalline solid was
characterised by P NMR and X-ray crystallography. 3'P NMR (acetoni-
trile): 0 =54.1.

[Au,(depm),]Y, (Y=SCN~ (6) and I (7)): Compounds 6 and 7 were
prepared in a similar manner to 1. Addition of excess Nal to a solution of
K[AuCl,], thiodiglycol and dcpm in methanol afforded a yellowish powder.
Recrystallisation by slow evaporation from an acetonitrile or dichloro-
methane solution produced two different crystalline solids: one was white
while the other was greenish-yellow. The two crystalline solids were
characterised by 3P NMR and X-ray crystallography. 3P NMR (acetoni-
trile): 0=48.5 for both crystals ([Au,(dcpm),]l, and [Au,(dcpm),]l,-
0.5CH,Cl,). When NaSCN was used as a precipitant, a crystalline solid
was obtained and characterised by 3'P NMR and X-ray crystallography. 3'P
NMR (acetonitrile): 6 =50.1.

Equipment and procedures: Steady-state absorption spectra were recorded
at ambient temperature with a HP8453 UV-Vis spectrophotometer.
Crystals of suitable size were mounted either on glass fibres or in capillary
tubes. X-ray data were collected on either an MAR PSD diffractometer or a
Rigaku AFC7R diffractometer. Intensity data were collected by w —26
scans. The images were interpreted and integrated by means of the
DENZO or ABSOR software. The structures were solved by direct
methods (SIR 92) or the Patterson method (PATTY) and expanded by the
Fourier method. Structural refinement on F or F? by full-matrix least-
square analysis was performed with the TeXsan, SHELXL-93 or NRCC-
SDP VAX programs. ORTEP drawings of the structures are displayed with
hydrogen atoms omitted for clarity.

Crystallographic data for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as supple-
mentary publication nos. CCDC-116329 (1), CCDC-116330 (4), CCDC-
116331 (7a), CCDC-150222 (5), CCDC-158872 (6), CCDC-158873 (7b).
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB21EZ, UK (fax: (+44)1223-336-033;
e-mail: deposit@ccdc.cam.ac.uk).

The equilibrium constants for the complexation of [Au,(dcpm),]** with
halides were simulated by Marquardt fits. All the simulation calculations
were performed by SPECFIT packages. The raw experimental data in
ASCII format was edited by a text editor to make them compatible with the
input format of SPECFIT before they were read by the program.

Corrected emission and excitation spectra were obtained on a SPEX
Fluorolog-2 Model F111A1 fluorescence spectrofluorometer adapted to a
right-angle configuration. Filters of suitable bandpass were used to cut off
the second harmonic of the monochromatic excitation light source and
stray light. Solutions for excitation or emission measurements were
degassed by at least four freeze-pump-thaw cycles. Low-temperature
(77 K) emission spectra for glass and solid-state samples were recorded for
5 mm diameter quartz tubes which were placed inside a liquid nitrogen
bath placed in a quartz optical Dewar flask.
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Measurement of emission quantum yields of powdered samples involved
the determination of the diffuse reflectance of the [Au,(dcpm),]Y, complex
relative to KBr at the excitation wavelength.?”) The measured results were
corrected according to the relative response of the detector as a function of
the wavelength. Emission lifetimes of solid or solution samples were
performed with a Quanta Ray DCR-3 Nd-YAG laser with pulse-width of
8 ns and excitation wavelength of 355 nm (third harmonic) or 266 nm
(fourth harmonic). Emission signals were collected at right angles to the
excitation pulse by a Hamamatsu R928 photomultiplier tube and recorded
on a Tektronix model 2430 digital oscilloscope.

Stern - Volmer quenching measurements were carried out with degassed
solutions of the metal complex in the presence of a quencher Q. Linear
plots of 7/t versus [Q] were obtained from which bimolecular quenching
rate constants, k,, were deduced according to Equation (4).

Transient absorption spectra were recorded after excitation of the sample
in degassed acetonitrile with an 8ns laser pulse at A=266 nm. The
monitoring beam was provided by a 300 W continuous-wave xenon lamp
that was oriented perpendicular to the direction of the laser pulse. The
transient absorption signals at each wavelength were collected with a
SpectraPro-275 monochromator operating with 2 mm slits, with the signal
fed to a Tektronix TDS 520D oscilloscope. The optical difference spectrum
was generated point-by-point by monitoring at individual wavelengths.
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Phalloidin Synthetic Analogues: Structural Requirements in the

Interaction with F-Actin

Lucia Falcigno,!>* Susan Costantini,! Gabriella D’Auria,'» " Bianca Maria Bruno,!*!

Suse Zobeley,!! Giancarlo Zanotti,! and Livio Paolillo** !

Abstract: Synthetic derivatives of phal-
loidin have been investigated in solution
by circular dichroism (CD) and NMR
spectroscopy. They differ from natural
phalloidin (PHD), bicyclo(Ala'-p-Thr?-
Cys3-cis-4-hydroxy-Pro*-Ala’-2-mercap-
to-Trp®-(OH),Leu’)(S-3—6), in that
they are modified at positions 2, 3, and
7. Among these synthetic analogues,

features that may be responsible for the
different biological behavior become
apparent. Our results indicate that the
structural changes that result from an
inversion of chirality of residue 3 lead to
a complete loss of toxicity. Conversely,
toxicity is less affected by the structural
changes that stem from an inversion of
chirality of residue 2. Moreover, unlike

the other phallotoxins, when the thio-
ether unit bridges to the opposite face of
the main peptide ring, in contrast to the
situation in other phallotoxins, large
structural changes are observed as well
as a total loss of activity. Molecular
models of the synthetic phalloidin ana-
logues have been used to investigate the
necessary structural requirements for

structural differences and varying de-
grees of atropisomerism are found. By
comparing the respective molecular
models obtained by restrained molecu-
lar dynamics (RMD) simulations based

. analogues
on experimental NMR data, structural

Introduction

Amatoxins and phallotoxins are two families of toxic bicyclic
peptides isolated from the very dangerous mushroom Ama-
nita phalloides.
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the interaction with F-actin. To this
end, the F-actin/PHD model of M.
Lorenz et al. was employed; docking
experiments of our molecular models in
the PHD binding site are presented.

con-
. F-actin -
- phallotoxin

Amatoxins, the slow acting Amanita toxins, are bicyclic
octapeptides; the strong 1:1 complexes that they form with
RNA Polymerase B blocks protein synthesis, especially in
liver and kidneys cells, leading to the fatal necrosis of these
organs. The amatoxins are only responsible for the death of
patients after ingestion.

Phallotoxins are bicyclic heptapeptides. The main common
feature is a transannular thioether bridge between the side
chains of their tryptophan and cysteine residues (Figure 1).
They are also characterized by the presence of some unusual
hydroxylated amino acids.

CH3 CHp0H
Trpb Leu7(OH)2
AlaSCH—CO —NH——-ClH—-CO —NH— CH—CH;— C—CH3
GHa c|o OH
I/{ S I}*JI T\iH
(f 2 AlalCH— CH3

p-Thr2
Cys3 NH— cO— CH— NH—CO

7N

Figure 1. Chemical structure of phalloidin.
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The quick-acting phallotoxins lead to death in experimental
animals within 2-5 hours after injection, but not after
ingestion. Phallotoxins, which are rapidly adsorbed by hepa-
tocytes in vivo as well as in vitro, cause a severe swelling of the
liver due to accumulation of blood and hemorrages.”! The
molecular mechanism of action of phallotoxins stems from
their strong affinity towards F-actin.>4 They prevent the
depolymerization of F-actin into G-actin, so that the physio-
logical equilibrium G-actin = F-actin is significantly shifted to
the right, depleting cells of G-actin to an intolerable extent.
Phallotoxins also stabilize the F-actin filaments against
chemical and physical influences.®!

Due to their bicyclic nature, phallotoxins are fairly rigid
molecules, characterized by very specific spectroscopic prop-
erties that correspond directly to their toxicities. The 2-indolyl
thioether moiety, the dissymmetric chromophoric system
responsible for the UV spectrum with 4,,,, =292 nm and for
the characteristic strongly positive Cotton effects in the CD
spectrum at around 300 and 240 nm, is positively helical, as
demonstrated by the X-ray structure of a related peptide
model® and recently confirmed by an X-ray analysis of a
synthetic bioactive phallotoxin analogue.’) Any variation
from the typical UV and CD spectra exhibited by bioactive
phallotoxins is always associated with a notable or even total
loss of toxicity.

The three-dimensional structure of phallotoxins has been
defined in solution by two-dimensional NMR spectroscopy
and molecular dynamics studies,['>'¥ and recently in the solid
state, by X-ray analysis of a synthetic analogue.’!

Retaining the necessary bicyclic structure, the influence of
the side chain on the affinity towards F-actin has been
analyzed by carrying out structure—activity relationship
(SAR) studies on both semisynthetic and totally synthetic
analogues.['>!81 These studies have shown that the Cys?, 4-cis-
hydroxy-Pro* (Hyp*), Ala’, and Trp® residues are essential for
toxicity. Only a minor contribution is made by the Ala' side
chain, which can be varied or even omitted without any
significant consequences. The side chain of the residue in the
7-position, a differently hydroxylated leucine in the natural
toxins, is the least important for binding to F-actin and can be
suitably modified to give biochemically fluorescent analogues
useful as sensitive tools for visualizing F-actin in biological
tissue.[' 201 On the other hand, the side chain of the residue in
the 2-position, a D-Thr or a -hydroxy-Asp in the natural
products, is essential for actin binding. A p-configuration and
a length of at least two carbon atoms for the side chain of this
residue are necessary for toxicity;?" 2 however, the presence
of hydroxyl or carboxylic groups has hitherto been considered
as unnecessary.

A detailed review of the structure—activity relationships
(SAR) of the numerous phallotoxin analogues prepared to
date reveals that structural modifications, even those con-
cerning the less sensitive positions, invariably lead to some
degree of loss of the affinity towards F-actin.

We report herein on a research project based on the total
synthesis of new analogues of the natural phalloidin (PHD),
bicyclo(Ala!-p-Thr?-Cys*-cis-4-hydroxy-Pro*-Ala3-2-mercap-
to-Trp®-(OH),Leu’)(S-3 —6), a representative phallotoxin
(Figure 1), in order to accurately investigate the structural

4666 ——
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and conformational features known to affect the SAR for this
important class of natural biopeptides. Leaving the essential
bicyclic structure and the necessary side chains unchanged, we
turned our attention to the absolute configuration of the
residues in positions 2 and 3, to that of the more versatile side
chain of residue 7, and to the not yet fully elucidated role of
the side chain of the residue in the 2-position. The new
analogues and their affinities towards F-actin are listed in
Table 1. Bioactivity was measured as the ability of the
analogues to displace [°*H]demethylphalloidin from its bound
complex with F-actin. Among this series, only those analogues
showing a pronounced difference in their affinities towards
F-actin with respect to natural phalloidin (specifically 1h,
corresponding to [D-Cys’,Ala’]-phalloidin, and 1f and 1'f,
corresponding to the two atropisomers of [Thr?,Ala’]-phallo-
idin) were selected for conformational analysis in solution.

Table 1. Phalloidin analogues discussed in this paper and their affinity to
F-actin.

Residue 7 Residue 2 Residue 3 Affinity to F-actin

(times less than
phalloidin)

la Ser (Bol) D-Abu L-Cys 10

1b Ala D-Abu L-Cys 10

1c Abu D-Abu L-Cys 10

1d Leu D-Abu L-Cys 55

lel)  Ala D-Thr L-Cys 6.2

11 Ala L-Thr L-Cys >100

£ Ala L-Thr L-Cys <100

1g Leu D-Thr L-Cys 1.5

1h Ala D-Thr D-Cys >100

1i Ser D-Abu L-Cys 10

1j Ser (caprylyl ester) D-Abu L-Cys 10

[a] See ref. [9]. [b] Compounds 1f and 1'f are atropisomers.

Results

Synthesis: The new phalloidin analogues were synthesized by
using the Savige —Fontana reaction to establish the 2-thio-
indolyl ether bond through reaction of L-3a-hydroxy-
1,2,3,3a,8,8a-hexahydropyrrolo[2,3-b]indole-2-carboxylic acid
(Hpi)?* with thiol groups under acidic conditions.** 25! This
strategy has previously been used to good effect in the total
synthesis of analogues of both amatoxins?® 2l and phallotox-
ins.”?l The requisite Hpi heptapeptide precursors for cycliza-
tion (3a—3h), bearing acid-labile protecting groups, were
synthesized by the classical solution method. As depicted in
Scheme 1, on treatment with trifluoroacetic acid (TFA), the
protecting groups were cleaved and the thiol reacted intra-
molecularly with Hpi, to form the monocyclic thioethers (2a—
2h). The subsequent final cyclization reactions afforded the
bicyclic analogues (1a—1j). Only the general procedure for
achieving the cyclization reactions is described. Detailed data
on the products and their synthesis (Scheme 1) are reported in
Tables 2 and 3, respectively.

CD analysis: In general, the thioether bridge constitutes the
dissymmetric chromophoric system responsible for the char-
acteristic strongly positive Cotton effects around 300 nm and
240 nm in the CD spectra of phallotoxins.!!!
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CO-X-Ala-Y-NH-(ITH-CO-aHyp-Ala-OtBu

Boc CH,-S-Trt
Boc-Hpi-heptapeptides 3a—3h lTFA
Ala-OH HZN—?H— CO ——X
Ala— Trp— )l( CH, |
A L HERVU )—j@ Al
| DIEA N
a-Hyp—Cys —Y |s H
G,
a-Hyp—CO—CH NH — Y

Phalloidin analogues 1a—1h Monocyclic thioethers 2a—2h

Scheme 1. Synthesis of phalloidin analogues. X and Y correspond to
residues 7 and 2, respectively, see Table 1.

Table 2. Conditions for converting Boc-Hpi-heptapeptides (3a—3h) into
monocyclic thioethers (2a—2h).

Weight of Dissolved Yield [g]  Yield [%] R

starting linear in TFA [mL]

heptapeptides [g]
2a  0.850 300 0.420 73 0.45
2b 1300 400 0.500 60 0.50
2¢  0.650 250 0.240 60 0.50
2d 0.700 250 0.130 30 0.45
2e 1.200 450 0.410 22 0.45
2f  0.900 500 0.240 40 0.45
2g  0.560 250 0.310 76 0.50
2h  0.800 300 0.250 20 0.45

[a] R; in n-butanol/acetic acid/water (4:1:1).

The CD spectrum of analogue 1h (Figure2) shows a
positive Cotton effect, specifically, a positive maximum at
around 250 nm and two positive maxima at around 292 and
300 nm. This Cotton effect indicates that the value of the
indolyl thioether angle is positive (P helical).’! Analogously,
the CD spectrum of analogue 1'f (Figure 2) also shows a
positive Cotton effect and P helipticity.

In contrast, the CD spectrum of analogue 1f (Figure 2) is
the mirror image of that of the natural phalloidin. Thus, it has
negative minima at around 250, 292, and 300 nm. This Cotton
effect indicates that the indolyl thioether angle is negative (M
helical).l®!

—
(=3

",
-
=

[4] x 10~/ deg cm? dmol"!
<

) . | . i . | . 0

240 260 280 300 320
Wavelength / nm

Figure 2. CD spectra of natural phalloidin (PHD) and of the analogues 1h,
1f, and 1'f in CH,OH.

NMR spectroscopic analysis: For each peptide, proton
resonances were assigned with the aid of TOCSY,?! DQF-
COSY,? 31 ROESY,B 3 and NOESYP* 34 spectra, while
aliphatic and aromatic carbon resonances were assigned by
means of HMQC experiments.> %I

All proton spin systems were assigned by following the
standard procedure proposed by Wiithrich.?” Proton chem-
ical shifts of analogues 1h, 1f, and 1'f are reported in Table 4.
Prochiral protons were stereospecifically assigned on the basis
of the intra-residue NOE effects, such as Hf <+ NH or Hf —
H¢, and the 3/(H*,HP) coupling constants obtained from either
one-dimensional or DQF-COSY spectra.

The protonated carbons were identified in the HMQC
spectrum from the chemical shifts of the directly bound
protons. Carbon chemical shifts are available as Supporting
Information.

The 3J(NH,H®) coupling constants and the experimental &
values derived from the Karplus-type equation of Bystrov[s
are given in Table 5.

Also included in the same table are the temperature
dependences of the amide proton signals, as obtained from
one-dimensional spectra recorded between 298 and 310 K.
Relatively small temperature coefficients can be noted for the
Ala' NH (—2.3 ppbK™") and p-Thr? NH (—2.0 ppbK™') of
analogue 1h, for the Ala’> NH (— 1.1 ppbK~!) of analogue 1f,
and for the Trp® NH (— 1.5 ppb K1), Ala! NH (—2.3 ppbK),
and Ala> NH (—2.3 ppbK!) of analogue 1'f. These data
indicate that these protons are likely to be involved in
hydrogen bonding.

Structure refinement by molecular dynamics calculations:
The conformational analysis of the three phalloidin analogues

Table 3. Conditions for converting monocyclic thioether peptides (2a—2h) into bicyclic thioether peptides (phalloidin analogues 1a—1h)

Weight of Dissolved HBPyU DIEA Yield Yield R FAB MS
secopeptides [g] in DMF [mL] [g] [g] [mg] [%] [M-H]*

1a 0.420 500 0.220 0.193 38 11 0.50 805

1b 0.570 450 0.215 0.190 20 5.7 0.35 699

1c 0.193 230 0.112 0.100 35 19 0.40 713

1d 0.120 120 0.075 0.060 38 32 0.75 741

1el 0.410 480 0.240 0.280 48 12 0.30 715

1t 0.230 300 0.175 0.150 40( 16 0.30 715

1g 0.280 300 0.200 0.180 32 12 0.40 757

1h 0.250 300 0.180 0.155 25 11 0.30 715

[a] R; in chloroform/methanol/water (65:25:4). [b] See ref. [9]. [c] Composed of two atropisomers (1f, 1'f) in an 80:20 ratio.
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Table 4. Proton chemical shifts (0) of the phalloidin analogues 1h, 1f, and 1'f in
[Dg]DMSO at 298 K.

Peptide Residue NH H¢ HF HY  others
1h Alal 761 444 115
p-The? 733 438 401 1.02
D-Cys' 843 478 298mS
3.450m0R
Hyp* 4.44 200;2.16 410 H®3.10;3.48
Ala’ 8.08 3.90 0.74
Trp® 7.69 534 3200 H',7.71; H'; 6.90; H'; 7.05;
3.34pmo-R H’; 7.20; NH;,4 11.11
Ala’ 8.06 398 1.30
1f Ala’ 8.67 436 1.24
Thr? 690 426 3.61 1.09
Cys? 9.35 328 2.79;3.58
Hyp* 322 175203 411 O'H4.73; H° 334
Ala’ 794 426 1.11
Trp® 590 4.17 3.03;3.26 H',7.71; H's 6.90; H' 7.05;
H', 7.20; NH,,, 11.11
Ala’ 815 4.05 1.29
1f Ala’ 770 439 142
Thr? 8.05 3.78 4.25 1.12
Cys? 8.01 4.93 3.38:3.67
Hyp* 417 1.86;237 442 O'H 5.68; H*3.68; 3.93
Ala’ 799 383 0.74
Trp® 734 473 342 H',7.62;H'57.03; H 7.19;
H,7.31; NH,,, 11.28
Ala’ 818 394 143

Table 5. Summary of various parameters for amino acid residues of the
phalloidin analogues 1h, 1f, and 1'f: 3/(NH,H) in [D;]DMSO at 298 K; &
angles calculated using the Karplus equation; temperature dependence of
the NH chemical shifts in — AJ/AT.

Peptide Residue 3J(HN,H®) Diarpis [°] — ASIAT
[Hz] [ppb K]
1h Ala' 8.5 — 140, — 100 2.3
D-Thr? 8.0 150, 90 2.0
D-Cys? 10.0 120 3.2
Ala’ 7.0 — 160, — 80, 60 4.2
Trp® 9.7 —120 3.2
Ala’ 5.0 — 165, —60, 20, 100 5.
1f Ala' 9.6 —-120 2.3
Thr? 7.1 — 160, —80 -32
Cys® 2.0 —30, —10, 130, 150 3.2
Ala’ 9.8 —-120 1.1
Trp® 7.5 —150, =70 -1.3
Ala’ 6.7 — 160, — 80, 50, 70 4.1
1f Ala' 7.6 —150, —90 2.3
Thr? 6.8 —160, —80 3.5
Cys? 8.8 — 140, 100 2.6
Ala’ 6.2 — 160, —70, 40, 80 2.3
Trp® 9.0 —130, — 110 1.5
Ala’ 6.2 —160, —70, 40, 80 3.5

is based on the */(H,H) coupling constants, the temperature
dependence of the NH proton signals, and, in particular, on
the ROE effects.

Inter-proton distances computed from cross-relaxation rate
values evaluated from the ROESY spectra (o®) were used in
energy minimization (EM) and restrained molecular dynam-
ics (RMD) simulations, these being more reliable for a
correlation time (z.) in the nanosecond range.*! Inter-proton
distances are available as Supporting Information.
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Bicyclic analogues show different atropisomerism accord-
ing to whether the thioether bridge is up (U) or down (D)
when the peptide chain is followed in a clockwise manner. The
thioether bridge in the X-ray structure of analogue 1le, the
only solid-state structure of a phallotoxin so far available and
chosen as a starting model for structure calculations, is of the
U-type.”’l Consequently, this orientation was initially assumed
in the starting model for the three analogues. For analogues
1h and 1'f, a very good agreement between the experimental
data and the conformational parameters of the molecular
model was observed for the U-type structures. In contrast, for
analogue 1f, agreement with the experimental data was only
obtained starting from a D-type model.

Molecular model of 1h: The molecular model of peptide 1h,
averaged over the last 50 ps of vacuum RMD calculations, is
shown in Figure 3. This model has a U-type structure and a
positive value for the indolyl thioether angle (56.3°) according
to CD data. Moreover, the model has all peptide bonds other
than the Cys>~Hyp* bond in a trans configuration.

Figure 3. Stereo drawing of the average molecular model of 1h. The
intramolecular H-bonds are indicated as dashed lines.

The backbone dihedral angles (Table 6) are in good agree-
ment with the experimental @ values reported in Table 5. The
occurrence of a type I S-turn in the Trp®-Ala’-Ala'-p-Thr?
segment would seem to be indicated by dihedral angles in
accord with those regularly found in such turns.*) The
experimental NH-NH distances between Ala! and p-Thr?
(2.8 A) and Ala' and Ala’ (3.1 A) are also consistent with
the presence of a type I -turn. Moreover, the turn appears to
be stabilized by a hydrogen bond between the Trp® CO and
the p-Thr? NH, thereby accounting for the small A6/AT value
of the p-Thr? NH proton signal (Table 5).

As can be seen in Figure 3, the Ala® methyl group lies in the
anisotropy area of the Trp® indole system, a result which is in
agreement with the high-field shift of the Ala’> methyl
resonance (Table 4).

Molecular model of 1f: The molecular model of analogue 1f
(Figure 4) shows a D-type structure and a negative value of
the indolyl thioether angle (—74.2°), in agreement with CD
data. Again, this model has all peptide bonds other than the
Cys>~Hyp*bond in a trans configuration. A type VIa -turn in
the Thr>-Cys*>-Hyp*-Ala® segment can be assumed from
dihedral angles in accordance with those regularly found in
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Table 6. Backbone angles [°] averaged during the last 50 ps of RMD
calculations of 1h, 1f, and 1'f molecular models.

Peptide Residue (] 4 )

1h Ala! —1159 529 164.1
p-Thr? 81.9 —159.9 —1775
D-Cys? 118.7 451 164.0
Hyp* -92.8 6.48 2.99
Ala’ —129.7 18.6 —168.3
Trp® —-1194 —-177.8 —168.0
Ala’ —58.6 -321 —174.0

1f Ala! —1752 50.1 146.2
Thr? —165.0 56.7 —179.1
Cys? —50.1 123.9 178.2
Hyp* —66.2 —14.0 17.4
Ala’ -92.8 88.0 169.7
Trp® —78.6 155 — 1545
Ala’ —652 -334 166.8

1t Ala' —140.9 —106.1 178.2
Thr? —71.6 —26.7 —1741
Cys? —119.5 124.0 1753
Hyp* —53.6 —26.0 —-172.7
Ala’ —66.6 —18.0 163.8
Trp® —1202 21.1 —-171.4
Ala’ 63.0 7.16 179.2

Figure 4. Stereo drawing of the average molecular model of 1f The
intramolecular H-bonds are indicated as dashed lines.

such turns.*) The turn is stabilized by a hydrogen bond
between the Thr> CO and the Ala’> NH, as indicated by the
small AS/AT value of the Ala> NH proton signal (Table 5).

As can be seen in Figure 4, the Trp indole ring is oriented
towards the Hyp* and Trp® residues, thereby accounting for
the high-field shifts of the Hyp* H* and Trp® NH resonances
(Table 4).

Molecular model of 1'f: The molecular model of 1'f, averaged
over the last 50 ps of RMD calculations, is shown in Figure 5.

Figure 5. Stereo drawing of the average molecular model of 1'f. The
intramolecular H-bonds are indicated as dashed lines.

Chem. Eur. J. 2001, 7, No. 21
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This model shows a U-type structure and a positive value for
the indolyl thioether angle (131.8°), in agreement with CD
data. All peptide bonds are in a trans configuration. Consid-
ering the backbone dihedral angles (Table 6), which are in
good agreement with the experimental @ values (Table 5), the
occurrence of a type I f-turn in the Cys’-Hyp*-Ala’-Trp®
segment can be inferred.* The experimental NH-NH
distances between Ala® and Trp® (2.6 A) and Ala® and Hyp*
H® (3.3 A) are also consistent with the presence of a type I -
turn. The turn is stabilized by a hydrogen bond between the
Cys® CO and the Trp® NH, as is also suggested by the small Ad/
AT value of the Trp® NH proton signal (Table 5). As can be
seen in Figure 5, the Trp indole ring is oriented towards the
Hyp*-Ala’® segment, thereby accounting for the high-field shift
of the Ala® methyl resonance (Table 4).

Discussion

Phalloidin is the main representative member of phallotoxins,
a family of toxic bicyclic heptapeptides produced by the
poisonous mushroom Amanita Phalloides. The mechanism of
their toxic effect involves specific binding of the toxin to
F-actin in liver cells.

In this study, a comparative conformational analysis of
phalloidin synthetic derivatives modified at positions 2, 3, and
7 has been carried out by NMR and RMD methods with a
view to elucidating the structural role and the mutual
influence of these residues in the interaction with F-actin.

As reported previously, a D-configuration and a side chain
composed of at least two carbon atoms for residue 2 are
prerequisites for phallotoxin binding to F-actin. The fj-
hydroxyl or carboxyl groups present on the side chain of
residue 2 of natural phallotoxins have hitherto been consid-
ered as nonessential for toxicity and have been omitted in
synthetic analogues, in which the native D-Thr? and D-(-
hydroxy-Asp? residues have often been replaced by the less
expensive and synthetically simpler p-Abu.'> 2 However,
our results indicate that the D-Thr? analogues are about two to
three times more active than their b-Abu? counterparts (1e vs
1b and 1g vs 1d; see Table 1). Our findings also establish the
role of the hydroxyl group, which is capable of hydrogen-bond
formation and thus promotes a further stabilization of the
binding to F-actin.

The role of the side chain of residue 7 has been examined,
focusing on some hitherto uninvestigated structural proper-
ties, such as its length, lipophilic character, the presence of
heteroatoms, and branching. To this end, a series of D-Abu?
analogues was prepared that contain the following residues in
the 7-position: L-Ala, L-Abu, L-Leu, and L-Ser (analogues 1b,
1c¢, 1d, and 1i, respectively). The benzyl ether and caprylyl
ester of 1i (analogues 1a and 1j, respectively) were also
prepared and tested. All of these analogues, with the
exception of 1d, were found to exhibit the same reduced
affinity to F-actin, amounting to about one-tenth of that of
phalloidin itself, thus confirming the high flexibility of this
side chain. Only [D-Abu? Leu’]-phalloidin (1d) was found to
exhibit a twofold higher affinity towards F-actin. A branched
side chain seems the sole requisite of the residue in the
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7-position for it to positively influence the toxicity of
phallotoxins. Almost complete recovery of the affinity of
PHD towards F-actin is realized by combining the positive
effects of the p-Thr? and Leu’ residues present in the synthetic
[D-Thr? Leu’]-phalloidin (1g). Specifically, 40 % and 60 % of
the recovered bioactivity can be assigned to the S-hydroxyl
group on the side chain of D-Thr? and to the branched side
chain of Leu’, respectively.

The replacement of D-Thr? in the [Ala’]-phalloidin (1e)")
by an L-Thr? residue (analogues 1f and 1'f) causes a
pronounced loss of toxicity (Table 1). Analogues 1f and 1'f
correspond to two atropisomers obtained by two subsequent
cyclization reactions of the appropriate linear heptapeptide
precursor. They differ from each other in the helipticity of the
chromophoric 2-indolyl-thioether moiety.

The most abundant isomer [Thr?,Ala’]-phalloidin (1f), for
which the CD spectrum is the mirror-image of that of
phalloidin, is M helical. Its three-dimensional structure,
established by means of two-dimensional NMR and computa-
tional methods, exhibits significant backbone changes (Fig-
ure 4) compared to the bioactive molecular shape of phallo-
peptides. The molecular model of 1f is substantially different
from all the others since it has a D-type structure. Moreover,
1f does not show any affinity towards F-actin. Thus, we
conclude that the ring closure is likely to be very important in
determining the interaction with F-actin.

The less abundant isomer [Thr?,Ala’]-phalloidin (1'f) is
characterized by a CD spectrum similar to that of phalloidin
and, therefore, has the same P helipticity. The conformational
NMR and RMD analyses confirmed the close analogy of its
backbone structure with that of toxic phallopeptides, reveal-
ing a U-type structure with a very rigid region (3 -6 residues)
containing the sulfide bridge, and a more flexible part (2—7
residues).

The synthetic [D-Cys®,Ala’]-phalloidin (1h), in which the
absolute configuration of residue 3 has been changed, proved
to be totally inactive. The CD spectrum of this analogue shows
some similarities but also marked differences when compared
to those of the bioactive phallopeptides. The three-dimen-
sional structure of this molecule, as determined by two-
dimensional NMR and RMD analyses, shows significant
structural modifications of the backbone, mainly due to
isomerism about the Cys*~Hyp* peptide bond (¢trans in natural
PHD!' and in the active analogues 1el’ and 1'f; cis in 1h) and
the different position of a typeI S-turn (residues3—6 in
PHD,!'Y 1¢,°! and 1'f; residues 6-2 in 1h). Therefore, the
inversion of chirality of residue 3 leads to significant structural
changes of the backbone with a concomitant loss of activity.

Structural requirements in the interaction with F-actin: In
order to elucidate the interactions of our active analogues
with F-actin, we attempted some docking experiments in the
phalloidin binding site of the F-actin model proposed by
Lorenz et al. in 1993 by combining the atomic structure of
G-actin* and the X-ray fiber diffraction data.?] The protein
data bank (pdb) coordinates of the F-actin model were kindly
provided by Michael Lorenz of the Max-Planck Institute,
Heidelberg. Attempts at docking were successful with the
molecular models of 1el® and 1'f since these have a close
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structural resemblance to the molecular model of natural
phalloidin.['!]

Average molecular models of 1e and 1'f were introduced by
superposition on the PHD structure present in the original
F-actin model of Lorenz and co-workers, which was rotated by
~ 180° about an axis roughly parallel to the filament axis.
Indeed, this was shown to be the preferred orientation for
PHD within the F-actin binding site by Steinmetz et al. in
1998[*1 on the basis of scanning transmission electron micros-
copy (STEM) and of a three-dimensional helical reconstruc-
tion. In this orientation, phalloidin is capable of binding two
or three monomers of the actin helix simultaneously, subject
to structural and biochemical constraints.*

The three monomers of the actin helix with the molecular
model of 1e (in a red ball-and-stick representation), replacing
PHD in its binding site, are shown in Figure 6. F-actin residues
likely to be involved in interactions with our compound are

~1

v 3
A R :'z‘,_f}-_..i.li__%"-.\:]'lrJI'|"I'.‘.L'I'|
Ly ".':\ \

monomer 2

monomer 3

Figure 6. Ribbon representation of PHD/F-actin trimer (data from M.
Lorenz et al., 1993)14] with the molecular model of 1e (red ball-and-stick)
in the PHD binding site. Actin residues likely to interact with the toxin are
also displayed in a red ball-and-stick representation.

also displayed in a red ball-and-stick representation. As can
be seen from an expansion of the PHD binding site (Fig-
ure 7a), Tyr* of F-actin monomer 3 (purple) may establish
stacking contacts with Trp® of 1e, whilst hydrogen bonds may
be formed between Hyp* and Thr”’, Glu?, Asp'”, and Arg!”’
of monomer?2 (blue) or between D-Thr? and Ser'” of
monomer 1 (green). Significantly, the mutation of Asp'”
and Arg!” into alanine prevents the binding of PHD to
actin,®! pointing to the crucial role of Hyp* in the toxin
function.

A further trial was carried out by docking the molecular
model of 1'f within the phalloidin binding site. The molecular
models of 1el”! and 1'f show a close similarity (backbone
rmsd =0.64 A). They both have a U-type structure, with a
positive value of the thioether angle and a trans Cys>~Hyp*
peptide bond. The main differences stem from the different
orientation of the residue 2 side chain owing to the opposite
chirality of this residue in the two analogues (D-Thr in 1e; L-
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Figure 7. Molecular models of a) 1e (colored ball-and-stick) and b) 1'f
(colored ball-and-stick) within the PHD/F-actin binding site. PHD was
rotated by ~180°, in contrast to the original Holmes—Lorenz model,*!! as
proposed by Steinmetz et al.*! Actin residues likely to interact with the
toxin are labeled and displayed in red ball-and-stick representation.

Thr in 1'f). On these grounds, it is not surprising that the same
interactions between the molecular model of 1'f and F-actin
are discernible, with the sole exception of those involving the
L-Thr? side chain. In fact, as shown in Figure 7b, the L-Thr?
O'H (in pink) points away from Ser!” of monomer1 (in
green) and, consequently, hydrogen bonds between the toxin
and the F-actin monomer 1 are no longer present. Since 1'f
retains some residual affinity towards F-actin, the wrong
orientation of the side chain of L-Thr? can be regarded as
being solely responsible for the large, albeit incomplete, loss
of toxicity.

These results cast new light on the interaction mechanism
between phallotoxins and F-actin. Although still tentative,
this model of interaction may prove to be of considerable help
in the rational design of new synthetic peptides of biological
and pharmaceutical interest.

Experimental Section

Synthesis: The purities of all the synthesized peptides were checked by
thin-layer chromatography (TLC) on precoated silica G-60 plates (Merck
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60 F,s5,). Solvent mixtures are indicated in the respective sections. Spots
were visualized by means of the ninhydrin reaction, iodine vapor staining,
or the color reaction with cinnamaldehyde/HCI gas. The kieselguhr used
for preparative separations was from Merck. UV spectra were recorded on
a Shimadzu UV-2101 PC spectrophotometer. All peptides gave satisfactory
amino acid analyses.

Monocyclic thioether peptides 2a—2h: A solution of the appropriate tert-
butyloxycarbonyl (Boc) Hpi-heptapeptide 3a—3h (0.56-12 g) in TFA
(250-750 mL) was kept at room temperature for 3 h and then concen-
trated. The residue was thoroughly washed with diethyl ether, dissolved in a
little aqueous ammonia (2M), and purified by chromatography on a 2.5 x
250 cm column of Sephadex LH20 eluting with a solution of NH,OH
(2mL) in water (1 L). The fractions that eluted after 0.7—-1 L eluent had
been passed, with a total volume of about 200 mL, were checked by TLC
(pale blue with cinnamaldehyde/HCl) and showed the correct UV and CD
spectra. The combined fractions were concentrated and the residue was
freeze dried. The cyclization conditions, the yields of the cyclization
products, and the R; values of 2a—2h are given in Table 2.

Bicyclic thioether peptides 1a—1h: A solution of 2a—2h (0.5 mmol) in
dimethylformamide (DMF; 500 mL) was mixed at room temperature with
O-[benzotriazol-1-yl-N,N,N',N'-bis(tetramethylene )uronium hexafluoro-
phosphate] (HBPyU; 0.226 g, 0.525 mmol) and N-ethyldiisopropylamine
(DIEA; 0.195 g, 1.5 mmol). After stirring overnight at room temperature,
the solvent was evaporated in a strong vacuum and the residue was purified
by chromatography on a 2.5 x 250 cm column of Sephadex LH20 eluting
with methanol. The fractions containing the expected bicyclic peptides
were freed of methanol in vacuo, and the residue was further purified by
semipreparative high-pressure liquid chromatography (HPLC) with a
water/acetonitrile gradient. The cyclization of monocyclic 2 f gave the two
atropisomers 1f and 1'f in a ratio of 80:20. A dark blue was seen with
cinnamaldehyde/HCI. All the bicyclic products, other than 1f and 1h, gave
a CD spectrum corresponding to that of bioactive phallopeptides, showing
positive Cotton effects at around 240 nm and 300 nm. The cyclization
conditions, yields of the cyclization products, R; values, and molecular
masses of 1a—1h are summarized in Table 3.

Bicyclic peptides 1i, 1j: A solution of peptide 1a (30 mg, 0.036 mmol) in
methanol (10 mL) was hydrogenated at room temperature in the presence
of 10% Pd/charcoal catalyst (10 mg). After 24 h, the catalyst was filtered
off, the filtrate was concentrated, and the residue was purified by
chromatography on a 1.5 x30cm silica gel column with chloroform/
methanol (87:13) as the eluent. Work-up of fractions 25-35 (10 mL)
afforded 1i (20 mg, 75 % yield); R;=0.25 (chloroform/methanol, 9:1); FAB
MS: m/z =715 [M —H]".

Dicyclohexylcarbodiimide (DCCI; 5.1 mg, 0.026 mmol), dimethylamino-
pyridine (DMAP; 3.6mg, 0.03 mmol), and caprylic acid (3.6 mg,
0.026 mmol) were added to a solution of 1i (18.5 mg, 0.026 mmol) in
CH,Cl, (3mL) at 0°C under stirring. After stirring for 3 days at room
temperature, the reaction mixture was concentrated to dryness in vacuo,
and the residue was washed repeatedly with diethyl ether and purified by
chromatography on a 1.5 x50 cm silica gel column with chloroform/
methanol (87:13) as the eluent. Work-up of fractions 10—12 (10 mL) gave
1j (5mg, 23% yield); R;=0.45 (chloroform/methanol, 9:1); FAB MS:
m/z =841 [M —H]*.

CD measurements: CD spectra were recorded with samples in CH;OH at
room temperature by using a Jasco J-715 dichrograph equipped with a Jasco
Dp-501 N data processor. Cylindrical fused-quartz cells of pathlength 1 cm
were employed. Peptide concentrations were of the order of 107°M. The
molar ellipticities of the peptides in solution ([6],, in degecm?dmol~') were
measured in the wavelength (1) range 240-320 nm.

NMR measurements: Sample solutions of peptides 1h, 1f, and 1'f were
prepared by dissolving each peptide (2.5mg) in [Dg]DMSO (0.75 mL;
Euriso Top, 100 % isotopic purity).

'"H NMR spectra were recorded on a Varian Unity 400 instrument
operating at 400 MHz, located at the “Centro di Studio di Biocristallografia
del CN.R.”, University of Naples “Federico I11”. 3C NMR spectra were
acquired on a Bruker DRX instrument operating at a frequency of
100.6 MHz, located at the “Centro Interdipartimentale di Metodologie
Chimico-Fisiche”, University of Naples “Federico I1I”. The spectra were
acquired at 298 K. They were calibrated with respect to [D¢]DMSO ('H:
0=2.50; C: 6=39.5) as an internal standard. One-dimensional NMR
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spectra were recorded with 16 k data points, 32 scans, and a spectral width
of 5000 Hz. Two-dimensional NMR experiments, such as DQF-COSY,
TOCSY, NOESY, and ROESY were generally recorded with 2048 data
points (4096 for DQF-COSY) in 2 and 256 data points in 1, by the phase-
sensitive States—Haberkorn method. FIDs were multiplied by square-
shifted sinebell weighting functions in both dimensions and data points
were zero-filled to 1024 in ¢1 prior to Fourier transformation. 3/(NH,H%)
coupling constants were taken from the 'H NMR spectra and from DQF-
COSY spectra in cases of overlapped resonances. The temperature
dependences of the amide proton signals were obtained from 'H spectra
recorded in the range 298 -310 K.

HMQC spectra were acquired with a GARP decoupling during acquisition,
2048 data points in 72 and 256 increments in ¢1 (zero-filled to 512 prior to
Fourier transform), a relaxation delay of 3 s, and 128 scans per spectrum.

Two series of NOESY and ROESY spectra were acquired with mixing
times of 50, 100, 200, 300, 400 ms and 60, 100, 160, 220 ms, respectively, for
each peptide. Off-resonance effects, associated with the low-power
spinlock field in the ROESY experiments, were compensated by means
of two /2 hard pulses before and after the spinlock period.*l NOE and
ROE intensities were evaluated by integration of cross-peak volumes using
the appropriate Varian software.

The transformed two-dimensional spectra were baseline-corrected, and
then cross- and diagonal-peak volumes were measured. The cross-peak
volumes were normalized with respect to the diagonal peaks. A correction
was made for the frequency offset effect in the rotating frame.l*! The
normalized volumes (A;) give a linear build-up for short mixing time values
up to 0.3 s. The cross-relaxation rates o were calculated from the slopes of
the build-up curves. The same procedure was used for both the NOESY and
ROESY spectra.

Two separate lists of interproton distances from cross-relaxation rate values
evaluated from NOESY (0V) and ROESY (o®) spectra were generated by
considering the following relationship: ry = ry(o,/0;)"*.""! As a reference,
the Hyp*-HPF peak was chosen, with the reference r interproton distance
of 1.78 A for analogue 1h and the cross-peak between the Trp® indole NH
proton and the H'; proton for analogues 1f and 1'f, with the reference r
interproton distance of 2.82 A.

Structure calculations: Molecular dynamics simulations were performed on
a Silicon Graphics INDIGO2 workstation. The INSIGHT/DISCOVER
(Biosym Technologies, San Diego, CA, U.S.A.) program with the Con-
sistent Valence Force Field (CVFF)# was employed for energy minimi-
zations (EM) and molecular dynamics (MD). The X-ray structure of
analogue lel’! was taken as the starting model and residues were
appropriately changed on the basis of different amino acid sequences.
For each peptide, the initial structure was relaxed over 500 steps of
restrained conjugate gradient EM,® ¥l imposing ROE data as restraints on
interproton distances. Interproton distances evaluated from ROE effects
were introduced as restraints with a 10% tolerance during the simula-
tions.’”l Pseudoatoms were used instead of those protons that could not be
stereospecifically assigned.P!]

The restrained molecular dynamics (RMD) simulations were performed in
vacuo at 300 K with 0.5 fs time steps. The motion equation algorithm was of
the leapfrog type.[’*”) The RMD simulations were carried out for 50 ps in the
equilibration phase and for 160 ps without velocity rescaling; the temper-
ature was kept constant at 300 K. Data recorded during the last 50 ps of the
simulation were used for the statistical analyses.
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Abstract: Density functional theory
(DFT) calculations predict that the
[243] addition of tetramethylethylene
(TME) to the MnO, moiety of MnO,Cl
is thermodynamically favoured over
[2+1] addition (epoxidation), while the
kinetic barriers for both reactions are of
comparable height. However, in an ex-
perimental investigation of the TME/
MnO;Cl system by means of matrix-

of the epoxidation product [CIO,Mn-
{O[C(CH3),],}] (1) was observed. Com-
pound 1 was characterised by IR spec-
troscopy with the aid of isotopic-enrich-
ment experiments in combination with
DFT frequency calculations. This result,

Keywords: density functional calcu-
lations - epoxidation - manganese -
matrix isolation - oxidation

at first sight surprising, is supported by
studies in solution, and, even with the
numerically equal energy barriers sug-
gested by the calculations, it can be
rationalised in terms of the much broad-
er reaction channel leading to epoxida-
tion as opposed to the much more
narrow approach path for formation of
the glycolate.

isolation techniques, selective formation

Introduction

Transition metal oxides and their complexes play pivotal roles
in numerous important biological and nonbiological, stoichio-
metric and catalytic processes in which oxo groups are
transferred to organic substrates.' For instance, simple d’-
metal—oxo compounds and oxometal halides such as
CrO,CL, 7 OsO, 1 MnO, 1'% are applied extensively in
reactions in which oxygen is inserted into a C—H bond or
undergoes addition to an olefinic double bond. The wide-
spread practical use of such reagents has spurred considerable
interest in the underlying activation mechanisms,!!+ 8 13-16]
and kinetic studies date back to the 1940s. However, although
intense research in this area has provided a broad synthetic,
structural and mechanistic basis, many of the key steps remain
unknown, and some of the reasons for this are the high and
complex reactivities, diverse reaction pathways and the
heterogeneity of the inorganic reduction products, which thus
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elude characterisation. In the last five or six years investiga-
tions into the reaction mechanisms of simple metal—oxo
compounds and oxometal halides have been intensified
again,l'’% as it was recognised that the combination of
methods available today (elaborate quantum-mechanical
calculations, matrix-isolation and gas-phase techniques, as
well as sophisticated kinetic studies) allows deeper insights
into these systems.’! For example, the reinvestigation of the
system MnO, /alkylaromatic compounds considerably im-
proved the understanding of the reactivity principles charac-
teristic of permanganate oxidations and led to a new way of
thinking about d’-metal —oxo compounds in general.['- 2]

The reaction of permanganate with olefins recently re-
ceived renewed interest, too. The results of DFT calcula-
tionsP? strongly support the original ideal'¥ that permanga-
nate dihydroxylations follow the [3+2] cycloaddition mech-
anism established earlier for OsO,?% and exclude a stepwise
process involving a [2+2] cycloaddition (Scheme 1). The
concerted [2+3] pathway was found to be favoured by not less
than 173 kJmol~!. The fact that the reaction rates are
influenced differently by donor and acceptor olefins on going
from OsO, to MnO,~ was attributed to charge differences.

It would be of interest to isolate and study the primary
intermediates of such reactions directly, for instance, with the
aid of matrix-isolation techniques, which only recently served
to identify elusive intermediates of the system CrO,Cl/
olefin.?> 2.3 However, the reactions of permanganate cannot
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Scheme 1. Reaction mechanism postulated for the oxidation of olefins
with MnO;CL

be investigated by this method, as permanganate salts are not
volatile enough to allow their embedment in low-temperature
noble gas matrices. However, a neutral derivative of the
permanganate ion with sufficient volatility is available:
permanganyl chloride MnO;Cl. Its existence was first postu-
lated in 1827, but it was not until 1968 that its identity was
confirmed unequivocally.®? Subsequently, its spectroscopic
properties (IR, UV/Vis and photoelectron-spectroscopy, as
well as magnetic circular dichroism) were investigated in
detail,® but, probably because it is difficult to handle owing
to its extreme oxidative power, hydrolytic sensitivity, and
instability above —30°C, no reports on its reactivity with
respect to organic or inorganic compounds are available.

Bearing the above-mentioned mechanistic discussions con-
cerning the reactivity of permanganate in mind, we were
interested in studying the reactions of permanganyl chloride
with olefins by means of matrix-isolation techniques in order
to identify the primary products formed. The attention
focused on thermally (and not photochemically) induced
reactions, as these could then be analysed in comparison with
the permanganate system, whereby the effect of replacing an
O? by a CI- ligand is of interest.

Results and Discussion

Reaction of MnO;Cl with (CH;),C=C(CH,;),: The reactions of
permanganyl chloride with olefins cannot be induced at
temperatures below 50 K, which is the maximum temperature
to which noble gas matrices (even with Xe coating) can be
warmed without considerable loss of matrix quality. There-
fore, the matrix assembly was designed such that it would
allow reaction between MnO;Cl and the olefin during the
short period of the cocondensation process: MnO;Cl and the
olefin diluted by argon were sprayed onto a CsI window
cooled to 7K from two different nozzles, so that, after
focussing, the beams followed a common path of 2 cm in the
gas phase before they condensed. We thus hoped to quench
any primary product formed by immediate isolation in an
argon matrix at 7 K, and to identify it by IR spectroscopy.?*!
Ethylene and propylene failed to react in this procedure: they
could be matrix-isolated in unchanged form besides MnO;Cl.
However, the electron-rich tetramethylethylene (TME)
showed a significant reaction. Systematic variation of the
cocondensation rates and concentrations of the reagents to
achieve the best possible matrix quality and an acceptable
conversion lead to the following ideal experimental condi-
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tions: a 5% TME/Ar mixture was cocondensed with neat
MnO;Cl, whose deposition rate was regulated by maintaining
the sample at — 65 °C. To obtain information on isotopic shifts,
which are very important for band assignments, the experi-
ments were carried out not only with '*O;MnCl but also with
180;MnCl. The IR spectrum shown in Figure 1 was obtained
with ¥O;MnCl. In comparison to the spectrum recorded after
employment of O;MnCl it has the advantage of minimal
band overlap, which substantially facilitated the computa-
tional subtraction of the absorption bands of the unconsumed
starting materials. Bands of new products can thus be
immediately recognized, and consequently the spectrum of
the ®0-enriched material is more instructive than that of its
160 counterpart. The data for '°0O and 8O are summarised in
Table 1. The relative intensities of all product bands remained
constant on variation of the experimental conditions (vide
supra), and this suggests that they all belong to a single
product. The most important region is that between 1000 and
700 cm !, where the Mn=O vibrations and certain C—O modes
absorb, and three major product bands can recognized there:
The most prominent band is at 898 cm~! with a A(**0/'30) of
39 cm~!, a weaker band at 818 cm™! (A('*O0/'80) =52 cm™!)
and a further intense band at 782 cm~! (A('%O/80)=
27 cm™!). To identify the corresponding product, the struc-
tures of all reasonable species were calculated (DFT), and
their vibrational frequencies were compared with the exper-
imental data.

Calculations: Density functional calculations are more suit-
able than ab initio methods for frequency calculations on
metal —oxo species.?”! Calculations on the products resulting
from the CrO,Cl,/olefin system further established that at the
B3LYP/LanL2DZ level of theory® 2 deviations of 100 cm™!
are not unusual and have their origins in very small differ-
ences between the theoretical and real structures.??2% 3%
However, in each case considered, the general band pattern
was in accordance with the experimental one.”>%! Qur
theoretical investigation therefore started with the function-
al/basis set combination B3LYP/LanL.2DZ, but as problems
were encountered in the calculations on transition states (vide
infra), we switched to the computationally more demanding
basis set 6-311G(d), which is considered to be slightly superior
for metal — oxo compounds.’” The entire study was performed
at the B3LYP/6-311G(d) level, which has been shown in many
cases to represent a reliable combination of functional and
basis set for organometallic compounds.’®! Its known ten-
dency to overestimate the fundamental vibrations of metal —
oxo cores, however, must be borne in mind.?”!

The system MnO;Cl/TME: product identification: Attempts
were made to optimise the structures of the potential products
depicted in Scheme 2 (B3LYP/6-311G(d)) in form of their
singlet and triplet states with C; symmetry (see Table 2). Only
7, which could conceivably be formed by proton-coupled
electron transfer,!': 1) was treated differently. It is a radical
pair, and both radicals were investigated separately in form of
their doublet states.

To identify the species responsible for the experimental IR
absorptions, the calculated vibrational frequencies were
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Figure 1. Upper trace: the spectrum of TME isolated in an argon matrix (5mol%) at 7 K in the region between 430 and 1500 cm~!. Middle trace: the
spectrum of Mn'*O;Cl isolated in an argon matrix at 7 K in the region between 430 and 1000 cm . Lower trace: the spectrum obtained after cocondensation
of Mn'®O;Cl and TME/Ar at 7 K after weighted subtraction of the spectra of the starting materials (the asterisks denote bands (positive and negative) due to
imperfect subtraction of the bands of the starting materials; they arise from slight band shifts due to different temperatures). Bottom: The line diagram
calculated for the IR spectra of *1 and 2, as shown in Figure 2, by means of DFT calculations at the B3LYP/6-311G(d) level (a scaling factor of 0.97 was

applied).

considered. A scaling factor of 0.97 is accepted for B3LYP/6-
311G(d) calculations?®” and was applied in the present study,
too.

In contrast to the reactions with MnO,, for which
calculations were performed exclusively on the singlet
potential energy surfaces (PESs),*" crossovers to the triplet
surfaces have to be considered in the case of MnO;Cl. The
MnO;Cl/olefin system itself has a singlet ground state, and the
addition of an olefin to the metal — oxo bonds can lead to a d°
or a d? system. While d° systems (such as 3 and 6) usually also
have singlet ground states, the d? products (1, 2,4, 5) proved to
be generally much more stable in their triplet states (vide infra
and Table 2). The situation with MnO;Cl is therefore more
comparable to that of CrO,Cl,, for which the olefin oxidation
products also have triplet ground states,”?! than to
that of OsO,, which reacts with olefins solely on the singlet
surface.?]

We failed to find a minimum corresponding to the geometry
of the d° molecules 3 or 33 (the superscripts denote the singlet
and triplet spin states) on the PES, probably because the
MnVY! centre of MnO;Cl is very electron poor and hard (as
opposed to that of the MnO,~ ion) which has an additional
electron, and therefore it is not capable of forming a

4676 ——
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reasonably strong Mn—C bond. On the singlet surface we
were able to optimise a structure with a manganaoxetane-like
geometry, namely, 13* (Scheme 2), but with a very long Mn—C
distance (2.334 A, as compared to 2.013 A% in the manga-
naoxetane derived from MnO,~ and ethylene shown in
Scheme 1; that is, the Mn—C bond is basically no longer
intact). Accordingly, the Mn—C distance in the structure of
16*, as optimised from a starting geometry corresponding to
16, is also very long (2.660 A). The frequencies calculated for
13* are not in agreement with those of the experimental bands,
as, for instance, an intense absorption was predicted at
630 cm™! corresponding to a v(Mn-O-C) vibration, while the
region around 630 cm™! is free of bands in the experimental
spectrum.

The structure of *4 could be optimised, and a subsequent
frequency calculation predicted the most intense band (due to
a v(MnOC)/vy(MnO,) mode) to appear in the region around
980 cm~! with an isotopic shift of 90 cm~!, and the v(MnO)
vibration was calculated to absorb at around 650 cm~! with
medium intensity. However, no such bands are observed in
the experimental spectrum, so that 34 can be excluded as a
product, too. According to the calculations, 35, 16* and the
MnO,(OH)CI part of 7 should be characterised by intense
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Table 1. Frequencies [cm™~'] obtained experimentally by the cocondensation of Mn'*O;Cl with a TME/Ar mixture (5% ) and calculated frequencies (B3LYP,
6-311G(d); a scaling factor of 0.97 was applied) for *1 and 2 (intensities are given in parentheses). The assignments are based on the computational results.

150;MnCl/TME Exptl: Calcd: ['*O]-*1 Calcd: Calcd: ['*O]-%2 Calcd: Assignment
A(50/10) A(*0/0) for 31 A(*O/%0) for 32
1483 (0.37) 0 1503 (0.08) 6 CH, bend
1489 (0.14) 0 1493 (0.03) 0
1464 (0.40) 0 1481 (0.04) 0 1481 (0.04) 0
1474 (0.02) 0
1472 (0.02) 0 CH, bend
1457 (0.37) 0 1455 (0.05) 0 1456 (0.07) 0 CH, bend
1448 (0.37) 0 1448 (0.05) 0 1449 (0.02) 0 CH; bend
1437 (0.30) 1406 (0.06) 0
1393 (0.30) 0 1394 (0.09) 0 1394 (0.04) 0 CH, bend
1388 (0.97) 0 1389 (0.13) 0 1384 (0.10) 1
1372 (0.50) 0 1366 (0.11) 1 1372 (0.10) 0 ¥(CC)
1214 (0.37) 4 1189 (0.11) 1 1217 (0.02) 1
1175 (0.90) 0 1167 (0.18) 0 1184 (0.11) 0 3(CCC)
1115 (0.60) 5 1117 (0.27) 0 1149 (0.11) 1 o(CH,)
1022 (0.22) 2 1013 (0.04) 2 1128 (0.38) 1
998 (1) 45 v(Mn=0)
898 (1) 39 948 (1) 43 v,(MnO,)
925 (0.13) 4
922 (0.06) 1
829 (0.81) 26 V.(MnO,, ring)
818 (0.47) 52 925 (0.32) 46 v(MnO,)
765 (0.07) 25 v{(MnQO,, ring)
782 (0.62) 27 746 (0.82) 28 v(COC)
716 (0.27) 20 V(MnO,, 1ing)/v,(C,0,)
667 (0.35) 24 v{(MnO,, ring)/v,(C,0,)
554 (0.16) 10
489 (0.22) 15 512 (0.09) 20 459 (0.18) 9
421 (0.41) 4 447 (0.16) 1 v(MnCl)
397 (0.08) 13 394 (0.09) 6
?' ?I o M o Me; this is further evidence against the C—H
IS . R .
)}/In\ _Mn—_o /C\z RSN activation products *5, '6* and 7. This leaves
OO/ O\I/CNIez © N /\CMEZ oéwn\o/ CMe, ¢Mn\O/CMeZ only 31 and *2 as potential products, and
c 2 C © their optimized structures are depicted in
1 Me, Me; 3 3+ .
Figure 2.
Me o The theoretical spectrum of *2, which
2 2 .
Cl~CMe, ¢l Mec=CMez 'OH L, C|3H (ILJ y would appear t9 be the most likely prodpct
| | C—Mn—c" "€ M- e by analogy with the permanganate ion
_Mn___CMe, _Mn___CH, N H AN H idati
o7 "o o7/ "o do do (Scheme 1), and that of the epoxidation
HO roduct 31 are displayed in form of line
4 5 6 6* P! . Py
diagrams in Figure 1. There are several
lCl Me arguments which point to an assignment
c
_Mng H,C 72 CMee, to °L:
HO é/ o 1) In agreement with the experiment, 31 is
Seh 5 p Al orod ‘i b MAO-Cl and TME predicted to show three bands with large
. t . . . .
cheme otential products of the reaction between MnO;Cl an 160180 isotopic shifts (the numbers on
the lines in Figure 1): 948 (43), 925 (46)
Table 2. Free reaction energies AG(293.15 K/0.001 atm) [kJ mol~!] of the and 746 cm™! (28 cm™!), as opposed to 2, which should
comp(I)unds 1-6 and la-3a relative to the corresponding starting display five such bands.
materials, as caleulated by DFT [B3LYP/6-311G(d)]. AG(293.15K/ 2) As can be seen in Figure 1, the frequencies calculated for

0.001 atm) for 7, treated as two doublet radicals, is —215 kJmol .

1 2 3 4 5 0* la 2a 3a
singlet —79 —161 +74 —-47 -95 +21 -31 -—152 -
triplet —102 —217 - =74 -154 - —66 —203 +19

absorptions of the MnOH unit in the region around 600 cm™',
but there is neither a band at this position (150 cm™!), nor is
the fingerprint region of the experimental spectrum in
agreement with an organic fragment CH,CMe=CMe,, and

Chem. Eur. J. 2001, 7, No. 21
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31 match the experimental values far better, and the
intensity pattern is better reproduced, too. Comparatively
large deviations (50 and 107 cm™! after scaling) are only
found for the v,(MnO,) and v,(MnO,) vibrations, as
expected given the known tendency of B3LYP/6-311G(d)
calculations to overestimate fundamental vibrations of
metal —oxo compounds?” (similar deviations are conse-
quently also found for MnO,Cl itselfl®®]). Here, the agree-
ment between experiment and theory is better with the
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32

Figure 2. Structures of *1 and 32 as optimised by DFT methods (B3LYP/6 -
311G(d)) with bond lengths [A] and angles [°].

LanL2DZ basis set (53 and 84 cm™!, unscaled), but as this
could not be later used for calculating the transition states,
these results are not included in Figure 1 for reasons of
consistency.

3) Even more importantly, the deviations of the isotopic shifts
calculated for *1 from those obtained experimentally are
well within the acceptable range, while the rather large
deviations in the case of 32 cannot be explained. Further-
more, two additional medium-intensity bands were calcu-
lated for 32 to appear at 716 and 667 cm~!, while there are
no bands at all present in the region between 780 and
550 cm~! in the experimental spectrum.

4) To definitely distinguish between 32 and 31, a decisive
experiment with '°0/®0 isotopically scrambled MnO;Cl
was performed. If the experimental band at 782 cm™,
which appears at 809 cm~! on using '°*O;MnCl, belonged to
32 and not to 31, it would have to be assigned to one of the
four vibrations calculated to absorb at 829, 765, 716 or
667 cm~! with isotopic shifts of a comparable magnitude
(20-30 cm™). According to the calculations all of these
vibrations involve both O atoms of the glycolate ring; the
employed mixture of '%O;MnCl, %0, *OMnCl and
160Q80,MnCl with a ratio of 1:1.8:1 should therefore lead
to three IR spectroscopically distinguishable isotopic
combinations for this glycolate ring ('*0/'°O, *O/'*O and
180/'80 with a ratio of 4.8:5.6:1). This means that for any of
the four above-mentioned vibrations—and hence for the

4678
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band at 782 cm™! if it were assigned to one of them—a
triplet would be expected on isotopic scrambling, that is, a
band intermediate between 782 and 809 cm~! should
appear and have the highest intensity. The right-hand side
of Figure 3 illustrates this hypothetical case for one of
these vibrations. Since, however, the band at 782 cm™!
corresponds to the ring-stretching vibration of the epoxide
ligand in *1, the above-mentioned isotopically scrambled
mixture of MnO;Cl species leads to only the two known
bands at 809 and 782 cm~' (as only one O atom is involved
in the vibration) with an intensity ratio of 2:1 (Figure 3,
left), and this lends further strong support to the assign-
ment of the experimental spectrum to *1.

5) Finally, [®*O]TME complexed with O=CrCl, had already
been found previously®®! to absorb at 788 cm™! with an
isotopic shift of 28 cm™!, which is in excellent agreement
with the present results.

Calculated for
viC-0-C) of 1 and v.(MnQ,) of 2

| ‘2
2 _,r.,*..r_ o
Experiment o o
0. CMe;
G
Me-
[t Reaction of - L
| TME with; 7
| ;" MR 0.Cl
||I f
|I llI
)

pﬂﬁl\- / Mn"0,Cl

Mn™0,*0Cl,

I\ / Mn*0,Cl, .
]
|\ / Mn*0™"0,Cl 1
| \ J {ratio 1:1.8:1)
|/
\UIF
|

b T L T T
20 BOO 780 TEO 800 750
Wavenumbersicm” Wavenumbersfcm’

Figure 3. Left: the bands appearing at 809 cm~! on using *O;MnCl and at
782 cm~! on using '*O;MnCl and their behaviour on employing a mixture of
10;MnCl, '°0,"*OMnCl and '*O'*0,MnCl with a ratio of 1:1.8:1. Right: the
band pattern calculated (B3LYP/6-311G(d)) for the situations on the
assumption that the band corresponds to v{(C-O-C) of *1 and v(MnO,)
of 2.

The intense bands of the experimental spectrum must
therefore be assigned to 31. This does not necessarily mean
that no 32 is formed, since at low concentrations, most of its
bands would be masked by those of 31. To determine an upper
limit for the formation of 32 relative to 31, we reconsidered the
spectrum with regard to this aspect. A 1:1 mixture of the two
compounds would give an overlap of the two theoretical
spectra shown in Figure 1. If 32 were present in the matrices,
its most intense band should certainly be visible independ-

0947-6539/01/0721-4678 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 21





Reaction of Permanganyl Chloride with Olefins

4674—-4685

ently, but in close proximity to the most intense band of 31
(898 cm™!) on the high-energy side. Only one absorption can
be observed there: a band at 926 cm~!, whose integral ratio
with respect to the band at 898 cm~!is 1:13. If this band indeed
belonged to 32, the corresponding additional absorptions
calculated to appear at 925 and 829 cm~! might be assigned to
a weak band at 845 cm~!, perturbed by subtraction of a band
belonging to unconsumed MnO;Cl, as well as a band which is
almost completely covered by the band of 1 at 809 cm™,
respectively. Two medium-intensity absorptions remain for 32,
with calculated frequencies of 716 and 667 cm~!, and these
could tentatively be correlated with two very weak bands at
around 650 cm™~! which can be barely distinguished from the
noise. On the basis of such assignments and the above-
mentioned integration, a maximum of 7% of the converted
TME can be estimated to yield 32, and 93 % *1. This relative
yield of 7% represents an upper limit, as there is no residual
band in the experimental spectrum whose intensity exceeds
the intensities of the bands discussed in this context.

It can therefore safely be concluded that, rather surpris-
ingly, 31 and not 32 is the main reaction product (Scheme 3). In
fact it is even quite certain that 31 and not '1 is formed: In the
singlet state the two d electrons occupy a weakly antibonding
Mn=O =t* orbital, while in the triplet state one of them
occupies a more strongly antibonding Mn=O orbital; that is,
the Mn=0 bonds are stronger in the singlet state and absorb
at much higher frequencies (A, v(Mn=0) is calculated to be

C‘:I cl C|ZI
|
Mn—_ + —_— M
> o) -—X— _Mn _Mn
(O N o7 Yo | o7 )] “So-—CMe,
O\C/CMez o o \/
2 Me, 1 l(\:Aez

Scheme 3. Experimental outcome of the reaction between MnO;Cl and
TME.

100

to ca. 70 cm™'). Consequently, the deviations of the band
positions in the spectrum calculated for 31 from the exper-
imental absorptions are much smaller than those for '1, and
hence the product must have been formed in its thermody-
namically more stable triplet state.

The system MnO;Cl/ethylene: thermodynamics and kinetics:
Having identified 1 as the main product of the MnO;Cl/TME
gas-phase reaction, the question arises why a [2+1] and not a
[2+3] cycloaddition (as suggested for MnO,~) is the main
reaction pathway. We hoped to gain more insights from DFT
calculations of the thermodynamics and kinetics governing
the reaction of MnO;Cl with ethylenel*! to give 1a and 2a.

(|3' cl
|
_Mn
0%/ ™“o—CH, OéM'\”\O\
0 \C/ _CH,
la H, 2a ﬁz

Scheme 4. The hypothetical ethylene-derived products *1a and 22a.

The triplet state of MnO;Cl lies 86 kJ mol~! higher in energy
than the singlet state (in accordance with the formal d°
configuration of the metal centre), and as the reaction was
induced below room temperature, it is reasonable to assume
that it starts from the singlet state. The reaction path of lowest
energy leading to *1a involves a crossover from the singlet
surface to the triplet surface immediately before the singlet
transition state (TS) is reached from the reactant side
(Figure 4).

First, the internal reaction coordinate (IRC) was traced
starting from the TS of the singlet surface in both directions
towards the starting materials in their singlet states and
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Figure 4. Energy profile for the reaction involving epoxidation of ethylene along the IRC path in the region where crossing of the two PESs occurs.
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product 1a in steps of 0.1 amu?bohr (Figure 4). Subsequent-
ly, the reaction between MnO;Cl in its triplet state and
ethylene was investigated: both compounds approach each
other in an unsymmetric fashion to give the radical compound
(0),CIMnOCH,CH,* (33a) without passing through a TS
(Figure 4). Compound 33a is a local minimum on the triplet
surface that is separated from the product *1a by a barrier
with a free enthalpy of only 19 kJmol~! (both the minimum
(Figure 5) and the corresponding TS were optimised, and

Figure 5. Structure of 33a as optimised by DFT methods (B3LYP/6—
311G(d)) with bond lengths [A] and angles [°].

tracing the IRC showed that the TS is connected to both 33a
and *1a, as shown in Figure 6, which plots the electronic
energy. Intramolecular radical trapping by the terminal oxo
ligands of (O),CIMnOCH,CH," to give 32a, which is also
possible in principle, is prohibited by the rather large distance
between these oxo ligands and the carbon-centred radical, as
compared to the distance between the C-centred radical and
the alkoxidic oxygen atom, which, in addition, has a higher
spin density than the oxo O atoms. Compound 3la is
36 kJmol~' more stable than the corresponding product '1a
on the singlet surface, and it therefore clearly represents the
ground state of the product. Given this information on the
singlet and triplet PESs, it was possible to locate their crossing

point, where the singlet—triplet splitting is less than
0.1 kImol~ It is located just before the singlet TS, and thus
the rate-determining activation barrier for the reaction of
MnO;Cl with ethylene to give *1a corresponds closely to the
amount of energy required to surmount this singlet TS
(AG*(293.15 K, 0.001 atm) =102 kJmol~!; AE* is calculated
to be 43kJmol!; see Figures7 and 4). The oxo-transfer
process is not concerted: the two emerging C—O bonds are
quite dissimilar at the point of intersection of the two PESs
(Figure 8). Once this maximum has been reached on the
singlet PES, the reaction can proceed along the triplet surface,
passing the radical complex as a local minimum and finally
reaching the triplet product *1a (Figure 7). Such crossing from
singlet to triplet PESs can be facilitated under the adiabatic
assumption by spin—orbit coupling.?* 2!

Let us now turn to the [243] cycloaddition pathway.
Compound *2a is 51 kJmol~! more stable than '2a and
therefore represents the end point of the IRC. Furthermore
R2a lies 137 kJmol~! lower in energy than *1a, so that its
formation should indeed be thermodynamically favoured.
However, thermodynamic control is excluded, since the
interconversion of 31a and *2a is prohibited by substantial
barriers (105/242 kJ mol-!, see Figure 7). The TS between the
starting materials and 32a (see Figure 9) is situated on the
singlet surface, only 58 kJmol~! [AG*(293.15 K, 0.001 atm)]
above the starting materials (spin crossover proceeds on the
product side). In consequence, *2a appears to be not only the
thermodynamically but also the kinetically favoured product.

The system MnO;Cl/TME: thermodynamics and kinetics:
Naturally, the enthalpies for the formation of the glycolate
and epoxide complexes from reactions of MnO;Cl with the
olefinic bonds change to a certain extent on going from
ethylene to TME: AG{*1a/*2a](293.15K, 0.001 atm) is
22 kJmol~! larger than AG[*1/32](293.15 K, 0.001 atm), and
the reactions become more exothermic. According to the
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Figure 6. Energy profile for the conversion of the alkoxide radical (O),CIMnCH,CH,* (33a) to the end product *1a along the IRC path.
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Figure 7. Reaction profile of the suggested mechanisms for the formation of *1a and 32a from MnO;Cl and ethylene.

Figure 8. The structure of the rate-determining transition state for the
epxidation of ethylene by MnO;Cl, as optimised by DFT methods (B3LYP/
6-311G(d)) with bond lengths [A] and angles [°].

2.249

Figure 9. The structure of the rate-determining transition state for the
[2+3] cycloaddition of ethylene to MnO;Cl, as optimised by DFT methods
(B3LYP/6-311G(d)) with bond lengths [A] and angles [°].
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results of Résch et al. [ this means that the activation barrier
for the [243] cycloaddition of TME is lower than that for
ethylene, and a similar trend can also be expected for the
epoxidation.

To analyse the influence of permethylation on these
barriers more accurately, we performed further calculations,
which were based on the results described above for ethylene.
The rate-determining activation barrier for the epoxidation of
ethylene by MnO;Cl (resulting in *1a) corresponds closely to
the energy of the corresponding TS on the singlet surface.
Assuming that the same is true for TME,®! we determined
the structure and energy of the TS between the starting
materials and 1. It is located only 45kJmol~! above the
starting materials, that is, the barrier is lowered by 57 kJmol~!
on going from ethylene to TME, which represents an
enormous substituent effect. This effect is less pronounced
for the [2+43] cycloaddition, whose activation barrier was
approximated®! by monitoring the optimum energies for
geometries in which TME approached MnO;Cl symmetrically
in five steps with fixed equally long O --- C distances in a [2+3]
fashion. It amounts to 45 kJmol~! (cf. 58 kImol~! for ethyl-
ene), so that according to our calculations the barriers on the
way to 31 and 32 are in fact numerically equal. Changing the
basis sets or functionals used for the calculations is likely to
change the calculated absolute (and to a smaller extent maybe
even the relative) energies somewhat.[?2-2% 3035361 Moreover,
it has to be considered that we have made some approxima-
tions and assumptions’ and that (as for any method) there
are certain error ranges valid for results obtained by DFT
methods. In an extreme case the epoxidation barrier could be
overestimated by a few kJmol™!, while the cycloadditon
barrier could be underestimated by a few kJmol~!, and this
would lead to a kinetic control on the basis of these energy
barriers. However, the fact that DFT calculations at a
relatively high level of theory predicted the barriers to be of
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an equal height must also be dealt with. This is the basis on
which the question why MnO;Cl reacts with TME selectively
by direct epoxidation to give 31 must be answered, even
though this pathway is not favoured thermodynamically and
there is no clear-cut kinetic reason (as far as the barriers are
concerned) for the selective formation of *1 rather than 32. Is a
more constructive explanation available for the discrepancy
between experimental and theoretical results than errors
made by theory?

Reaction channels: In seeking an answer it is first necessary to
consider the reaction conditions. The cocondensation of the
two gases takes place at very low pressures (ca. 10~° mbar), so
that the mean free pathway of the molecules amounts to 1-
2 cm. Since the common path followed the MnO;Cl and TME
gases after leaving their separate nozzles is only 2 cm, the
molecules can collide only once or twice before condensation
occurs, and these collisions will additionally not be very
effective, because the beams flow almost parallel to one
another and the MnO;Cl molecules still have the thermal
energy characteristic for a temperature of —65°C. It is
therefore unlikely that the molecules already react with each
other in the gas phase. More collisions occur during the
process of condensation on the Csl window, so that the
reaction can proceed there, even though the molecules have
already lost some of their thermal energy at that stage. This
means that the activation barriers must be very low, even
lower than those calculated above. Apparently the calcula-
tions overestimate these barriers, a finding which is not
unusual, especially as the barriers were calculated for a
temperature of 293.15 K, while the actual reaction probably
takes place far below that temperature. However, for the
present problem only relative trends, such as the fact that the
barriers leading to *1 and 32 are of comparable magnitude, are
of interest, and these should be reliable. Note, however, that
calculated free activation enthalpies are not necessarily
identical with those determined experimentally in kinetic
investigations. The AE* values can be reliably calculated for a
specific two-dimensional reaction profile, and an evaluation
of the calculated frequencies for the structures involved
results in AG* values like those discussed so far here.
However, the real, measurable AG* is determined by the
three-dimensional PES, in which additional entropy contri-
butions (which are disregarded in the corresponding partition
function used in the calculation) can become important, for
instance, the number of entrances a given system has to a
particular path and their accessibility. Hence, the reaction
channels should also be taken into account.

Formation of 32 can only occur if the olefin approaches one
MnO, unit rather symmetrically within its plane, so that the
approach path for a successful reaction is quite narrow. There
are three such planes, and therefore three reaction channels
exist. A projection of these on a hemisphere is shown in
Figure 10. In contrast, as outlined above, the reaction
coordinate calculated for the epoxidation of ethylene re-
vealed that the olefin is attacked unsymmetrically by one oxo
group, so that there are many possible ways in which the olefin
can approach the oxo ligands of MnO;Cl and be epoxidised.
The orbital interaction initialising the reaction will corre-

4682
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[2+3] Cycloaddition

Epoxidation

Figure 10. Reaction channels for the epoxidation and [2+3] cycloaddition
with MnO;Cl.

spond to a four-electron/four-obital interaction*! and the
transition state structure shown in Figure 8 is of course just
one possibility, in which the olefin approaches from the
bottom side of the plane defined by the three oxo ligands. It
can, however, also approach from above, and while entering it
is also free to rotate around the C—O axis, which must
subsequently be established as a bond in the TS. All this
makes these reaction channels much broader than those of the
[2+3] cycloaddition, and a corresponding projection on a
hemisphere is shown in Figure 10. Epoxidation is thus
statistically favoured over [2+3] cycloaddition. The latter
practically requires frontal collision of the two molecules,
while epoxidation could conceivably also occur in a less direct
collision, that is, formation of 31 is additionally supported by
the higher efficiency of the collisions that lead to it. Never-
theless, some 32 should be formed, too, and on the basis of our
IR spectra 7% of the converted TME may indeed have
reacted to give 32 (vide supra). Compound *1, however, is
clearly the main product. The fact that ethylene shows no
reactivity can be explained in terms of the somewhat higher
activation barriers (vide supra), which may be only just too
high to be crossed during the process of condensation.

Behaviour of MnO;Cl in solution: The above conclusions
should still hold if the rather exotic “solvent” argon is
replaced by a more common, but still relatively inert solvent.
To test this hypothesis, we performed additional experiments
on the reactivity of MnO;Cl towards olefins in the liquid
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phase. Epoxide complexes should again be the main primary
products, although at somewhat higher temperatures inter-
conversion to the more stable diolates could be expected if the
corresponding barriers are low enough. According to the
calculations, in the case of ethylene it is quite substantial
(105 kI mol~1). Any of these primary products should undergo
subsequent aggregation reactions leading to a solid, whose
workup with polar, water-containing solvents provides the
free organic oxidation products (epoxides or diols).

Treating trans-5-decene at —80°C with a solution of
MnO;Cl in CFCl; immediately leads to a suspension of a
brown precipitate in a colourless solution. Workup with wet
acetonitrile (at —80°C or after warming to room temper-
ature) gave mainly trans-1,2-dibutyloxirane (37.5%) in addi-
tion to the chlorinated®! products threo-6-chlorodecan-5-ol
(17.6 % essentially free of erythro isomer), the correspond-
ing 6-chlorodecan-5-one (36.1%) and 5,6-dichlorodecane
(8.8%), as shown in GC/MS measurements by comparison
with authentic samples (Scheme 5). Neither threo- or erythro-
5,6-dihydoxodecane nor the products of their overoxidation,
6-hydroxydecan-5-one, 5,6-decanedione or valeric acid, could
be detected. As MnO;(Cl already starts to decompose above
—30°C, it is impossible to weigh it without sacrifying part of it.
This of course prohibits an accurate mass balance. The above
products account for 60 % of the MnO;Cl employed, which is
satisfactory considering that a significant part of the MnO;Cl
would have decomposed already before it came into contact
with the olefins and that the formation of some of the
products can be assumed to require two equivalents of
MnO,CL

Our interest now focused on the oxidation of TME in
solution, which can be compared directly with the reaction
performed with the aid of the matrix isolation technique.
Tetramethyethylene was shown previously to react quantita-
tively with the oxo groups of metal oxide chlorides,!
probably because the individual steps relevant to oxygenation
proceed faster due to the electron richness of the olefin, so
that side reactions (e.g., chlorinations) are suppressed. When

C4Hg
o
cl CaHog C4Hg
l\/ln + ‘ CFClj, -80°C
o7 Yo CH3CN, H,0, RT

o} CaHg H CaHg
cl
cl
C4Hg H

CFCl, -80°C
CH3CN, H,0, RT

NN

[Mn]

Scheme 5. Products obtained from the oxidation of trans-5-decene with MnO;Cl after aqueous workup.
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TME is treated with MnO;Cl by the procedure described
above, the epoxide is again obtained as the main product
(772 %) together with the product of its Lewis acid catalysed
rearrangement (pinacolone, 12.3%) and some pinacol
(10.4%), probably resulting from epoxide hydrolysis. Con-
sequently, 1% is formed in solution as the main product, too,
and this means that the epoxidation is again the preferred
reaction pathway; this is additional support for the above
interpretation.

A question remains: Why does MnO,” not epoxidise
olefins? The present study showed that the seemingly
analogous reaction of an olefin with MnO,~ now must be
considered as a completely different case, as the replacement
of CI~ by O%~ not only influences the singlet - triplet splitting,
but also introduces an electronic charge. This leads to a
situation in which, according to additional calculations, the
epoxidation of ethylene by MnO,” is endothermic (AE =
+53 kImol!), while the [2+3] cycloaddition®”! is highly
exothermic, as in the case of MnO;Cl. Moreover, the negative
charge leads to higher activation barriers, that is, to kinetic
control, which, however, again favours the [2+3] cycloaddi-
tion. It is therefore understandable, that diols rather than
epoxides are isolated from permanganate oxidations.

Conclusion

In summary, the high selectivity for the product *1 has its
origin, at least partly, in the greater number of approach paths
for the olefin leading to *1, which are in addition much
broader than those which yield 32. This situation leads to a
statistical preference for the epoxidation path, which might be
additionally favoured by lower requirements for the effec-
tiveness of the corresponding collisions. It may also be that the
epoxidation barrier is slightly lower than that of [2+3]
cycloaddition, but we found no indication of this in our
calculations. The present study thus provides precedent for
the importance of considering all factors that guide a reaction
so as be able to correctly predict an
experimental result.

Product discrimination due to
different approach paths, one of
HO which is less accessible, might also
C4He H provide an answer to the long-

standing question why CrO,Cl, ep-

H oxidizes olefins, while OsO, and
MnO,~ dihydroxylate them, al-
though all these metal —oxo com-
pounds should favour a [2+3] cy-
cloaddition in the primary step
according to calculations per-
formed for ethylene.[!”23-26.30.31]
Currently we are investigating
whether it is possible to design the
matrix set-up in a way that allows
even ethylene to react or that gives
compound 31 sufficient time and
H20 energy to rearrange to 32 before the
reaction mixture is quenched.

H C4Hg
Cl
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Experimental Section

Computational method: Density functional calculations were carried out
with the Gaussian/DFT! series of programs. The B3LYP*I formulation of
density functional theory was used with the basis sets LanL.2DZ and
6-311G(d). Harmonic vibrational frequencies and infrared intensities were
predicted at these levels by numerical second derivatives by using
analytically calculated first derivatives. All points were characterised as
minima or first-order saddle points by frequency analysis.

Matrix-isolation experiments: Cooling by liquid helium gave temperatures
of about 7 K inside a shroud maintained at a pressure below 107 mbar.
Olefin/argon mixtures were prepared in a vacuum line by using standard
manometric techniques and then deposited on the cold support. A Csl
window was used for all the IR experiments and MnO;Cl samples (held at
—65°C) were deposited continuously, typically over a period of 20 min; the
rate of deposition of the material to be isolated was regulated by its own
low volatility at that temperature.

IR spectra were recorded in transmission mode in the range of 4000—
300cm~! and with a resolution of 1cm™ on a Bruker IFS 88 v
spectrophotometer.

Starting materials: Tetramethylethylene (99% pure) was supplied by
Aldrich and further purified by fractional condensation in high vacuum
prior to use. Argon (99.999 % pure) was supplied by Messer Griesheim.
80-Enriched MnO;Cl was prepared by a procedure published for
MnO;F®! Tsotopically scrambled MnO;Cl was prepared by heating a
solution of KMnO, in H,'*O/H,'#O for 60 h at 100°C. After removal of the
volatile substances, as-prepared material was employed for the synthesis of
MnO,CLEX

Solution experiments: In a typical experiment MnO,;Cl (0.045 g,
0.325 mmol) was condensed into a flask equipped with a greaseless tap,
CFCl; (20 mL) was cocondensed and the mixture was warmed to —80°C. It
was subsequently cocondensed onto a frozen (—196°C) mixture of a
1.5 molar excess of the olefin and CFCl; (20 mL). After warming the
reaction vessel to —80°C with stirring, the solution immediately turned
colourless, and a brown solid precipitated. The suspension was stirred at
—80°C for 1h and at room temperature for 1 h. All volatile substances
were removed and investigated by GC/MS with a standard to give a mass
balance. They contain unconverted olefin and epoxide. The brown residue
was treated with wet acetonitrile, and again all volatile substances were
removed and investigated by GC/MS. They contained epoxide, carbonyl
compounds and chlorinated products.

Authentic samples of the isomers of 5,6-decanediol were prepared by
treatment of trans-5-decene with OsO, and subsequent aqueous workup, as
well as by acid/base-catalysed hydrolysis of trans-1,2-dibutyloxirane.
Samples of 6-hydroxydecane-5-one, 5,6-decanedione and valeric acid were
obtained by reaction of trans-5-decene with an excess of KMnO,. Epoxides
were generally synthesised by oxidation of the olefins with m-chloroper-
benzoic acid. erythro-6-Chlorodecan-5-ol can be synthesised by opening
the corresponding epoxide with HCI, and 5,6-dichlorodecane is the main
product when the olefin is treated with Cl,.
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Complexation of Triorganotin Derivatives of [18]Crown-6- and
[15]Crown-5-(benzo-4-carboxylate) with Alkali Thiocyanates
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Abstract: Investigations of the simulta-
neous complexation of tri-n-butyltin and
triphenyltin derivatives of [18]crown-6-

9.28(2), intramolecular; 5.40(2) and
5.41(2) A, shortest intermolecular) are
observed in the more complicated struc-

equilibria were observed in acetone and
unraveled by variable temperature *C,
7Sn, and »Na NMR studies. Their

or [15]crown-5-(benzo-4-carboxylate)
by the anion and cation from NaSCN
or KSCN are reported. The crystal
structure of [Na* C [15]crown-5-{C¢H;-
4-COOSn(C4H;);NCS}~],  4-NaSCN,
displays an unusual zwitterionic nature
with one intramolecular charge separa-
tion characterized by an Na—Sn distance
of 9.29(1) A, and several intermolecular
charge separations, the shortest being

o o . ture elucidation
5.48(1) A. Similar distances (9.70(2),
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ture of the corresponding [18]crown-6-
(benzo-4-carboxylate) derivative, 3-
NaSCN, with two independent mole-
cules in the asymmetric unit. For the tri-
n-butyltin analogues 1 and 2, complex

Keywords: crown
host—guest systems - NMR spectros-
copy -+ organotin chemistry - struc-

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

complexes with KSCN and NaSCN
undergo decomposition in acetone sol-
ution, as evidenced by the trans-
formation of [K* C [18]crown-6-{C,H;-
4-COOSn(nBu);NCS}~], into tri-n-bu-
tyltin isothiocyanate and a novel dimeric
potassium  [18]crown-6-(benzo-4-car-
boxylate), the structure of which was
elucidated by X-ray diffraction analysis.

compounds

mainly devoted to the complexation of cations by preorgan-
ized host molecules.”! Studies on the interactions between
crown ethers and various inorganic and organic cations have
initiated wide applications in chemistry, biology, medicine,
and technology.”! The binding properties of Lewis acidic
metal centers towards anions or neutral molecules are like-
wise well documented.”! One such center is the Sn atom, the
Lewis acidity of which has been the subject of many studies,
especially on organotin halides.”) Fewer studies have been
reported on interactions of Lewis bases with organotin
carboxylates, ! despite widespread interest for their in vitro
antitumor activity’! and their rich structural diversity in the
solid state.’l Recently, we reported on the synthesis and
characterization of several organotin derivatives of
[18]crown-6- and [15]crown-5-(benzo-4-carboxylate), as well
as on their in vitro antitumor activities against human tumor
cell lines.’! To the best of our knowledge, only one other
example of a crown ether bound to tin through covalent bonds
has been described so far.l'"]

This paper reports on a novel type of MSCN (M = Na, K)
salt complexation by a new class of host molecules that
contain both a crown ether susceptible to interaction with the
cation and a Lewis acidic tin center that potentially acts as an
anion carrier. The question addressed is whether only the
cation or the anion is involved in a monotopic interaction, or
whether both ions are involved in a heterotopic interaction.['X]
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If the latter case holds, the additional question is whether
anions and cations remain electrostatically paired or undergo
a charge separation from their initial ion pair.

The complexes [18]crown-6-{C¢H;-4-COOSn(C¢Hs)s} -
NaSCN (3:-NaSCN) and [15]crown-5-{C¢H;-4-COOSn-
(C4Hs)s} - NaSCN (4-NaSCN) have been characterized by
X-ray diffraction. The elucidation of complex equilibria
between several solution species in the tri-n-butyltin ana-
logues 1 and 2 was achieved by 'H, *C, Na, and '’Sn NMR
spectroscopy at variable temperature. ?Na NMR data provide
information as to whether the cation is trapped in the cavity of
the crown ether moiety, while "Sn NMR data provide
information on tin—anion interactions. The X-ray crystal
structure of a novel dimeric salt, potassium [18]crown-6-
(benzo-4-carboxylate), isolated from mixtures of [18]crown-6-
{C¢H3-4-COOSn(nBu),} and KSCN, sheds light on the ion-
separation chemistry of such systems.

Results and Discussion

Synthetic aspects: An overview of the MSCN (M =Na, K)
adducts investigated is given in Figure 1. The thiocyanate
anion is known as an ambidentate ligand!'!l that can either
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Figure 1. Organotin carboxylates and their alkali salt complexes.

bind in the monodentate mode, giving rise to M—SCN or
M-NCS bonds, or can act as a bridging bidentate ligand in
M—-SCN—M'-like moieties. In the solid state, trimethyltin and
triphenyltin thiocyanates exist as polymeric zigzag S—
Sn—N=C=S — Sn chains.'l. When the crown ether 1 was
mixed with KSCN in a 1:1 molar ratio, crude 1-KSCN,
unsuitable for X-ray diffraction, was obtained (see Exper-
imental Section). The Mossbauer data (isomer shift =
1.39 mms~!, quadrupole splitting =3.51 mms~"') of this crude
1-KSCN are in agreement with the presence of a five-
coordinate trigonal bipyramidal tin atom with two electro-
negative carboxylate and thiocyanate groups in apical posi-
tions.'¥ Tts TR spectrum reveals a stretch frequency at
2060 cm~!, characteristic of N-bonded metal thiocyanates,!'*l
as well as a set of three overlapping lines between 1578 and
1615 cm™, both showing not only that the solid is amorphous
or polymorphic, but contains a five-coordinate tin to which
thiocyanate is bound. Crude 1-KSCN is further evidenced to
contain the proposed five-coordinate [(nBu);Sn(OOCR’)-
(NCS)]™ moiety by the fact that, besides the above-mentioned
single narrow IR SCN stretching band at 2060 cm~!, no band

Chem. Eur. J. 2001, 7, No. 21

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

characteristic for pure (nBu);SnNCS (2080 cm™') or for
KSCN (2048 cm™!) is observed. While crude 1-KSCN un-
doubtedly contains the desired complex, attempts to recrys-
tallize it from acetone lead to its decomposition into
potassium [18]crown-6-(benzo-4-carboxylate) and tri-n-butyl-
tin isothiocyanate. The former product was identified in the
crystalline state by X-ray diffraction analysis, the results of
which are presented below; moreover its ''*Sn NMR spectrum
confirmed the total absence of tin. The other decomposition
product, tri-n-butyltin isothiocyanate, was identified by evap-
oration of the filtrate of this crystallization to dryness and
extraction of the residue with hexane; the "Sn NMR
spectrum of this hexane extract redissolved in CDCI; revealed
essentially only the resonance of (nBu);SnNCS (6 =+85.1,
ca. 10 mg in 0.5 mL), as assessed by comparison with the '""Sn
spectrum of a sample of (nBu);SnNCS synthesized indepen-
dently (see Experimental Section). No evidence was found in
crude 1-KSCN for the presence of significant amounts of
uncomplexed 1, although neither this, nor the possibility that
1-KSCN also exists in part as an undefined mixture of
benzocrown carboxylate, tri-n-butyltin functionality, potassi-
um cations, and thiocyanate anions can be formally excluded.
Similar results were obtained for the NaSCN adduct of 1, as
well as the NaSCN and KSCN adducts of 2.

Nevertheless, crude 1-KSCN, 1-NaSCN, 2-KSCN, and 2-
NaSCN—where necessary, after filtration of the precipitated
alkali benzocrown carboxylate to give sufficiently stable and
long-lived solutions suitable for multinuclear NMR analysis—
revealed the existence of complex equilibria (see below). In
contrast to 1 and 2, the triphenyltin crown ethers 3 and 4
combined with NaSCN in a 1:1 molar ratio did provide tin-
containing crystals of 3-NaSCN and 4-NaSCN, suitable for
the X-ray diffraction analysis presented below. However,
these complexes appear to be quite insoluble after solvent
evaporation or crystal filtration. Accordingly, the presence of
tin was only revealed by a proton-detected '"°Sn correlation
spectrum that displays two "°Sn resonances, at 0 = — 185 and
—232 for 4-NaSCN and at 6 = — 190 and — 235 (with a minor
one at — 128, not analyzed) for 3-NaSCN in [D,]methanol at
273 K; these signals were ascribed to five-coordinate tin
complexed by thiocyanate and methanol, respectively (see
below). A 2Na NMR spectrum confirms the presence of the
sodium ion.

Crystal structures of 3-NaSCN [Na* C [18]crown-6-{C;H;-4-
COOSnPh;(NCS)}'] and 4-NaSCN [Na' C[15]crown-5-
{CcH;3-4-COOSnPh;(NCS)}]: To the best of our knowledge,
the structures of 3-NaSCN (Figure 2) and 4-NaSCN (Fig-
ure 3) reveal novel organotin zwitterionic structures which
result from a host molecule that simultaneously traps the Na*
ion in the crown ether moiety and the NCS~ anion at the tin
moiety. These complexes exhibit very unusual structures in
which the countercation is located extremely far away from
the anionic tin center. Thus, a zwitterion with an unusually
large intramolecular charge separation results, with intra-
molecular Sn—Na distances of 9.70(2) and 9.28(2) A for the
two independent molecules of 3-NaSCN and 9.29(1) A for 4-
NaSCN (additional information is given in Tables 1 and 2).
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Figure 2. Molecular structure of 3-NaSCN. Atomic displacement param-
eters are drawn at the 30 % probability level.

0ie) ) clis)

Figure 3. Molecular structure of 4-NaSCN. Atomic displacement param-
eters are drawn at the 30 % probability level.

Table 1. Selected bond lengths [A] and angles [°] for 3-NaSCN.!

Molecule 1 Molecule 2

N-C 1.16(2) N-C 1.10(2)
S—C 1.57(2) S-C 1.54(2)
Sn—N 2.34(2) Sn'—N’ 2.43(2)
Sn—C(30) 2.12(1) Sn'—C(24") 2.12(1)
Sn—C(24) 2.11(1) Sn'—C(30") 2.12(1)
Sn—C(18) 2.17(1) Sn'—C(18') 2.12(1)
Sn—O(7) 2.17(1) Sn'—O(7") 2.17(1)
Na—O(8)! 2.31(1) Na—O(8")" 2.27(1)
Na—0(6) 2.43(2) Na—0(2') 2.44(2)
Na—0O(3) 2.53(2) Na—0(3') 2.50(2)
Na—O(4) 2.64(2) Na—O(4') 2.54(2)
Na—O(1) 2.71(2) Na'—O(6') 2.55(2)
Na—O(5) 2.70(2) Na—O(5) 2.60(2)
Na—0(2) 2.87(2) Na—O(1") 2.60(2)
C-N-Sn 170(2) C'-N'-Sn’ 171(2)
N-C-S 175(2) N'-C-§ 178(2)
C(30)-Sn-C(24) 129.3(4) C(24')-Sn’-C(30") 122.5(4)
C(30)-Sn-C(18) 113.5(4) C(24')-Sn’-C(18") 117.1(4)
C(24)-Sn-C(18) 116.9(4) C(30)-Sn’-C(18") 119.1(4)
C(30)-Sn-O(7) 96.4(4) C(24')-Sn’-O(7") 95.2(4)
C(24)-Sn-O(7) 92.7(4) C(30)-Sn’-O(7") 98.3(4)
C(18)-Sn-O(7) 85.7(4) C(18)-Sn’-O(7") 87.3(4)
C(30)-Sn-N 85.9(4) C(24')-Sn’-N’ 87.1(5)
C(24)-Sn-N 89.4(4) C(30)-Sn’-N’ 82.7(5)
C(18)-Sn-N 89.1(4) C(18)-Sn’-N’ 89.3(4)
O(7)-Sn-N 174.8(4) O(7)-Sn’-N’ 176.1(5)

[a] Symmetry transformations used to generate equivalent atoms: I: 2 —x,
2—y,z—1/2;11: 2—x+ 32,y =172,z + 1/2.

The molecular structures of these two independent mole-
cules in the asymmetric unit of 3-NaSCN are similar. Only
one representative is shown in Figure 2. Furthermore, as can
be seen from Figure 3, the structure of 4-NaSCN is also not
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Table 2. Selected bond lengths [A] and angles [°] for 4- NaSCN.k!

N-C 1.139(7) Na—O(6)! 2.229(5)
s-C 1.597(7) Na—0(1) 2.355(5)
Sn—N 2.294(6) Na—O(4) 2.372(5)
Sn—C(28) 2.128(4) Na—0(3) 2.375(5)
Sn—C(16) 2.126(4) Na—O(5) 2.416(5)
Sn—C(22) 2.120(4) Na—0(2) 2.423(5)
Sn—0(7) 2.172(4)

C-N-Sn 161.9(5) C(16)-Sn-O(7) 94.0(2)
N-C-$ 179.6(6) C(22)-Sn-0(7) 92.0(2)
C(28)-Sn-C(16) 117.9(2) C(28)-Sn-N 88.3(2)
C(28)-Sn-C(22) 119.1(2) C(16)-Sn-N 89.4(2)
C(16)-Sn-0(22) 122.8(2) C(22)-Sn-N 89.2(2)
C(28)-Sn-0(7) 87.0(2) O(7)-Sn-N 175.1(2)

[a] Symmetry transformations used to generate equivalent atoms: I:
—x—=12,y-12, =z + 1/2.

very different from the one observed for 3- NaSCN. The five-
coordinate triphenylcarboxylatoisothiocyanato stannate moi-
ety has a trigonal bipyramidal structure in both compounds;
this is very similar to that of isothiocyanatotriphenyl(pyri-
dinium-2-carboxylato) stannate (5), described previously by
Gabe et al.l¥l The geometry around the tin atom is that of a
distorted trigonal bipyramid, with the three phenyl groups
occupying the equatorial positions and the apical sites
occupied by the nitrogen of the isothiocyanate group and
one carboxyl oxygen of the carboxycrown ethers. The average
Sn—C(Ph) distance of 2.125(4) A in 4-NaSCN compares well
with the value of 2.114 A for 5,05 while the average values for
the two independent molecules of 3-NaSCN, 2.13(3) and
2.12(3) A are more dispersed. Nevertheless, they all lie well
within the range 2.105-2.16 A of Sn—C(Ph) distances re-
ported in the literature.l') There is no significant information
concerning any deviation from coplanarity. The Sn—O dis-
tances observed are identical within experimental error,
2.17(2) and 2.17(2) A for the two independent units of 3-
NaSCN and 2.172(4) A for 4-NaSCN. These values are
somewhat shorter than the distances for 5,1 whereas the
Sn—N distances, especially in 3-NaSCN, are larger than the
value of 2.28 A reported.['! The NCS moiety is almost linear
with NCS angles of 175(2) and 178(2)° for 3-NaSCN and
179.6(6)° for 4-NaSCN. The CNSn angles of 170(2) and
171(2)° in 3-NaSCN are smaller than that in 4-NaSCN
(161.9(5)°). Similar values are found in other tin isothiocya-
nates.['!: 19]

Although the space groups and unit cells of 3-NaSCN and
4-NaSCN (see Table 6 in the Experimental Section) are very
different, the supramolecular arrangements are comparable.
The coordination of Nat by the crown oxygen atoms is
completed by the second carboxylate oxygen, which results in
polymeric chains (Figure 4). In the packing diagram of
4-NaSCN, these zig-zag chains are generated by the 2, screw
axes of the corresponding space group P2,/n. The shortest
intermolecular Na*---Sn~ distances of 5.40(5) and 5.41(4) A
for 3-NaSCN and 5.48(1) A for 4-NaSCN occur along these
chains. They are notably shorter than the intramolecular
Na*---Sn~ distances. Nevertheless, as can be deduced from
Figure 4, Na* and SCN~ are evidently no longer electrostati-
cally bound. The NCS groups point towards the cavities
separating the zigzag chains and the packing of the chains in
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Figure 4. Packing of the 4- NaSCN-chains.

the third dimension is generated by the n-glide plane
perpendicular to the chains, thus generating a dense packing
resembling a hexagonal close packing of tubes. In a similar
way, chains are formed by the two independent molecules of
3-NaSCN with Na*---Sn~ distances 5.40(5) and 5.41(4) A.
Further interchain Na*Sn- distances above 6.9 A occur in
both 3-NaSCN and 4-NaSCN.

The long unit cell of 3-NaSCN is the result of a four-layer
packing: in a (first) layer, similar chains to those observed in
4-NaSCN run parallel to, and are generated by, the 2, axis
along the crystallographic ¢ axis of the corresponding space
group Pna2,. In an adjacent (second) layer, similar but
crystallographically independent chains run parallel to the
crystallographic b — ¢ diagonal; these chains are generated by
the crystallographic n-glide plane of Pna2,. The next two
layers can be considered to be generated by the a-glide plane
from the first layer and the second: the third one again
contains chains that running parallel to the ¢ axis, and the last
(fourth) layer contains chains again running diagonal, equiv-
alent to the second layer, but this time along the b + ¢
diagonal (roughly perpendicular to the chain direction in the
second layer). The next (fifth) layer is finally given by the
rather long orthorhombic b-stacking period of 48.24(4) A.
There is no evidence for any channel formation. Further
selected bond lengths and angles are given in Tables 1 and 2.

Crystal structure of potassium [18]crown-6-(benzo-4-carbox-
ylate): The dimeric complex of potassium [18]crown-6-(ben-
zo-4-carboxylate) is generated by the crystallographic inver-
sion center of the space group P2,/c (Figure 5). The coordi-
nation of K* is a distorted hexagonal bipyramid with the
crown oxygen atoms in the equatorial plane and a carboxylate
oxygen of a neighboring molecule and a water molecule at the
apical sites; this results in a dimer with a head-to-tail
arrangement. Although the shortest distance to K* involves
the water oxygen, the O(H,0)-K*-O(crown) angles are
smaller than the O(COO)-K™-O(crown) angles from the
carboxylate oxygen at the opposite apex of the bipyramid.

Chem. Eur. J. 2001, 7, No. 21

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

Figure 5. Molecular structure of dimeric potassium [18]crown-6-(benzo-4-
carboxylate). Atomic displacement parameters are drawn at the 30%
probability level.

Selected bond lengths and angles are given in Table 3. The
molecules are packed as sheets perpendicular to their long
axes. These layers are held together by a hydrogen-bonded
network involving three additional water molecules. They
occur between the terminal oxygens O(7) and O(8) and with
distances between 2.8 and 2.9 A.

Table 3. Selected bond lengths [A] and angles [°] for [{[18]crown-6-(C4H;-
COOK)},].1

0(2)-K 2.822(3) 0(5)-K 2.812(3)
o(1)-K 2.869(3) O(4)-K 2.817(3)
0(6)-K 2.909(3) K-O(1W) 2.704(3)
0(3)-K 2.831(3) K-O(7)! 2.745(4)
O(1W)-K-O(7)! 150.53(7) O(7)-K-O(1) 121.04(9)
O(1W)-K-O(1) 79.76(11) O(7)-K-0(2) 94.68(10)
O(1W)-K-O(2) 80.93(9) O(7)-K-0O(3) 77.75(7)
O(1W)-K-O(3) 74.86(10) O(7)-K-O(4) 91.57(8)
O(1W)-K-O(4) 65.42(9) O(7)-K-0(5) 105.31(10)
O(1W)-K-O(5) 80.33(9) O(7)-K-O(6) 119.66(8)
O(1W)-K-O(6) 88.62(10)

[a] Symmetry transformations used to generate equivalent atoms: I:
—x+ 1, -y, —z

Solution-state chemistry: In the course of investigations on
1-MSCN and 2 - MSCN in solution, presented below, it clearly
appeared that, as a consequence of their instability,
(nBu);SnNCS is involved in the complicated solution chem-
istry of the complexes. It was therefore necessary to perform a
detailed study on the solution chemistry of (nBu);SnNCS,
which, on its own, appears quite complex in [D¢]acetone. In a
similar fashion, the [18]crown-6 and [15]crown-5 ethers, as
well as the free tri-n-butyltin carboxylates 1 and 2, were also
investigated.

Coordination behavior of (nBu);SnNCS: At 303 K, concen-
trated (nBu);SnNCS (130 mg per 550 uL) in [Dglacetone
reveals a rather broad ''’Sn resonance at 6 = 19.1, while, upon
dilution (20 mg per 550 pL), it shows a sharper one at 6 =16.5
(Figure 6). Upon lowering the temperature to 183 K, both
concentrated and diluted solutions give rise to decoalescence
into three resonances (A, B, and C), with relative intensities
depending on the concentration. At high concentration,
resonances A (0=76.1, 11%) and B (6 =—-12.6, 85%) are
moderately sharp, while resonance C is hardly visible as a
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Figure 6. Temperature and concentration dependence of the !'’Sn NMR
spectrum of (nBu);SnNCS in [Dg4Jacetone. Sample volume 550 pl.

broad hump (6 ~—70, 4%). By contrast, at low concentra-
tion, the same resonances appear with different intensities
and are unexpectedly broader. Resonance A is slightly shifted
to low frequency (6 =66.7) and hardly increases in intensity
(15 %) upon dilution. Resonance B (50 % ) keeps roughly the
same chemical shift, whereas resonance C shows a dramatic
increase in intensity (35%). These observations, which are
fully temperature reversible, are interpreted as follows.
Resonance A basically corresponds to four-coordinate
(nBu);SnNCS (1"Sn NMR, 6 =72.6 in [Dgltoluene, 120 mg
per 550 uL; 6 =19.1 in [DgJacetone, 130 mg per 550 uL), as
supported by the *Sn chemical shift of Me;SnNCS in a non-
coordinating solvent (Ref. [17]: = 58.7 in [Dg]benzene, 20 %;
0=679, 1.25%). The concentration dependence of reso-
nance A necessarily results from fast association — dissociation
exchanges between unbound (nBu);SnNCS and terminal
(nBu);SnNCS in oligomeric species of the (nBu);SnNCS —
Sn(nBu);NCS — ... type. The chemical shift value of reso-
nance A is in agreement with four-coordinate tin in these
mutually exchanging species. Resonance B is, accordingly,
assigned to the average of internal and terminal five-
coordinate nBu;SnNCS in the same oligomeric species,
(nBu);SnNCS — Sn(nBu);NCS — Sn(nBu);NCS. The strong
increase in the intensity of resonance C at the expense of B
upon dilution is ascribed to the [Dglacetone solvent-deter-
mined (CD;),C=0 — Sn associations, which gain in impor-
tance at a lower (nBu);SnNCS concentration. Globally, these
observations indicate a complex equilibrium involving three
types of tin environment modulated both by concentration
and temperature effects. Thus, dilution favors dissociation
of  (nBu);SnNCS — Sn(nBu);NCS  oligomers towards
(CD3),C=0 — Sn interactions that, reasonably, appear more
shielded at tin. A decrease in temperature favors five-
coordination at the expense of four-coordination, as support-
ed by the global low frequency shift of the average !'’Sn signal
that results. In parallel, the 'J(*C,!"'"*Sn) coupling constants
increasing when the temperature decreases [in Hz: 412/420
(303 K), 451/471 (183 K), 20 mg; 400/418 (303 K), 435/456
(183K), 130mg] is in line with this proposal, as are
Mossbauer data. The QS (quadrupolar splitting) of
3.75 mms™! for solid (nBu);SnNCS at liquid nitrogen temper-
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ature (isomer shift (IS) =1.54 mms™!) is in agreement with a
five-coordinate, trigonal bipyramidal diapical NCS —
Sn(nBu);NCS configuration. Interestingly, a frozen solution
of (nBu);SnNCS in acetone provides a similar QS of
371 mms~! (IS=1.47 mms™') in agreement with the same
geometry at tin, either from NCS— Sn(nBu);NCS,
(CH;),C=0 — Sn(nBu);NCS, or both. Hence the coordina-
tion behavior at tin, whatever the complexing ligand, is
comparable in acetone and in the solid state.

Coordination behavior of the free tri-n-butyltin carboxylates 1
and 2 derived from the benzo-4-carboxylate-substituted crown
ethers in [DgJacetone: The J(B3C,'''%Sn) coupling constants
of free 1 and 2 are characteristic, albeit only to a limited
extent, for higher coordination at the tin atom in the presence
of acetone rather than in chloroform (1: 378/396 Hz in
[DgJacetone 20 mg per 550 pL; 341/358 Hz in CDCL,*). The
small concentration dependence of the ''’Sn chemical shifts of
1in [Dg]acetone at 303 K (130 mg per 550 pL, 6 =71.5;20 mg
per 550 uL, 6 =76.1) increases at 223 K, displaying values of
0=—11.4 and +23.2, respectively, that is, a shift of the !'’Sn
resonances to lower frequency. These data indicate that 1) a
tin carboxylate aggregation is only very slightly favored upon
an increase in concentration at room temperature and 2) the
formation of intermolecular aggregates favored at high
concentration and the competitive complexation by [Dg]ace-
tone both occur to a greater extent at low temperature. The
absence of any ''Sn signal decoalescence down to 223 K
indicates that carboxylate aggregation and complexation by
[Dg]acetone are two processes in fast exchange on the 7Sn
NMR timescale, even at the lowest temperature investigated.

Complexation of [18]crown-6 (18C6) and [15]crown-5 (15C5):
To get an insight into the complexation of the Na' into a
crown ether moiety in the absence of any further group
interferences, Na NMR spectra of NaSCN, 18C6-NaSCN,
18C6-2NaSCN, 15C5-NaSCN and 15C5-2NaSCN were
recorded in [Dglacetone (Table 4). At 303 K, a single *Na
resonance appears at 0 = —4.9 for NaSCN, at 6 =—13.7 for
18C6-NaSCN, and at 6 =—8.3 for 18C6-2NaSCN.

The low-temperature **Na spectrum of 18C6-2NaSCN
shows a decoalescence of the single resonance into two
resonances, enabling two species to be discriminated. The
Na chemical shift of 18C6-2NaSCN at room temperature
corresponds roughly to the average of the signals of 18C6-
NaSCN and free NaSCN. Thus, lowering the temperature to

Table 4. ®Na NMR chemical shifts?l in [DgJacetone for pure NaSCN,
mixtures of crown ethers 18C6 and 15C5 and NaSCN, and mixtures of 1 and
2 and NaSCN.

303K 183 K
NaSCN —-49
18C6-NaSCN —13.7 —16.4
18C6-2NaSCN -83 —-4.8, -16.4
15C5-NaSCN -3.6 -57
15C5-2NaSCN -37 —6.6
1-NaSCN —142 —-17.6
2-NaSCN —-49 -54

[a] Chemical shifts reported in ppm with respect to NaCl (D,0).
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183 K freezes out the Na* exchange equilibrium and reveals
both the complexed and free ion in comparable amounts; the
2Na chemical shift at 0 = —4.8 and — 16.4 corresponds to the
uncomplexed and complexed cations, respectively. Since
18C6-NaSCN exhibits one single resonance at 6 =—16.4 it
can be concluded that Na*™ complexation by 18C6 is complete.
By contrast, the single »Na resonance around d =—5 for
15C5-NaSCN and for 15C5-2NaSCN, at 303 K as well as
183 K, indicates essentially little complexation of the cation
even though the slight shift to lower frequency upon temper-
ature decrease leaves hardly any doubt about the existence of
a fast equilibrium between free and bound Na*, with the free
state remaining most abundant.

Complexation of tri-n-butyltin carboxylates derived from the
reaction of benzo-4-carboxylate-substituted crown ethers with
alkali thiocyanates: As for 1-KSCN, the crude precipitates
1-NaSCN, 2-NaSCN, and 2-KSCN, which are tin-free and
almost insoluble in acetone, are identified, from '"H NMR data
in [D,]Jmethanol, to be the corresponding alkali [18]crown-6
or [15]crown-5-(benzo-4-carboxylate). Two kinds of interac-
tions govern their formation: on one hand, the complexation
of the crown ether moiety by the alkali cation modulated by
the ring size of the crown ether and the diameter of the cation,
(see 2Na NMR results above) and, on the other hand, the salt
formation leading to —COO~Na*t or —COO~K* ionic bonds,
which can be understood on the basis of the hard/soft acid/
base (HSAB) principle.l's! The [(crown-CsH;-COOM),] for-
mation is accounted for by the reaction given in Equation (1):

2[M* C {crown-CsH;-COOSn(nBu);NCS} | =

1
[{crown-C,H;-COO~-M*},] + 2(nBu);SnNCS &

It dominates over the generation of [M" C {crown-CsH;-4-
COOSn(nBu);NCS}"], even though the [(crown-C¢H;-4-
COOM),] precipitates are generated to variable extents: 1-
KSCN, 0% 2-KSCN, 8 %;1-NaSCN, 30 %; 2-NaSCN, 33 %.
Additional evidence for this proposed heterogeneous equi-
librium is that while no [(crown-C¢H;-COOM),] precipitate
was obtained from 1-KSCN, it was nevertheless eventually
generated by adding an excess of KSCN.

However, after complete evaporation of a solution of 1-
KSCN, and partial redissolution of the residue in a small
portion of acetone, the 'H spectrum of the supernatant also
reveals the release of free [18]crown-6-{C4H;-4-COOSn-
(nBu);} (1), which evidences the reversibility of the formation
of [M* C {crown-C4H;-4-COOSn(nBu);NCS}~]. Actually, it is
only after removal of this supernatant and complete redis-
solution of the residue in acetone that crystals of [{[18]crown-
6-(CsH;3-4-COOK)},] suitable for X-ray analysis were pro-
duced upon slow evaporation of the solvent.

The 7Sn NMR spectra of the filtrates at room temperature
(Table 5) reveal a single broad resonance at variable ''’Sn
chemical shifts. Noticeable differences between free and
complexed tri-n-butyltin carboxylates appear for the ''’Sn
chemical shifts and the 'J(**C,"'7'"Sn) coupling constants
(Table 5). For example, at 303 K, the 1-NaSCN has ''"Sn ¢ =
—27.4 and J("*C,1""19Sn) = 453/474 Hz, while free 1 exhibits
0=76.1 and J(1*C,"'""'19Sn) = 378/396 Hz. Overall, this obser-
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Table 5. "7Sn chemical shifts [ppm] and J(**C,!"”1"°Sn) coupling constants
[Hz] obtained for 1, 2, 1-NaSCN, 1-KSCN, 2-NaSCN, and 2-KSCN in
[Dglacetone at two different temperatures.

117Sn IJ(ISC,”W”QSH)
303K 223K 303K 23K
1(20 mg) 76.1 232 378/396
1 (130 mg) 715 —114 389/407 ~467
2 (20 mg) 79.1 232
1-NaSCN —274 —493 453/474 479/504
— 1346
1-KSCN —65.7 ~95.9 490/513 516/536
~136.8
2-NaSCN la —526 460/481 481/506
— 1363
2-KSCN —63.9 — 864 481/503 515/538
—922
—1374

[a] No signal, broad exchange averaging.

vation reveals a higher coordination at tin for 1- NaSCN than
for free 1, with fast ligand exchange kinetics indicated by the
single "Sn resonance. Low-temperature data confirm this
interpretation, since at 223 K at least two species are
observed, as a result of ''’Sn resonance decoalescence upon
decreasing the temperature from 303 K to 223 K. At 223 K, a
minor 'Y7Sn resonance around 0= —135 is observed in all
cases. The major resonances of 1-NaSCN (6 =-—49.3) and
2-NaSCN (0 = —52.6) appear at significantly higher frequen-
cies in comparison with 1-KSCN (6 =—95.9) and 2-KSCN
(two signals: = — 86.4 and — 92.2), but they all shift to lower
frequencies upon a decrease in temperature. Globally, these
results reveal the existence of at least two equilibria: one that
is slow on the "Sn NMR timescale, leading to complete
decoalescence of the minor resonance around 6 = — 135, and
another still fast between two (or more in the case of
2-KSCN) less-coordinated species. The minor resonance
(18% for 1-NaSCN and 46 % for 2-NaSCN) is assigned to
the species in which thiocyanate anion complexation of tin is
strongest, that is, species a and/or d (Figure 7). The ?Na NMR
data (Table 4) of 1-NaSCN is clearly in agreement with
speciesa and/or e being dominant; only a single *Na
resonance characteristic of bound sodium (6 = —17.6) being
observed without any decoalescence even at low temperature
(183 K). By contrast, the single **Na resonance at 183 K,
characteristic of unbound sodium (6 =—5.4) for 2-NaSCN
clearly supports species d being dominant, emphasizing the
influence of the ring size of the crown ether on sodium ion
complexation.

The major YSn resonance is assigned to exchange-averag-
ing speciesb, ¢, and e (Figure 7). In speciesc, the '"Sn
chemical shift should be intermediate between those of
species b and e (four-coordinate tin) solvated by acetone
and species a and d (five-coordinate tin) bound to thiocya-
nate. In species c, the interaction of NCS~ with Sn should be
weaker than in a and d, explaining the faster exchange
averaging of ¢ with b and e than with a and d. The strong
influence of the alkali cation on the ''’Sn chemical shift arises
from species c, which is the only one in which the alkali cation
is close enough to tin to modulate significantly the ''’Sn
resonance of averaging b, ¢, and e. In this model, KSCN is
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Figure 7. Possible zwitterionic ion pairings.

expected to shield the ''’Sn nucleus more than NaSCN, as
observed (ca. 6 =—90, —50, respectively), because of the
larger size and stronger HSABI'8l interaction of sulfur with the
K* than the Na* ion. The higher average J(**C,1'7"°Sn)
coupling constants of the major resonance of 1- KSCN and 2-
KSCN relative to 1-NaSCN and 2-NaSCN also reflects a
more preponderant role of species c with potassium than
sodium in the averaging equilibrium, which remains fast down
to 223 K. The structure of species a is the one found in the
crystalline state for 3-NaSCN and 4-NaSCN.

Involvement of (nBu);SnNCS in these equilibria is sup-
ported by the fact that external addition of an aliquot of the
latter to 1- KSCN reveals only a major and minor resonance;
the latter, around 6= —130, reflecting the fact that the
equilibrating species a and d still remain, without appearance
of any additional '’Sn resonance from (nBu);SnNCS alone
(around 6 =15-20, see Figure 6). Indeed, the addition of
(nBu);SnNCS shifts the average major resonance from 6 =
—92 to —20. Remarkably, the equilibrium between
(nBu);SnNCS, and species b, ¢, and e is sufficiently fast on
the NMR timescale for only a single !'7Sn resonance to be
observed for all of them, even down to 223 K.

Conclusion

The tri-n-butyltin and triphenyltin derivatives of [18]crown-6-
or [15]crown-5-(benzo-4-carboxylate) are receptors capable
of heterotopically binding MSCN (M = Na, K) ion pairs. The
Lewis acidic complexation by the thiocyanate anion cooper-
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ates with the crown ether complexation by the alkali cation
and leads to a significant charge separation evidenced by
X-ray data in the crystalline state and by NMR spectroscopic
data in solution. The fact that only the tri-n-butyltin, and not
the triphenyltin compounds, undergo elimination of the
carboxylate ligand can be rationalized on the basis of the
higher Lewis acidity of triphenyltin compounds. More specif-
ically, an addition (NCS) /elimination (RCOO~ or NCS")
process is more probable for tri-n-butyltin compounds. These
results are complementary to those of a recent study on
selective anion recognition in which tri-n-butyltin carboxy-
lates exhibited better electrochemical responses towards
chloride anions, due to their more reversible donor—accep-
tor interactions, relative to their triphenyltin analogues.®
Furthermore, it is evidenced that the presence of the species
involved in the complexation of crown ethers 1 and 2 modifies
considerably the coordination behavior of (nBu);SnNCS in
acetone.

Experimental Section

Synthetic procedures: Complexation of the triorganotin crown benzo-4-
carboxylates 1, 2, and 4% (Figure 1) by sodium or potassium thiocyanate in
a molar ratio 1:1 was achieved in acetone (10 mL) by simply mixing
typically 0.15 mmol (100 mg of 1, 93 mg of 2, 14.8 mg of KSCN, 12.3 mg of
NaSCN) of the reactants at room temperature. This solvent was chosen so
as to satisfy the requirement to solubilize both starting materials simulta-
neously."”) After evaporation of the solvent, a crude solid of 1- KSCN was
left, while for 2- NaSCN, 2 - KSCN, and 1-NaSCN a mixture of an oil and a
solid was obtained. In all cases, the crude compounds were rapidly washed
with acetone (ca. 5 mL) to remove the oily component. The residues were
redissolved in acetone (10 mL) in an attempt to isolate crystalline adducts,
which failed for 1-NaSCN, 2-NaSCN, and 2 - KSCN, since precipitation to
amorphous insoluble solids occurred. Accordingly, all NMR studies on the
latter compounds were performed on the corresponding filtrates, since
'"H NMR spectroscopy of the precipitates redissolved in [D,]methanol
revealed the absence of tri-n-butyltin moieties.

In the case of 1-KSCN, the residue was likewise redissolved in acetone
(10 mL). The solution was slowly evaporated for 24 hours; the crystals
grown were removed with a spatula and simply dried in air. The crystals
were used for X-ray diffraction data acquisition and for NMR character-
ization in [D,]methanol, which also revealed the absence of (nBu);Sn
moieties. This crystalline product was identified as potassium [18]crown-6-
(benzo-4-carboxylate): m.p. 115°C; elemental analysis caled (%) for
C;H3KOg-3H,0 (466.52): C 45.52, H 6.53, K 8.72; found C 45.4, H 6.6,
K 8.0 (cf. analysis calcd for C;H,;KOg-4H,0 (442.26): C 43.77, H 6.70, K
8.38).

Crude 4-NaSCN was obtained by mixing 4 (65 mg) with NaSCN (7.7 mg) in
acetone (10 mL). After complete evaporation of the solvent, 4-NaSCN
appeared no longer soluble in acetone. Crude 4- NaSCN was heated under
reflux in methanol for 10 minutes. A residue was filtered off from the hot
methanol solution.

Slow solvent evaporation of the residual filtrate yielded crystals suitable for
structure determination by X-ray diffraction: m.p. 260-262 °C; elemental
analysis calcd (%) for C3,H3,NNaO,SSn (742.36): C 54.98, H 4.87, N 1.78,
Na 2.92, Sn 15.99; found C 55.1, H 4.6, N 2.0, Na 2.9, Sn 14.7.

3-KSCN and 4-KSCN yielded only unidentified mixtures from which a
pure solid could not be isolated.

The complex 3-NaSCN was generated by mixing 3 (106 mg) with NaSCN
(12 mg) in acetonitrile (40 mL). The solution was allowed to evaporate
slowly for 4 days. A few crystals (ca. 1 mg) identified as 3-NaSCN,
insoluble in methanol, were also observed (m.p. 248 -250°C) and removed
with a spatula. They were unsuitable for X-ray diffraction. Crystals of 3-
NaSCN:3H,0 grown from slow evaporation of the acetonitrile solution
(m.p. 220-222°C) were readily soluble in methanol or acetonitrile:
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elemental analysis caled (%) for C;H3;NNaOgSSn-3H,0 (840.51): C
51.44,H5.29,N 1.67,Na 2.74, Sn 14.12; found C 51.6, H 5.2, N 1.7, Na 2.6, Sn
13.8. The presence of water was further confirmed by thermogravimetric
analysis (TGA), for which a weight loss of 6.5% between 40—120°C was
attributed to H,O (calcd 6.4 % ). DSC experiments reveal the evaporation
of 5.2% H,O. These crystals (80 mg) were unsuitable for X-ray analysis.
However, a very small fragment was cut off from one of these crystals and
its structure determined.

Tri-n-butyltin isothiocyanate, (nBu);SnNCS, was prepared from tri-n-
butyltin chloride and potassium thiocyanate according to a known
procedure.””) Crown ether 18C6 was purified by recrystallization from
acetonitrile.?!

NMR experiments: The samples for 1*C, 2*Na, and '"’Sn NMR spectroscopy
were prepared by dissolving 1 or 2 (ca. 100 mg) with the equivalent amount
of alkali salt in [Dg]acetone (550 uL). 'H, 1C, and 'Sn spectra were
recorded at 303, and at 223 or 233 K, unless otherwise indicated. The Na
chemical shifts (spin /= 3/2) were measured at 303 and 183 K.

NMR spectra for basic compound characterization were acquired on a
Bruker Avance DRX 250 instrument equipped with a Quattro probe tuned
to 250.13, 62.93, and 89.15 MHz for 'H, *C and '"Sn nuclei, respectively.
Other NMR data were acquired on a Bruker AMXS500 spectrometer at
125.77, 186.50, and 132.29 MHz for 3C, '"Sn, and »Na nuclei, respectively.
'H and BC chemical shifts were referenced to the appropriate residual
solvent peak with the usual values calibrated against TMS. The !'Sn and
19Sn reference frequencies were calculated from the absolute references
Z("7Sn) =35.632295 MHz and Z('"“Sn)=37.290655 MHz.>l The Z*Na
chemical shifts were measured by using an external reference of sodium
chloride (30 mg) in D,0O (0.5 mL). The 'H,'"*Sn HMQC correlation spectra
of 3-NaSCN and 4-NaSCN were acquired as previously described.??]

Abbreviations: s=singlet; brs=broad singlet, d=doublet; t=triplet,
dd =doublet of doublets; m = complex multiplet; tq = triplet of quartets;
Ys =pseudo singlet. Assignments as in ref. [9a] (the order of the assign-
ments is presented in increasing order of labeled proton or carbon atoms):
Complex 1-NaSCN: 'H NMR ([D¢]acetone): 6 =7.54 (d, /(H,H) =2 Hz,
1H; H(3)), 7.61 (dd, *J(H,H) =8 Hz, *J(H,H) =2 Hz, 1H; H(5)), 6.96 (d,
3J(H,H) =8 Hz, 1H; H(6)), 4.18-4.22 (m, 4H; H(8), H(17)), 3.87-3.95 (m,
4H; H(9), (16)), 3.60-3.75 (m, 12H; H(10)-H(15)), 1.23 (t 3J(H.H)=
8 Hz, %J(H,Sn) =61/64 Hz, 6H; H(«a)), 1.62-1.77 (m, /(H,Sn) =~ 63 Hz,
6H; H(p)), 1.35 (tq, *J(H,H) =7, 7 Hz, 6 H; H(y)), 0.88 (t, *J(H,H) =7 Hz,
9H; H(d)); *C NMR ([DgJacetone): 6 =135.5 (NCS), 151.0 (C(1)), 147.7
(C(2)), 113.6 (C(3)), 128.9 (C(4)), 124.1 (C(5)), 111.4 (C(6)), 170.4 (C(7)),
67.7, 68.0 (C(8), C(17)), 69.57, 69.64 (C(9), C(16)), 70.29, 70.34, 70.4, 70.7
(1C,1GC,2C, 2C; C(10)-C(15)), 19.2 ('J(C,Sn) =453/474 Hz; C(a)), 28.9
(3J(C,Sn) =27 Hz; C(f)), 27.6 (*J(C,Sn) =73 Hz; C(y)), 14.1 (C(9)).
Complex 1:KSCN: '"H NMR([Dg]acetone): 6 =7.59 (brs; H(3)), 7.60 (dd,
3J(HH) =8 Hz, “/(H,H) =2 Hz, 1H; H(5)), 6.99 (d, 3J(H,H)=8 Hz, 1H;
H(6)), 4.22-4.37 (m, 4H; H(8), H(17)), 3.90-4.03 (m, 4H; H(9), H(16)),
3.65-3.83 (m, 12H; H(10)-H(15)), 1.22 (t, 3J(H,H) =8 Hz, 2J(H,Sn) ~
64 Hz, 6H; H(a)), 1.63-1.81 (m, *J(H,Sn)~ 62 Hz, 6H; H(p)), 1.35 (tq,
3J(HH) =7 Hz, *J(H,H) =7 Hz, 6 H; H(y)), 0.88 (t, *J(H,H) =7 Hz, 9H;
H(d)); “C NMR ([Dglacetone): d=134.3 (NCS), 149.7 (C(1)), 146.9
(C(2)), 113.2 (C(3)), 130.8 (C(4)), 123.8 (C(5)), 111.1 (C(6)), 169.7 (C(7)),
67.8, 68.2 (C(8), C(17)), 69.5, 69.6 (C(9), C(16)), 70.5, 70.6, 70.7 (1C, 3C,
2C; C(10)-C(15)), 19.8 ('J(C,Sn) =491/513 Hz; C(a)), 29.0 (*/(C,Sn) =
28 Hz; C(f3)), 27.6 (*J(C,Sn) =75/78 Hz; C(y)), 14.1 (C(9)).

Complex 2-NaSCN: 'H NMR ([D¢]acetone): 6 =7.59 (brs, 1 H; H(3)), 7.63
(dd, 3J(H,H) =8 Hz, “J(H,H) =2 Hz, 1H; H(5)), 7.03 (d, */(H,H) =8 Hz,
1H; H(6)), 4.22-4.32 (m, 4H; H(8), H(15)), 3.91-4.00 (m; H(9), H(14)),
3.72-3.84 (m, 4H; H(10)-H(13)), 1.19 (t, 3/(H,H) =8 Hz, 2/(H,Sn) = 62/
64 Hz, 6H; H()), 1.59-1.72 (m, 3J(H,Sn) =~ 64 Hz, 6H; H(p)), 1.32 (tq,
3(HH)=7, 7Hz, 6H; H(y)), 0.86, (t, *J(HH)=7Hz, 9H; H(9));
BC NMR ([Dglacetone): 0=135.8 (NCS), 151.0 (C(1)), 1476 (C(2)),
115.7 (C(3)), 129.6 (C(4)), 125.1 (C(5)), 113.1 (C(6)), 170.3 (C(7)), 68.3,
68.4 (C(8), C(15)), 68.7,68.9 (C(9), C(14)), 69.2, 69.3, 69.80, 69.81 (C(10)—
C(13)), 19.3 ("J(C,Sn) = 460/481 Hz; C(a)), 28.9 (3J(C,Sn) =27 Hz; C(B)),
27.6 (3J(C,Sn) =71/74 Hz; C(y)), 14.1 (C(9)).

Complex 2-KSCN: 'H NMR ([DgJacetone): 6 =741 (brs, 1H; H(3)), 7.64
(d, 3J(H,H) =8 Hz, 1H; H(5)), 6.76 (d, *J(H,H) =8 Hz, 1H; H(6)), 3.92—
4.05 (m, 4H; H(8), H(15)), 3.65-3.85 (m, 12H; H(9)-H(14)), 1.23 (t,
3J(H,H) =8 Hz, 2J(H,Sn) = 64/66 Hz, 6H; H(c)), 1.64—1.79 (m, 3J(H,Sn) ~
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63 Hz, 6H; H(fB)), 1.36 (tq, */(H,H) =7, 7 Hz, 6H; H(y)), 0.89 (t,3/(H,H) =
7 Hz, 9H; H(0)); *C NMR ([D¢]acetone): 6 =134.9 (NCS), 150.6 (C(1)),
1474 (C(2)), 115.0 (C(3)), 129.8 (C(4)), 124.4 (C(5)), 112.5 (C(6)), 170.5
(C(7)), 67.6 (2C; C(8), C(15)), 67.8, 67.9 (C(9), C(14)), 68.5, 69.3 (2C, 2C;
C(10)-C(13)), 19.7 (*J(C,Sn) = 481/503 Hz; C(at)), 29.0 (3J(C,Sn) ~28 Hz;
C(p)), 27.6 (3J(C,Sn) =73/76 Hz; C(y)), 14.1 (C(0)).

Complex 3-NaSCN: 'H NMR ([D,methanol): 6=774-784 (m,
3J(H,Sn)~ 60 Hz, 6H; H,,,), 736-757 (m, 9H; H,uupea), 755 (d,
4J(HH)=2Hz, 1H; H(3)), 7.62 (dd, *J(HH)=9, “/(H,H)=2Hz, 1H;
H(5)), 6.99 (d, 3J(HH)=9Hz, 1H; H(6)), 4.18-4.26 (m, 4H; H(8),
H(17)), 3.85-3.92 (m, 4H; H(9), H(16)), 3.60-3.73 (m, 12H; H(10)-
H(15)); *Na NMR ([D4]methanol): = —9.1.

Complex 4-NaSCN: 'H NMR ([D,methanol): 6=785-792 (m,
3J(H,Sn)~61 Hz, 6H; H,,,), 747-759 (m, 9H; H,uupea), 764 (d,
3J(HH)=2Hz, 1H; H(3)), 771 (dd, *J(H,H)=8, “/(H,H)=2Hz, 1H;
H(5)), 7.08 (d,*J(H,H) = 8 Hz, 1 H; H(6)), 4.21-4.30 (m, 4 H; H(8), H(15)),
3.91-3.99 (m, 4H; H(9), H(14)), 3.80 (¥s, 8H; H(10) -H(13)); *Na NMR
([DyJmethanol, 273 K): 6 =—2.7.

Sodium [18]crown-6-(benzo-4-carboxylate): 'H NMR ([D,]methanol): 6 =
758 (d, “/(H,H)=2Hz, 1H; H(3)), 7.59 (d, *J(H,H)=8 Hz, /(H,H) =
2 Hz, 1H; H(5)), 6.95 (d, *J(H,H) =8 Hz, 1H; H(6)), 419-4.27 (m, 4H;
H(8), H(17)), 3.86-3.94 (m, 4H; H(9), H(16)), 3.61-3.74 (m, 12H;
H(10)-H(15)); »Na NMR ([D,]methanol): 6 = —8.6.

Potassium [18]crown-6-(benzo-4-carboxylate): 'H NMR ([D,]methanol):
0=1762 (d, Y(HH)=2Hz, 1H; H(3)), 759 (dd, */(H,H)=8Hz,
4J(HH) =2 Hz, 1H; H(5)), 6.98 (d, 3/(H,H)=8 Hz, 1H; H(6)), 4.22—
4.30 (m, 4H; H(8), H(17)), 3.85-3.92 (m, 4H; H(9), H(16)), 3.63-3.76
(m, 12H; H(10) - H(15)).

Sodium [15]crown-5-(benzo-4-carboxylate): 'H NMR ([D,Jmethanol): 6 =
7.55 (d, *J(H,H) =2 Hz, 1H; H(3)), 7.62 (dd, *J(H,H) =8, “/(H,H)=2 Hz,
1H; H(5)), 6.96 (d, 3J(HH) =8 Hz, 1H; H(6)), 4.11-4.20 (m, 4H; H(8),
H(15)), 3.84-3.91 (m, 4H; H(9), H(14)), 3.68-3.76 (m, 8H; H(10)-
H(13)); »Na NMR ([D,]methanol): 6 =—3.5.

Potassium [15]crown-5-(benzo-4-carboxylate): 'H NMR ([D,]methanol):
0=1759 (d, Y(HH)=2Hz, 1H; H(3)), 7.60 (dd, */(HH)=9Hz,
4J(HH) =2 Hz, 1H; H(5)), 6.91 (d, 3/(H,H)=9 Hz, 1H; H(6)), 4.09-
4.15, 4.18-4.22 (m, 4H; H(8), H(15)), 3.78-3.86 (m, 4H; H(9), H(14)),
3.63-3.75 (m, 8H; H(10) -H(13)).

Crystal structure determinations: It was rather difficult to obtain crystals of
3-NaSCN, 4-NaSCN, and potassium [18]crown-6-benzo-4-carboxylate)
suitable for single-crystal structure analysis. Damage of the soft crystals
during manipulation, transport, and mounting was unavoidable. Exper-
imental data are given in Table 6. A PICKER-STOE diffractometer
((A(Cug,) =1.5418 A), was used for 3-NaSCN and potassium [18]crown-6-
(benzo-4-carboxylate), and a SYNTEX P21 diffractometer ((A(Moy,)=
0.7107 A) for 4-NaSCN; all measurements were performed at room
temperature and with the use of graphite monochromators. Although the
crystal structures could be solved and refined by standard methods of the
SHELXTL package of crystallographic programs,’! an additional final
restrained refinement was used in order to account for the limited
resolution and data-to-parameter ratio of the structures. In the latter
approach, all C—C and C-O single bond lengths of the crown ethers were
constrained to be equal as well as the bond angles and the benzene rings
idealized, so that finally the conformation, metal environment, and packing
were further refined. The non-centrosymmetric space group Pna2; of 3-
NaSCN with two independent molecules per asymmetric unit required a
careful check: only by the definite absence of mirror planes in the refined
structure could the alternative centrosymmetric space group Prnam (stand-
ard setting Pnma) be ruled out. The structure was finally refined as an
inversion twin.

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication nos. CCDC 162452 (3-
NaSCN), CCDC162453 (4-NaSCN), and CCDC162454 (potassium
[18]crown-6-(benzo-4-carboxylate)). Copies of the data can be obtained
free of charge on application to CCDC, 12 Union Road, Cambridge
CB21EZ, UK (fax: (+44)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).
IR and Méssbauer spectroscopy: IR data were recorded in the Fourier

transform mode from a Perkin—Elmer System 2000 FT-IR spectrometer,
by using an MIR beam. Samples of 1-KSCN, 3-NaSCN, and 4-NaSCN
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Table 6. Experimental data for the X-ray diffraction study.

3-NaSCN 4-NaSCN [{[18]crown-6-

(CsH;-4-COOK)},]

formula C3sH33NNaOgSSn C3,H;3,NNaO,SSn C;,Hg, K, O,
M, 768.41 742.36 933.04
crystal system orthorhombic monoclinic monoclinic
space group Pna2, P2/n P2/c

a[A] 48.24(4) 15.018(7) 17.11(2)

b [A] 10.032(7) 15.138(6) 7.156(6)
c[A] 14.998(9) 15.156(7) 18.21(2)
AN 90 100.06(3) 96.88(9)

V [A3] 7253(9) 3393(3) 2214(4)

Z 8 4 2

Pealea [gem ] 1.440 1.453 1.399

u [mm~1] 6.681 0.875 2.637

F(000) 3216 1512 992

crystal size [mm] 0.1 x0.05%x0.05 04x03x0.1 0.4x0.2x0.1
0 range [°] 1.83 to 50 1.76 to 20.04 2.60 to 50
data/restraints/parameters 2921/1213/778 3204/562/377 2271/382/300
GOF on F? 1.085 1.092 1.042

R, [I>20(])] 0.073 0.038 0.031

WR, (all data)! 0.201 0.102 0.086

AP maximin [€ A7 1.04/ —1.37 0.73/—0.42 0.25/-0.16

[a]

Ry=Z||F,| = | F.|//Z| Fy|. [b] WRy=[Ew(|F, | - | Fe| }/ZwF]"™.

were prepared as KBr pellets with about 3 mg of product and 200 mg of dry
KBr. The IR spectrum of (nBu);SnNCS was recorded between two KBr
pellets.

1-KSCN: #gy=2060cm~' (SCN); 3-NaSCN: #g=2066cm™'; 4-
NaSCN: 7y =2065 cm™!; (nBu);SnNCS: #gey =2080 cm!.

The Mdssbauer spectra were recorded as previously described.!'¥

Mass spectrometry: The electrospray mass spectra® were recorded in the
cationic mode on a Micromass Quattro II instrument coupled to a Masslynx
system (ionization in an electric field of 3.5 kV; source temperature: 80°C;
source pressure 1atm; analyzer pressure 10=° mbar). The following
monoisotopic fragment ions ('H, '2C, “N, '°0O, »Na, ¥K, '»Sn) were
observed in the cationic mode in methanol: 1-NaSCN: m/z: 669 [M+Na]*;
1-KSCN: m/z: 685 [M+K]"; 2-NaSCN: m/z: 625 [M+Na]t; 2-KSCN:
miz: 641 [M+K]*; 3-NaSCN: m/z: 739 [M+Na]*; 4-NaSCN: m/z: 685
[M+Na]*; (nBu);SnNCS: m/z: 640 [M+(nBu);Sn]*.
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Synthesis and Properties of the Tetrakis(trifluoromethyl)borate Anion,
[ B(CF3)4] : Structure Determination of Cs[B(CF;),] by Single-Crystal

X-ray Diffraction

Eduard Bernhardt,®! Gerald Henkel,'*! Helge Willner,*!*!
Gottfried Pawelke, and Hans Biirger™

Abstract: Salts of the tetrakis(trifluoro-
methyl)borate anion, M[B(CF;),], M=
Li, K, Cs, Ag, have been prepared by
two different routes for the first time.
The colorless compounds are thermally
stable up to 425°C (Cs salt) and soluble
in anhydrous HF, water, and most or-
ganic solvents. Single crystals of
Cs[B(CF;),] were grown from diethyl
ether by diffusion of CH,Cl, vapor into
the solution. The molecular structure
was obtained by single-crystal X-ray
diffraction. Crystal data: rhombohedral
space group R3m (no. 160); a ="7.883(1),
c=13847(4) A; V=7482 A3, Z=3;
T=150K; R1=0.0118, wR2=0.0290.
The internal bond parameters of the
[B(CF;),]~ ion were compared to those

of the C(CF;), molecule. Due to a
disorder of the anions in the cesium salt,
it is not possible to distinguish between
T and T, symmetry by X-ray diffraction
experiments alone. However, a compre-
hensive IR and Raman study demon-
strated that in the potassium and cesium
salt as well as in aqueous solution, the
anion exhibits 7 symmetry with all CF;
groups rotated off the staggered position
required for T, symmetry. The vibra-
tional study is supported by DFT calcu-
lations, which provide, in addition to the

Keywords: ab initio calculations -
borates- structure elucidation
weakly coordinating anions

equilibrium structure and vibrational
wavenumbers, estimates of IR and Ram-
an band intensities. The anion is resis-
tant against strong oxidizing (e.g., F,) as
well as reducing agents (e.g., Na) and is
not affected by nucleophiles like
C,H;O~ or electrophiles such as H;O™.
It is very weakly coordinating, as dem-
onstrated by the low-equilibrium CO
pressure over the [Ag(CO),|[B(CF;),]
(x=1, 2) co-adducts and the formation
of [Ag(CO),][B(CF3),] (x=3,4) at high-
er CO pressure. The "B, 3C, and "“F
NMR data as well as the structural
parameters of the anion are compared
with those for other borates containing
F, CN, and CF; ligands.

Introduction

The chemistry of boron compounds with trifluoromethyl
substituents has suffered in the past from the fact that species
with tricoordinated boron are rather unstable and will
decompose easily with elimination of difluorocarbene. On
the other hand it is well established that species with
tetracoordinated boron containing perfluoroalkyl groups are
stable and inert. The first trifluoromethylborate was reported
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by Chambers etal. in 1960. It is formed by reaction of
Me,;SnCF; and BF; in CCl, solution!!! according to Equa-
tion (1).

Me;SnCF; + BF; — [Me;Sn][CF;BF;] 1)

Subsequently, the potassium salt K[CF;BF;] was obtained
by using KF/H,O.l Its structure was determined by X-ray
diffraction.”? When a large excess of Me;SnCF; is treated with
BX; (X =F, Cl, Br), salts with the [(CF;),BF,]~ ion can also be
isolated under appropriate conditions.””! The transfer of two or
three CF; groups to boron is accomplished by using the
reagent combination P(NEt,),/CF;Br, developed by Ruppert
et al.l according to Equations (2a) and (2b):

2P(NEt,); + Br,BNMe, + 2CF;Br — (22)
(CF;),BNMe, + 2[BrP(NEL,);]* + 2Br~
3P(NEt,); + CLBNEt, + 3CF;Br —

[(CF3);BNEt,]~ + 3[BrP(NEL);]* + 2CI- (2b)
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Thus, starting from (CF;),BNMe,, different salts of the
[(CF;),BF,]™ anion are formed in quantitative yield in a three
step process according to Equations (3a) —(3c).[

(CF;),BNMe, + KF — K[(CF;),FBNMe,] (3a)
K[(CF;),FBNMe,] + Mel — (CF,),FBNMe; + KI (3b)

(CF;),BF(NMe;) + NEt;-3HF —

[HNEL][(CF,),BF,] + NMe,-2HF C°)

Instead of the reagents P(NEt,),/CF;Br, [(Me,N),C],/CF;l
can be used alternatively to transfer three CF; groups

[Eq. (4)].

3[(Me,N),C], + CLBNEL, + 3CF;I —
[(CF;);BNEt,]" + 3[(Me,N),CJ,?* + 3T + 2CI-

(©)

[(CF;);BNELt,]” is converted into the ammine adduct
(CF;);BNH; on treatment with hypobromite (Br,/KOH) and
dehalogenation of the intermediate N,N-dibromoborate using
sulfite in sulfuric acid [Eq. (5)].

[(CF;);BNEL] %, [(CF;);BNBr]- 2

450,

(CF;);BNH;  (5)

By deprotonation, different [(CF;);BNH,]~ salts become
accessible in high yields.> ! Aminotris(trifluoromethyl)bo-
rate is a useful starting material for the preparation of other
borates. By halogenation, N,N-dihaloamino- and halotris(tri-
fluoromethyl)borates [(CF;);BNX,]|~ and [(CF;);BX]~ (X =F,
Cl, Br) have been recently prepared and fully characterized.l’]
The preparation of additional tris(trifluoromethyl)borates
[(CF;);BY]~, Y =N,Rg (Rg=CF;, C,F;5), OH, NO,, as well as
the general aspects of perfluoroalkylborates have been
recently reviewed.[’]

With increasing trifluoromethylation the central boron
atom becomes more and more protected by a sphere of
fluorine atoms. Hence thermal elimination of difluorocar-
bene, oxidative B—C bond cleavage, and attack by electro-
philic reagents become increasingly kinetically hindered. In
this respect these borates differ strongly in their properties
from their non-fluorinated alkylborate congeners.[®!

Protection of the B—C bonds is expected to be even more
efficient in the tetrakis(trifluoromethyl)borate anion,
[B(CF;),]-. In this species the BC, skeleton would be
symmetrically surrounded by a sphere of 12 fluorine atoms,
and the negative charge delocalized over four ligands. Due to
their bulkiness, the poor polarizability of the fluorine sphere,
and the strength of the C—F bonds, species such as these would
constitute the perfect weakly coordinating anion.”31 Weakly
coordinating anions attract interest in pure chemistry for the
stabilization of unusual cations that are inaccessible in
traditional superacidic media.l'*-'7]

In summary, all attempts made over the last 40 years to
synthezise salts with the [B(CF;),]~ ion by using CF; transfer
reagents have failed, and direct fluorination of [B(CH,),]~
salts is impractical because the tetramethylborate anion
undergoes fast oxidative B—C bond cleavage. However, the
homologous species [M(CF;),]- (M =Ga, In, Tl) have been
described in the literature.!'¥ In this publication we report the
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synthesis of the previously unknown tetrakis(trifluorometh-
yl)borate anion, [B(CF;),]~, and describe its chemical,
spectroscopic, and structural properties, with reference to
those of isoelectronic perfluoroneopentane, C(CF;),, which
has been known since 1955.01°-221

Results and Discussion

Synthesis: Two different routes were developed to yield salts
with the [B(CF;),] ion. Starting from commercially available
chemicals, salts containing the [B(CF;),]™ ion can be synthe-
sized in high yields in a two-step reaction. In the first step the
tetracyanoborates, M[B(CN),] (M =Li, K, NH,, Cs, Ag etc.)
are prepared.?’l The second step involves the fluorination of
the tetracyanoborates in anhydrous HF solution with an
excess of CIF; or CIF. The reaction is started at —78°C for 1 h
and then continued at room temperature for 24 h. From
M[B(CN),] (1 mol), gaseous N, (1.9 mol), NF; (0.2 mol), and
Cl, (1.5 mol) are formed according to the mass balance given
in Equation (6).

M[B(CN),] + 4CIF, - M[B(CF;),] + 2Cl, + 2N, (©6)

Some Cl, was dissolved in the liquid HF/CIF; mixture
used in the synthesis. When the reaction is performed with
an excess of tetracyanoborates the mixed species
M[B(CF;),(CN),_,] (n=1, 2, 3) are observed, but no inter-
mediates that contain, for example, CF,~NX, (X=Cl, F)
groups are found. There are a few precedents known in the
literature for the conversion of CN into CF; groups. It is
reported that BrF; mixed with HF reacts with organic nitriles
of lower molecular weight to give the respective trifluoro-
methyl compounds.?* Recently Baker et al. used BrF; for the
conversion of NCCH,CH,CN into CF;CH,CH,CF; at 60°C in
good yields.”>) However, in the literature it is described, that
CIF in general converts RCN into RCF,NCl, .l

In principle, it is of interest to elucidate the mechanism of
this reaction. A cyano group could undergo a solvolytic
reaction in liquid HF to yield a trifluoromethyl group

[Eq. (7)].
R—CN + 4HF — R—CF, + NH,F (7

However, this reaction is kinetically hindered, because salts
of the tetracyanoborates can be recrystallized from anhydrous
HF without any decomposition. Moreover, this reaction may
also be thermodynamically unfavorable, because the elimi-
nation of HF from CF;NH, to yield FCN is a reaction that
occurs readily.?”l The ease of oxidative fluorination found in
this study is surprising. The reaction is presumably initiated by
an addition of CIF across the CN bond. This should lead to
species with an R—CF,—NCl, group. N-Chloro compounds,
which are usually prepared under alkaline conditions, are less
stable in an acidic medium like HF. Cleavage of the C—N bond
by HF would lead to R—CF; and HNCI,, which further
decomposes to form HCI, N,, and Cl,. The formation of N,
may occur either inter- or intra-molecularly. This could be
checked by fluorination of a 1:1 mixture of [B(C"N),]~ and
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[B(CN),]~ in HF solution and analysis of the resulting N,
isotopomers by mass spectrometry. Such experiments are
beyond the scope of this study.

The second synthesis uses Cs[(CF;);BNH,] as the starting
material, prepared as outlined in Equations (3) and (5).
Cs[(CF;);BNH,] is treated with RgpNO (R = CF; or C,F5) in
the presence of Cs,CO; in THF solution to form orange-
yellow fluoroalkyldiazenidotris(trifluoromethyl)borates
Cs[(CF;);BN=NR¢] in high yields according to Equation (8):

Cs[(CF);BNH,] + ONR; — Cs[(CF;);BN=NR;] + H,0 ®)

By analogy to CF;N=NCF;, for example, which forms
perfluoroethane when irradiated with the 254 nm line of a
mercury lamp,! the diazenidoborates [(CF;);BN=NRg]"
undergo elimination of N, to form the anions [(CF;);BRg]~
(Rp=CF;, GF;) [Eq. (9)].

Cs[(CF5);BN=NR;] — " _, Cs[(CF;);BR{]" + N, )

However, solvents in which the cesium salts are soluble
(acetone, acetonitrile, diethyl ether, ...) take part in the
photolysis reaction to give a variety of largely unknown
products. Therefore, the photolysis reaction is carried out in
the solid state. By evaporating a solution of the cesium salt in
acetone a thin film is deposited on the walls of the photolysis
reactor. The film is further cooled in an ice bath to avoid

thermal decomposition which is known to produce
[(CF;);BF]~ above 150°C? [Eq. (10)].
Cs[(CF;);BN=NR;] — Cs[(CF;);BF] + N, + (CF,), (10)

However, under the chosen reaction conditions localized
overheating of the film cannot be completely avoided. This
results in the formation of a 1:1 mixture of [(CF;);BRg]~ and
[(CF;);BF]~. Though this method principally allows the
synthesis of tetrakis(perfluoroalkyl)borates with perfluoro-
alkyl groups other than CF;, the difficulties encountered in
the photolysis reaction and the rather exotic starting materials
(RgNO) prevented us from developing this synthetic route
further.

Properties: All the M[B(CF;),] salts (M =Li, K, Cs, Ag) are
colorless solids that are soluble in HF, water, diethyl ether,
tetrahydrofurane, acetonitrile, and acetone. The Li, K, and Cs
salts are insoluble in methylene chloride, chloroform, and
hexane. An aqueous solution of K[B(CF;),] is optically
transparent in the visible and UV regions. A very weak
absorption starting at 250 nm with increasing intensity
towards 200 nm is observed (extinction -coefficient of
&00nm =7 Lmol~tcm™!); however, this may be due to an
organic impurity. The cation in the lithium salt is a good Lewis
acid with a high charge density, and it is difficult to isolate the
solvent-free salt. Single crystals of the solvent-free potassium
and cesium salts, several millimeters in diameter, are easily
grown by diffusion of CH,Cl, vapor into a saturated solution
in diethyl ether. The crystals appear remarkably hard and
brittle and are electrostatically charged while grinding.

4698
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The thermal behavior and stability of the M[B(CF3),] salts
(M=Lj, K, Cs, Ag) have been investigated by differential
scanning calorimetry (DSC) and the results are presented in
Table 1. Between —100 and +100°C the potassium and
cesium salt reveal reversible endothermic phase transitions

Table 1. Thermal data of some [B(CF;),]~ salts, determined by DSC
measurements.

Phase transitions Decomposition

7l AHU! 7l AHD! Tl AHP!

Li[B(CF;),] 185 —140
Ag[B(CF;),] 260 -90
K[B(CF;),] —-65 45 -50 8 320 -90
Cs[B(CF;),] 50 25 425 —45

[a] Onset temperature [°C]. [b] Enthalpy [Jg~!].

whose onset temperatures and enthalpies increase with
increasing mass of the cation. These phase transitions will
be investigated in detail by vibrational spectroscopy and
X-ray diffraction in a forthcoming study. At higher temper-
atures all salts decompose exothermically, and the stability of
the salts increases strongly with decreasing acidity of the
counter cation. It is also noted that in high vacuum
(< 107° mbar) the potassium and cesium salt can be sublimed
at about 300°C, while the lithium and silver salt decompose
under gas evolution above 200°C. Due to the exothermic
decomposition of these salts, they can in principle be
explosive. However, a small sample of K[B(CF;),] struck
with a hammer on an anvil is not found to be shock sensitive.
This is a great advantage over the promising, but explosive
“inert” anion [CB;;(CF;),,].I"!

To identify the products of the thermal decomposition, two
small crystals of K[B(CF;),] (0.11 mmol) were heated at
500°C in a small quartz vessel connected to an evacuated IR
gas cell of 300 mL volume. After 30 minutes the evolution of
0.21 mmol of gaseous products (followed by the increase of
the pressure) was complete and a black residue in the quartz
vessel was observed. Analysis of the gaseous products by IR
spectroscopy resulted in the following composition: C,F,
(0.055 mmol), CF;CFCF, (0.023 mmol), SiF, (0.048 mmol),
CO, (0.060 mmol), and BF; (0.024 mmol). The olefins C,F,
and CF;CFCF, are formed from the initial decomposition
product difluorocarbene (CF,). The products SiF, and CO,
are formed at the rather high temperature in reactions
between C,F, and the surface of the quartz vessel according
to Equation (11). Taking the loss of C,F, in account, the main
thermal decay proceeds as shown in Equation (12). Gaseous
BF; may be formed by the thermal decomposition of K[BF,].

GF, + SiO, — SiF, + CO, + C (11)

K[B(CFs),] —"“, K[BF,] + 2CF, (12)

The [B(CF;),]~ anion is chemically rather inert as indicated
by selected experiments. We have been unable to oxidize the
anion at room temperature with fluorine in anhydrous HF. No
reaction occurs with sodium dissolved in liquid ammonia.
After evaporation of ammonia and removal of the sodium
metal by reaction with ethanol, it is possible to recover
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Na[B(CF;),] unchanged. Furthermore, salts of [B(CF;),]~ can
be treated in dilute mineral acids without any decomposition
of the anion. Hence the anion is resistant towards strong
oxidizing as well as reducing agents, and is not affected by
normal nucleophiles (C,HsO~) or electrophiles (Li*, H;O™).

The coordinating ability of the [B(CF;),]~ ion has been
examined by using CO as a ligand on the silver cation in the
solvent-free Ag[B(CF;),] salt. The solvent-free silver salt was
prepared from anhydrous HF. Because HF has a very weak
coordinating ability it was possible to remove all of the HF
molecules in vacuo. Depending on the CO equilibrium
pressure over Ag[B(CF;),], the formation of several different
species [Ag(CO),][B(CF;),] (x=1-4) was observed at 25°C
in the Raman spectrum. The equilibrium CO pressures of the
different carbonyls are compared with the literature data of
[Ag(CO),] adducts of other weakly coordinating anions in
Table 2.1 The existence of silver carbonyl cations
[Ag(CO),]* (x=1-3) in salts with weakly coordinating
anions has been studied in detail by Strauss and co-workers
for many yearsP®'=3339 and has been the subject of several
theoretical calculations.®* 3" In all of these cases the mono-
carbonyl adducts are more thermally stable than the poly-
carbonyls and, hence, more data are available for the
monocarbonyls. Even at room temperature or below, the
counterion [A]- competes with the CO ligand in the
coordination sphere of the [Ag(CO),]* ion according to
Equation (13).

[Ag(CO).J[A]==[Ag(CO),,][A] + yCO (13)

The equilibrium pressure of CO over solid [Ag(CO),]
adducts depends strongly on the nature of the counterion and
the temperature. Even though the data presented in Table 2
are somewhat imprecise, due to the uncertainty of the
temperature, of the pressure measurement, the stated purity
of the salts, and sample preparation, the [B(CF;),]” ion ranks
in this group as an “at least” coordinating anion. At first
glance it may be difficult to imagine that the [B(CF;),]” ion is
more weakly coordinating than the [Nb(OTeFs)s]~ ion,
because the latter carries more fluorine atoms in the
periphery. However, quantum-chemical calculations demon-
strate that the atomic charges of the fluorine atoms in the
—OTeF; group are higher than in the —CF; group (e.g., CF,

—0.27 e; TeFg —0.38 e) and, therefore, —CF; should be less
coordinating than —OTeFs.

Furthermore, it is interesting to note that »(CO) of the
monocarbonyls increases with increasing thermal stability of
the salts, but this measurement is much less sensitive to the
nature of the counterion than the equilibrium CO pressure is.

The proficiency of this method for ranking anion coordi-
nation ability arises from the relatively low Ag—CO bond
energy in gaseous [(OC),Ag—CO]" (x=0,1,2,3; D,=ca. 95,
115, 55, 50 kJmol~!, respectively)?” to the M—CO bond
energies of thermally stable metal carbonyl cations (e.g.
[(OC)Au—CO]*; D, =ca 220 kJmol!).’"] Therefore, salts of
the [Ag(CO),]" ions are on the border between thermally
stable homoleptic metal carbonyl cations!'® 71 and nonisolable
cationic metal —carbonyl adducts.

NMR spectra: The tetrakis(trifluoromethyl)borate anion
contains four different NMR active nuclei: "B (I=3/2,
80.42%), "B (I=3, 19.58%), *°C (I=1/2, 1.108%), and “F
(I=1/2,100%); these provide the basis for a comprehensive
NMR study. Due to the high symmetry of the anion in
solution, the quadrupole moments of "B and 'YB do not
influence the spectra and the signals are very sharp (half-
width at half signal height <1 Hz), as demonstrated by the
NMR spectra depicted in Figures 1-3. The 13-line pattern
shown in Figure 1 is caused by the 2/(!'B,'°F) coupling of the
12 equivalent "F nuclei, and the intensity ratio between the
outer and the central signal is close to the calculated value of
1:924. The "F and *C NMR spectra are shown in Figures 2

-18.0 -18.5 -19.0 -19.5 d
Figure 1. "B NMR spectrum of K[B(CF;),] dissolved in CD;CN. The
pattern is due to coupling with the 12 equivalent F atoms and the intensity
ratio between the outer lines (1, 13) and the inner line (7) is 1:924.
* indicate '*C satellites.

Table 2. Equilibrium pressure of CO [bar=10° Pa] over different [Ag(CO),][A] (x=1-4) salts at approximately 25°C and their »(CO) wavenumbers

[em™1].

[Ag(CO)J [Ag(CO)]* [Ag(CO),]* [Ag(CO)]
Anion p v(CO) p v,(CO) V,(CO) p v,(CO) V,(CO) P v(CO) Ref.

Raman Raman IR,Raman Raman IR IR,Raman

gas (calcd) 2165 2166 2180 2180 2177 [34]
[B(CF;),]~ 9 2204 3 2197 n.o.ll 0.0045 2216/ n.o. 0.0013 2205 this work
[Nb(OTeFs),]- - - <13  n.o. 2192 0.011 2220 2196 <0.010 2204-2208  [32]
[B(OTeFs),]~ - - - - - 0.241 n.o. 2198 <0.0150<1 2204 [31, 32]
[Sb,Fyi]~ - - - - - - - - 0.053 2198-2202  [30]
[OTeFs]~ - - - - - - - - 0.4211 2189 [31, 32]
[SOsF]- - - - - - 19 n.o. 2190 1led 2190 [32, 35]
[SbF4] — - - - - - - - - >1 2185 [32, 33]

[a] Additional weak cation band at 230 cm™.
[e] n.o. =not observed.
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[b] Decomposes into AgOTeFs and B(OTeFs);. [c] O atom on Ag* coordinated. [d] Measured at 10°C.
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Figure 2. "F NMR spectrum of K[B(CF;),] dissolved in CD;CN. The
quartet and septet are due to coupling with "B and '°B, respectively.

130.9 1307 136 134 132 130 0

Figure 3. *C NMR spectrum of K[B(CF;),] dissolved in CD;CN. Large
quartet (1:2:2:1): J(**C,F); small quartet (1:1:1:1): J(**C,"'B); septet of
1J(13C,!°B) partially obscured; expanded section 3/(**C,"°F) pattern.

and 3, respectively, in which the 2/(1B,F), 2J(1°B,°F) and
J(BCPF), U(BCUB), U(1*C,1%B), 3J(3C,F) coupling can be
recognized. AIl NMR data of the [B(CF;),]~ ion are compared
in Table 3" %! with those of related compounds, except the
coupling constants 3/(*C,¥F)=39Hz and “/(“FVYF)=
5.8 Hz, for which no comparative data are available. The
coupling constants involving the °B nucleus are not listed in
Table 3 because they are identical to the values calculated
from the respective !'B coupling constants by using the

Table 3. NMR data of the [B(CF;),]"! ion and related species.

gyromagnetic ratio y(!'B)/y(1°B) =2.9858. Furthermore, the
following isotopic shiftsP®! have been observed; these reflect
the vibrational motions of the [B(CF;),]- anion and
their amplitudes: '4 "B(*?*C) =0.0030 ppm, '4 3C(""'B) =
0.0029 ppm,  'AF(?53C)=0.1315ppm, 24 “F("B)=
0.0111 ppm, and 34 “F(*¥3C) =0.0010 ppm.

NMR data of borate anions that contain F, CN, and CF;
ligands are given in Table 3. Most of these species are new and
are formed during the synthesis of M[B(CN),] salts or as by-
products in the fluorination of the tetracyanoborates. The 'B
chemical shift is significantly affected by the nature of the
ligand, with the lowest resonance frequency observed for
[B(CN),]™ and the highest for [BF,]~. This is expected, due to
a dominant influence of the electronegativity of the ligand on
the diamagnetic term of the chemical shift. The *C and "F
chemical shifts of the CF; groups in the different anions vary
very little. However, the '°F chemical shifts and 'J("'B,"F)
coupling constants of the BF group are strongly dependent on
the other ligands. There is a jump in the J(!'B,F) coupling
constant on replacement of one fluorine atom in the [BF,]~
ion by another ligand. In the [BF,]” ion itself this coupling
constant is too small to be observed, but it appears in the
NMR spectrum of the Li[BF,] salt, dissolved in CD;CN,
(0B =—1.4; 0¥F = —151.7; J(!'B,"°F) = 3.5 Hz). The reason
is that the Li* ion coordinates in solution to the [BF,]~ ion
and, therefore, the data measured on Li" salts should be
considered with care (see Table 3). A further significant probe
for the electronic situation in borate anions that contain
ligands with carbon atoms is the J(1'B,'*C) coupling constant.

Vibrational spectra: The IR and Raman spectra of K[B(CF;),]
are depicted in Figure 4, and all vibrational band positions
and intensities of the potassium and cesium salt are compared
with the data of the isoelectronic C(CF;), molecule in
Table 4;% vibrational data are predicted from DFT calcu-
lations (vide infra). According to the DFT calculations, the
free [B(CF;),]” ion and the C(CF;), molecule possesses T
symmetry with the CF; groups rotated from the staggered
position that corresponds to 73 symmetry. Such a conforma-

éHB 613(: 61\JF é]‘)F l](llB’IBC) I](]}C’WF) 2](I3C’]‘)F) ZJ(I]B’I‘JF) l](llB’l‘)F) BJ(I‘JF’WF)
(CF;) (BF) (CF;) (BF) (CF;) (BF) (BF/CF;)  Ref.
[Hz] [Hz] [Hz] [Hz] [Hz] [Hz]
[BE,]~ -11 - - —150.1 - - - - <05 - [7], this work
[BF;CF;]~ -13 1319 —-750 —1554 109.9 312 66.6 325 39.3 2.4 [7], this work
[BF;CN]- -3.6 noll - —136.3 89.3 - n.o. - 26.6 - this work
[BF,(CF;),]|~ -2.0 1320 —-739 —181.0 91.0 309.4 42.0 30.5 572 <5 [7], this work
[BF,(CF;)CN]~ -3.8 n.o. —-76.6 —1679 n.o. n.o. n.o. 34.6 48.6 <5 this work
[BF,(CN),]~ -73 129101 — —-152.9 80.7 - 50.6! - 40.6 - this work
[BE(CF,)5]~ -71 1326 —68.8 —2304 80.0 309.4 30.5 283 59.4 5.5 [7], this work
[BF(CF;),CN]~ -92 n.o —70.8 —2253 n.o. n.o. n.o. 31.6 54.1 7.5 this work
[BF(CF;)(CN),]- —12.8 n.o. —-73.0 —218.6 n.o. n.o n.o. 35.7 48.8 8.9 this work
[BF(CN),]~ -17.8 128.001 - —210.6 77.9 - 37.4001 - 44.0 - this work
[B(CF;),]~ —189 1329 -61.6 - 73.4 304.3 25.9 - this work
[B(CF;);CN]~ —-222 no. —-622 - n.o. n.o. - 28.9 - - this work
[B(CF;),(CN),]~ —26.5 n.o. —63.6 - n.o. n.o. - 325 - - this work
[B(CF;)(CN);]~ —-320 n.o. —-652 - 69.5¢l 301.8 - 36.4 - - this work
[B(CN),]~ —385 1223 - - 71.3 - - - - [23]
[a] n.o. =not observed. [b] Li salt. [c] B-CN.
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Figure 4. IR and Raman spectrum of K[B(CF;),].

tion is also found in the molecular structure of C(CF;),,*
determined in the gas phase by electron diffraction.

In addition, vibrational spectroscopy allows us to distin-
guish between 7, and 7 symmetry by means of vibrational
selection rules given in Equations (14) and (15), respectively.

Ty: Iin=3A,(Ra,p) + 1A,(—) + 4E(Ra,dp)

14
+ 4F,(-) + 7F,(IR;Ra,dp) (14)

T: I'y,=4A(Ra,p) + 4E(Ra,dp) + 11 F(IR;Ra,dp) (15)

By lowering the symmetry from T, to 7, the inactive modes
A, and F, become active. Consequently, there are, in principle,
four extra active fundamentals in the IR spectrum and five in
the Raman spectrum. The vibrational spectra of the potassium
and cesium salts are very similar (except for the relative band
intensities below 300 cm~! in the IR spectrum), and from the

number of observed vibrations, a symmetry lower than 7; can
be deduced for the [B(CF;),]~ ion. This distortion from T,
symmetry in the solid state is not caused by the lattice sites,
because the crystal structures of both [B(CF;),]” salts are
different. Indeed, the structure of the [B(CF;),]” ion seems to
depend very little on the environment, as the Raman spectra
of the solid Li* and Ag™ salts as well as those of their aqueous
solutions (see Experimental Section) are nearly identical to
the Raman data presented in Table 4. From the possible
19 fundamentals of the [B(CF;),]~ ion, the wavenumbers of
17 fundamentals are obtained experimentally. The unob-
served CF; torsional modes are outside the range of our
spectrometer, and according to calculations are too weak for
detection (vide infra). The same is true for the C(CF;),
molecule, based on the reported experimental data.?”) How-
ever, Biirger et al. have assigned the bands under 7, symmetry
and have attributed some observed fundamental bands to
combination modes. The assignment of the bands presented in
Table 4 is supported by a comparison of calculated and
observed band positions and IR band intensities. The agree-
ment between observed and calculated Raman band inten-
sities is not satisfactory, and only slightly useful for assignment
purposes. All calculated wavenumbers for the stretching
modes are higher than the observed band positions, but the
band sequence generally corresponds to that of the observa-
tions. The bands v, and v, are an exception, but in these cases
the selection rules enables an unambiguous assignment. The
spectra of the isoelectronic species [B(CF;),]~ and C(CF;), are
very similar, except for the band intensities of the vo/v,
vibrations. For C(CF}), all bands are blue-shifted; this implies
that all bonds in the C(CF;), molecule are significantly
stronger than those in the [B(CF;),]~ ion.

Table 4. Experimental and calculated vibrational data for the [B(CF;),] ion and those of the isoelectronic C(CF;), molecule.

M[B(CF;),] [B(CF;),]~ (caled)l! C(CF;) M C(CF;), (calcd)ll  Assignmentl!)

IR IR Raman Raman IR Raman Band IR Raman IR Raman Raman Band IR
M=Cs M=K M=Cs M=K int.l" activel position int.l} activelll gas solid  active position  int.ll
1293 1298 1294 1296 10/7 9/6 1305 17 2lel vy, T, v(CF;) 'B
1273 1276 12761 12790 35/53 —lal 1288 71 8 1301 (vvs) - - 1331 100 vy, T, v(CF;) "B

- - 1276 1279 - 52/51 1294 0 132 - 1292 8 1309 0 v, A, v(CF;)

- — 11040 1095 - —l126 1139 0 10 - 12448l 0.5 1274 0 vs, E, v,(CF5)
1098 1112 1104 1111 100 68/37 1151 100 38 1203 (s) - - 1213 1.4 vy, T, v,(CF5)

- - 1030 1026 - 77 1059 0.00 6 - 1160 1 1176 0.01 vy, T, v,(CF5)
930 931 - - 9/13 - 947 13 0.21¢l v, T, v,s(BC,) 'B
902 904 901 900 43/49 0.9/0.6 921 42 0.6 995 (vs) - - 1006 17 v, T, v,(BCy) 'B

- - 725 726 - 100 717 0 100 - 771 100 764 0 v,, A, O,(CF;)
698 694 695 696 1215 0808 689 8 06 737 (vs) - - 727 48 vy, T, 0,(CF;)

- - 546 547 - 77 541 0 5 - 584 2 577 0 Vs, E, 0,5(CF;)
5231 525 526 527 -/0.5 50/46 513 0.09 9 - 550.5 8 539 0.09 vy, T, 0,(CF;)
523 518 526 518 (sh)  1.5/13 —lal 508 1.3 11 539 (vs) 538 4 528 0.9 w5, T, 0,(CF;)
319 - 320 321 0.03/-  90/69 317 0 26 - 351 23 345 0 v;, E, p(CF;)
297 299 298 301 0.7/0.4  51/43 292 0.16 10 326 (w) 326 22 329 0.02 vy, T, p(CF5)
280 - 281 284 0.04/-  62/54 270 0 26 - 317 60 319 0 vs, A, v4(BCy)
253 260 - - 0.01/0.4 - 252 0.02 02 298 (w) 295 4 298 0.01 v, T, p(CF5)
156 160 - - 0.5/0.05 - 130 0.07  0.01 - 2001 1 199 0.13 vy, T, 6(CBC)

- - 117 118 - 12/6 96 0 0.2 - 150 3 147 0 vs, E, 0(CBC)

- - - - - - 53 0.00  0.00 - - - 90 0.01 wy, T, 7(CFy)

- - - - - - 47 0 0.00 - - - 81 0 w, A, CF,

[a] Obscured by the next strong band. [b] Relative integrated IR absorbance of the Cs/K salts, v;; = 100. [c] Relative integrated Raman intensity of the Cs/K salts,
v,=100. [d] B3LYP/6-31G*. [e] Relative IR oscillator strength (v, 334 kmmol ™), all values, except for v, and v,, are averaged from the calculated values for
11B(80 %) and '"B(20 %), 0 = inactive, 0.00 =int. < 0.01. [f] Relative Raman scattering (v, 8.2 A* AMU") for 'B. [g] Calculated from the °B/''B isotopic mass
ratio. [h] Ref. [20]. [i] Derived from combinations several fundamentals and the Figure 1 in ref. [20]. [j] Relative IR oscillator strength (vo =768 kmmol™!).

[1] Assignment according to 7 symmetry approximate description of modes.
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Table 5. Selected bond lengths [A] and angles [°] for Cs[B(CF,),], C(CF;),, and related compounds.
Parameterl?) K[BF;(CF;)] Cs[BF,(CF;),] Cs[BCI(CFs;);] Cs[B(CF;),] C(CF,),

exptll exptllc) exptll¥l exptl caled!® exptll] caled!®!
M-C 1.625(6) 1.617(9) 1.627(4) 1.625(3) 1.633 1.562(2) 1.563
B-X 1.391(5) 1.391(4) 1.861(6) - - - -
C-F 1.343(5) 1.353(10) 1.340(5) 1.355(3) 1.369 1.325(2) 1.341
CM-C - 113.6(5) 110.8(2) 109.5(3) 109.47 109.47 109.47
CB-X 109.1(3) 108.7(4) 108.1(2) - - - -
X-B-X 109.9(3) 108.1(4) - - - - -
B-CF 113.7(3) 114.0(7) 113.8(3) 113.6(2) 1134 110.8 110.8
F-C-F 104.9(3) 104.0(8) 104.8(3) 105.0(2) 105.2 108.1(2) 108.1
F-C-M-C 51.7 60,0 53.9 52.7(8) 458 41.7(5) 436
7ls) 8.3 0, 60 6.1 7.3(8) 142 183(5) 16.4
pointgroup Ci~GC; C, G C;~T T T T

[a] M=B or C; X =For Cl [b] Ref. [39]. [c] Ref. [40]. [d] Ref. [6]. [e] B3LYP/6-31G*. [f] Ref. [22]. [g] Torsional angle from the staggered orientation of the

CF; group.

Quantum-chemical calculations: The geometries of the
[B(CF;),]- anion and the C(CF;),; molecule were fully
optimized with the B3LYP approximation, by using the
6-31G* basis set. For both species the energy minimum is
predicted for T symmetry with the CF; groups rotated off the
eclipsed position by 14.2° and 16.4°, respectively. The energy
difference between the T, form and the energy minimum
amounts to 2.69 kJmol-! for the [B(CF;),]~ ion. Interestingly,
the total charge on the boron atom was calculated to be nearly
zero, while the charges for carbon and fluorine are about 0.68
and —0.31e-, respectively. In the C(CF;), molecule the
calculated charges are C(central): —0.53, C(terminal): 0.87,
and F: —0.25e".

Calculated bond parameters and vibrational frequencies as
well as IR and Raman band intensities are compared to the
corresponding experimental values in Tables 4 and 5.1 22 3% 40]

All quantum chemical calculations were performed with the
Gaussian 98 program suite.[*!]

The crystal and molecular structure of Cs[B(CF;),]: A large
fraction of the isolated crystals consisted of two interpene-
trated tetrahedra that could be shown to represent inversion
twins (see Table 6). The amount of individual tetrahedra
within the crop was below 1 %. They represent single crystals
as well as those obtained by splitting the bi-tetrahedral
species. For the data set used to derive the final structural
model, an isolated tetrahedral crystal with extremely narrow
intensity profiles (mean width at half height less than 0.6° in
omega) was chosen for data collection with a scan range
adjusted to 0.8°.

Cs[B(CF;),] crystallizes in a distorted NaCl-type lattice
with [B(CF;),]~ ions defining the cubic closest packing. The

Table 6. Crystallographic data for the structure determination of four different crystals of Cs[B(CF;),] at 150 K.

Crystal form

tetrahedron cleaved two interpenetrated plate (103)
crystall® tetrahedra (twin)®! (twin)
chemical formula C,BCsF,
formula weight 419.76
crystal system, space group rhombohedral, R3m, (No. 160)
a[A] 7.883(1) 7.883(1) 7.880(1) 7.878(1)
c[A 13.847(4) 13.830(3) 13.849(3) 13.870(4)
VIAY; Z=3 7452 7443 7447 7455
Peaiea [Mgm—] 2.806 2.810 2.808 2.805
u [mm] 3.885 3.890 3.888 3.884
extinction coefficient 0.0055(4) 0.0067(7) 0.021(1) 0.0166(8)
absolute structure parameter 0.29(4) 0.61(2)
0 range [°] 3.33-29.95 3.33-29.97 3.33-29.96 3.33-29.97
index range —11<h<0 —11<h<0 0<h<11 —11<h<0
-9<k<11 -9<k<11 —11<k<0 -9<k<11
-19<1<19 -19<1<19 -19<1<19 -19<1<19
reflections collected/unique 1555/589 1555/589 857/448 1555/589
reflection observed [I>20()] 589 589 448 589
R(int) 0.0241 0.0453 0.0185 0.0488
R(sigma) 0.0226 0.0365 0.0115 0.0393
data/restraints/parameters 589/5/55 589/5/55 448/5/56 589/5/56
R1 (all data)l 0.0118 0.0173 0.0173 0.0159
wR2 (all data)l 0.0290 0.0349 0.0417 0.0306
goodness-of-fit on F? 1.063 1.059 1.080 1.050
largest diff. peak/hole [e A3 0.29/-0.18 1.47/—-0.54 0.80/ — 0.69 0.37/-1.29
refined diff. density rms [e A—3] 0.044 0.084 0.083 0.074

[a] Obtained from cleavage of two interpenetrated tetrahedra. [b] For /<0 not all reflections are measured. [c] R1=(Z||F,|—|F.||)/Z|F,|. [d] wR2=
[Ew(F2—F2)*/ZwF2]'"".
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Cs atoms are surrounded by twelve fluorine atoms at
distances ranging from 3.194 to 3.466 A.

In the initial structural model, the [B(CF;),]~ ions appeared
to have ideal T, symmetry. However, from spectroscopic data
and quantum chemical calculations (vide supra) a less
symmetric architecture has to be taken into account. This
prediction could finally be verified by the X-ray data, which
also support a structure of symmetry 7. This structure was
derived from the initial model by rotating the CF; groups
around their B—C vectors from 7, symmetry by approximate-
ly 7°. These torsion angles are smaller than the theoretical
predicted angles (14.2°) based on DFT calculations (vide
supra).

The final structural model is the result of a superposition of
two spatial orientations in a 1:1 ratio that are related by a
mirror plane. An ordered structure can be excluded due to a
lack of superstructure reflections. Geometrical data of the
[B(CF;),]~ ion are given in Table 5 together with relevant
bond lengths and valence angles of C(CF;), and related
compounds containing tetrahedral [B(CF;),X,_,]” (X=F, Cl)
units. The molecular structure is shown in Figure 5. It is
interesting to note that the B—C and C—F bond lengths in the
anionic species are all the same within the error limits. They
are systematically longer than in the C(CF;), molecule in
agreement with the lower vibrational frequencies of the
[B(CF;),] ion.

Figure 5. The isolated [B(CF;),]~ anion in Cs[B(CFy;),].

Crystallographic data (excluding structure factors) for the
structure reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary
publication no. CCDC 164428. Copies of the data can be
obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB21EZ, UK (fax: (+44)1223-336-033;
e-mail: deposit@ccdc.cam.ac.uk).

Conclusion

Two different routes lead to several salts of the previously
unknown tetrakis(trifluoromethyl)borate anion. According to
the NMR spectra the twelve fluorine atoms are equivalent
and all possible chemical shifts and coupling constants have
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been observed. The four CF; groups protect the central boron
atom completely and they are oriented in a framework of T
symmetry, as deduced from vibrational spectroscopy of the
anion in different environments, and from X-ray diffraction of
Cs[B(CF;),]. This result and all observed vibrational and
structural data are in agreement with the results of quantum-
chemical calculations. The anion is surprisingly kinetically and
thermally stable and very weakly coordinating like
the tetrakis(perfluoroalkoxy)aluminate [AI{OC(CF;)s},]~
anion.!'> 13 Its coordination ability is ranked by the measured
equilibrium CO pressure over different [Ag(CO),]" salts (x =
1-4), and the [Ag(CO),]" ion is observed for the first time.
Due to these excellent properties, we intend to try and use the
[B(CFs;),]™ ion as a counterion for the stabilization of hitherto
unknown highly electrophilic species in all areas of chemistry,
especially for carbonyl cations like [Co(CO)s]*, [Ni(CO),]*,
[CICO]*, and so forth.

To our knowledge the fluorination of a complex cyano
anion in anhydrous HF with CIF or CIF; to give the
corresponding trifluoromethyl complex is new, and we intend
to adapt this methodology to the fluorination of further cyano
complexes, such as [Pt(CN)s>~ and [Au(CN),]-, that are
stable in anhydrous HF.

Experimental Section

Apparatus: Volatile materials were manipulated in stainless steel or glass
vacuum lines of known volume equipped with capacitance pressure gauges
(type 280E Setra Instruments, Acton MA, or type 221 AHS-1000 MKS
Baratron, Burlinton, MA). The stainless steel line was fitted with bellow
valves (type BPV 25004 Balzers and type SS4BG Nupro) as well as with
Gyrolok™ and Cajon™ fittings, while the glass vacuum line was fitted with
PTFE stem valves (Young, London) and NS 14.5 standard tapers. The glass
vacuum line was equipped with three U-traps and connected to an IR cell
(optical path length 200 mm, Si windows 0.5 mm thick) contained in the
sample compartment of the FTIR instrument. Anhydrous HF was stored in
a PFA tube (12 mm o.d., 300 mm long), heat sealed at the bottom, and
connected at the top to a stainless steel needle valve (3762 H46Y Hoke,
Cresskill, NJ). For synthetic reactions in HF a reactor was used that
consisted of a 250 mL PFA bulb with a NS29 socket standard taper
(Bohlender, Lauda, Germany) in connection with a PFANS29 cone
standard taper and a PFA needle valve (type 204-30 Galtek, fluoroware™,
Chaska, Minnesota). The parts were held together with a metal compres-
sion flange and the reactor was leakproof (< 10~° mbar Ls!) without using
grease. Hygroscopic Li[B(CF;),] was manipulated inside an inert atmos-
phere box (Braun, Miinchen, Germany) flushed with argon, with a residual
moisture content of less than 0.1 ppm.

Chemicals: Anhydrous HF (Solvay AG, Hannover, Germany), CIF;, CIF
(ABCR GmbH, Karlsruhe, Germany) as well as all standard chemicals and
solvents were obtained from commercial sources. CF;NO(C,FsNO) was
prepared from CF;I(C,FsI) and NO, as reported.[> 1 The salts M[B(CN),]
(M=Li", Ag*, NH,") were synthesized as described previously.
Vibrational spectroscopy: Infrared spectra were recorded at room temper-
ature on an IFS-66v FT spectrometer (Bruker, Karlsruhe, Germany). Two
different DTGS detectors together with a Ge/KBr or a 6 pm Mylar beam
splitter operating in the region 4000-400 or 550-80 cm™!, respectively,
were used. For each spectrum 128 scans were co-added with an apodized
resolution of 2 or 4 cm~". Solid K[B(CF;),] or Cs[B(CF;),] samples were
measured as KBr or CsBr discs, respectively, in the region 4000 -400 cm™!,
and as Nujol mulls between polyethylene discs in the region 550 -80 cm~.
Raman spectra were recorded at room temperature with a Bruker
RFS100/S FT Raman spectrometer using the 1064 nm exciting line
(=500 mW) of a Nd/YAG laser. Crystalline samples contained in large
melting point capillaries (2 mm o.d.) were used for recording spectra in the
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region 3500-50 cm~! with a resolution of 2cm~!. For each spectrum
256 scans were co-added, and the Raman intensities were corrected by
calibration of the spectrometer with a tungsten halogen lamp.

Raman spectra of [Ag(CO),|][B(CF;),] (x=0-4) were obtained from a
small sample (ca. 0.1 mmol) placed in a small Raman cell (V=1mL)
connected with a rotational symmetrical valve (Young, London).[*!
Equilibrium pressures of CO (below 100 mbar) over the sample were
measured directly at a vacuum line of 50 mL internal volume with a
capacity manometer (type 221 AHS-100 MKS Baratron, Burlinton, MA).
Higher equilibrium pressures were estimated by PVT measurements after
expansion of the CO from the Raman cell into the vacuum line.
Achievement of the gas/solid equilibrium needed about one hour in our
experimental setup. For 40 different Ag:CO ratios the respective Raman
spectra were recorded and evaluated.

NMR spectroscopy: NMR spectra were obtained at room temperature on a
Bruker Avance DRX-500 spectrometer operating at 125.758, 160.461, or
470.593 MHz for C, "B, or 'F nuclei, respectively. All samples (K+, NH,*,
or Cs* salts; the NMR data of Li[BF,] and some other Li* salts were
significantly different) were dissolved in CD;CN (¢=0.1 to 1 molL™),
which also served as a lock, and transferred into 5 mm o.d. NMR tubes. The
NMR signals were referenced with respect to TMS and CFCl; as internal
standards and BF; - Et,0/CD;CN as external standard and recorded with
the following typical acquisition parameters: 3C spectral width 32680 Hz/
260 ppm, 4.3 us (45°) pulse, 8 s relaxation delay, 0.5 Hz per data point,
400 scans. "B spectral width 7310 Hz/46 ppm, 2 pus (20°) pulse, 4.5s
relaxation delay, 0.5 Hz per data point, 32 scans.

Differential scanning calorimetry: Thermo-analytical measurements were
made with a Netzsch DSC204 instrument. Temperature and sensitivity
calibrations in the temperature range of 20—500°C were carried out with
naphthalene, benzoic acid, KNO;, AgNO;, LiNO;, and CsCl. About 25—
40 mg of the solid samples were weighed and contained in sealed
aluminium crucibles. They were studied in the temperature range —100—
+450°C with a heating rate of 10 Kmin~!; throughout this process the
furnace was flushed with dry nitrogen. For the evaluation of the output, the
Netzsch Protens4.0 software was employed.

Single-crystal X-ray diffraction, data collection, and structure solution and
refinement: A crystal of the Cs[B(CF;),] was mounted on top of a glass
capillary with silicone grease and placed into the cold nitrogen stream of
the cooling device of the goniometer. Intensity data were collected at 150 K
with a Siemens P4RA four-circle diffractometer [Mog, radiation (1=
0.71073 A), graphite monochromator, rotating anode generator, scintilla-
tion counter] under stable experimental conditions.*’! These were sub-
sequently corrected for Lorentz, polarization, and absorption effects.
Lattice constants were obtained from a least-squares fit of the positions of
18 centered reflections of favorable spatial distribution in the 26 range
above 20°. The structure was solved by direct methods in the space group
R3m (No. 160) and refined with anisotropic temperature factors.41 A
summary of experimental details is given in Table 6.

Synthetic reactions

Method A: The PFA reactor described above, containing a PTFE-coated
magnetic stirring bar, was charged with NH,[B(CN),] (105 mg, 0.79 mmol)
and dried in vacuo. The ammonium salt was used as the starting material,
because it is most soluble in anhydrous HF. By using the stainless steel
vacuum line anhydrous HF (5 mL) and CIF; (11 mmol) or CIF (33 mmol,
determined by PVT measurements) were admitted to the reactor at
—196°C. Cooling with an ethanol/dry ice bath, the content was stirred at
—78°C for one hour and then left at room temperature for one day.
Subsequently, all volatile material was pumped off and the solid residue
was treated with K,CO; (300 mg, 2.17 mmol) dissolved in water (7 mL).
The resulting solution was dried in vacuo (under these conditions the
possible by-product NH,;HCO; evaporates) and the solid residue extracted
with diethyl ether. After evaporation of the diethyl ether, pure K[B(CF;),]
(209 mg, 0.69 mmol) was obtained. Other M[B(CF;),] salts (M =Li, Na,
RD, Cs) can be obtained analogously by using M,CO; with M = Li, Na, Rb,
Cs instead of K,CO;. However, some solvent (H,O, diethyl ether) is
strongly bonded in the isolated lithium and sodium salts.

The solvent-free silver or lithium salt were prepared by using M[B(CN),]
(M =Ag, Li) as the starting material. The 250 mL PFA reactor, which
contained a PTFE coated magnetic stirring bar, was charged with
Ag[B(CN),] (180 mg, 0.8 mmol) or Li[B(CN),] (100 mg, 0.8 mmol) and
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dried in vacuo. Anhydrous HF (5 mL) and CIF; (11 mmol) were transferred
into the reactor at —196°C. After stirring the contents at —78°C for one
hour the reactor was left for two days at room temperature. Subsequently
all volatile material was pumped off until no pressure increase by
evaporation of HF was observed. Both hygroscopic silver and lithium salts
must be handled in a dry box.

Raman data for Li[B(CF;),]: v=1289 (s), 1113 (m, br), 1055 (m, br), 728
(vs), 696 (W), 546 (W), 528 (s), 519 (s), 321 (s), 301 (m), 287 (s), 121 cm~! (W)
Raman data for Ag[B(CF;),]: v=1297 (sh), 1277 (s), 1116 (m, br), 1069
(m, br), 1011 (m, br), 726 (vs), 696 (w), 546 (w), 528 (s), 518 (sh), 321 (s),
301 (s), 286 (s), 120 cm™! (w)

Raman data for [B(CF;),]” in aqueous solution: v =1297 (sh), 1277 (s),
1111 (m, br), 1064 (w, br), 1026 (w, br), 726 (vs), 698 (W), 547 (w), 526 (s),
319 (s), 298 (s), 279 (s), 116 cm™! (w)

For crystal growth a small test tube filled with a solution of K[B(CF;),] or
Cs[B(CF;),] in diethyl ether was placed in a polyethylene bottle with
the bottom covered with methylene chloride. In the closed container
the solvents were allowed to diffuse in each other at room temperature
and crystals of several millimeters diameter were formed within a few
days. Crystal form: K[B(CF;),], cubic; Cs[B(CF;),]: tetrahedra grown
together.

Method B - Cesium pentafluoroethyldiazenidetris(trifluoromethyl)borate
Cs[(CF3);BN=NC,Fs]: C,FsNO (30 mmol) was condensed at —196°C
onto a mixture of Cs,CO; (4g, 12.3 mmol) and Cs[(CF;);BNH,] (3 g,
8.2 mmol) in THF (60 mL), and the resulting mixture was stirred for 48 h at
—20°C. Unreacted C,FsNO and THF were removed in vacuo, and the
orange-yellow residue was extracted with acetone. The acetone was
evaporated and the residue crystallized from water. Yield 3.4 g (78%);
YF NMR (470.461 MHz, [D;]CH;CN, 25°C, CFCL):  =—64.7 (quartet,
2J(BJF)=252Hz, 9F; (CF;);B), —83.8 (singlet, 3F; C—CF;), —114.4
(singlet, 2F; —CF,—N); 3C NMR (125.758 MHz, [D;]CH;CN, 25°C,
TMS): 6 =119.7 (quartet of triplets, 'J(C,F) =286.1 Hz, 2J(C,F) =39.1 Hz,
1C; C—CF;), 113.5 (triplet of quartets of quartets, 'J(C,F)=264.0 Hz,
3J(B,C)=10.5Hz, %J(C,F)=35.0Hz, 1C; —CF,~N), 133.1 (quartet of
quartets, 'J(C,F)=306.4 Hz, J(B,C)=76.4 Hz, 3C; (CF;);B); "B NMR
(160.461 MHz, [D;]CH;CN, 25°C, Et,0BF;): d=—9.3 (decet, 2J(B,F)=
253 Hz, 1B); IR (film)/Raman: v=1575cm™! (m) (N=N); UV/Vis
(H,O): A pax (¢ ) =442 nm (10mol~'dm?cm™1).

Cesium trifluoromethyldiazenido-tris(trifluoromethyl)borate, Cs[(CF;);-
BN=NCEF;] was prepared analogously from Cs[(CF;);BNH,] and CF;NO
in 80 % yield; spectroscopic data are given in ref [29].

Irradiation of Cs[(CF;);BN=NR;] (R;=CF;, C,Fs): A solution of
Cs[(CF;);BN=NRg] (2¢g) in acetone (20mL) was transferred into a
cylindrical reactor (diameter 3.8 cm, length 20 cm). The acetone slowly
evaporated as the reactor was rotated to obtain a thin film on the walls of
the reaction vessel. The reactor was evacuated, cooled in an ice bath and
irradiated with the 254 nm line of a mercury lamp (type TNN15/32,
Heraeus Hanau) for 30 hours. '°F and "B NMR spectra were measured for
the photolyzed material and showed that approximately 40% of the
starting material had not reacted. About 60 % of the material was found to
be a 1:1 mixture of Cs[(CF;);BF] and Cs[(CF;);BRg] (Rg= CF;, C,Fs).
NMR spectral data of Cs[(CF;);BC,Fs]: “YF NMR (470.461 MHz,
[D;]CH;CN, 25°C, CFCly): 60=—61.5 (quartet of sextets, 2J(B,F)=
25.9 Hz, *J(EF) ~J(FF)~5.9 Hz, 9F; (CF;);B), —83.4 (decet of triplet,
°J(EF)=5.6 Hz,*J(FF) =0.9 Hz, 3F; CF;—C); — 122.4 (decet of quartets of
quartets, */(FF)=5.9 Hz, 2J(B,F) =179 Hz, 3/(EF)=0.9 Hz, 2F; CF,B);
"B NMR (160.461 MHz, [D;]JCH;CN, 25°C, Et,OBF;): 6 = —18.7 (decet of
triplets, 2J(B,F) =25.8 Hz, 2J(B,F) =177 Hz, 1 B).
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Phenylene Ethynylene Pentamers for Organic Electroluminescence

S. Anderson*[2!

Abstract: An isomeric family of eighteen triisopropylsilyl-capped phenylene ethy-
nylene pentamers (molecular formula CgHg,Si,) has been prepared by using fast
parallel synthesis, for organic electroluminescence. Each pentamer was grown on a

polymer support of propylaminomethylated polystyrene by using a series of
palladium-catalysed reactions between aryl iodides and alkynes. “Tea bag” technol-
ogy was used to carry out several different reactions simultaneously in the same flask.
Here I present the syntheses of the materials, compare their photoluminescence both

Keywords: combinatorial chemistry
- luminescence - oligomers - organ-
ic electroluminescence - phenylene
ethynylenes

in solution and in the solid state (amorphous thin films) and describe the
incorporation of the most promising pentamer into organic electroluminescence

devices.

Introduction

In less than a decade combinatorial chemistry has trans-
formed drug discovery from a painstaking process of prepar-
ing compounds one at a time, to an industry where thousands
of new compounds are created and screened simultaneously
in a few hours.'l My goal is to use fast parallel synthesis,['"! a
type of combinatorial chemistry, to discover new materials®
for organic electroluminescence (OEL).B! OEL is an emerg-
ing technology that allows the manufacture of efficient, low-
voltage multicolour displays. An OEL display consists of
thin films of organic materials sandwiched between elec-
trodes. When an electric field is applied, holes are injected
from the anode and electrons from the cathode. The holes and
electrons combine to form excited states which then decay
back to the ground state with the emission of light. Modifying
the structure of the material may subtly control the colour of
the emitted light. The luminescence characteristics of a
molecule are important, but the success of a material for
OEL also depends on its ability to form stable amorphous thin
films, to transport charge, and to have suitable HOMO and
LUMO energies for charge injection. By using fast parallel
synthesis I hope to reduce the time needed to prepare a family
of materials with related structures, so that the emission
characteristics, and film-forming and transport properties of a
material may be speedily optimised.

This fast parallel synthesis method relies on the use of
polystyrene as a polymer support in synthesis.®’] The poly-
styrene is functionalised so that molecules may be grown from

[a] Dr. S. Anderson
Sharp Laboratories of Europe Ltd
Oxford Science Park, Oxford, OX4 4GB (UK)
Fax: (++44)-1865-774436
E-mail: sally.anderson@sharp.co.uk
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its surface and so that it swells when mixed with organic
solvents allowing reagents to easily access the reactive sites.
Excess reagents may be added to the polymer support to force
reactions to go to completion, and workup is facilitated
because isolation of the product bound to the polymer support
may be carried out by filtration, followed by thorough
washing to remove excess reagents. “Tea bag” technology is
also used to allow several reactions to be carried out in the
same reaction vessel simultaneously.l’] In this method the
polymer support is confined within a polyester bag; this is the
“tea bag”. The “tea bag” allows reagents to enter, but
prevents polymer supports with different appended inter-
mediates in different “tea bags” from mixing. Hence a
chemical transformation may be carried out on various
polymer supports in the same reaction vessel provided these
polyester bags segregate them. Purification by chromatogra-
phy is required only after the removal of the material from the
polymer support, at the end of the synthesis. The synthetic
strategy described in this paper uses polymer support and “tea
bag” technology to greatly reduce the time and effort taken to
purify intermediates.

I chose to explore a library of phenylene ethynylene
oligomers to test the use of fast parallel synthesis in the search
for new materials for OEL, for the following reasons:

1) This class of materials was already known to have
promising properties for OEL. There are several literature
reports on the photophysical properties of poly(2,5-
dialkyl-para-phenylene ethynylene)s (PPEs) and several
groups have successfully incorporated PPEs into OEL
devices.”

2) The synthesis of similar systems has been carried out on
polymer supports®l and in solution,”! providing a wealth of
synthetic methodology.
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3) A series of different molecular geometries may be
generated by incorporating ortho, meta and para links into
the phenylene ethynylene chains. This will lead to materi-
als with different conjugation lengths and shapes, so that
one can assess the influence of these factors on the OEL
characteristics of the materials. Conjugation length influ-
ences the charge transport properties of a material and the
colour of emission, whereas molecular shape may deter-
mine OEL device performance in several ways: It
influences how molecules interact with each other in the
solid state, and, hence, the ability of a material to form thin
films that transport charge efficiently and remain stable
during device operation. It also influences whether emis-
sion occurs from an excited state localised on a single
molecule or on a molecular aggregate.

In this paper I describe the preparation of an isomeric
family of 18 triisopropylsilyl-capped phenylene ethynylene
pentamers by using fast parallel synthesis. All the pentamers
have the molecular formula Cy4Hg,Si,, but have different
shapes depending on whether the phenylene ethynylene chain
contains ortho, meta or para links. Here I present the
syntheses of the materials, compare their photoluminescence
in solution and in the solid state (amorphous thin films) and
describe some preliminary OEL device results.

Results and Discussion

Synthesis: The general structure of the phenylene ethynylene
pentamers is shown in Figure 1. The three central phenyl units
may be systematically varied to be ortho, meta or para
substituted, leading to the 18 pentamers (1-18) illustrated.
The pentamers were grown on a polymer support of
alkynylphenyl-substituted propylaminomethylated polysty-
rene 22 by using a series of palladium-catalysed coupling
reactions between alkynes attached to the polymer supports
and aryl iodide building blocks in solution.'”! The polymer
support chemistry follows the methods of J. S. Moore et al.[3
and the preparation of pentamer 1 is outlined in Scheme 1.
The syntheses of the three isomeric aryl iodide building blocks
29a-cl"are outlined in Scheme 2. The common precursor 21
was prepared by the addition of diazonium salt 28al'?! to
propylaminomethylated polystyrene 20. The TMS group was
then removed with tetrabutyl ammonium fluoride in tetrahy-
drofuran to generate the free alkyne 22, which is the polymer
support from which all the pentamers are grown. At this point
a parallel synthetic method was used to generate the
18 pentamers as efficiently as possible. Eighteen “tea bags”
were prepared each containing 1 g of substituted polystyrene
22. Fine-mesh polyester “tea bags” allow reagents and
building blocks to access the polymer support, but prevent
cross contamination of polymer supports. Hence a common
building block may be added to various polymer supports in

the same reaction vessel. Each of the 18 bags was carefully
labelled, so that the reaction histories could be easily
identified, then three reaction flasks were set up:

o Flask 1: Building block 29a was added to bags 1, 2 and 3.
o Flask 2: Building block 29b was added to bags 4, 5, 6, 7, 8

and 9.

o Flask 3: Building block 29 ¢ was added to bags 10, 11, 12, 13,

14, 15, 16, 17 and 18.

After 12 hours at 65 °C a sample of the polymer support was
tested for free alkyne groups by placing a small amount of the
polymer support (swollen with carbon tetrachloride) between
two NaCl plates and recording the IR spectrum. Coupling was
complete when no C—H alkyne stretch was observed. All
18 “tea bags” were then processed together; careful washing
of the resin was required to remove traces of Pd catalyst. The
trimethylsilyl groups were removed by treating all 18 bags
with tetrabutyl ammonium flouride (TBAF) in THFE.

In the second round of coupling:

o Flask 1: Building block 29 a was added to bags 1, 4, 5, 10, 11

and 12.

o Flask 2: Building block 29b was added to bags 2, 6,7, 13, 14

and 15.

o Flask 3: Building block 29 ¢ was added to bags 3, 8, 9, 16, 17

and 18.

Once again the bags were combined for workup and
removal of the trimethylsilyl groups.

In the third round of coupling:

o Flask 1: Building block 29a was added to bags 1,2, 3,5, 6,9,

10, 13 and 16.

o Flask 2: Building block 29b was added to bags 4,7, 8, 11, 14

and 17.

o Flask 3: Building block 29 ¢ was added to bags 12, 15 and

18.

Once again the “tea bags” were combined for workup and
removal of the trimethylsilyl groups.

In the final coupling step aryl iodide 29d, prepared as
outlined in Scheme 2, was added to all eighteen bags in one
reaction flask. The tedious part of the pentamer preparation
came next: Polymer support from each bag had to be treated
individually with methyl iodide to release the phenylene
ethynylenes from the polymer supports, and then the resulting
aryl iodides were treated with triisopropylsilylacteylene to
yield the 18 pentamers. It was only at this final stage that the
pentamers were purified by flash column chromatography
and recrystallisation. This strategy allowed the 18 pentamers
to be generated more quickly than would have been possible
by using traditional solution phase methods. The pentamer
sequences and yields are summarised in Table 1, for example,
pentamer 1 contains the sequence 29a,29a,29a, and was
prepared in 42% overall yield. The yields for pentamer
formation were calculated by comparing the theoretical yields
calculated from the initial loading of the polymer support,
determined by combustion analysis, with the mass of pen-
tamers isolated. Polymer sup-
ports 20 and 21 were found to
contain 1.2 x 103 and 2.3 x 103

g:ﬂ:(\:(\:(\:ﬂ:S{
S YA T i il WASS|

Figure 1. Generalised phenylene ethynylene pentamer.
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equivalents of nitrogen per
gram of polymer support re-
spectively. From these loadings
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Scheme 1. Preparation of pentamer 1. a) n-propylamine, 70°C, 3 days;
b) 11a, K,CO;, DMF; c) Tetrabutylammonium fluoride, THF, RT, 5 min;
d) 12a, [Pd,(dba);], Cul, PPh;, Et;N 70°C, 12 h; ¢) 12d, [Pd,(dba);], Cul,
PPh;, Et;N 70°C, 12h; f)Mel, 110 °C; g) triisopropylsilylacetylene,
[Pd,(dba);], Cul, PPh;, Et;N 70°C, 12 h.

RsSi
=g X BF3 - OEt,
T\, F=SRs \— \h, _[BUONO
\_7 2 "PdOAC,, PPhs \ 7 =
26a: para EtaN, Cul 27a: para R = Me (82 %)
26b: ortho 27b: meta R = Me (92 %)
26¢c: meta 27c: ortho R = Me (93 %)
27d: paraR = iPr (86 %)
RsSi R3S
N X
\_ N ® KI, HyOlacetone \—
\ /20 T \ /'

BF,

Table 1. Sequence information for pentamers 1-18.

Bag no./ Round 1 Round2  Round3  Yield ([mg]) [%]
Pentamer no.
1 29a 29a 29a (190) 42
2 29a 29b 29a (150) 33
3 29a 29¢ 29a (70) 16
4 29b 29a 29b (210) 47
5 29b 29a 29a (140) 31
6 29b 29b 29a (180) 40
7 29b 29b 29b (170) 38
8 29b 29¢ 29b (100) 22
9 29b 29¢ 29a (180) 40
10 29¢ 29a 29a (160) 36
1 29¢ 29a 29b (150) 33
12 29¢ 29a 29¢ (170) 38
13 29¢ 29b 29a (210) 47
14 29¢ 29b 29b (160) 36
15 29¢ 29b 29¢ (120) 27
16 29¢ 29¢ 29a (130) 29
17 29¢ 29¢ 29b (130) 29
18 29¢ 29¢ 29¢ (70) 16

isolated and no terminal alkynes are detected after coupling.
It is significant that the pentamers are readily isolated from
the reaction mixtures by flash column chromatography and
recrystallisation as pure compounds.

Photoluminescence measurements: The emission and absorp-
tion characteristics of the pentamers in dichloromethane are
compared in Table 2. The solution quantum efficiencies for
photoluminescence were found to vary from 0.75 to 0.3:
pentamer 3 being the most emissive and pentamer 18 the least
emissive. The pentamers with longer conjugation lengths
showed red-shifted absorption and emission characteristics.
Pentamer 1 had the longest wavelength absorption and
emission as it has five conjugated para links in the chain,
whereas pentamers 7 and 8 have the shortest wavelength
absorption and emission characteristics, since they only have a
diphenyl ethyne moiety before a meta link breaks the

28a: para R = Me (87 %)
28b: meta R = Me (92 %)
28c: ortho R = Me (78 %)
28d: paraR = iPr

29a: para R = Me (67 %)
29b: meta R = Me (61 %)
29c: ortho R = Me (65 %)
29d: para R = iPr (44 % from 27d)

conjugation. Sublimation of the pentamers to form thin films
proved difficult. A 20nm thick film of pentamer 1 was

Scheme 2. Preparation of the trialkylsilicon-protected iodoalkynylphenyl
building blocks 29a, 29b, 29¢ and 29d (yields are shown in brackets).

it was possible to calculate that polymer support 21 has 5.5 x
10~ equivalents of triazene per gram of polymer support.
Yields for pentamer formation were therefore calculated with
this loading. The pentamers were characterised by 'H and
BC NMR spectroscopy, mass spectrometry and elemental
analysis. There was no evidence for the presence of any other
oligomers, and the '*C NMR spectra clearly indicated the
different symmetries of the systems; the oligomerisation
process seems to be very efficient. As Moore reportsi® it
seems that the yields of pentamers reflect the efficiency of the
final methyl iodide liberation step, rather than the efficiency
of the repeated palladium-catalysed coupling reactions, since
the latter would reduce the purity of the pentamers. The
isolated yields of the final products do not seem to reflect the
efficiency of the coupling reaction, no shorter chains are

Chem. Eur. J. 2001, 7, No. 21
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prepared by sublimation at 300°C and at 2 x 10~” mbar over
several hours. Differential scanning calorimetry (DSC) anal-
ysis of the pentamers showed that irreversible polymerisation
occurs at temperatures above 300°C. Pentamers with ortho
links were the least stable, since they readily undergo
intramolecular Bergman cyclisation.'¥! I was unable to
prepare sublimed thin films of the other pentamers, so thin
films of pentamers 2 to 18 on fused silica were prepared by
spin-coating from toluene. Pentamer 1 is too insoluble in
toluene, and too crystalline, to form good films, but the other
pentamers seemed to form good amorphous films that did not
recrystallise within one month of film deposition. The
emission spectra of the thin films were broader and red-
shifted relative to those measured in solution; pentamer 5
showed the largest red shift (52 nm). Presumably this material
aggregates more strongly in the solid state. The absorption
and emission characteristics of pentamer 3 in the solid state
(amorphous thin film) and in solution are compared in
Figure 2.
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Table 2. Absorption and emission characteristics of pentamers 1-18.
;Lmax(abs) (loge) }'max(em) (¢) ;Lmax(abs) Amax(em)
CH,Cl, CH,Cl, solid state solid state
1 356 (5.15) 397, 418 (0.7) 3701l 420, 470, 48512
2 335 (4.70), 343 (4.70), 359 (5.08) 367, 384, 399 (0.7) 338, 365 422, 446, 467
3 328 (5.11) 389, 410, 424 (0.75) 325,373 420, 466
4 308 (5.13), 328 (5.19), 346 (4.76) 354, 371, 382, 401 (0.7) 311, 332 408, 425, 468
5 329 (5.05), 350 (5.03) 384, 404, 418 (0.65) 334, 382 436, 468
6 307 (5.05), 328 (5.10), 343 (4.87), 358 (4.75) 366, 383, 397 (0.65) 295, 310, 331, 363 418, 432, 467
7 297 (4.86), 281 (5.07), 287 (5.13), 307 (5.18), 327 (5.04) 333, 349, 357, 378 (0.65) 292, 310, 331 400, 471
8 281 (5.10), 307 (5.10), 328 (5.04) 350, 363, 377 (0.45) 289, 310, 332 397, 472
9 308 (5.08), 327 (4.97), 345 (4.75) 379, 399 (0.7) 296, 311, 331, 375 408, 468
10 328 (4.96), 344 (4.93) 392, 413 (0.7) 277, 303, 332 445, 471
11 309 (5.13), 328 (4.97) 377, 395 (0.5) 312,332 428, 468
12 298 (5.09) 386, 407 (0.5) 303 427, 470
13 290 (4.95), 331 (4.99) 386, 407 (0.75) 294, 331 429, 468
14 290 (5.15), 307 (5.04), 327 (5.94) 360, 377 (0.5) 292, 310, 332 402, 469
15 289 (5.18), 326 (4.79), 338 (4.72), 351 (4.52) 360, 379 (0.5) 292,332 404, 423, 468
16 297 (4.91), 333 (4.87) 382, 402 (0.65) 301, 334 428, 449, 469
17 280 (5.04), 307 (5.00), 328 (4.92) 371, 384, 400 (0.45) 283, 310, 331 402, 424, 469
18 279 (5.00), 296 (4.88), 318 (4.78) 378, 398 (0.3) 282, 326 482

[a] Pentamer film sublimed.

Absorption  Emission
......... Thin film " fY -eeeesoo= Thin film
T CH,Cl, ; CH,Cl T
A i
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Figure 2. Normalised absorption and emission spectra of pentamer 3.

Electroluminescence: Pentamer 3 was found to be the most
emissive material in solution (dichloromethane) and so was
my first choice for incorporation into three simple test light
emitting diodes (LEDs) to assess the suitability of these
pentamers for OEL. A single-layer LED was prepared by
spin-coating a 150 nm thick film of pentamer 3 onto indium tin
oxide (ITO) glass (20 2square!), aluminium and lithium
were then evaporated to form the cathode. Very faint blue
electroluminescence was observed at voltages of greater than
20V, but device performance seemed to be limited by a poor
match between the electrode work functions and the HOMO
and LUMO levels of pentamer 3. To improve hole injection a
50 nm thick film of PEDOT: PSS!l was spin-coated onto the
ITO before deposition of pentamer 3. Device performance
was improved significantly, a peak value of 5cdm=? was
observed at 16 V. The EL spectrum of this device is shown in
Figure 3, and the current-voltage-luminance characteristics
are shown in Figure 4. The electroluminescence is red-shifted
relative to the photoluminescence, presumably the emission
observed originates from an aggregate of pentamer 3 or a
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Figure 3. Normalised electroluminescence spectra from devices containing
pentamer 3.
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Figure 4. Voltage/current density/luminance characteristics for the two-
layer device ITO/PEDOT - PSS (50 nm)/pentamer 3 (150 nm)/Al:Li.
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species generated by pentamer 3 interacting with the cathode.
To improve electron injection into the ITO/PEDOT/penta-
mer 3/Al:Li device, a film of aluminium tris-8-hydoxyquino-
line (Algs;) (30 nm) was evaporated on top of pentamer 3.
Electron injection seemed to be improved but emission was
observed from the pentamer 3/Alq; interface, so appeared
blue-green in colour and became greener during device
operation; therefore, some diffusion of the organic layers
must take place. The current-density/voltage/luminance char-
acteristics of this device are shown in Figure 5. Solid lines
represent the characteristics for a previously untested device,
when the emission is blue-green, and dashed lines the
characteristics of a previously tested device when the emission
had become green. The EL spectra for this device, initial run
and then subsequent runs, are illustrated in Figure 3. Further
device optimisation was not carried out.

200 --©-- . —1250
} Current density o)
- ]
T "B"} Luminance " 200 T
150 f —0—
o o
£ £
E 150 3
~ )]
2-100 S
2 100 £
s £
= —
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= 50
O
OHHHHHH HHHHHHESa8a558 0
30

Voltage /| V —

Figure 5. Voltage/current density/luminance characteristics for the three-
layer device ITO/PEDOT-PSS (50 nm)/pentamer 3 (150 nm)/Alqs
(30 nm)/Al:Li, on first turning on the device (solid line), and on running
the device a second time (dashed line).

Conclusion

A library of 18 triisopropylsilyl-capped phenylene ethynylene
pentamers has been prepared by using fast parallel synthesis.
All 18 pentamers have the same molecular formula but
different geometries depending on whether the phenylene
ethynylene links are ortho, meta, or para. The pentamer chains
were grown on propylaminomethylated polystyrene by using
“tea bag” technology, which greatly reduced the time required
for the synthesis compared with using conventional solution
phase techniques. The photophysical properties of the pen-
tamers were measured in solution and then in thin films. The
pentamers were found to form good quality thin films when
spin-coated from toluene, and these films showed blue
photoluminescence. Pentamer 3 was found to have the highest
quantum efficiency in solution and, therefore, was incorpo-
rated into simple OEL devices; blue electroluminescence was
observed from pentamer 3. Three different device structures
were prepared and tested, the best device performance was
observed for the following device structure, ITO/PEDOT-
PSS/pentamer 3/Alqs/Al:Li; unfortunately recombination
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occurs at the pentamer 3/Alq; interface so the emission
appears green. Pentamer 3 shows promising OEL, but further
device optimisation to move the recombination zone into the
pentamer 3 layer needs to be carried out.

Fast parallel synthesis facilitated the preparation of a family
of phenylene ethynylene pentamers; however, to improve the
process of searching for new materials for OEL, the screening
of these materials needs to be accelerated. One needs to move
away from one-by-one device preparation towards the
manufacture of arrays of devices with varied device architec-
tures.[’”]

Experimental Section

Unless otherwise stated the starting materials were purchased commer-
cially and used without further purification. Flash column chromatography
was performed with Merck silica gel 60 um (230-400 mesh). Merrifield’s
polymer support, chloromethyl polystyrene, 1% crosslinked with divinyl-
benzene (1.0—1.5 mequiv of chlorine per gram of polymer support, 200—
400 mesh) was purchased from Aldrich. Dry triethylamine was obtained by
distillation from calcium hydride under nitrogen. Mass spectrometry was
carried out at the University of Southampton. Elemental analyses were
carried out at The Inorganic Chemistry Laboratory, Oxford University.
Infrared spectra were recorded on a Nicolet FTIR spectrometer. Infrared
analysis of the polymer support was carried out by placing approximately
1 mg of the polymer support between two NaCl plates, swelling the
polymer support by adding a drop of carbon tetrachloride and immediately
recording an FTIR spectrum. 'H NMR spectra in deuterochloroform were
recorded on a Bruker DPX300. Overlapping signals in *C NMR spectra
(determined by integration comparison of similar environments) are
denoted with an asterix.

Preparation of building blocks 29a, 29b and 29¢

Compound 27a:('"l 4-Todoaniline (26a; 10 g, 4.57 x 10-2 mol), palladium(i1)
acetate (205 mg, 9.1 x 10~* mol), copper(1) iodide (87 mg, 4.6 x 10~* mol),
and triphenylphosphine (480 mg, 1.8 x 10~3 mol) were dissolved in triethyl-
amine (100 mL, freshly distilled ex. CaH,), and the mixture degassed using
two freeze-thaw-saturate-with-nitrogen cycles. Trimethylsilylacetylene
(4.9 g, 71 mL, 5.0 x 102 mol) was then added by syringe, and the mixture
carefully degassed by boiling briefly under reduced pressure and then
flushing with nitrogen (trimethylsilylacetylene is rather volatile). After
stirring at room temperature overnight hexanes was added, and the
triethylaminehydrogen iodide removed by filtration through Celite. The
filtrate was evaporated and then purified by chromatography on silica
eluting with 1:1 dichloromethane/hexanes. Recrystallisation from hexanes
(hot to cold) yielded 27a as a pale brown solid (7.1 g, 82%). 'H NMR
(300 MHz, CDCl;, 25°C, TMS): 6 =727 (d, *J(H,H) =8 Hz, 2H), 6.57 (d,
3J(H,H) =8 Hz, 2H), 3.79 (s, 2H), 0.23 (s, 9H).

Compound 27b:["!! See preparation of 27a for experimental details. Yield:
8.0 g, 92 % of a pale brown solid; 'H NMR (300 MHz, CDCl;, 25°C, TMS):
0="708 (t, *)(HH) =8 Hz, 1H), 6.87 (dt, *J(H,H) =8 Hz, */(H,H) =1 Hz,
1H), 6.79 (t, /(H,H) =1 Hz, 1H), 6.63 (ddd, *J(H,H)=8 Hz, Y(H.H) =1,
1Hz, 1H), 3.65 (s, 2H), 0.23 (s, 9H).

Compound 27 c:!"!l See preparation of 27a for experimental details. Yield:
81g, 93%; 'H NMR (300 MHz, CDCl;, 25°C, TMS): 0=729 (dd,
3J(H,H) =8 Hz, “/(H,H) =1 Hz, 1H), 7.08—7.14 (m, 1H), 6.60-6.70 (m,
2H), 4.23 (s, 2H), 0.26 (s, 9H).

Compound 27d: See preparation of 27a for experimental details. Yield:
10.21 g, 86 % of a pale yellow oil; 'H NMR (300 MHz, CDCl;, 25 °C, TMS):
0=729 (d,’J(H,H) =8 Hz, 2H), 6.58 (d, *J(H,H) =8 Hz,2H), 3.78 (s, 2H),
1.12 (s, 21 H).

Comopund 28a:[" Boron trifluoride etherate (37.6 mL, 0.297 mol) was
added to a chilled (ice/acetone bath (—20°C)) three-necked round-
bottomed flask fitted with a pressure equalising dropping funnel and a
nitrogen inlet. When the solution had equilibrated to —20°C compound
27a (14 g, 739 x 1072 mol) dissolved in THF (200 mL) was added dropwise
over 5 mins. fert-Butyl nitrite (34.4 mL) in THF (100 mL, dry and nitrogen
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saturated) was then added dropwise to the chilled mixture over 30 mins.
The mixture was left at —20°C for a further 10 min before allowing the
mixture to warm up to 5°C over 20 min in an ice/water bath. Diethyl ether
(400 mL) was added to this mixture, and chilling this solution in an ice bath
for 15 min yielded a cream crystalline solid, which was collected by
filtration and washed with a minimum volume of cold diethyl ether. Yield
of 28a after drying in vacuo: 18.5 g, 87%; 'H NMR (300 MHz, CDCl,,
25°C, TMS): 6=8.80 (d, */(H,H)=8 Hz, 2H), 8.05 (d, */(H,H) =8 Hz,
2H), 0.28 (s, 9H); “C NMR (75 MHz, [Dg]acetone, 25°C, TMS): 6 =
136.00, 134.57, 133.57, 114.73, 107.69, 102.23, —0.70.

Compound 28b: See preparation of 28a for experimental details. Yield:
8.7 g, 92% of a white crystalline solid; '"H NMR (300 MHz, [Dg]acetone,
25°C, TMS): 6 =8.87 (t, “/(H,H)=2 Hz, 1H), 8.82 (dt, *J(H,H) =8 Hz,
4J(H,H)=1Hz, 1H), 8.34 (dt, *J(H,H) =8 Hz, */(H,H) =1 Hz, 1H), 8.06
(t, Y(H,H)=1Hz, 1H), 0.24 (s, 9H); C NMR (75 MHz, [D¢]acetone,
25°C, TMS): 0=144.09, 135.23, 132.87, 132.48, 126.49, 117.22, 100.64,
100.17, —0.96.

Compound 28c: See preparation of 28a for experimental details. Yield:
8.3 g, 78 % of a white crystalline solid; 'H NMR (300 MHz, CDCl;, 25°C,
TMS): 6 =8.88 (dd, *J(H,H) =8 Hz, */(H,H) =1 Hz, 1H), 8.06-8.12 (m,
1H), 7.78-788 (m, 2H), 0.34 (s, 9H); *C NMR (75 MHz, [D¢]acetone,
25°C, TMS): 0 =141.93, 134.67, 133.85, 131.96, 127.51, 117.69, 112.48, 95.41,
—0.47.

Compound 29a:!"! Potassium iodide (0.9 g, 5.42 mmol) was dissolved in
water/acetone (60:40, 5 mL), and the resulting solution cooled over ice/
water. The diazonium salt 28a (1 g, 3.47 mmol) was then added, followed
by water (100 mL) and then the mixture extracted with diethyl ether (3 x
50 mL). The combined extracts were washed with sodium thiosulphate
solution, dried over magnesium sulphate and then evaporated. Yield of
29a: 0.7 g, 67%; '"H NMR (300 MHz, CDCl;, 25°C, TMS): 6 =7.63 (d,
3J(H,H) =8 Hz, 2H), 7.18 (d, */(H,H) =8 Hz, 2H), 0.24 (s, 9H); *C NMR
(75 MHz, CDCl;, 25°C, TMS): 0=137.77, 133.84, 123.01, 104.36, 96.29,
94.89, 0.28.

Compound 29b: See preparation of 29a for experimental details. Yield:
6.3 g, 61% of a colourless oil; 'H NMR (300 MHz, CDCl;, 25°C, TMS):
0="182 (t, J(H,H) =2 Hz, 1H), 7.64 (dt, >J(H,H) =8 Hz, */(H,H) =2 Hz,
1H), 741 (dt,*J(H,H) = 8 Hz, “/(H,H) =2 Hz, 1H), 7.03 (t, *J(H,H) = 8 Hz,
1H), 0.24 (s, 9H); C NMR (75 MHz, CDCl;, 25°C, TMS): 6 =140.93,
137.89, 131.42, 130.13, 125.56, 103.53, 96.29, 93.93, 0.27.

Compound 29c¢: See preparation of 29a for experimental details. Yield:
0.7 g, 65% of a colourless oil; "H NMR (300 MHz, CDCl;, 25°C, TMS):
0=783 (dd, 3J(H,H)=8 Hz, “/(H,H)=1Hz, 1H), 747 (dd, 3(HH)=
8 Hz, “/(H,H)=1Hz, 1H), 725-730 (m, 1H), 6.96-7.02 (m, 1H), 0.29
(s, 9H); C NMR (75 MHz, CDCl;, 25°C, TMS): 6=139.08, 133.10,
130.02, 129.96, 128.10, 106.91, 101.69, 99.19, 0.22.

Compound 29d: Boron trifluoride etherate (37.6 mL, 0.297 mol) was added
to a chilled (ice/acetone bath (—20°C)) three-necked round-bottomed
flask fitted with a pressure equalising dropping funnel and a nitrogen inlet.
When the solution had equilibrated to —20°C compound 27d (10 g, 3.66 x
1072 mol) dissolved in THF (70 mL) was added dropwise over 5 mins. fert-
Butyl nitrite (15.3 mL, 13.3 g, 0.129 mol) in THF (30 mL, dry and nitrogen
saturated) was then added dropwise to the chilled mixture over 30 min. The
mixture was left at —20°C for a further 10 min before allowing the mixture
to warm up to 5 °C over 20 min in an ice/water bath. Hexanes (200 mL) was
added to this mixture, and chilling this solution in an ice bath for 15 min
yielded 28d as a pale brown oil, which was separated from the reaction
mixture, frozen in liquid nitrogen and dried in vacuo. Compound 28d was
used in the next step without any further purification. Potassium iodide
(9 g, 0.054 mol) was dissolved in water/acetone (60:40, 50 mL), and the
resulting solution cooled over ice/water. The diazonium salt 28d (1 g,
3.47 mmol) was then added followed by water (100 mL). The resulting
mixture was then extracted with diethyl ether (3 x 50 mL). The combined
extracts were washed with sodium thiosulphate solution, dried over
magnesium sulphate and then evaporated. Compound 29d was purified
by flash column chromatography on silica eluting with hexanes to yield
29d, 6.2 g, 44%. '"H NMR (300 MHz, CDCl;, 25°C, TMS): d =7.64 (d,
3J(HH) =8 Hz, 2H), 7.19 (d, *J(H,H) =8 Hz, 2H), 1.12 (5,21 H); ®*C NMR
(75 MHz, CDCl;, 25°C, TMS): 0 =137.73, 133.93, 123.41, 106.34, 94.56,
92.79, 19.04, 11.67.
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Compound 21: Compound 28b (6.56g, 2.28 x 102 mol) was added
portionwise to a chilled suspension of propylaminomethyl polystyrene
20821 (20 g) potassium carbonate (finely powdered, 2.96¢g) in DMF
(250 mL). The addition was carried out at 0°C, and a sample was extracted
and added to diethylamine periodically, the addition of 28b was stopped
when a trace of the diethyl triazine was observed. The polymer support 21
was decanted onto a frit with DMF and washed with methanol, water,
methanol, THF, and methanol (800 mL of each), and then dried under
reduced pressure to yield 22.82 g, 0.754 mequivs of triazine per gram of
resin (determined by combustion analysis). IR indicated that no proto-
desilylation of the TMS group had taken place during the reaction. Polymer
support 21 (20 g) was added to THF (180 mL) containing tetrabutylam-
monium fluoride (16 mL, 1M in THF, 5 wt% water). The mixture was
stirred periodically for 5 mins, before transfer of the polymer support onto
a frit and careful washing with THF (600 mL) and methanol (600 mL).
Yield of 22 after careful drying: 18.6 g; IR (thin film): ¥ =3310(C=C—H)),
2210 cm™! (C=C).

Generalised procedure for pentamer preparation: Eighteen 4 cm diameter
polyester “tea bags” each containing 1 g of 22 were prepared. Freshly
distilled (ex CaH,) triethylamine was added to palladium dibenzylidene
acetone (2.4mwm), copper (1) iodide (4 mm) and triphenylphosphine (20 mm)
under nitrogen. The resulting mixture was stirred at 70°C for 2 h. The
catalyst mixture was then allowed to settle, and the solution decanted;
10 mL of catalyst solution was added for each “tea bag”. Arylacetylene-
TMS iodides 29a, b, ¢ (231 mg per “tea bag”) or arylacetylene-TIPS iodide
29d (296 mg per “tea bag”) were added. All reactions were initially left for
12 h at 65 °C before analysis of the resin by FT IR to estimate the degree of
reaction.

Tetrabutylammonium fluoride protodesilylation: Protodesilylation was
carried out on all eighteen “tea bags” simultaneously. The tea bags were
placed in a beaker and covered with tetrahydrofuran. Tetrabutylammo-
nium fluoride (20 mL, 1m solution in THF, 5 wt% water) was then added,
and the mixture agitated. After 15 min the “tea bags” were thoroughly
washed with THF and then methanol, before drying at 75 °C under reduced
pressure. A sample of resin from one bag was then tested by swelling with
carbon tetrachloride and measuring the IR spectrum to check that
complete protodesilylation had occurred.

Removal of the polystyrene-bound pentamers: Each “tea bag” was treated
with methyl iodide (10 mL) in a sealed tube at 110°C for 12 hours. The
methyl iodide was then removed by evaporation and 10 mL of the
following catalyst solution added (palladium dibenzylidene acetone
(2.4mm), copper() iodide (4mm) and triphenylphosphine (20mm) in
freshly distilled (ex CaH,) pyridine and diethylamine (1:1)) along with
triisopropylsilylacetylene (0.5 mL, 0.002 mol). The pressure tubes were
sealed and heated to 110°C for 12 h. Each pentamer was then purified by
flash column chromatography 5% dichloromethane in hexanes, followed
by recrystallisation from dichloromethane with layered addition of
methanol.

Pentamer 1: M.p. 286°C; 'H NMR (300 MHz, CDCl;, 25°C, TMS): 6 =7.52
(s, 12H), 746 (s, 8H), 1.14 (s, 42H); C NMR (75 MHz, CDCl;, 25°C): 6 =
132.43, 132.01, 131.80, 123.97, 123.48, 123.44, 123.38, 123.20, 106.96, 93.41,
91.55, 91.50, 91.46, 91.25, 19.08, 11.69; MS (MALDI-Tof, dihydroxybenzoic
acid matrix): m/z: 839.5 [M]*; elemental analysis calcd (%) for CgHg,Si,
(839.4): C 85.85, H 7.46; found: C 85.35, H 7.56.

Pentamer 2: M.p. 90°C; '"H NMR (300 MHz, CDCl;, 25°C, TMS): 6 =773
(m, 1H), 740-750 (m, 18H), 735 (m, 1H), 1.13 (s, 42H); *C NMR
(75 MHz, CDCl;, 25°C): 6 =135.04, 132.43, 132.03, 132.00, 131.92, 131.81,
129.00, 123.98, 123.86, 123.49, 123.40, 123.25, 107.01, 93.40, 91.52, 91.27,
90.87, 90.17, 19.10, 11.72; MS (MALDI-Tof, a-cyano-4-hydroxycinnamic
acid): m/z: 1635.6 [2M —iPr]*, 8382 [M]*, 7952 [M —iPr]*; elemental
analysis calcd (%) for C4Hg,Si, (839.4): C 85.85, H 7.46; found: C 86.01, H
7.93.

Pentamer 3: M.p. 169°C; 'H NMR (300 MHz, CDCl;, 25°C, TMS): 6 =
740-7.60 (m, 18H), 734 (m, 2H), 1.41 (s, 42H); C NMR (75 MHz,
CDCl;, 25°C): 6 =132.43, 132.22, 132.03, 131.99, 131.81, 128.69, 126.07,
123.97, 123.63, 123.52, 123.24, 107.00, 93.81, 93.40, 91.57, 91.28, 90.67, 19.08,
11.71; MS (MALDI-Tof, a-cyano-4-hydroxycinnamic acid): m/z: 1677.6
[2M]*, 839.1 [M]*; elemental analysis calcd (%) for C4Hg,Si, (839.4): C
85.85, H 7.46; found: C 85.81, H 7.73.
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Pentamer 4: '"H NMR (300 MHz, CDCl;, 25°C, TMS): § =7.72 (m, 2H),
745-752 (m, 16H), 7.32-737 (m, 2H), 1.41 (s, 42H); ®C NMR (75 MHz,
CDCl;, 25°C): 6 =135.04, 132.42, 132.03, 131.87, 131.82, 128.97, 123.97,
123.87,123.82, 123.43, 123.20, 106.98, 93.36, 90.84, 90.64, 90.19, 90.10, 19.08,
11.70; MS (MALDI-Tof, a-cyano-4-hydroxycinnamic acid): m/z: 1678.1
[2M]*, 839.4 [M]"; elemental analysis calcd (%) for CqHg,Si, (839.4): C
85.85, H 7.46; found: C 85.61, H 7.62.

Pentamer 5: '"H NMR (300 MHz, CDCl;, 25°C, TMS):  =7.72 (m, 1H),
740-7.53 (m, 18H), 7.35 (m, 1H), 1.14 (s, 42H); *C NMR (75 MHz,
CDCl;, 25°C): 6 =135.04, 132.42, 132.03, 132.00, 131.86, 131.82, 131.80,
128.98, 123.98*, 123.88, 123.82, 123.49, 123.44*, 123.40, 123.21, 123.20,
106.98%, 93.41, 93.37, 91.54, 91.45%, 91.25, 90.88, 90.63, 90.19, 90.11, 19.08,
11.70; MS (MALDI-Tof, a-cyano-4-hydroxycinnamic acid): m/z: 1677.6
[2M]*, 839.3 [M]*; elemental analysis calcd (%) for CqHg,Si, (839.4): C
85.85, H 7.46; found: C 86.03, H 7.07.

Pentamer 6: 'H NMR (300 MHz, CDCl;, 25°C, TMS): 6 =7.72 (m, 2H),
7.60-7.74 (m, 16H), 7.30-7.36 (m, 2H), 1.26 (s, 42H); *C NMR (75 MHz,
CDCl;, 25°C): 6=135.07, 132.42, 132.03, 131.99, 131.94, 131.90, 131.83,
131.81, 128.97, 123.97*, 123.88, 123.84*, 123.81, 123.48, 123.39, 123.24,
123.22, 107.00%, 93.40, 93.36, 91.50, 91.26, 90.86, 90.66, 90.20, 90.15, 89.57,
89.53, 19.08, 11.71; MS (MALDI-Tof, a-cyano-4-hydroxycinnamic acid):
mlz:1677.6 [2M]"; MS (APCI): m/z: 880.0 [M+K]", 836.6 [M]*; elemental
analysis caled (%) for C4Hg,Si,(CH;OH) s (871.45): C 84.93, H 7.55;
found: C 84.96, H 7.83.

Pentamer 7: 'H NMR (300 MHz, CDCl;, 25°C, TMS): 6 =7.72 (m, 3H),
740-7.54 (m, 14H), 7.30-740 (m, 3H), 1.14 (s, 42H); *C NMR (75 MHz,
CDCl;, 25°C): 6=135.07, 132.42, 131.93, 131.91, 131.88, 131.83, 128.97,
123.96, 123.86, 123.828, 123.21, 106.99, 93.35, 90.65, 90.18, 89.54*, 19.08,
11.73; MS (MALDI-Tof, a-cyano-4-hydroxycinnamic acid): m/z: 1678.9
[2M]*; MS (APCI): m/z: 880.4 [M+K]*, 839.1 [M]*; elemental analysis
caled (%) for CeHg,Si, (839.4): C 85.85, H 7.46; found: C 85.48, H 7.70.
Pentamer 8: '"H NMR (300 MHz, CDCl;, 25°C, TMS): 6 =7.75 (m, 2H),
730-7.59 (m, 18H), 1.14 (s, 42H); *C NMR (75 MHz, CDCl;, 25°C): 6 =
135.17, 132.35, 132.15, 131.86, 131.82, 129.01, 128.66, 126.16, 124.03, 123.92,
123.88, 123.21, 107.01, 93.27, 93.25, 90.64, 90.17, 89.34, 19.08, 11.71; MS
(MALDI-Tof, a-cyano-4-hydroxycinnamic acid): m/z: 1677.6 [2M]* 839.3
[M]*; elemental analysis caled (%) for C4Hg,Si, (839.4): C 85.85, H 7.46;
found: C 85.51, H 7.23.

Pentamer 9: '"H NMR (300 MHz, CDCl;, 25°C, TMS): 6 =7.77 (m, 1H),
730-7.60 (m, 19H), 1.14 (s, 21H), 1.12 (s, 21H); C NMR (75 MHz,
CDCl;, 25°C): 6 =135.25, 132.43, 132.19, 132.14, 132.04, 131.86, 131.76,
131.69, 129.02, 128.68, 126.20, 126.05, 124.03, 123.96*, 123.90, 123.63, 123.51,
123.18%, 107.01, 106.96, 93.79, 93.31*, 93.28, 91.55, 91.25, 90.66, 90.60, 90.19,
89.38, 19.07, 18.86, 11.71, 11.68; MS (MALDI-Tof, a-cyano-4-hydroxycin-
namic acid): m/z: 1678.6 [2M]*, 839.3 [M]*; elemental analysis calcd (%)
for CgHg,Si, (839.4): C 85.85, H 7.46; found: C 86.11, H 7.45.

Pentamer 10: 'H NMR (300 MHz, CDCl;, 25°C, TMS): 6 =7.40-7.60 (m,
18H), 7.30—7.40 (m, 2H). 1.14 (s, 42H); *C NMR (75 MHz, CDCl;, 25°C):
0=132.46, 132.42, 132.23, 132.05, 132.00, 131.80, 128.69, 128.66, 126.07
126.00, 124.00, 123.97, 123.68, 123.47, 123.44*,123.42, 123.22, 106.99*, 93.81,
93.75, 93.41%, 91.53, 91.49%, 91.26, 90.67, 90.41, 19.08, 11.71; MS (APCI):
miz: 880.2 [M+K]", 838.0 [M]"; elemental analysis calcd (%) for Cy,Hg,Si,
(839.4): C 85.85, H 7.46; found: C 85.76, H 7.17.

Pentamer 11: 'H NMR (300 MHz, CDCl;, 25°C, TMS): 6 =7.72 (m, 1H),
7.40-7.60 (m, 16 H), 7.30-7.40 (m, 3H), 1.14 (s, 42H); 3C NMR (75 MHz,
CDCl;, 25°C): 0=135.06, 132.46, 132.41, 132.23, 132.07, 131.97, 131.87,
131.82, 131.79, 128.97, 128.68, 128.65, 126.07, 126.01, 124.00, 123.96, 123.87,
123.84, 123.67, 123.44%*, 123.21, 106.99%, 93.80, 93.74, 93.40, 93.35, 90.87,
90.65, 90.62, 90.41, 90.18, 90.15, 19.08, 11.71; MS (APCI): m/z: 880.0
[M+K]*, 838.0 [M]*; elemental analysis calcd (%) for CsHgSi,(CsHig)o76
(904.91): C 85.65, H 8.10; found: C 85.37, H 8.11.

Pentamer 12: 'H NMR (300 MHz, CDCl;, 25°C, TMS): 6 =7.40-7.60 (m,
16H), 7.30-7.40 (m, 4H), 1.13 (s, 42H); *C NMR (75 MHz, CDCl;, 25°C):
0=132.46, 132.25, 132.02, 131.78, 128.67, 128.64, 126.07, 126.01, 124.01,
123.68, 123.42, 106.97, 93.83, 93.77, 93.38, 90.64, 90.38, 19.08, 11.70; MS
(APCI): m/z: 881.0 [M+K]", 839.0 [M]"; elemental analysis calcd (%) for
CsoHg,Si,(CH;0H), 5, (856.07): C 84.90, H 7.56; found: C 84.90, H 7.48.

Pentamer 13: '"H NMR (300 MHz, CDCl;, 25°C, TMS): 8 =778 (m, 1 H),
740-7.60 (m, 16H), 730-740 (m, 3H), 1.14 (s, 21H), 1.13 (s, 21 H);
13C NMR (75 MHz, CDCl;, 25°C): 6 =135.20, 132.46, 132.42, 132.28,
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132.21, 132.01, 131.86, 131.78, 129.05, 128.67, 128.65, 126.18, 125.94, 124.07,
124.00. 123.94, 123.88, 123.48, 123.47, 123.36, 123.28, 107.00*, 93.78, 93.39%*,
93.19, 91.45, 91.30, 90.83, 90.45, 90.17, 89.39, 19.09, 11.71; MS (APCI): m/z:
880.3 [M+K]*, 838.2 [M]"; elemental analysis calcd (%) for CyHg,Si,
(839.4): C 85.85, H 7.46; found: C 85.42, H 7.75.

Pentamer 14: 'H NMR (300 MHz, CDCl;, 25°C, TMS): 6 =7.69 (m, 1H),
771 (t, J=1.6 Hz, 1H), 7.6-7.4 (m, 14H), 74-7.3 (m, 4H), 1.14 (s, 21 H),
1.12 (s,21H); BC NMR (75 MHz, CDCl;, 25°C): 6 =135.12, 135.05, 132.45,
132.41, 132.29, 131.93, 131.85, 131.83, 129.04, 128.99, 128.67, 128.65, 126.12,
125.94,124.05, 123.99, 123.94, 123.86*, 123.79, 123.47, 123.25, 107.01%*, 93.79,
93.36, 93.32, 93.15, 90.70, 90.43, 90.16, 89.58, 89.54, 89.33, 19.29, 11.71; MS
(APCI): m/z: 880.3 [M+K]", 839.0 [M]*; elemental analysis calcd (%) for
CeoHeg,Si;(CH;0H), 5, (849.34): C 85.27, H 7.52; found: C 85.28, H 7.52.

Pentamer 15: '"H NMR (300 MHz, CDCl;, 25°C, TMS): 6 =7.83 (m, 1H),
7.30-7.60 (m, 19H), 1.13 (s, 42H); 3C NMR (75 MHz, CDCl;, 25°C): 6 =
135.18, 132.44, 132.29, 131.81, 129.10, 128.65, 126.10, 125.90, 124.10, 123.93,
123.43, 107.07, 93.78, 93.21, 93.15, 90.39, 89.37, 19.09, 11.90; MS (MALDI-
Tof, a-cyano-4-hydroxycinnamic acid): m/z: 1678.6 [2M]*, 795.1 [M —
iPr]*; MS (APCI): miz: 880.0 [M+K]*, 839.2 [M]".

Pentamer 16: '"H NMR (300 MHz, CDCl;, 25°C, TMS): 6 =7.30-7.63 (m,
20H), 1.14 (s, 21 H), 1.13 (s, 21H); *C NMR (75 MHz, CDCl;, 25°C): d =
132.44, 132.40, 132.27, 132.25, 132.06, 131.87, 131.82, 131.77, 128.69, 128.65,
128.60, 126.26, 126.23, 125.99, 125.95, 123.91, 123.76, 123.64, 123.45, 123.29,
123.24, 107.12, 107.01, 93.89, 93.86, 93.35, 93.13, 92.70, 92.68, 91.38, 91.35,
90.65, 90.41, 19.08, 11.71; MS (MALDI-Tof, a-cyano-4-hydroxycinnamic
acid): m/z: 1678.4 [2M]*, 839.4 [M]*; MS (APCI): m/z: 880.0 [M+K]",
839.2 [M]*.

Pentamer 17: 'H NMR (300 MHz, CDCl;, 25°C, TMS): 6 =7.70 (m, 1H),
720-7.65 (m, 19H), 1.14 (s, 21H), 1.12 (s, 21H); C NMR (75 MHz,
CDCl;, 25°C): 6 =135.40, 132.52, 132.40, 132.38, 132.25, 132.22, 131.86,
131.83, 131.81, 131.65, 128.79, 128.68, 128.63, 128.60, 126.36, 126.23, 125.97,
125.94, 107.11, 107.00, 93.88, 93.30, 93.13, 92.69, 90.77, 90.45, 89.96, 89.35,
19.07, 11.71; MS (MALDI-Tof, a-cyano-4-hydroxycinnamic acid): m/z:
16774 [2M]*; MS (APCI): m/z: 879.9 [M+K]*, 838.9 [M]*.

Pentamer 18: 'H NMR (CDCl;, 300 MHz): 6 =7.10-7.70 (m, 20H), 1.13 (s,
42H); BC NMR (CDCl;, 75 MHz): 6 =132.62, 132.55, 132.22, 132.07,
131.81, 128.64, 128.47, 128.41, 126.19, 126.10, 125.88, 123.67, 123.50, 107.17,
93.72, 93.00, 92.82, 92.70, 90.47, 19.08, 11.70; MS (MALDI-Tof, a-cyano-4-
hydroxycinnamic acid): m/z: 16774 [2M]*, 839.1 [M]*; MS (APCI): m/z:
838.9 [M]".

Photophysical experiments: Absorption spectra were measured on a
Shimadzu 2401PC spectrophotometer. Photoluminescence spectra of
materials in solution were measured with a Perkin—Elmer LS50B
spectrophotometer. The photoluminescence quantum yields in dichloro-
methane were measured by comparison with anthracene in ethanol
(27%).'} The solid-state photoluminescence spectra were measured by
using an Edinburgh Instruments FS900CDT spectrofluorimeter.

Thin films (ca. 50 nm) of the pentamers for photoluminescence were
prepared by spin-coating onto fused silica from toluene (15 mgmL~') at
4 krpm for 40 s, and their photoluminescence characteristics investigated in
air.

Electroluminescence: ITO on glass with a sheet resistivity of 20 2 square~!
was obtained from Merck; it was cleaned by sonication in Decon, followed
by 2% sodium hydroxide solution, washed with deionised water and then
dried from iso-propanol. The ITO on glass was then patterned, by etching,
into 2 mm width strips, and then cleaned again, before depositing any
organic layers. The metal cathodes (2 mm width strips) were evaporated
normal to the ITO strips, thus defining 2 mm x 2mm pixels. The luminance/
current/voltage characteristics were measured by using a Topcon BM-7
luminance meter and a current/voltage measuring unit (Kiethley SM4236)
under N,. Electroluminescence spectra were measured by using an
Edinburgh Instruments FS900CDT spectrofluorimeter.

ITO/pentamer 3 (150 nm)/Al:Li: Pentamer 3 (45 mg mL™') in toluene was
deposited (150 nm) onto ITO-glass by spin-coating under nitrogen (2 krpm
for 40 s); the substrate was then placed in the evaporation chamber without
exposure to air and pumped overnight. The aluminium lithium cathode was
evaporated at 107" mbar. <5% lithium was incorporated into the
aluminium cathode by coevaporating aluminium and lithium; the lithium
was evaporated from a getter supplied by SAES Getters.
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ITO/PEDOT- PSS (50 nm)/pentamer 3 (150 nm)/Al:Li: PEDOT-PSS
(Baytron P, Bayer)!" was spin-coated onto ITO-glass under nitrogen; the
resulting film was heated to 110°C for 1 h under nitrogen, resulting in a film
about 50 nm thick; after cooling pentamer 3 and aluminium were deposited
as outlined above.

ITO/PEDOT- PSS (50 nm)/pentamer 3 (150 nm)/Alq; (30 nm)/Al:Li: In
this device Alq; was evaporated at 1077 mbar.
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Conformational Preferences for 3-Piperideines:
An Ab Initio and Molecular Mechanics Study

Anatoly M. Belostotskii,* Michael Shokhen, Hugo E. Gottlieb, and Alfred Hassner!*!

Abstract: Conformational preferences in alkyl- as well as Ph-substituted 3-piper-
ideines (1,2,3,6-tetrahydropyridines) have been characterized by ab initio and

molecular mechanics calculations. A set of rules and subrules for estimation of the
conformational equilibrium (in terms of preferred substituent orientation) in these
systems, with differently positioned ring substituent (-s), is presented. Examples of

Keywords: ab initio calculations -
conformation analysis - nitrogen
heterocycles -+ NMR spectroscopy

the revision of some previous stereochemical assignments demonstrate the reliability

of these rules.

Introduction

From the point of view of conformational analysis, six-
membered saturated carbo- and heterocycles are probably the
most studied organic systems. Surprisingly, the conformation-
related knowledge for six-membered rings with one endocy-
clic double bond is poor: only cyclohexene compounds have
been studied systematically. The unsaturated carbocyclic
backbone adopts a half-chair conformation*! (see Figure 1)
in the absence of additional sp?-hybridized ring atoms or
covalent fixation of another conformation by a rigid structural
fragment. A slight predominance of equatorial (e) over axial
(a) substituent orientation has been determined for nonbulky
4-substituents (halogen, OH, CN),['* 2l while pseudoaxial
(ya) orientation versus pseudoequatorial (1e) orientation is
slightly preferred for these substituents in the 3-position of the
ring.'d In contrast, determination of the conformational
energy for a Me group in the cyclohexene half-chair gave
the same preference (1 kcalmol~!) for both e and e orienta-
tions (i.e., for 3-Me and 4-Me groups, respectively).['» 20l

The piperideine (tetrahydropyridine) cycle, a cyclohexene
azaanalogue, is a basic structural fragment of many alka-
loidsP*<l (e.g., arecoline, lobenine, anatabine, salsolidine).
Conformation analysis of these biologically active amines is
necessary for the understanding of the molecular mechanisms
of their action.*® ¢l In addition, establishment of conforma-
tional preferences in these partly unsaturated systems is
desirable for development of the strategies of stereospecific
synthesis of azacycles.

[a] Dr. A. M. Belostotskii, Dr. M. Shokhen, Dr. H. E. Gottlieb
Dr. A. Hassner
Chemistry Department, Bar-Ilan University
Ramat-Gan 52900 (Israel)
Fax: (+972)42-3-535-1250
E-mail: belostot@mail.biu.ac.il
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Figure 1. Substituent orientations in the half-chair conformation (opti-
mized by MM3; a=axial, e=equatorial, ¥a = pseudoaxial, e = pseu-
doequatorial; spatially equivalent orientations are underlined) of cyclo-
hexene (the upper structure) and 3-piperideine (the lower structure). For
3-piperideine, the conformer with the axially oriented N-H substituent is
shown.
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Similarly to cyclohexenes, a half-chair is the predominant
conformation for the piperideine ring.!! It is questionable
whether other conclusions regarding conformational equilib-
rium in cyclohexenes may be transferred to substituted
piperideines. For instance, while e or e orientations for Me
groups would also be expected for piperideine compounds,
both a and e orientations have been reported to predominate
for 6-alkyl substituents in different N-benzyl-2,6-disubstituted
3-piperideines.P> " A wya orientation of the Me group has
been deduced from CD (circular dichroism) data for 1-methyl
tetrahydroisoquinolines (structural components of several
important alkaloids).["!

Herein we report quantitative conformation analysis of
differently substituted 3-piperideines that is performed by ab
initio quantum mechanical as well as molecular mechanics
calculations. We have examined mainly Me substitution of six-
membered cycles in order to establish conformational pref-
erences for the basic piperideine systems, which possess no
special electronic effects of substituents (e.g., anomeric
effect) on conformation. In order to prove the accuracy of
our calculations for these piperideines 1a—n, selected com-
pounds with an experimentally determined conformational
equilibrium, such as cyclohexenes 2a,b, piperidines 3a,b, and
piperideine 4, are included in the calculations (see Figures 2 —
9). Examples of piperideines Sa—j and 6a—e (see Figure 7
and 8) provide information on the preferential orientation of
a Me substituent in these piperideine rings in the presence of
neighboring Ph or rBu groups.

Results and Discussion

A substituent on a sp*-hybridized carbon atom of a cyclo-

hexene cycle can occupy four nonequivalent spatial orienta-

tions: e, ya, e, and a (see Figure 1). Regarding 3-piper-
ideines, there are eight such substituent orientations (four
pairs of nonequivalent e, ya, e, and a orientations). Thus,

monosubstituted compounds 1a—d and Sa,eh (see Figure 5

and 7) represent 3-piperideines whose conformational equi-

librium is determined by a methyl or a phenyl group,
respectively, in different positions of the cycle.

No additivity of conformational energies is present evi-
dently for vicinally dialkylated systems due to steric inter-
actions between these substituents in synclinal conformation
(for an analysis of the conformational energy in vicinally
methylated cycles see, e.g., refs.[la] and [7]). Also 1,3-
disubstituted six-membered cycles possess a repulsive steric
interaction in the 1,3-a,a (or a,a) conformation. Thus,
3-piperideines 1le—n, Sb-d.fg,i,j, and 6a—d (see Figure 6, 7,
and 8) represent systems of nonadditive conformational
energies.

Molecular mechanics as well as ab initio calculations were
used for conformation analysis of these compounds (for
details see Experimental Section).

a) Molecular mechanics calculations were performed using
the MM3 force field®! implemented into the Macromod-
el 6.5 package.[®> I A Monte-Carlo-based conformational
search (also a Macromodel utility) was applied to Ph-
containing “multiconformer” systems. MM3 has already

4716 ——
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been used for the conformational analysis of some
piperideinesl®! although there was no evidence for satis-
factory accuracy for these compounds. Nevertheless, the
high accuracy of MM3-derived results for piperidines'®- 2]
permitted us to assume that this force field may be
applicable to conformational analysis of their partially
unsaturated analogues.

b) In contrast to alkylamines,'?l allylamines have not been
explicitly parameterized in the force field frames. There-
fore, quantum mechanical ab initio calculations have been
employed in order to provide an independent estimation
of conformational equilibrium in piperideines. The mo-
lecular geometry of piperideine conformers has been
optimized on the HF/6-31G* level as well as on the
MP2/6-31G* level of theory (i.e., taking into account the
electron correlation energy).

We should mention that MM3-provided steric energy (E;)
partly takes into account the entropy contribution in the
Gibbs energy at ambient temperature (see, e.g., ref. [11b]).
Therefore, in order to compare the MM3- and ab initio
derived data, our ab initio calculations provide results for the
difference in full electron energy (AE) of conformers as well
as for the difference in free energy AGY,, (in harmonic
approximation) of conformers at 298.15 K (at the MP2/6-
31G* level).

The calculation accuracy was estimated by comparison of
the obtained values of the conformational energy with the
experimental data for cyclohexenes2a,b,'*2°] piperidines
3all and 3b, as well as piperideine 441 (see Figure 2 for

/
/“F = F

AG" = 1.1 keal mol™
exo endo

Figure 2. NMR-detected conformational exo-endo transformation for
tropane 3b (the AG® value determined in this work is shown).

our data for 3b and Figures3 and 4 for the reported
experimental values). The conformational equilibrium for
tropane 3b (in CD,Cl,) was measured by NMR spectroscopy
at 185.1,205.6, 216.1, and 226.6 K by the integration of the 3C
signal intensities for the major (exo-N-Me) and the minor
(endo-N-Me) conformers (see Figure 2). The measured pop-
ulation of the minor conformer was 5, 7, 7, and 85%
proceeding from the lowest temperature to the highest one.
Thus, the AG° value is 1.1 kcalmol™! in this temperature
interval for the exo-N-Me —endo-N-Me conformational trans-
formation of 3b.°1 Taking into account a weak AG®—(T)
dependence for this compound, we can conclude that our
experimental data are in good agreement with the ab initio
(for 298 K) as well as molecular mechanics calculation results
for the conformational equilibrium in 3b.

Furthermore, NMR data for piperideine 1d support qual-
itatively the calculation-based estimation of the conforma-
tional equilibrium for this compound. In spite of the observed
dichotomy of the signals of the geminal ring protons of 1d at
low temperature (down to 165 K in CD,Cl,), that is, under
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Figure 3. Optimized geometry (by MM3) and energy differences
(kcalmol™'; relative to the lowest-energy conformer by different calcu-
lation methods for the geometries optimized by these methods) of
conformers of benzoquinolizidine 4. The values in bold show the AGY,4
values calculated at the MP2/6-31G* level for 298.15 K and 1 atm. The
second and the third value in each line are related to AE values calculated
at the MP2/6-31G* and RHF/6-31G* level, respectively. The values in
italics represent the MM3-derived AE; values. Experimental AGY value
(kcalmol™') at ambient temperature (in square) is taken from ref. [14].

conditions of slow conformational exchange, no signals for a

minor conformer (with an a-N-Me group) were detected in

13C as well as 'H spectra. In other words, the minor conformer
is present in less than 4—5 %. The results from the ab initio as
well as MM3 estimations also lie below this content limit (see

Figure 5).

Values of AE (in vacuum approximation) for optimized
structures for compounds 1a—m and 4 are presented for the
HF/6-31G* level as well as MP2/6-31G* level (Figures 3, 4, 5,
and 6). Values of AG?,, at 298.15 K for these compounds are
presented for the MP2/6-31G* level. Also molecular mechan-
ics-derived values of AE, (steric energy difference; Figures 3 —
10) belong to in vacuum approximation. We can conclude
that:

a) The MP2/6-31G* level is sufficient to estimate quantita-
tively the conformational equilibrium for six-membered
flexible cycles: ab initio estimates of AGY,4 at 298 K for
conformers of cyclohexenes2a,b, piperidines 3a,b, and
piperideine 4 deviate only by 0.1, 0.3, 0.1, 0.3, and
0.6 kcalmol~! (0.4 kcalmol~! for AE), respectively, from
the experimental data (obtained for solutions of these
compounds in nonpolar aprotic solvents). It also means
that the influence of solvation effects on the conforma-
tional equilibrium is negligible for these compounds.
Even taking into account only full electron energy gives
a small correction in energy (the difference between
AGY, .4 vs. AE is 0.0-0.4 kcal mol ") for every i-conformer
of most of the compounds. Only for one conformer for
each of the compounds 1gk and 3a, the difference is 0.8,
0.9, and 1.2 kcalmol~!, respectively. At the same time, the
6-31G* level is less reliable: the difference between
experimental and the 6-31G*-derived values of AFE is
0.7 kcalmol~! for compound 2a and 0.6 kcalmol~! for
compound 3a.

b) MM3-derived AE, values are usually near the correspond-
ing ab initio AGY%, values (for 298 K) for the studied
conformers of piperideines 1a-m,4 as well as of cyclo-

hexenes 2ab and piperi-

- dines 3a,b: linear regres-
TN TN /\ / : :

N O\ NUZEaN Q H\N/‘ﬁ /C!: 'F )/Nil sion analysis for AE, and
0.0 000000 2a | 00000000 0.7 1.9 1.5 0.9 3a 3b AGlyq values (for 56
2 0.0 0.0 0.0 0.0 structures)  gives  the
e N% 0.3 kcalmol~! value of the
A: S/ ! / standard regression error.
% 07 06 S 0s 0.0 6.0 0.0 0.0 Such a good correlation
706090 between the differences in
1108 1.7 1.2 N/jﬁ 141307 14 conformer energies, which
| have been provided by two
2_0H2.1 19 1.1 quite different calculation
methodologies, demon-
N% strates a significant degree
l ' of reliability of the results.
1.0 1.0 H 0.8 1.1 It shows also the applicabil-

) 1112 1.1 08 . o
ity of MM3 for quantitative

Figure 4. Calculated (values below the structures) and experimental (values in squares) relative energies
(kcalmol™) for conformers of compounds 2a,b and 3a,b. The values in bold show AGY,.4 values calculated at the
MP2/6-31G* level for 298.15 K and 1 atm. The second and the third value in each line are related to AE values
calculated at the MP2/6-31G* and RHF/6-31G* level, respectively. The values in italics represent the MM3-
derived AE, values. The experimental values for 2a,b and 3a are taken from refs. [1a, 2b, 13], respectively, and

that for 3b has been determined in this work.
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estimation of the conforma-
tional equilibrium for piper-
ideines with a relatively
large number of atoms
(e.g., alkaloids).
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Conformational preferences
for the substituent orientation
in 3-piperideines turn out to be
more complicated than for cyclo-
hexenes. Nevertheless, the ob-
tained results may be classified
as semiquantitative conforma-
tional rules and subrules, which
describe substituent orientation
(at 298 K) according to its posi-
tion in the cycle. We consider
here the ab initio derived results
for the Me-substituted com-
pounds and the molecular me-
chanics-derived ones for the Ph-
as well as tBu-substituted com-
pounds. In rare cases, when the
AG?,.s and AE, values obtained
by ab initio and molecular me-
chanics are essentially different
for some conformers, the aver-
aged value [(AGY,q + AE))/2] is
taken into account (i.e., for com-
pounds 1d and 1m). The scope
of the rules is limited to piper-
ideines without strong interac-
tions between vicinal or 1,3-posi-
tioned substituents, while the
subrules describe the systems
with such steric interactions.

Position 1 rule: No explicit pref-
erence for an e vs. a orientation of
a N-H substituent and significant
predominance  (more  than
1.0 kcalmol™) of an e orientation
for a N-Me substituent. The ab-
solute value of the difference of
AGY,q for the lowest energy
conformers, which differ only in
spatial orientation of the nitro-
gen proton, does not exceed
0.3 kcalmol~! for most of the
studied N-H piperideines. There-
fore, N-H piperideines do not
appear to have an explicit ten-
dency for an e or a orientation of
the proton. Only for 6-Ph piper-
ideines (compounds 5a,c,d),

e orientation of the nitrogen
proton predominates apprecia-
bly (more than 1.0 kcalmol~! by
MM3). In contrast, the N-Me
group of unhindered 3-piperi-
deines shows a definite trend to
be e-oriented. Conformational
energies for N-Me com-
pounds 1g—j and 5b.fi are more
than 1.0 kcal mol L
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Subrule: A bulky vicinal a-substituent forces the N-Me group
away from an e spatial position: the conformational prefer-
ence for an a N-Me is 0.8 and 1.9 kcalmol~! in 2- and 6-/Bu
compounds 6¢ and 6d, respectively. Also for 1k, the 3-Me
group, which stabilizes a 1a orientation of the vicinal 2-Me
group, almost equalizes the stability of conformers with a and
e orientations of the N-Me substituent due to the absence of
vicinal steric interactions for antiperiplanar 2-Me- and N-Me
groups.

In the saturated tropane system 3b, the N-Me group
occupies mainly the exo position with respect to the six-
membered ring,! which adopts a chair conformation (see
Figure 2). Our calculations demonstrate that in 2-tropene 1m,
the six-membered ring possesses a sofa conformation with the
N atom outside the ring plane (see Figure 6). In addition, the
endo orientation of the N-Me group is significantly preferred.

Position 2 rule: A moderate (0.5-1.0 kcalmol™") preference
for a e orientation for a Me as well as a Ph group. Indeed,
conformational energies for N-H compounds 1a, 11, 5e, and
5g (Figure 7) as well as N-Me piperideine 1g lie in this value
range.
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Figure 7. Relative steric energies (kcalmol™!, by MM3; in italics) of
conformers of piperideines Sa—j. The values for the lowest energy rotamer
among the Ph rotamer families are given for each substituent orientation.
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Figure 8. Relative steric energies (kcalmol™!, by MM3; in italics) for
conformers of piperideines 6a—e. The asterisk indicates a sofa conforma-
tion with the C-6 atom out the plane.

Subrule: The presence of a N-Me substituent may increase the
population of the 2-ye conformer (e.g., for N-Me piperidei-
ne 5f the conformational energy is 1.8 kcalmol~!). However,
a bulky N-fBu substituent leads to a significant predominance
of the wa orientation for the 2-Me group (the difference
between the lowest energy 2-iye- and 2-ya-oriented con-
formers for 6a (Figure 8) is 1.6 kcalmol ™).

Position 5: No appreciable preference for a e or ya orienta-
tion. Our calculations show a slight predominance of the
e orientation in compounds 1b, 5h, and 5i (by 0.4, 0.4, and
0.2 kcalmol~!, respectively), while a ya orientation is slightly
preferred in piperideines 1i and 5j (for 0.2 and 0.6 kcalmol !,
respectively).

For 11, a trans compound with sterically noninteracting
methyl groups, the conformation with a 2-iye-oriented Me
group should be favored over the conformation with a 5-ye-
oriented Me group in the 2-ye-Me,S5-ya-Me < 2-ya-Me,
5-e-Me conformational equilibrium due to the additivity of
conformational energies. Indeed, MP2/6-31G*-based and
MM3 calculations give 1.1 and 0.5 kcalmol~! values of con-
formational energy, respectively, in favor of the conformer
with a 2-ype-oriented Me group (these values include also a
contribution of the N-H substituent).

Subrule: A vicinal 6-substituent stabilizes a e orientation of
the 5-Me group in trans-disubstituted cycles (1.3 and
3.9 kcalmol~! for conformational energy for 6-Me and 6-Ph
compounds 1e and 5¢, respectively) and stabilizes a a or-
ientation in cis-disubstituted cycles (— 1.6 and — 3.9 kcal mol~!
for the conformational energy for 6-Me and 6-Ph com-
pounds 1f and 5d, respectively).
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Position 6: A significant predominance (more than
1.0 kcalmol™') of the e orientation for the 6-substituent in
N-H compounds. N-H piperideines 1¢, 1e, 1f, Sa,c.d, and 6e
as well as N-Me piperideine 5b adopt a conformation with an
e-oriented 6-substituent. The energy difference between the
lowest energy conformer and the corresponding conformer
with an a orientation of the 6-Me group is higher than
1.3 kcalmol~%

Subrule: N-Substitution decreases this e/a ratio due to vicinal
gauche-interactions between 1- and 6-positioned substituents.
The energy difference between 6-e- and 6-a-conformers is 0.3
and —3.1 kcalmol™' for N-Me compound1j and N-fBu
compound 6b, respectively (i.e., increase of the bulkiness of
the N-alkyl substituent leads to predominance of an a-6-Me
orientation). Nevertheless, for 2,6-cis-disubstituted com-
pounds, the content of the 1,3-a,pa conformer is decreased
due to the 1,3-a,pa steric interactions between 2,6-substitu-
ents (see Figure 9); this is similar to the negligible content of
1,3-diaxial conformers in piperidine cycles even though these
interactions are weaker than those in saturated six-membered
rings (see example of cis-piperideine 1n in Figure 9).
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Figure 9. Assignment of isomers of piperideine 7 to the cis and trans series
based on the literature NMRP? as well as MM3 data for cis compound 1n.
Larger pseudoallylic coupling constants (°/;) are marked in bold. Asterisks
depict 1,3-a,3pa steric interactions.

Below we present a few examples of how the above rules
can assist in studies of the stereochemistry of 3-piperideines.

a) It was concluded from CD spectra of 1-methyl tetrahy-
droisoquinolines (including 5g; as free amines in MeOH) that
the Me group adopts a a orientation.[’! According to the
Position 2 rule (see, e.g., the results for 5g), the opposite
orientation should be favored.

We maintain that the evidence for the CD-based estimation
of the conformational equilibrium is weak. The above CD
studyl® is based on the application of the Craig semiempirical
quadrant model.') The Craig model considers tetrahydroiso-
quinolines with a protonated nitrogen atom,'® while no
appreciable N-protonation is present under the employed
conditions of the CD measurementl® (amines are only
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H-bonded in alcohol solutions!!7+<l but they are too weak as
bases to cause formation of alkoxide anions). Simply stated,
the Craig quadrant model is not applicable to free amines.
Indeed, quite recently unambiguous '"H NMR data for some
methyl tetrahydroisoquinolines!'®l actually confirm our re-
mark regarding the scope of the Craig model (unfortunately,
the observed discrepancy between the NMR and CD spectra
based estimations of the conformational equilibrium was
explained!" by a limitation of the Craig model and not by its
incorrect use). In contrast, the above rules provide a reliable
conformational analysis of tetrahydroisoquinolines. For in-
stance, our calculations, in good agreement with the exper-
imental quantitative results for a free amine,['! demonstrate a
strong predominance of conformation A of tricyclic ana-
logue 4 with a e orientation for the alkyl substituent
neighboring the nitrogen atom (see Figure 3). Another
example is 6,7-dimethoxy-1-phenyltetrahydroisoquinoline:
as could be expected from the Position 2 rule, x-ray analysis
found the phenyl group to be pe-oriented.['”]

b) On the basis of 'H NMR spectra,® isomers of 2,6-
disubstituted piperideine 7 were assigned to the cis and trans
series, and it was claimed that a half-chair with ya-2-CN and
a-6-Me groups is the favored conformation for the cis isomer
of 7 (conformation AA in Figure 9). However, the Position 6
subrule establishes a preference for the conformation without
1,3-a,3pa interactions, that is, a half-chair with ye-2-CN and e-
6-Me substituents. These conflicting conclusions led us to
review the NMR-based analysisP for isomers of 7.

Indeed, it was correctly established (see ref. [5a] for argu-
ments) that the 6-Me group is a-oriented for one isomer
(assigned cis) and e-oriented for the other (assigned trans).
This means that only conformers AA and EA should be
considered as predominant according to this assignment. On
the other hand, higher values of homoallylic coupling
constants (°J) for protons 2-H and 5-H,,, versus the constants
for the 2-H and 5-H,,, protons have been detected for both
isomers. Since homoallylic constants are consistently larger
for cyclic trans protons versus cis protons,?**®l only confor-
mers EE and AE satisfy the magnitudes of the measured >/
constants. Hence, the conformational analysis results in an
unexpected conclusion: the former cis—trans assignment(®
for isomers of 7 should be reversed. The isomer, which was
assigned to the cis geometry, is the trans isomer and vice versa.
Now the NMR datal! for 7 fit well with the predominance of
conformers EE and AE for the cis and trans isomers,
respectively. Thus, the Position 6 rule predicts the conforma-
tional equilibrium for cis-7 correctly.

c¢) Preliminary studies of the stereochemistry of disubsti-
tuted piperideines 8 (synthetic precursors of some alkaloids)
concluded that the isolated isomer possesses a trans config-
uration and adopts a conformation with ya-5-PhSO, and a-6-
Ar groupsP'® ! (conformation AC; in Figure 10 for the 6-(p-
MeC4H,)-substituted compound 8a). The conclusion was
based on taking into account a relatively small coupling
constant between 5-H and 6-H protons (2.7 -3.5 Hz) as well as
NOE interactions between aromatic and ring protons.?!® ]
However, these preliminary conformation-related conclu-
sions contradict the Position 5 and 6 rules (see, e.g., a total
predominance for the conformation with synclinal orientation
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Figure 10. Conformational equilibrium for 5-PhSO,-6-Ar-disubstituted
piperideines. Conformations with anticlinal and synclinal orientation of
Ph and PhSO, groups are depicted AC and SC, respectively. Arcs show
selected H,H-spin —spin couplings (a larger homoallylic coupling constant
3J is marked in bold). Dotted lines depict selected NOE interactions.

of 5- and 6-substituents in trans compound Sc¢; Figure 7).
MM3-based calculations for a sterically close analogue 9 of
trans geometry demonstrate an ultimate preference for
synclinal conformation SC: the minimal energy conformers,
which have been found by a Monte-Carlo-based conforma-
tion search among the conformers of the AC and SC families,
differ by 3.5 kcalmol~! (Figure 10).?

Therefore we again turned to '"H NMR datal'*<l for these
piperideines. The above-mentioned small vicinal constant 3/,
for example, for 8a (2.9 Hz) excluded fully the presence of
conformer SC, in an appreciable amount. However, also a
prevalence of conformation AC; does not correspond to the
NMR data. The detected NOE enhancement of a moderate
magnitude for one ortho proton (at 6 =7.14) of the 6-aromatic
substituent and the upfield 2-H' proton (at 6 =3.08; see
Figure 10) of the piperideine ring indeed confirms the
presence of the half-chair with a and wa orientation of these
ring substituents, respectively (as in AC,). A lower vicinal
coupling constant 3/ for the proton pair 2-H'-3-H (2.7 Hz)
than for the pair 2-H"(at 0=3.37)-3-H (3.6 Hz) also
indicates some predomination of the ya orientation of proton
2-H' (dihedral angle between the protons of each pair is
obviously larger in the case of the first pair; see Figure 1).
Nevertheless, a homoallylic spin —spin interaction of the 2-H’
proton with the 5-H proton is stronger (°/=3.1 Hz) than a
similar interaction of the 2-H” proton (°*J=15Hz). As
mentioned above, a larger coupling homoallylic constant
belongs to the spin-—spin interaction of the frans protons.
Thus, the protons 5-H and 2-H' are in a trans relationship.
These data indicate that the reported?'® ! isomers of piper-
ideines 8 possess a cis configuration of 5- and 6-substituents
(and not a trans configuration).

The close values of vicinal spin —spin coupling constants for
2-H'-3-H and 2-H”-3-H (see above) as well as the equal
values of allylic coupling constants 4/ for the 2-H'—4-H and
2-H”-4-H interactions (2.1 Hz) for 8a show that the NMR
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spectra of these compounds correspond to a time-averaged
mixture of conformers SC, and SC, with some predominance
of SC,. Also the sets of observed NOE interactions'*! for 8
(e.g., the moderate interactions between 2-H' and the ortho
proton as well as 2-H" and 6-H in 8a; Figure 10) satisfy this
time-averaged “virtual” conformation, while separate struc-
tures SC, and SC, do not fit.

Thus, the above conformation rules can be a useful tool for
stereochemical studies of piperideines, even including those
bearing some functionalized substituents. Nevertheless, we
are aware of the limitations of these general rules since they
cannot obviously comprise all possible substitution types. For
instance, a conformation of type AC, which is quite unfavor-
able for 5,6-trans compounds 5¢ and 9, is the most stable
conformation for the more crowded trans analogue 10 in the
solid state.”! While it contradicts the Position 5 subrule, the
established conformational preference for 10 may be pre-
dicted a priori by taking into account steric interactions
between the a-positioned Ph group and the extremely bulky
p-substituent of the piperideine ring.

Experimental Section

The commercially available hydrochloride of 1b and tropane 3b (Aldrich)
were used for NMR studies (1b-HCI was transformed into the free amine
before the NMR experiments). 'H and *C NMR spectra were obtained on
a Bruker DMX-600 spectrometer, with TMS as internal standard. Samples
(=30mg in 0.5mL CD,Cl,) were equilibrated for ~10min at each
temperature before measuring. Temperatures were measured with a
calibrated Eurotherm 840/T digital thermometer and were believed to be
accurate to 0.5 K.

Molecular mechanics calculations were performed using MM3 as well as
Amber force fields (Macromodel 6.5 package!® ). The no solvent as well as
distance-dependent dielectric electrostatics options were employed for the
energy minimization. The Monte-Carlo option was used for the conforma-
tional search in the case of Ph-containing compounds (generation of 5 x 10*
structures for each compound with the energy upper limit 5 kcalmol~! from
the lowest-energy conformer found).

Geometry of MM3-minimized structures was used as the starting geometry
for ab initio calculations (Gaussian 98 package!) for the gas phase. Initial
ab initio geometry optimization was performed at the restricted Hartree —
Fock level using the 3-21G basis set. The resulting geometry was optimized
at the 6-31G* level and then at the MP2/6-31G* level. Free energies were
calculated at the MP2/6-31G* level within the limits of harmonic
approximation of vibrational frequencies implemented into a standard
Gaussian 98 procedure.
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2- and 3-Haloalkoxy Fischer Carbene Complexes of Chromium as Synthons
for either Hydroxycyclopropanation or Oxaspirocyclopropanation of Alkenes

José Barluenga,* Salomé Lopez, Andrés A. Trabanco, and Josefa Florez!?!

Abstract: The thermal reaction of 2-haloethoxy- and 3-chloropropoxy(alkenyl)car-
bene complexes of chromium with electronically neutral alkenes furnished diaster-

eoselectively the corresponding 1-haloalkoxy-1-vinylcyclopropanes that, subjected to
subsequent halogen—lithium exchange reactions, provided vinylcyclopropanols or
compounds containing the spiro[cyclopropane —tetrahydrofuran/tetrahydropyran]
structure, depending on the nature of both the halogen atom and the lithiating

Keywords: alkenes - carbene com-
plexes - cyclopropanation - hydroxy-
cyclopropanation - lithiation - oxa-
spirocyclopropanation

reagent. The hydroxycyclopropanation reaction can be efficiently achieved in a one-

pot fashion.

Introduction

The direct preparation of cyclopropanols by formal [2+1]
cycloaddition of Group 6 metal hydroxycarbene complexes
with alkenes is an unknown process. This is presumably due to
the thermal instability of this type of carbene complexes,
which can be prepared in solution and isolated at low
temperatures (—30, —20°C)!l but, on warming to room
temperature, rapidly decompose to usually give the corre-
sponding aldehyde.> 3! Although a few isolated examples of
more stable hydroxycarbene complexes containing an ade-
quately positioned additional heteroatom have been charac-
terized,¥! their chemical behavior remains unexplored. How-
ever, alkoxycarbene complexes readily react with electron-
deficient™ and electron-richl®! alkenes to give functionalized
alkoxycyclopropanes, and we have also recently shown that
electronically neutral alkenes can be smoothly cyclopropa-
nated in an intermolecular fashion with alkenyl- and hetero-
arylcarbene complexes of chromium.’! Accordingly, we
envisaged that 2-haloethoxycarbene complexes 1 could be-
have as hydroxycarbene complex equivalents, which in this
case would allow the synthesis of cyclopropanols by initial
transfer of their carbene ligand to an olefin followed by a

[a] Prof. Dr. J. Barluenga, S. Lépez, Dr. A. A. Trabanco, Dr. J. Flérez
Instituto Universitario de Quimica Organometalica “Enrique Moles”
Unidad Asociada al CSIC, Universidad de Oviedo
Julidn Claveria 8, 33071 Oviedo, Spain
Fax: (+34)98-510-3450
E-mail: barluenga@sauron.quimica.uniovi.es

Supporting information for this article (chart showing observed differ-
ence NOEs enhancements for compounds 2 and 9 and NOEs enhance-
ments from 2D NOESY spectra for compounds 3a,b, 4a,b, 6, 7b, 8a,b,
10 and 14) is available on the WWW under http://www.wiley-vch.de/
home/chemistry/ or from the author.
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halogen —lithium exchange reaction. The unstable S-alkoxy-
substituted organolithium compound thus generated would
undergo spontaneous [-elimination of the corresponding
lithium cyclopropyl oxide (Scheme 1). A potential alternative

X
R R CO)M R *

\

1
Seou |
L AO~I M = Cr, Mo, W
R X = halogen

Scheme 1. Designed hydroxycyclopropanation reaction.

to this envisaged two-step hydroxycyclopropanation reaction
could be found in the cyclopropanation of enol ethers®! and
dienol silyl ethers®< with in situ generated acyloxycarbene
complexes that afforded functionalized cyclopropyl carbox-
ylates. But, so far, the subsequent ester cleavage required to
liberate the corresponding cyclopropanol has not been carried
out.

Herein, we report the first realization of the proposed
hydroxycyclopropanation reaction of alkenes in a highly
stereoselective manner with 2-iodoethoxycarbene complexes
of chromium. In addition, we describe a two-step oxaspiro-
cyclopropanation reaction of alkenes that was unexpectedly
observed using a similar methodology with the same type of
alkenylcarbene complexes but bearing a chlorine atom
instead of an iodine.

Results and Discussion

Preparation of 2-haloethoxy and 3-chloropropoxy carbene
complexes of chromium 1: The new carbene complexes 1 were
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synthesized by the successive reaction of (E)-2-phenylethe-
nyllithium with hexacarbonylchromium and tetramethylam-
monium bromide, followed by O-acylation of the resulting
tetramethylammonium acylate complex with pivaloyl chlor-
ide and subsequent exchange with the corresponding 2- or
3-halogen-substituted alcohol (Scheme 2). 1% After silica gel
column chromatography, carbene complexes la—c¢ were
isolated as stable dark garnet crystalline solids.

X
L &b ONMe, cd oM,
P Yk = e B —
Ph (COJCIZ ~"ph (CONCr? " ph
90%

ta X=ClLn=1 4%
1b X=Cln=2 37%
1¢c X=1, n=1 40%

Scheme 2. Preparation of haloalkoxycarbene complexes 1. Reaction
conditions: a) [Cr(CO)s], Et,0, 0°C; b)Me,NBr, CH,Cl,, 20°C;
¢) (CH;);CCOCl, CH,Cl,, —40°C; d) HOCH,(CH,),X, —40 to 20°C.

Oxaspyrocyclopropanation of alkenes: The 2-chloroethoxy-
(alkenyl)carbene complex 1a was initially chosen as a more
convenient reagent to accomplish the designed alkene cyclo-
propanation/halogen —lithium exchange reaction sequence.
The thermal treatment of this carbene complex 1la with
1-hexene, under the standard reaction conditions previously
described,™ occurred smoothly to give vinylcyclopropane 2
with good diastereoselectivity (Table 1, entry 1). These two
diastereoisomers were separated by silica gel column chro-
matography. Subsequently, this (2-chloroethoxy)cyclopro-
pane 2 was treated with an excess of lithium powder, added
at —10°C, and the reaction allowed to reach room temper-
ature and stirred for 10 h. After hydrolysis, oxaspirocyclopro-
pane 5 was unexpectedly isolated instead of the anticipated
corresponding cyclopropanol (Scheme 3). The same result
was obtained by using a tetrahydrofuran solution of lithium—
naphthalene. The reaction of compound 2 with two equiv-
alents of this very active lithiating agent occurred quite
quickly (20 min) at —78°C and the final hydrolysis was also
performed at this low temperature. The third stereogenic
center (C7) of product 5 was formed without any noticeable
diastereoselectivity, shown by the isolation of oxacyclopenta-
nespirocyclopropane 5 as a roughly equimolar mixture of
diastereoisomers. In addition, when a 6:1 mixture of com-
pound 2 and its diastereoisomer was used as starting material

Abstract in Spanish: E! tratamiento térmico de complejos
2-haloetoxi- o 3-cloropropoxi(alquenil)carbeno de cromo con
alquenos electronicamente neutros condujo a los correspon-
dientes 1-haloalcoxi-1-vinilciclopropanos con alta diastereose-
lectividad. Cuando estos compuestos se sometieron a una
posterior reaccion de intercambio halogeno-litio se aislaron
vinilciclopropanoles a partir de los derivados iodados y tert-
butillitio, o compuestos que contienen la estructura espiro/ci-
clopropano-tetrahidrofurano/tetrahidropirano] a partir de los
derivados clorados y litio en polvo o una disolucion de litio-
naftaleno. La reaccion de hidroxiciclopropanacion puede
realizarse one-pot de forma mds eficiente.

4724

Table 1. Cyclopropanation reactions of electronically neutral alkenes with 2- and
3-chloroalkoxycarbene complexes 1a,b.

Entry Alkene Carbene  Reaction  Product Yield®  dell
complex  conditions® [%] [%]
T[°Cl t[h]
BU\A,O\/\ cl
/ fal
1 Buz 1la 1o 4 S 285 72
Ph
O\ ¢l
2 Lb 1a 130 0.5 Ay’ﬁ 3a 80 100
£H " ph
H
H
s oal
3 O 1a 120 1 ()y 4a 88 100
T =N
Ph
o\~
4 Lb 1b 00 2 7 O 3b 75 100
% Ph
4
cl
o~
5 O 1b 120 1 / 4b 67 100
L A

[a] All reactions were conducted in THF in a sealed flask using five equivalents of
the corresponding alkene. [b] Yield of isolated product based on the corresponding
carbene complex 1a,b. [c] Diastereomeric excess determined by 'H NMR analysis
of the crude products. [d] Only the major diastereoisomer is shown.

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

2 4
1.Li, THF Bu O~ s
) 101020°C, 10 h ) 3:,Zj6
H77
2. H,0
2 Ph
5 55.60%, 1:1 Ph
1. Li*CyoHg’, THF 47 H
-78 °C, 20 min T Bu%
2. H,0, 78 °C 1 3%
6
Y O do
= H zH %
Ho PR H ey H “pp
7a 70% 7b 55% 8a n=1 70%
8bn=2 66%

Scheme 3. Formation of Spiro compounds 5-8.

in the reaction with lithium powder, a mixture of four
isomers—two major and two minor—was observed, corre-
sponding to products 5 (major isomers) and products 6 and its
C7 epimer (minor isomers). Silica gel column chromatogra-
phy of this crude material gave pure 6 and a mixture of the two
major products 5.

We decided to apply this methodology to other substrates
that could eventually lead to oxaspirocyclopropanes with a
more elaborate polycyclic structure. The cyclopropanation of
norbornene and cyclohexene (see Table 1) with either
2-chloroethoxy(alkenyl)carbene complex 1a or 3-chloropro-
poxy(alkenyl)carbene complex 1b provided tricyclic vinyl-
cyclopropanes 3ab and bicyclic vinylcyclopropanes 4a,b,
each as a single diastereoisomer (a unique set of signals was
observed by 'H and 3C NMR spectroscopy, Table 1, entries
2-5). Further treatment of (2-chloroethoxy)vinylcyclopro-
panes 3a and 4a with either lithium (— 20 to 20°C, overnight)
or lithium —naphthalene (—78°C, 30 min) yielded oxacyclo-
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pentanespirocyclopropanes!'!! 7a with a tetracyclic structure
and 8a with a tricyclic framework, respectively (Scheme 3).
The analogous reaction with (3-chloropropoxy)vinylcyclopro-
panes 3b (Li, —20 to 20°C, overnight) and 4b (Li*C,,Hg™,
—78°C, 15 min) gave the corresponding oxacyclohexanespir-
ocyclopropanes!'? 7b and 8b. Products 7a,b and 8a,b were all
isolated as a single diastereoisomer (in all these cases the
stereogenic center created in the last cyclization step gives rise
to enantiomers).”) Stereochemical assignments for com-
pounds 2, 3a,b, 4ab, 6, 7b and 8a,b are based on either 1D
nuclear Overhauser effect (NOE) experiments or 2D nuclear
Overhauser enhancement spectroscopy (NOESY) studies
(see Supporting Information). The stereochemistry assigned
to products 5 and 7a has been assumed by analogy.

These results clearly discount the formation of the corre-
sponding S-alkoxyorganolithium compounds, unstable inter-
mediates that would spontaneously undergo a f-elimination
process more rapidly than an anionic cyclization,'¥ and
suggest that the cyclization reactions proceed through a
mechanism involving free-radical intermediates (Scheme 4).
The reaction of chloroalkoxycyclopropanes A with either
lithium powder or lithium —naphthalene occurs by initial one-
electron transfer from the lithium to the alkyl chloride to yield
alkyl free radicals B.['""l These 3-oxa-5-hexen-1-yll') B (n=1)

Cl ; '
R«A,;O‘”f\ Li RAOHT
= ==
Ph Ph

n=1,2
AVAVESS RA/OV”

Ph Ph
D C

Scheme 4. Proposed mechanism for the generation of spiro compounds
5-8.

or 4-oxa-6-hepten-1-yll' B (n=2) radicals go through a
favorable cyclization giving 3-oxacyclopentylmethyl radicals
C (n=1) or 3-oxacyclohexylmethyl radicals C (n=2), re-
spectively, before further one-electron reduction to the
primary organolithium takes place. Finally, abstraction of a
hydrogen atom from the surrounding medium transforms
benzylic radicals C into the final oxaspirocyclopropanes D.
Alternatively, benzylic radicals C could be reduced to the
anion by a further single-electron transfer from another
equivalent of Li or lithium—naphthalene.l'®! This possibility
seems unlikely taking into account that when D,O was used to
quench experiments carried out with compound 2 and Li-
naphthalene at —78°C, we never observed deuterium incor-
poration at the benzylic position of products 5 (D, R=Bu,
n=1),11 unless the carbanions abstract protons from the
solvent very rapidly.?”) Furthermore, this cyclization reaction
takes place with only a stoichiometric amount of Li—naph-
thalene. Thus, treatment of 2 with one equivalent of
LitC,,Hg— at —78°C for 30 min led after hydrolysis at
—78°C to compound 5 (55 %) together with starting material
2 (7%). Additionally, product 5 was generated as a nearly
equimolar mixture of isomers when the iodine derivative 9
(see below, Table 2) analogous to 2 (I instead of Cl) was
treated with tributyltin hydride (3 equiv) and azobisisobutyr-
onitrile (AIBN, 0.3 equiv) in dichloromethane at room
temperature for 1.5 h.?!l This outcome could be considered
as indirect evidence supporting the proposed radical mecha-
nism.

Hydroxycyclopropanation of alkenes: Given the unsuccessful
generation of cyclopropanols from the chloro derivatives 2—4,
we focused our attention on the reaction with the correspond-
ing iodine derivatives. It is known that the mechanism of the
interchange reaction between a primary alkyl iodide and tert-
butyllithium most likely involves rapid, reversible attack of
the alkyllithium on the iodine atom of the substrate,®!
forming ate complex intermediates,*! rather than a single-

Table 2. Cyclopropanation reactions of alkenes with 2-iodoethoxycarbene complex 1¢ and preparation of the corresponding cyclopropanols.

Entry Alkene Reaction conditions!®! Cyclopropanation Yieldll deld) Cyclopropanol Yield!
T[°C) t [h] product!®! [%] [%] derivativel®<] [%]
Bu o~/ Bu OH
1 Bu# 110 2 ‘A’,\ 9 70 69 \A’% 13 95k
Ph Ph
H o- I H OH
2 @ 110 6 >, 1056 wo O 14 9%
H Ph H Ph
0./l /\A/OH
3 A 110 5 /\A/ n 6 100 A 15 %
22N 2N
Ph Ph
o/ OH
4 TESOTNF 1100 5 50N 2 & 63 TBSOAA{A 16 96l
en Ph

[a] All reactions were performed in THF on a sealed flask using five equivalents of the corresponding alkene, unless otherwise noted. [b] Only the major
diastereoisomer is shown. [c] Yield of isolated product based on carbene complex 1e¢. [d] Diastereomeric excess determined by 'H NMR analysis of the crude
products. [e] Reaction conditions: the corresponding 2-iodoethoxycyclopropane 912 was treated with two equivalents of tBuLi at — 78 °C in hexane :Et,0
(3:2) for 30 min, followed by quenching at —78°C with H,O. [f] Yield of isolated product based on the corresponding 2-iodoethoxycyclopropane. [g] In this
experiment compound 9 as a 4.3:1 (62 % de) mixture of isomers was used as starting material producing cyclopropanol 13 as an identical diastereomeric
mixture (62 % de). [h] Reaction run with one equivalent of alkene (TBS = tBuMe,Si). [i] A 9:1 (80 % de) mixture of isomers of 2-iodoethoxycyclopropane 12
was used as starting material, which led to cyclopropanol 16 isolated as an identical mixture of diastereoisomers (80 % de).
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electron-transfer process. Consequently, this method could
allow the generation of f-alkoxyorganolithium compounds
and therefore provide the corresponding cyclopropanols.
2-Iodoethoxycyclopropanes 9-12 were prepared from the
corresponding olefin and 2-iodoethoxycarbene complex 1e¢
using our standard cyclopropanation reaction conditions.
The results are summarized in Table 2. Vinylcyclopropanes 10
and 11, formed in the cyclopropanation of either a cyclic or
acyclic cis-1,2-disubstituted olefin, were isolated as a single
diastereoisomer!”™! (Table 2, entries 2 and 3), whereas prod-
ucts 9 and 12 produced in the cyclopropanation of a terminal
olefin were obtained as diastereomerically enriched com-
pounds!™! (63—69 % de; Table 2, entries 1 and 4). In these two
latter cases, the major isomer shown in Table 2 was purified by
silica gel column chromatography. Finally, the 2-iodoethyl
protecting group was efficiently removed by treatment of
2-iodoethoxyvinylcyclopropanes 9—-12 with two equivalents
of tert-butyllithium at —78°C for 30 min, using as solvent a
mixture of hexane:diethyl ether (3:2).%? Further hydrolysis
furnished the corresponding vinylcyclopropanols 13-16 in
almost quantitative yield (Table 2, entries 1-4). Cyclopropa-
nols 13 and 16 were obtained as a mixture of diastereoisomers
with the same ratio as that present in the starting material
employed in each case (see Table 2, footnotes g,i). Silica gel
column chromatography allowed the purification of the major
isomer 13, 16 (Table 2).2¥ Furthermore, this overall hydroxy-
cyclopropanation reaction can be carried out in a one-pot
fashion as demonstrated by the result presented in Scheme 5.

1. THF,105°C, 1.5 h

I
o r Bus 2. THF removal Bu OH
(CORCP~ZPh ~” '3 Hexane : E4,0 (3:2) o
1c fBuLi, -78 °C, 30 min 13
4 H,0, 78°C

80%, 64% de

Scheme 5. One-pot hydroxycyclopropanation reaction.

Thus, after the thermal treatment of carbene complex 1¢ with
1-hexene (5equiv), the solvent, tetrahydrofuran, was re-
moved under vacuum and replaced by a mixture of hexane:
diethyl ether (3:2). Subsequent addition of fBuLi and final
hydrolysis afforded cyclopropanol 13. The relative configu-
ration of cyclopropanes 9, 10,and 14 was elucidated by either
1D NOE or 2D NOESY experiments (see Supporting
Information). The same stereochemistry was assumed by
analogy for cyclopropanes 11-13, 15, and 16.

Conclusion

These results show that 2- and 3-haloalkoxy(alkenyl)carbene
complexes of chromium behave as effective reagents to
accomplish either the oxaspirocyclopropanation or hydroxy-
cyclopropanation!®! of simple alkenes by appropriate choice
of the halogen atom and lithiation reagent employed after an
initial thermal treatment. The chloro compounds reacted with
lithium or Li—naphthalene to give three-/five- or three-/six-
membered spiroheterocyclic subunits through a 5-exo-trig or
6-exo-trig radical cyclization, respectively.?! In contrast, the

4726 ——
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reaction of the iodo-derivatives with /BuLi led to vinyl-
cyclopropanols through an unstable f-alkoxyalkyllithium
intermediate. The latter reaction can be performed, even
more conveniently, in a one-pot procedure.

Experimental Section

General: All reactions involving organometallic species were carried out
under an atmosphere of dry N, using oven-dried glassware and syringes.
THF, hexane and Et,0 were distilled from sodium benzophenone ketyl
under N, immediately prior to use, and CH,Cl, from P,Os. The solvents
used in column chromatography, hexane and EtOAc were distilled before
use. TLC was performed on aluminum-backed plates coated with silica gel
60 with F,s, indicator (Scharlau). Flash column chromatography was
carried out on silica gel 60, 230-240 mesh. "H NMR (200, 300, 400 MHz)
and C NMR (50.5, 75.5, 100 MHz) spectra were measured at room
temperature on Bruker AC-200, AC-300 and AMX-400 instruments,
respectively, with tetramethylsilane (6=0.0, 'H NMR) or CDCl; (6=
77.00, 3C NMR) as internal standard. Carbon multiplicities were assigned
by DEPT techniques. Low-resolution electron impact mass spectra (EI-
MS) were obtained at 70 eV on a HP 5987 A instrument, and the intensities
are reported as a percentage relative to the base peak after the
corresponding m/z value. High-resolution mass spectra (HRMS) were
determined on a Finnigan MAT 95 spectrometer. Elemental analyses were
carried out on a Perkin-Elmer 2400 microanalyzer.

Materials: 2-Chloro-1-ethanol, 3-chloro-1-propanol, 2-iodo-1-ethanol, all
the olefins, and common reagents were obtained from commercial
suppliers and used without further purification unless otherwise indicated.
3-(tert-Butyldimethylsilyloxy)-1-propene was prepared according to liter-
ature methods.?”) Lithium —naphthalene was prepared by adding lithium
powder (0.41 g, 58 mmol) to a solution of naphthalene (7.5 g, 58 mmol) in
THF (50 mL) at 0°C. After addition, the ice —water bath was removed and
the mixture was stirred for 10 h at room temperature. The resulting solution
was filtered and checked by double titration with hydrochloric acid.?®!

General procedure for the synthesis of carbene complexes 1a—c: Method
A: BuLi (1.5M in pentane, 80 mL, 120 mmol) was added dropwise to a
solution of S-bromostyrene (7.7 mL, 60 mmol) in Et,O (100 mL) cooled to
—60°C. The mixture was stirred for 0.5 h at —60°C and then for 0.5 h at
room temperature. The resulting red solution was slowly added by cannula
to a well-stirred suspension of hexacarbonylchromium (11.44 g, 52 mmol)
in Et,0 (200 mL) at —40°C. After addition, the cold bath was removed and
the mixture stirred for 1h at room temperature. The solvents were
removed under vacuum. The residue obtained was dissolved in deoxy-
genated H,O (200 mL), treated with Me,NBr (8.80 g, 57.2 mmol) for
10 min, and extracted with CH,Cl,. The organic phase was dried and
concentrated under reduced pressure. After crystallization in CH,Cl,:Et,O
(10:1) pentacarbonyl[(E)-3-phenyl-1-{(tetramethylammonio)oxy}-2-pro-
penylidene]chromium was obtained as a brown solid (20.6 g, 90 % ). Freshly
distilled pivaloyl chloride (1.4 mL, 11 mmol) was added dropwise at —45°C
to a solution of this ammonium salt (3.97 g, 10 mmol) in dry CH,Cl,
(100 mL). After the mixture had been stirred at —45°C for 45 min, the
corresponding alcohol (2-chloro-1-ethanol, 2-iodo-1-ethanol or 3-chloro-1-
propanol, 11 mmol) was added and the resulting solution was stirred for
10 h and allowed to warm slowly to room temperature without removing
the cold bath. The reaction was quenched with deoxygenated water
(10 mL), stirred for 5 min, and extracted with CH,Cl,. The organic phase
was dried with anhydrous Na,SO,, the solvent was removed under reduced
pressure and the resulting residue was purified by silica gel column
chromatography using hexane as the eluant to give carbene complexes 1a—
c as dark garnet crystalline solids. Yields are reported in Scheme 2. Method
B: Acetyl bromide (4.1 mL, 55 mmol) was added dropwise to a solution of
freshly prepared pentacarbonyl[1-{(tetramethylammonio)oxy}ethylidene]-
chromium/®! (15.45 g, 50 mmol) in dry CH,Cl, (200 mL) cooled at —45°C.
After stirring for 45 min at this temperature, the corresponding haloalcohol
(55 mmol), was added.”! The solution was stirred for 10 h and allowed to
warm slowly to room temperature without removing the cold bath. The
reaction was quenched with water (30 mL), stirred for 5 min, and extracted
with CH,Cl,. The solvent was removed under reduced pressure and the
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residue purified by silica gel column chromatography using hexane as the
eluant to give pentacarbonyl[1-(2-chloroethoxy)ethylidene]chromium
(746 g, 50 %), pentacarbonyl|[1-(3-chloropropoxy)ethylidene]chromium®’!
(8.12 g, 52%), or pentacarbonyl[1-(2-iodoethoxy)ethylidene]chromium
(936 g, 48%) as orange oils. The corresponding oil (25 mmol) was
dissolved in dry Et,O (100 mL) and treated with benzaldehyde (7.6 mL,
75 mmol), triethylamine (10.4 mL, 65 mmol), and chlorotrimethylsilane
(6.9 mL, 50 mmol) at 0°C.’!l The resulting mixture was stirred at room
temperature for 10 h. After removal of the volatiles, the residue was
purified by column chromatography on silica gel, eluting with hexane to
give the corresponding carbene complexes 1a (5.79 g, 60%), 1b (5.50 g,
55%), and 1¢ (6.57 g, 55%).

Pentacarbonyl[ (E)-1-(2-chloroethoxy)-3-phenyl-2-propenylidene Jchromi-
um (1a): Dark garnet solid; R;=0.16 (hexane); m.p. 83-85°C; 'H NMR
(300 MHz, CDCl;): 0 =4.10 (t,J =5.3 Hz,2H), 5.30 (t,/ = 5.3 Hz, 2H), 7.07
(d, J=15.4 Hz, 1H), 743-745 (m, 3H), 7.62-7.65 (m, 2H), 8.02 (d, /=
15.4 Hz, 1H); ®C NMR (75.5 MHz, CDCl;): 6 =42.0, 78.4, 129.0, 129.6,
130.1, 131.0, 134.2, 139.5, 216.3, 224.0, 332.3; MS (70 eV, EI): m/z (%): 386,
(5) [M]*, 246 (20), 190 (98), 131 (100), 103 (55), 84 (38); HRMS calcd for
[M]*+, C\H,,CICrO,, 385.9650, found 385.9660; elemental analysis calcd
(%) for C;¢H;;CICrOq (386.71): C 49.70, H 2.87; found: C 49.71, H 3.16.

Pentacarbonyl[ (E)-1-(3-chloropropoxy)-3-phenyl-2-propenylidene ]chro-
mium (1b): Dark garnet solid; R;=0.16 (hexane); m.p. 88-89°C; 'H NMR
(300 MHz, CDCl,): 6 =2.54 (quintet, J=6.1 Hz, 2H), 3.83 (t, J=6.3 Hz,
2H), 5.20 (t,J =6.0 Hz, 2H), 6.98 (d, J=15.4 Hz, 1H), 742 -7.44 (m, 3H),
7.59-7.62 (m,2H), 7.96 (d,J=15.4 Hz, 1H); ®*C NMR (75.5 MHz, CDCl;):
0=32.7,414,76.6,129.5,129.8,131.1, 131.3, 134.7,139.7, 216.9, 224.6, 332.9;
MS (70 eV, El): m/z (%): 400 (3) [M]*, 260 (20), 173 (100), 131 (68), 115
(38); HRMS caled for [M]*, C;;H;3CICrO4 399.9806, found 399.9811;
elemental analysis calcd (%) for C,;H;3CICrO, (400.74): C 50.95, H 3.27,
found: C 50.75, H 3.26.

Pentacarbonyl[ (E)-1-(2-iodoethoxy)-3-phenyl-2-propenylidene Jchromium
(1c): Dark garnet solid; R;=0.17 (hexane); m.p. 92-93°C; 'H NMR
(300 MHz, CDCl;): 6 =3.69 (t,J =6.3 Hz,2H), 5.33 (t,/=6.3 Hz,2H), 7.14
(d, J=15.4 Hz, 1H), 744-746 (m, 3H), 7.64-7.66 (m, 2H), 8.02 (d, J=
15.4 Hz, 1H); BC NMR (75.5 MHz, CDCL): 6 =0.13, 78.6, 129.0, 129.6,
130.3, 131.0, 134.2, 139.4, 216.3, 224.0, 331.5; MS (70 eV, EI): m/z (%): 478
(8) [M]*, 338 (35), 282 (98), 131 (67), 84 (100); HRMS calcd for [M]*,
CisH;;CrIOg 4779006, found 477.8979; elemental analysis caled (%) for
C,6H,,CrIO; (478.16): C 40.19, H 2.32; found: C 40.15, H 2.24.

General procedure for the cyclopropanation reactions: A mixture of the
appropriate carbene complex 1a, 1b, or 1¢ (1 mmol) and the corresponding
alkene (5 or 1 mmol) in THF (15 mL) was introduced in a sealed flask and
heated in an oil bath at 100—120 °C until disappearance of the color of the
starting carbene complex (reaction times are given in Tables 1 and 2). The
reaction mixture was cooled to room temperature, the solvent removed
under reduced pressure, and the residue taken up in hexane and exposed to
sunlight and air for 0.5-1 h to remove the coordinated metal species. The
resulting suspension was filtered through a short pad of Celite and the
volatiles then evaporated. The remaining oil was purified by column
chromatography on silica gel to give the corresponding pure cyclopropanes
2, 3ab, 4a,b, and 9-12. Yields are listed in Tables 1 and 2. The major
diastereoisomer of 2, 9, and 12 was each separated by this procedure.

(1R*,25%)-2-Butyl-1-(2-chloroethoxy)-1-[ (E)-2-phenylethenyl]cyclopro-
pane (2): Colorless oil; R;=0.44 (hexane/EtOAc, 95:5); 'H NMR
(400 MHz, CDCl;): 6=0.74 (dd, J=6.6, 5.6 Hz, 1H), 0.92 (t, /=72 Hz,
3H), 0.98 (dd,J=9.4,5.2 Hz, 1 H), 1.02-1.10 (m, 1 H), 1.32-1.55 (m, 5H),
1.66-1.73 (m, 1H), 3.64-3.74 (m, 3H), 3.90-4.00 (m, 1H), 6.01 (d, /=
16.2 Hz, 1H), 6.52 (d, J=16.2 Hz, 1H), 7.15-748 (m, 5H); *C NMR
(100 MHz, CDCl;): 6 =14.0,19.2,22.4,27.3,28.5,31.7,43.3, 65.1, 68.5, 125.9,
126.7,127.0, 128.5, 132.1, 136.9; MS (70 eV, CI with ammonia) m/z (% ): 296
(100) [M +NH,]*, 279 (68) [M +1]*, 221 (62), 216 (84), 199 (75), 131 (23);
HRMS calcd for [M +1]*, C;;H,,ClO 279.1516, found 279.1516; elemental
analysis calcd (%) for C;;H,;ClO (278.82): C 73.23, H 8.31; found: C 73.31,
H 8.27.

meso-(1R,2S,3S,4R,5S)-3-(2-Chloroethoxy)-3-[ (E)-2-phenylethenyl]tricy-
clo[3.2.1.0>*]octane (3a): Colorless oil; R;=0.35 (hexane/EtOAc, 95:5);
'HNMR (300 MHz, CDCl5): 6 =0.85 (d,/ =10.0 Hz, 1H), 1.05 (s, 2H), 1.33
(dd,/=6.8,2.4 Hz,2H), 1.59 (d, /=8.3 Hz,2H), 1.99 (d, /=10.0 Hz, 1 H),
2.70 (s, 2H), 3.69-3.78 (m, 4H), 5.77 (d, J=16.1 Hz, 1H), 6.61 (d, /=
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16.1 Hz, 1H), 7.24-740 (m, 5H); *C NMR (75.5 MHz, CDCl;): 6 =29.6,
30.8, 32.7, 36.9, 43.1, 67.2, 67.5, 125.9, 126.6, 126.9, 128.4, 132.3, 136.9; MS
(70 eV, EX): m/z (%): 287 (100) [M —1]*, 209 (74), 131 (62), 103 (78), 91
(73); HRMS calcd for [M]*, C;sH,,ClO 288.1292, found 288.1281.
meso-(1R,2S,35,4R,5S)-3-(3-Chloropropoxy)-3-[ (E)-2-phenylethenyl ]tri-
cyclo[3.2.1.0>*]octane (3b): White solid; R;=0.36 (hexane/EtOAc, 95:5);
m.p. 499-50°C; '"H NMR (400 MHz, CDCl;): 6=0.85 (d, /=9.9 Hz, 1H),
1.09 (s, 2H), 1.33 (d, /=74 Hz, 2H), 1.58 (d, /=74 Hz, 2H), 1.93 (d, /=
9.9 Hz, 1H), 2.09 (quintet, J =6.2 Hz, 2H), 2.69 (s, 2H), 3.64 (t,/ =5.9 Hz,
2H),3.75 (t,/=6.4 Hz, 2H), 5.75 (d, /= 15.8 Hz, 1 H), 6.52 (d, /= 15.8 Hz,
1H), 721-7.39 (m, 5H); 3C NMR (100 MHz, CDCl;): 6 =29.6, 30.7, 32.7,
32.8,36.9,41.8,63.2,67.1,125.9, 126.1, 126.8, 128.4, 132.8, 137.0; MS (70 eV,
EI): m/z (%): 301 (100) [M —1]*, 235 (18), 225 (27), 209 (32), 49 (16);
HRMS calcd for [M]* C;yHpClO 302.1429, found 302.1437; elemental
analysis calcd (%) for C;oH,;ClO (302.84): C 75.36, H 7.66; found: C 75.12,
H 748.

meso-(1R,6S,7S)-7-(2-Chloroethoxy)-7-[ (E)-2-phenylethenyl]bicyclo-
[4.1.0]heptane (4a): Colorless oil; R;=0.51 (hexane/EtOAc, 95:5);
IH NMR (300 MHz, CDCL,): ¢ =1.18-121 (m, 2H), 1.28-1.48 (m, 4H),
1.72-1.92 (m, 4H), 3.72 (t,J = 5.9 Hz, 2 H), 3.93 (t,/ = 5.9 Hz, 2H), 6.16 (d,
J=16.1 Hz, 1H), 6.45 (d, J=16.1 Hz, 1H), 7.15-7.42 (m, SH); ®C NMR
(75.5 MHz, CDCl;): 6 =18.5, 21.6, 21.7, 43.1, 65.2, 67.3, 125.8, 126.8, 126.9,
128.4,132.7,136.9; MS (70 eV, EI): m/z (%): 275 (70) [M — 1]+, 197 (80), 131
(100), 103 (98), 91 (87); HRMS caled for [M]*, Cj;H,, ClO 276.1281, found
276.1268; elemental analysis calcd (%) for C;;H,,ClO (276.81): C 74.37, H
7.97; found: C 74.33, H 7.93.

meso-(1R,6S,7S)-7-(3-Chloropropoxy)-7-[ (E)-2-phenylethenyl]bicyclo-
[4.1.0]heptane (4b): Colorless oil; R;=0.42 (hexane/EtOAc, 95:5);
'H NMR (400 MHz, CDCl;): 6 =1.10-1.20 (m 2H), 1.32-1.45 (m, 4H),
1.72-2.82 (m, 2H), 1.84-1.93 (m, 2H), 2.10 (quintet, J=6.2 Hz, 2H), 3.74
(t,/J=6.4 Hz, 2H), 3.79 (t, J=6.0 Hz, 2H), 6.12 (d, /=16.1 Hz, 1 H), 6.39
(d,J=16.1 Hz, 1H), 717-744 (m, 5H); *C NMR (100 MHz, CDCl;): 6 =
18.6, 21.8, 21.9, 33.2, 42.0, 63.3, 64.8, 125.9, 126.3, 126.8, 128.4, 133.4, 137.1;
MS (70 eV, EI): m/z (%): 289 (68)[M — 1]*, 197 (66), 131 (100), 103 (92), 91
(64); HRMS caled for [M]*, C;HyClO 290.1437, found 290.1433;
elemental analysis caled (%) for C;sH,;ClO (290.83): C 74.37, H 797,
found: C 74.36, H 7.94.

(1R*,25%)-2-Butyl-1-(2-iodoethoxy)-1-[ (E)-2-phenylethenyl]cyclopropane
(9): Colorless oil; R;=0.57 (hexane/EtOAc, 95:5); 'H NMR (400 MHz,
CDClL): 6=0.73 (dd, J=6.6, 5.2 Hz, 1H), 0.92 (t, J="7.1 Hz, 3H), 0.97-
1.01 (m, 1H), 1.05 (dd, J=9.4, 6.6 Hz, 1H), 1.33-1.47 (m, 4H), 1.48-1.56
(m, 1H), 1.67 (dt, J=13.6, 6.6 Hz, 1H), 3.25-3.34 (m, 2H), 3.64 (dt, /=
10.6, 7.0 Hz, 1 H), 3.96 (dt, J=10.6, 6.1 Hz, 1H), 6.02 (d, J=16.0 Hz, 1 H),
6.49 (d, J=16.0 Hz, 1H), 718 -7.36 (m, 5H); *C NMR (75.5 MHz, CDCl,):
0=3.6,14.1, 19.1, 22.5, 274, 28.6, 31.7, 65.0, 68.9, 125.9, 126.7, 127.0, 128.5,
132.2,136.9; MS (70 eV, CI with ammonia): m/z (% ): 387 (38) [M + NH;]*,
NH; 232 (100), 215 (53), 173 (70), 105 (52); elemental analysis caled (%) for
C;;H»5I0 (370.27): C 55.15, H 6.26; found: C 55.19, H 6.28.
meso-(1R,5S8,65)-6-(2-lodoethoxy)-6-[ (E)-2-phenylethenyl]bicyclo[3.1.0]-
hexane (10): Colorless oil; R;=0.34 (hexane/EtOAc, 95:5); 'H NMR
(400 MHz, CDCl;): 6 =1.53 (5,2 H), 1.59-1.65 (m, 2H), 1.88 - 2.00 (m, 4 H),
3.21(t, J=6.9 Hz, 2H), 3.75 (t, J=6.9 Hz, 2H), 5.94 (d, J=16.2 Hz, 1H),
6.35(d,J=16.2 Hz, 1H), 7.09-7.31 (m, 5H); ®*C NMR (75.5 MHz, CDCL,):
0=3.1, 25.2, 26.5, 33.1, 68.6, 63.8, 125.9, 126.6, 127.0, 128.4, 131.6, 136.8.
(1R*,28*,3R*)-2-Ethyl-1-(2-iodoethoxy)-3-methyl-1-[ (E)-2-phenylethe-
nyl]cyclopropane (11): Colorless oil; R;=0.35 (hexane/EtOAc, 95:5);
'H NMR (300 MHz, CDCL): 6=0.92-1.05 (m, 1H), 1.10 (td, J =74,
2.0 Hz, 3H), 1.17-1.29 (m, with s at 1.23, 4H), 1.52-1.76 (m, 2H), 3.34 (t,
J=6.7Hz, 2H), 3.82 (t,J=6.7 Hz, 2H), 6.23 (d, /=16.2 Hz, 1H), 6.47 (d,
J=16.2 Hz,1H),722-7.43 (m, 5H); *CNMR (75.5 MHz, CDCl,): 6 =3.3,
71,14.1,15.8,22.7,30.7,65.1, 68.2, 125.9, 126.9, 127.0, 128.5, 133.0, 136.9; MS
(70 eV, CI with ammonia): m/z (%): 374 (100)[M + NH,]*, 220 (85), 202
(74),185 (81), 131 (64); HRMS calcd for [M + 1]+, C;sH,,0 357.0503, found
357.0715.
(18%,2R*)-2-(tert-Butyldimethylsilyloxymethyl)-1-(2-iodoethoxy)-1-[ (E)-
2-phenylethenyl]cyclopropane (12): Colorless oil; R;=0.43 (hexane/
EtOAc, 95:5); '"H NMR (300 MHz, CDCl,): 6 =0.11, 0.12 (2s, 6H), 0.86—
0.94 (m with s at 0.93, 10H), 1.03 (dd, J=9.6, 6.1 Hz, 1H), 1.37-1.47 (m,
1H),3.26-3.32 (m, 2H), 3.69-4.02 (m, 4H), 6.09 (d,/=16.0 Hz, 1H), 6.54
(d,J=16.0 Hz, 1H), 7.23-739 (m, 5H); *C NMR (75.5 MHz, CDCL,): 6 =

0947-6539/01/0721-4727 $ 17.50+.50/0 4727





FULL PAPER

J. Barluenga et al.

—5.1, 3.4, 174, 18.3, 26.0, 29.7, 61.8, 64.9, 68.8, 126.0, 127.2, 128.1, 128.5,
130.7, 136.6; MS (70 &V, EI): miz (%) : 401 (3) [M — Bu]*, 171 (52), 159
(62), 131 (65), 75 (100); HRMS caled for [M — Bu]*, C1eHpl0,Si 401.0434,
found 401.0453; elemental analysis caled (%) for C,yH;,10,Si (458.45): C
52.40, H 6.81; found: C 52.39, H 6.79.

General procedure for the synthesis of oxaspirocyclopropanes 5, 6, 7a,b,
and 8ab: Method A: Lithium powder (70 mg, 10 mmol) was added at
—10°C to a solution of the corresponding 2-chloroethoxy or 3-chloroprop-
oxycyclopropane 2, 3a, or 3b (1 mmol) in THF (15 mL), and the mixture
stirred for 10 h at room temperature. The obtained dark red mixture was
filtered through a plug of Celite, to eliminate the excess of lithium, and the
filtrate was quenched with water at 0°C. The solvent was removed and the
residue extracted with hexane. The organic phase was dried (anhydrous
Na,SO,) and concentrated under reduced pressure. Column chromatog-
raphy on silica gel of the resulting oil afforded pure compounds 5§, 6, and
7ab. Yields are reported in Scheme 3. Compound § was isolated as a 1:1
mixture of diastereoisomers, which could not be separated by column
chromatography. When compound 2 (as a 6:1 mixture of isomers) was used
as starting material, a mixture of four diastereoisomers—two major and
two minor—was isolated, from which the pure compound 6 and a mixture
of the two major products 5 were separated by column chromatography.

Method B: Lithium-naphthalene (1.1m in THF, 1.8 mL, 2 mmol) was
added at —78°C to a colorless solution of the corresponding 2-chloro-
ethoxy or 3-chloropropoxycyclopropane 2 or 4ab (1 mmol) in THF
(15 mL). The solution became red, then dark red when allowed to stir for
30 min at the same temperature. The reaction was then quenched with
water (0.2mL) at —78°C or deuterium oxide (0.2mL; used in the
experiments with compound 2). The cold bath was removed and the
mixture stirred for 30 min at room temperature resulting in a yellow
solution. The solvent was removed under reduced pressure and the residue
extracted with hexane. The organic phase was dried and the volatiles
evaporated. The resulting oil was purified by column chromatography on
silica gel to give pure compounds 5, and 8a,b. Yields are reported in
Scheme 3.

(18%*,35%*)-7-Benzyl-1-butyl-4-oxaspiro[ 2.4 ]heptane (5): Data taken from a
1.5:1 mixture of diastereoisomers. Colorless oil; R;=0.55 (hexane/EtOAc,
95:5); 'TH NMR (300 MHz, CDCl;): 6=0.39 (t, J=6.1 Hz, 1H, major
isomer), 0.41 (t, J=6.1 Hz, 1H, minor isomer), 0.57 (dd, J=9.6, 5.4 Hz,
1H), 0.61-0.69 (m, 1H), 0.80 (dd, J=9.6, 6.1 Hz, 1H), 0.84-0.99 (m, 7H),
1.25-1.55 (m, 12H), 1.65-1.84 (m, 2H), 1.95-2.12 (m, 2H), 2.14-2.16 (m,
1H), 2.28-2.37 (m, 1H), 2.41 (dd, J=13.5, 10.5 Hz, 1 H, minor isomer),
2.47 (dd, J=13.5, 10.5 Hz, 1 H, major isomer), 2.64 (dd, J=12.9, 4.1 Hz,
1H, minor isomer), 2.72 (dd,J =13.5, 4.8 Hz, 1 H, minor isomer), 3.82-3.99
(m, 4H), 7.15-7.35 (m, 10H); *C NMR (75.5 MHz, CDCl;): 6 =124, 14.1,
22.4, 22.6, 275, 31.4, 32.1, 38.0, 44.4, 66.4, 70.2, 125.8, 128.3, 128.8, 140.7;
resolvable resonances of the minor isomer: d =15.1, 18.6, 27.7, 31.8, 32.2,
37.7,43.9, 66.2, 70.0, 125.9, 128.7, 140.6.

(18*,3R*,7R*)-7-Benzyl-1-butyl-4-oxaspiro[2.4]heptane (6): Colorless oil;
R;=0.54 (hexane/EtOAc, 95:5); 'H NMR (400 MHz, CDCl;): 6 =0.27 (dd,
J=6.5,6.0Hz, 1H), 0.85-0.95 (m, with t at 0.91, /=70 Hz, 4H), 0.98 (dd,
J=9.9,6.0 Hz, 1H), 1.12-1.30 (m, 2H), 1.32-1.41 (m, 4H), 1.73-1.87 (m,
1H), 1.95-2.09 (m, 1H), 2.25-2.38 (m, 1H), 2.54 (dd, /=134, 12.9 Hz,
1H), 2.78 (dd, J=13.4, 47 Hz, 1H), 3.69 (q, /=79 Hz, 1H), 391 (q, /=
7.9 Hz, 1H), 717-722 (m, 3H), 726731 (m, 2H); 3C NMR (75.5 MHz,
CDCl,): 6 =12.8,14.1,22.5,22.8,29.5, 31.6, 32.2, 38.3, 39.7, 65.9, 70.5, 125.9,
128.3, 128.9, 140.8; MS (70 eV, El): m/z (%): 244 (18) [M]*, 187 (93), 159
(24), 91 (100), 84 (21); HRMS calcd for [M]*, C;;H,,0 244.1827, found
244.1828; elemental analysis caled (%) for C;;H,,0 (244.38): C 83.55, H
9.90; found: C 83.57, H 9.91.

(1R*,28*,38* 4R *,55*)-Tricyclo[3.2.1.0>*]octane-3-spiro-2'-(2'S*)-3'-ben-
zyltetrahydrofuran (7a): Colorless oil; R;=0.35 (hexane/EtOAc, 95:5);
'"H NMR (400 MHz, CDCl,): 6 =0.65 (dd, J=9.5,7.1 Hz, 2H), 0.94 (d, /=
7.6 Hz, 1H), 1.16—1.24 (m, 2H), 1.39-1.47 (m, 2H), 1.52-1.59 (m, 1H),
1.81-1.88 (m, 1H), 1.89-1.95 (m,2H), 2.35 (dd,J=13.7,11.4 Hz, 1H), 2.42
(s, 1H), 2.50 (s, 1H), 2.71 (dd, J=13.7, 3.8 Hz, 1H), 3.71-3.77 (m, 1H),
3.88-3.93 (m, 1H), 7.07-714 (m, 3H), 7.19-723 (m, 2H); *C NMR
(100 MHz, CDCl,): 0 =26.2, 29.6, 29.7,29.8, 29.9, 31.0, 36.7, 36.8, 37.5, 46.8,
66.4,73.2,125.8,128.3,128.9, 140.9; MS (70 eV, EI): m/z (%): 254 (9) [M]*,
187 (27), 91 (74), 84 (100), 51 (57); HRMS caled for [M]*, C;sH,O
254.1671, found 254.1669.
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(1R*,28*,35* 4R *,55*)-Tricyclo[3.2.1.0>*]octane-3-spiro-2'-(2'S*)-3'-ben-
zyltetrahydropyran (7b): Colorless oil; R;=0.47 (hexane/EtOAc, 95:5);
'H NMR (400 MHz, CDCl;): 6 =0.64-0.70 (m, 3H), 0.95-0.98 (m, 1H),
1.20-1.26 (m, 2H), 1.33-1.38 (m, 1H), 1.42-1.54 (m, 3H), 1.60-1.69 (m,
1H), 1.89-2.00 (m, 2H), 2.52 (s, 2H), 2.87-2.91 (m, 2H), 3.43 (td,/=12.2,
2.6 Hz, 1H), 3.86 (dd, J=10.7, 49 Hz, 1H), 7.14-7.19 (m, 3H), 7.25-7.28
(m, 2H); *C NMR (75.5 MHz, CDCl,): § =21.0, 24.7, 29.7, 30.1, 30.5, 31.2,
31.5, 35.4, 36.4, 36.9, 43.7, 67.1, 69.3, 125.6, 128.1, 129.0, 141.5; MS (70 eV,
El): m/z (%): 268 (62) [M]*, 173 (100), 117 (90), 91 (93), 79 (81); HRMS
calcd for [M]*, CgH,,0 268.1827, found 268.1816; elemental analysis calcd
(%) for C,H,,0 (268.40): C 85.07, H 9.03; found: C 85.06, H 9.07.
(1R*,65%*,75*)-Bicyclo[4.1.0]heptane-7-spiro-2'-(2'S*)-3-benzyltetrahydro-
furan (8a): Colorless oil; R;=0.27 (hexane/EtOAc, 95:5); 'H NMR
(400 MHz, CDCl;): 6=0.78 (ddd, J=10.1, 8.6, 2.6 Hz, 1H), 0.98-1.05
(m, 1H), 1.15-1.19 (m, 1H), 1.20-1.48 (m, 3H), 1.49-1.60 (m, 1 H), 1.62 -
1.72 (m, 1H), 1.73-1.90 (m, 3H), 2.00-2.12 (m, 1H), 2.17-2.26 (m, 1H),
2.49 (dd, J=13.6, 10.6 Hz, 1 H), 2.76 (dd, J=13.6, 4.8 Hz, 1H), 3.80-3.89
(m, 1H), 3.98-4.05 (m, 1H), 715-730 (m, 3H), 7.31-742 (m, 2H);
BC NMR (75.5 MHz, CDCl;): 6 =12.8,16.2,18.2,18.7,21.8, 22.1, 31.0, 38.1,
44.8, 66.1, 71.1, 125.8, 128.2, 128.8, 140.9.
(I1R*,68%,78*)-Bicyclo[4.1.0]heptane-7-spiro-2'-(2'S*)-3-benzyltetrahydro-
pyran (8b): Colorless oil; R;=0.40 (hexane/EtOAc, 95:5); 'H NMR
(400 MHz, CDCl;): 6 =0.57-0.62 (m, 1H), 0.74-0.79 (m, 1H), 1.10-1.45
(m, 7H), 1.50-1.66 (m, 3H), 1.67-1.76 (m, 1H), 1.77-1.87 (m, 1 H), 1.88-
2.15 (m, 1H), 2.75 (dd, J=13.4, 10.3 Hz, 1H), 2.88 (dd, /=134, 5.2 Hz,
1H), 3.62 (td, /=11.2, 7.8 Hz, 1H), 3.90 (d, J=11.0 Hz, 1 H), 7.11-7.19 (m,
3H), 7.22-729 (m, 2H); *C NMR (100 MHz, CDCl,):  =17.8, 17.9, 18.6,
19.3,21.5,22.1,22.2,25.3,35.5,43.6, 65.4, 67.1, 125.5, 128.1, 129.0, 141.6; MS
(70 eV, EI): m/z (%): 256 (11) [M]*, 173 (22), 165 (100), 117 (14), 91 (37);
HRMS caled for [M]*, Ci3H,,0 256.1823, found 256.1827.

General procedure for the synthesis of cyclopropanols 13-16: The
corresponding 2-iodoethoxycyclopropane 9-12 (1 mmol) was dissolved
in a 3:1 mixture of hexane:diethyl ether (15 mL), cooled at —78°C, and
treated with /BuLi (1.5M in pentane, 1.3 mL, 2 mmol). The reaction mixture
was stirred for 30 min at —78°C and quenched with H,O (0.2 mL) at the
same temperature. Then the cold bath was removed and the mixture stirred
for 30 min at room temperature. The resulting solution was extracted with
hexane, the organic phase dried, and the volatiles evaporated. The obtained
oil was purified by column chromatography on silica gel to give pure
compounds 13—16. The major diastereoisomer of 13 and 16 was separated
by this technique. Yields are reported in Table 2.

(1R*,25*)-2-Butyl-1-[ (E)-2-phenylethenyl]-1-cyclopropanol (13): Color-
less oil; R;=0.52 (hexane/EtOAc, 3:1); 'H NMR (400 MHz, CDCl;): 6 =
0.76-0.78 (m, 1H), 0.93 (t, /=72 Hz, 3H), 1.01-1.03 (m, 2H), 1.34-1.48
(m, 4H), 1.52-1.62 (m, 2H), 2.06 (brs, 1 H), 5.95 (d, J=15.9 Hz, 1 H), 6.63
(d, /=159 Hz, 1H), 717-723 (m, 1H), 726-7.37 (m, 4H); “C NMR
(75.5 MHz, CDCl,): 6 =14.1, 21.8, 22.5, 27.2, 276, 31.9, 59.0, 125.0, 125.9,
126.8, 128.5, 135.7, 137.1; MS (70 eV, EI): m/z (%): 215 (8) [M —1]*, 105
(100), 91 (42), 77 (34), 55 (35); HRMS calcd for [M]*, C;sH,,O 216.1512,
found 216.1514; elemental analysis calcd (% ) for C;sH,,0 (216.32): C 83.29,
H 9.32; found: C 83.29, H 9.33.

meso-(1R,5S,65)-6-[ (E)-2-phenylethenyl]bicyclo[3.1.0Jhexan-6-ol 14):
Colorless oil; R;=0.48 (hexane/EtOAc, 3:1); 'H NMR (400 MHz, CDCl;):
0=159 (dd, J=3.6, 1.4 Hz, 2H), 1.65-1.80 (m, 2H), 1.85-1.97 (m, 3H),
1.99-2.10 (m, 2H), 5.89 (d, /=16.0 Hz, 1H), 6.56 (d, /=16.0 Hz, 1H),
7.15-720 (m, 1H), 725-7.38 (m, 4H); BC NMR (75.5 MHz, CDCl;): 6 =
25.7,25.9,33.2, 62.8, 124.4, 125.8, 126.6, 128.4, 135.0, 137.2.
(1R*,28*,3R*)-2-Ethyl-3-methyl-1-[ (E)-2-phenylethenyl]-1-cyclopropanol
(15): Colorless oil; R;=0.50 (hexane/EtOAc, 3:1); 'H NMR (300 MHz,
CDCl,): 6 =0.85-0.98 (m, 1H), 1.02 (t,/ =7.5 Hz, 3H), 1.08 = 1.13 (m, with
s at 1.12, 4H), 1.21-1.27 (m, 1 H), 1.45-1.55 (m, 2H), 5.95 (d, / =16.0 Hz,
1H), 6.61 (d, J=16.0 Hz, 1H), 7.18-740 (m, 5H); “C NMR (75.5 MHz,
CDCl): d=6.2, 13.9, 15.2, 22.8, 30.5, 59.1, 124.1, 125.7, 126.5, 128.4, 137.0,
137.2; MS (70 eV, EI): m/z (%): 202 (5) [M]*, 131 (80), 86 (68), 84 (100), 77
(65); HRMS calcd for [M]*, C,,H;30 202.1358, found 202.1351.
(18%#,2R*)-2-(tert-Butyldimethylsilyloxymethyl)-1-[ (E)-2-phenylethenyl]-
1-cyclopropanol (16): Yellow oil; R;=0.51 (hexane/EtOAc, 3:1); 'H NMR
(300 MHz, CDCl;): 6 =0.11 (s, 6H), 0.92 (s, 9H), 1.03 (dd, /=9.7, 5.7 Hz,
1H), 1.08-1.14 (m, 1H), 1.29-1.39 (m, 1 H), 3.35 (br s, 1H), 3.85 (dd, /=
10.8, 74 Hz, 1H), 4.17 (dd, J=11.1, 48 Hz, 1H), 5.93 (d, /=15.7 Hz, 1 H),
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6.70 (d, J=15.7 Hz, 1H), 7.16 - 7.39 (m, 5H); *C NMR (75.5 MHz, CDCl,):
0=-54,-53,182,19.8, 25.8, 27.6, 59.0, 62.6, 125.9, 126.0, 126.8, 128.4,
134.3, 137.2; MS (70 eV, EI): m/z (%): 247 (10) [M — Bu]*, 131 (24), 105
(44), 83 (100), 75 (90); HRMS calcd for [M — Bu]*, C;,H,,0,Si 247.1154,
found 247.1146.

One-pot hydroxycyclopropanation reaction: Preparation of compound 13:
A mixture of carbene complex 1¢ (0.48 g, 1 mmol) and 1-hexene (0.6 mL,
5 mmol) in THF (15 mL) was introduced in a sealed flask and heated at
105°C for 1.5 h. The reaction mixture was then cooled to room temperature
and the solvent removed under reduced pressure and replaced by a 3:1
mixture of hexane: diethyl ether (15 mL). rBuLi (1.5M in pentane, 1.3 mL,
2 mmol) at —78°C was added to the resulting solution; the mixture was
stirred for 30 min at —78°C and then quenched with water (0.2 mL) at the
same temperature. The cold bath was removed and the solution was stirred
for 30 min at room temperature. The mixture was extracted with hexane
and the organic phase dried. The volatiles were evaporated and the
resulting oil filtered on silica gel to give pure cyclopropanol 13 (173 mg,
80%) as a 4.6:1 mixture of diastereoisomers.
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Abstract: Individual dendritic branches
can solubilise hydrophilic dyes in apolar
media. The functional group at the focal
point of the dendritic branch plays a key
role in the dye uptake process. Supra-
molecular interactions between carbox-
ylic acid and amine groups have been

dritic branching (i.e. dendritic genera-
tion) plays a key role in controlling the
extent of dye uptake, with higher-gen-
eration dendritic branches exhibiting
more efficient uptake at lower concen-
trations. UV/Visible  spectroscopic
methods have shown that the dendritic

branches, in addition to the tuning of the
extent of dye uptake, also tune the
optical properties of the solubilised dye
and this provides further insight into the
interactions occurring between the solu-
bilised dye and the individual dendritic
branches. Furthermore, it is shown that

shown to be effective in enabling effi-
cient solubilisation to occur. The neces-
sary complementarity of this interaction
is further illustrated by a series of
control experiments. The extent of den-

Introduction

The unique properties of dendritic macromolecules discov-
ered during the last five years have intensified efforts in this
area of research.l!l In particular, it has been shown that a
dendritic shell can generate a unique microenvironment deep
within its branched architecture and modulates optical
properties,”l as well as behaviour such as redox chemistry,
molecular recognition and catalysis.”! The microenvironmen-
tal control within dendrimers is analogous to that of enzymes,
which control their internal environments in order to achieve
optimum efficiency. The preparation of dendrimers, however,
requires considerable synthetic input and consequently,
supramolecular dendrimer chemistry and self-assembling
systems are of increasing interest as a consequence of their
ability to short-cut some of this synthesis.* 7]

Perhaps the earliest use of dendrimers in supramolecular
chemistry was for the solubilisation of dyes in unusual solvent
environments. There have been extensive investigations of

[a] Dr. D. K. Smith, G. M. Dykes, L. J. Brierley
Department of Chemistry, University of York
Heslington, York, YO105DD (UK)

Fax: (+44)1904-432516
E-mail: dks3@york.ac.uk

[b] Prof. P. T. McGerail, Dr. G. J. Seeley
ICI Technology, PO Box 90, Wilton Centre
Middlesbrough, Cleveland, TS908JE (UK)

4730

Keywords: aggregation -
ers - dyes/pigments
bonds - supramolecular chemistry

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

suitably functionalised dendritic branch-
es can transport hydrophilic dyes
through an apolar phase and deliver
them continuously into an aqueous me-
dium.

dendrim-
hydrogen

this type, primarily because dyes are ideal visual probes of
solubilisation, but also because they can report on the
environment in which they find themselves. In 1991, New-
kome and co-workers reported the use of a dendrimer as a
unimolecular micelle for guest solubilisation.ll The surface of
this dendrimer possessed charged carboxylate groups, whilst
the interior was purely aliphatic in nature. The micellar
behaviour of this dendrimer in aqueous solution was estab-
lished through its ability to encapsulate hydrophobic probes,
such as phenol blue. Analogously, Fréchet and co-workers
reported a dendritic micelle possessing peripheral carboxylate
groups and interior aromatic-ether branching, which was
capable of solubilising pyrene in aqueous solution.! This
“dendritic-micelle” strategy has also been applied in reverse
by using dendrimers in which the surface of a polar dendritic
interior has been functionalised with a high density of
hydrophobic groups.®! Such dendrimers will solubilise hydro-
philic dyes in apolar media. With the periphery of a polar
spherical dendrimer functionalised with fluorous groups, the
dendrimer was shown to solubilise methyl orange, a hydro-
philic dye, in liquid CO,.") In a landmark paper, Meijer and
co-workers not only solubilised dyes within a dendritic
structure, but also permanently trapped them inside the
dendritic superstructure by using bulky, hydrogen-bonding
surface groups.'” Shape-selective liberation of the encapsu-
lated guests could then be achieved by deprotection of the
multivalent dendritic surface. There have been a number of
recent reports in which the ability of spherical dendrimers to
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act as unimolecular solubilisation agents has been further
explored.!

Rather than simply controlling polarity, however, it is also
possible to use a more selective approach to the supra-
molecular encapsulation. There are many examples in which
specific supramolecular complexation occurs within the
framework of a spherical dendrimer.[* 2 Particularly note-
worthy in this context are the reports of Diederich and co-
workers, illustrating that a dendritic cyclophane (dendro-
phane) generates a unique environment at its selective
encapsulated binding site, a feature which was probed by
using the 1,,,, value of 6-(p-toluidino)naphthalene-2-sulfonate
(TNS), which is a fluorescent probe of the dendritic micro-
environment.3 In 1999, Twyman and co-workers reported a
water-soluble, polar spherical dendrimer possessing interior
amine groups that was capable of solubilising organic acids
(such as benzoic acid) in aqueous solution.!! It was argued
that specific carboxylic acid—amine interactions played a key
role in the solubilisation process.[> ¢l

At around the same time, we also reported the use of simple
interactions between carboxylic acid and amine groups in
order to achieve dendritic solubilisation.'”! In our case,
however, rather than using spherical dendrimers, we focussed
on the use of individual dendritic branches (up to the third
generation) to solubilise dyes. Individual dendritic branches
have, in fact, previously been used for dye solubilisation, for
example, the surfactant poly(ethyleneglycol)-dendrimer
block copolymers reported by Chapman and co-workers.!!$]
These hydraamphiphiles (fourth generation) form aggregates
in aqueous solution, solubilising orange OT (1-(o-tolylazo)-2-
naphthol). The solubilisation process using such hydraamphi-
philes, however, is polarity dependent, whereas in our casel'”!
it appeared that specific supramolecular interactions between
carboxylic acid and amine groups were essential for efficient
solubilisation to occur.

In this full paper, we significantly expand the scope of our
novel methodology for the supramolecular dendritic solubi-
lisation of hydrophilic dyes and illustrate its general applic-
ability to different hydrophilic dyes and different dendritic
branches. Using a range of carefully chosen control experi-
ments, we report and discuss the main factors which control
the process of supramolecular dendritic solubilisation. Fur-
thermore, we also describe the ability of these dendritic
branches to act as transport agents delivering hydrophilic dyes
through an apolar phase and into an aqueous medium.

Results and Discussion

Synthesis of dendritic branches: The relative abilities of two
different series of dendritic branches (G,(COOH) and
G,(NH,)) to solubilise hydrophilic dyes in apolar media were
investigated. Acidic branches, G,(COOH), were based on
peptide-coupled L-lysine amino acids and synthesised from
generation 1 (G1(COOH)) to generation4 (G4(COOH))
(see Schemes 1 and 2 for the optimised convergent synthesis).
This type of dendritic branching is well-known in the
literature and was first introduced by Denkewalter.' Sur-
prisingly, full experimental data for this type of individual
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NH,
HOOC—Lyg L-Lysine
NH»
b a
NH, NHBoc
MeOOC—Lyf + HOOC—Lyg
NH, NHBoc
Lys(COOMe) G1(COOH)
c
BocHN\
Lys-NHBoc R=Me
/ G2(COOMe)
ROOC—Lys d
Lys NHBoc R=H
/ G2(COOH)
BocHN
e
NHBoc
BocHN——Lys NHBoc
L R=Me
~Lys
Lys G3(COOMe
VS T NHBoc ( )
ROOC—Lys NHBoc R=H
L/ys\Lys G3(COOH)
BocHN Lys
\ NHBoc
NHBoc

Scheme 1. Synthesis of G,(COOH) (n=1-3). a) Boc,0, NaOH, H,O0,
dioxane, 97 %; b) 2,2-dimethoxypropanone, MeOH, HCl, 93%; c) DCC,
HOBt, Et;N, EtOAc, 82%; d) NaOH, MeOH, H,O, 90%; e) Lys-
(COOMe), DCC, HOBt, Et;N, EtOAc, 86%; f) NaOH, MeOH, H,O,
92%.

dendritic branch based on L-lysine have, to the best of our
knowledge, not previously been reported, and consequently
are incorporated in the Experimental Section of this paper. A
variety of different solution-phase synthetic methods were
employed during the course of this project, and their relative
advantages and disadvantages were compared for lysine
dendrimers for the first time.

Divergent strategy: This proved to be an efficient method for
synthesising dendritic branches of all generations. Perhaps
surprisingly, it was easy to obtain complete reaction of all
available sites on the dendritic surface by coupling with DCC
(dicyclohexyl carbodiimide) and HOBt (hydroxybenzotri-
azole, to suppress racemisation),?” and column chromatog-
raphy allowed the isolation of analytically pure material at
all generations (G2(COOH): SiO, chromatography;
G3(COOH) and G4(COOH): gel-permeation chromatogra-
phy). It was necessary to perform this chromatography in
order to remove all traces of DCU (dicyclohexylurea) a side
product in the coupling reaction. This was a difficult
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Scheme 2. Synthesis of G,(COOH) (n =4) by using a double exponential
growth strategy. a)i) CF;COOH, CH,Cl,; ii) NEt;, EtOAc; iii) G2-
(COOH), DCC, HOBt, 81 %; b) NaOH, MeOH, H,0, 90 %.

procedure for G3(COOH) and G4(COOH) (Scheme 2),
which form gels in many organic solvents at the concentra-
tions required for chromatography. This necessitated the use
of polar solvents (SephadexLH-20 gel: MeOH, or Bio-
beads SX-1: 90/10, CH,Cl,/MeOH). Attempts to replace
DCC with EDCI (1-(3-dimethylaminopropyl)-3-ethylcarbo-
diimide hydrochloride, which generates a readily removed
byproduct)?! led to poor yields.

CO,Me

Convergent strategy: As fewer coupling reactions are per-
formed at each generation for a dendrimer undergoing
convergent growth, it was reasoned that problems caused by
the DCU side product would be less marked using this
approach. This was indeed the case, although some chroma-
tography was still required (BiobeadsSX-1: 90/10, CH,Cl,/
MeOH). Nonetheless, the convergent strategy gives good
yields of monodisperse products; this is the first report of the
use of the convergent solution-phase approach for the syn-
thesis of lysine based dendritic branches. Convergent syn-
thesis is generally considered to yield the highest purity
dendritic products. In order to synthesise fourth-generation
dendritic branches in the most efficient way, a double
exponential growth strategy? was used in which two sec-
ond-generation building blocks were combined. This allows
the synthesis of G4(COOH) in multigram quantities.

Amino branches, G,(NH,) (Scheme 3), were synthesised by
using the methodology first introduced by Newkome and co-
workers and further modified by Diederich and co-workers.[?’]
In this study, we employed different protecting groups
compared with the branches used by Diederich and co-
workers (Boc, tert-butoxycarbonyl group, rather than CBz,
benzyloxycarbonyl group), but in all other respects the
synthetic procedure was the same. Therefore, the data and
syntheses for these compounds are not reproduced here. First-
(G1(NH,)) and second- (G2(NH,)) generation dendritic
branches with an amino group at the focal point were
employed in this investigation.

All dendritic branches were fully characterised by using all
available techniques, and proven as monodisperse by using
electrospray mass spectrometry and analytical gel-permeation
chromatography (Shodex gel).

Investigation of dye solubilisation, proflavine hydrochloride
(1): compound 1 is a hydrophilic aromatic dye possessing two
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—

d
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2
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o
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Scheme 3. Synthesis of G,(NH,). a) Boc,O, Et;N, dioxane, 46 %; b) NaOH, H,0, MeOH, 93 %; ¢c) DCC, HOBt, THF, 50 %; d) CF;COOH, CH,Cl,, 80 %.
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free amino groups (Scheme 4). We postulated that this dye
should form COOH ---NH, hydrogen-bond interactions with
dendritic branches G,(COOH), and reasoned that such
interactions could manifest themselves in the form of an
altered solubility profile for the dye that should reflect to
some extent the solubility profile of the dendritic branch to
which it was complexed. Furthermore, it was hoped that the
optical properties of the dye (e.g. absorption wavelength)
would reflect the dendritically encapsulated environment in
which it found itself.

O ) O
o
H,N N NH,

it
Ccr

2, aurin tricarboxylic acid

1, proflavine hydrochloride

Scheme 4. Dyes solubilised by individual dendritic branches.

The solubilisation of proflavine hydrochloride in CH,Cl,
solution was therefore investigated using solid —liquid extrac-
tion experiments. These solid -liquid extraction experiments
were performed by using an optimised method? in which a
solution (3 mL, Smm) of dendritic branch in CH,Cl, was
mixed with solid proflavine hydrochloride (10 mg) and stirred
for 18 hours. The resultant solution was then diluted to 50 mL
and it (5 mL) was filtered through a pad of Biobeads gel
(SX-1) in a pipette, which was washed with additional solvent
and made up to 10 mL in a volumetric flask. The degree of dye
uptake in this solution was then monitored by using UV/
Visible spectroscopy. All uptake experiments were repeated a
minimum of three times and average values taken. The
reproducibility of these experiments was extremely high.

Each of dendritic branches G,(COOH) exhibited uptake of
proflavine hydrochloride in CH,Cl, to some extent, whereas
the dye showed no solubility in CH,Cl, with no dendritic
additive present (Table 1). Interestingly, as the extent of
dendritic branching increases, so does the uptake of the dye;
this observation is consistent with a model in which the

Table 1. Degree of uptake of proflavine hydrochloride into CH,Cl, by
using a variety of different additives [all 5SmM] and 4,,,, [nm] values of the
solubilised dye. The degree of uptake is, in each case, quoted relative to that
observed with G1(COOH) and is calculated from the ratio of intensities of
the UV/Vis spectra.

Additive [5mM] Degree of solubilisation Amax [NmM]
of proflavine hydrochloride
None 0 -
G1(COOH) 1.0 440
G2(COOH) 1.4 441
G3(COOH) 53 443
G4(COOH) 97 461
CH,;COOH 0.10 441
C,;H,;COOH 0.21 441
G2(COOMe) 0.56 440
G3(COOMe) 24 441
G4(COOMe) 44 441
G2(NH,) 0.19 broad
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hydrophilic dye interacts with the carboxylic acid at the focal
point of the branch and becomes encapsulated within the
branched environment. In this way, the dendritic branching
can shield the hydrophilic dye from the apolar solvent, and
consequently, more extensive branching gives rise to a
greater degree of uptake. For fourth-generation dendritic
branch G4(COOH), the degree of uptake was indeed dra-
matic and gave rise to a bright orange solution.

A number of control experiments were subsequently
performed to provide additional evidence for this hypothesis.
Simple carboxylic acids, lacking dendritic branching, were
used in an attempt to solubilise proflavine hydrochloride by
COOH ---NH, interactions alone. Acetic acid (CH;COOH)
and stearic acid (C;;H;sCOOH) both showed very poor
uptake of the dye (less than G1(COOH), Table 1). This result,
coupled with the enhanced effect of dendritic generation
described above, indicates that the dendritic branching does
indeed play a key role in the dye solubilisation process.

Dendritic branches in which the available carboxylic acids
had been protected as ester groups were also investigated.
G2(COOMe) showed negligible uptake of the dye, especially
when compared with G2(COOH). This would indicate that
the carboxylic acid also plays a key role in the solubilisation
process. Interestingly, however, G4(COOMe) did show sig-
nificant uptake of proflavine hydrochloride (although still less
than half the uptake of G4(COOH)). This was unexpected
using our simple model, but is perhaps not surprising.
G4(COOMe) contains 30 amide N—H groups, any of which
can donate hydrogen bonds to the amine groups on proflavine
hydrochloride. Whilst this process is not as favourable as the
formation of COOH --- NH, hydrogen bonds, it will still occur,
and given the large number of N—H groups, such secondary
interactions probably explain the uptake of some dye by this
protected fourth-generation dendritic branch. Nonetheless,
dye uptake by G4(COOMe) was markedly less than by
G4(COOH), and this reinforces the important role of the
carboxylic acid group in assisting dye solubilisation. This
result provides strong evidence for the importance of hydro-
gen-bond interactions between the carboxylic acid at the focal
point of the branch and the solubilised dye molecule. It seems
clear from these results that the carboxylic acid group and the
dendritic branching act cooperatively to solubilise the dye,
presumably by the formation of supramolecular interactions
within the shielded dendritic environment.

Interestingly, the optical properties of the dye also varied as
a function of dendritic generation, with a pronounced red-
shift of A, from 441 to 461 nm on progressing from
G1(COOH) to G4(COOH). This type of bathochromic shift
was previously observed by Seel and Vogtle for the encap-
sulation of proflavine hydrochloride using an acidic endo-
receptor.®! Tt is known that a bathochromic shift in absorp-
tion wavelength for this dye is associated with increased
protonation, indeed the 4,,,, values for deprotonated, mono-
protonated and diprotonated proflavine in H,O are approx-
imately 390, 445 and 460 nm, respectively.?*) For G4(COOH)
it is possible that the degree of proton transfer in the hydrogen
bond is greater within the more deeply encapsulated dendritic
microenvironment.?”] Interestingly, when solubilised by
G4(COOMe), proflavine hydrochloride has an absorption
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maximum at 441 nm, whilst as explained above, with
G4(COOH), this maximum shifted bathochromically to
461 nm. This indicates that it is not simply the polarity of
the extensive dendritic branching which generates a solvato-
chromic shift in 4., and illustrates the key role of the
encapsulated carboxylic acid in generating the dendritically
induced shift in absorption wavelength.

The degree of uptake of proflavine hydrochloride by
G3(COOH) and G4(COOH) was also monitored by NMR
spectroscopy. The solvent was removed from the volumetric
solution by rotary evaporation, the solution was dissolved in
CD;OD, and the relative intensities of the dye and branch
signals were integrated. In this way, it was ascertained that
when the uptake experiment is performed with G3(COOH)
approximately 0.1 equivalents of dye are dissolved, whilst
uptake with G4(COOH) dissolves approximately 1.9 equiv-
alents of dye; this is a very significant extent of solubilisation
and a result consistent with the observations from UV/Visible
spectroscopy. !

In an attempt to observe individual COOH ---NH, inter-
actions, IR spectroscopy of the dye solution solubilised by
G3(COOH) was performed and compared with the dendritic
branches alone in CH,Cl,. Unfortunately, no major differ-
ences in the IR spectra were observed, but this is not
surprising as the most important regions associated with C=0,
O—H and N—H stretches are obscured as a consequence of the
large number of amide groups present within the dendritic
branching.

The effect of the concentration of individual dendritic
branches on the uptake of the dye in CH,Cl, was then
investigated.?”) Figure 1 illustrates that, as expected, as the
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Figure 1. Dependence of proflavine hydrochloride solubilisation (absorb-
ance at 4,,,) on concentration of dendritic branches G,(COOH).

concentration of the branches increases, the concentration of
dissolved dye also goes up. However, neither for G1(COOH)
nor for G2(COOH) does much dye dissolve at any concen-
tration (even up to 100 mm). This offers further proof that the
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solubilisation is not simply caused by nonspecific polarity
effects. For G3(COOH), however, large quantities of dye
dissolve at concentrations of 10mmM and above, whilst for
G4(COOH) large quantities of dye dissolve at concentrations
of 0.5mm and above. This clearly indicates the effect of the
dendritic branching in facilitating the solubilisation process;
this is presumably by providing a more effective encapsulated
environment. It is interesting to note that the most commonly
used reverse micelles, such as AOT (Bis(2-ethylhexyl)sulfo-
succinate sodium salt) operate at concentrations around 1 mm,
but the presence of H,O or other hydrogen-bonding solvent is
essential.?” The potential of these individual dendritic
branches driven by supramolecular interactions (and not
dependent on additional solvent) to rival such systems is
therefore clear.

The ability of G,(NH,) dendritic branches to solubilise
proflavine hydrochloride was then investigated (Table 1). In
this case, the dendritic branches should not be able to form
any favourable supramolecular interactions with the dye, and
consequently no uptake should be observed. For G2(NH,)
this was indeed the case: the branch did not solubilise the dye
to any significant extent. This agrees with our model:
complementary interactions between COOH and NH, are
crucial to the solubilisation process.

Investigation of dye solubilisation, aurin tricarboxylic acid (2):
In order to demonstrate the generality of this approach to
supramolecular dendritic solubilisation, we then considered
the solubilisation of a hydrophilic dye which is a polyacid,
aurin tricarboxylic acid 2 (Scheme 4). We proposed that
dendritic branches G,(NH,) would solubilise this dye as a
consequence of the formation of complementary COOH ---
NH, interactions. Uptake experiments were performed as
described above (Table 2). Like proflavine hydrochloride,
aurin tricarboxylic acid shows little solubility in CH,Cl, in the
absence of additives. The use of G1(NH,) and G2(NH,) as
additives, however, increased the degree of uptake, in the case
of G2(NH,) this effect was dramatic with a bright red solution
being obtained. Therefore, as observed previously, dendritic
branching enhanced the degree of dye solubilisation. The
simple model system, tert-butylamine, however, showed little
uptake of the dye and this result further illustrated the key
role played by the branching. Protected dendritic branches,
G1(NHBoc) and G2(NHBoc) also showed much lower dye

Table 2. Degree of uptake of aurin tricarboxylic acid into CH,Cl, by using
a variety of different additives [all 5SmM] and A, [nm] values of the
solubilised dye. The degree of uptake is, in each case, quoted relative to that
observed with G1(NH,).

Additive [Smm] Degree of solubilisation Amax [nmM]
of aurin tricarboxylic acid
None 0.06 -
G1(NH,) 1.0 517
G2(NH,) 13.9 528
BuNH, 0.26 broad
G1(NHBoc) 0.25 broad
G2(NHBoc) 2.0 486
G1(COOH) 0.21 484
G2(COOH) 1.1 484
G3(COOH) 1.3 484
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uptake than their free amine equivalents. This clearly
illustrates the crucial role of the amine group in interacting
with the carboxylic acid groups on the dye. G2(NHBoc),
however, did exhibit some uptake of the dye; like
G4(COOMe), which shows some solubilisation of proflavine
hydrochloride, this effect can be ascribed to weaker secondary
hydrogen-bond interactions between amide groups within the
branch and the dye.

Once again, the dendritic branching has an effect on the
absorption wavelength of the dye. In the presence of dendritic
branching with an amine group at the focal point, 4., is
shifted. Most strikingly, in the presence of G2(NH,) this
maximum occurs at 528 nm whilst with G2(NHBoc), the dye
has an absorption maximum at just 486 nm, a shift of 42 nm.

The concentration dependence of this dendritic solubilisa-
tion process was investigated. G2(NH,) showed a high degree
of dye uptake at concentrations above 3mwm, whilst even
G1(NH,) showed some uptake of the dye at concentrations
above 20 mM.

The ability of G,(COOH) to solubilise aurin tricarboxylic
acid was then investigated (Table 2). These branches exhib-
ited significantly less dye solubilisation than their amine
functionalised counterparts and this observation once again
reinforces the important concept of acid —amine complemen-
tarity. It is possible that COOH--- COOH or COOH ---OH
interactions can occur between branch and dye in this case
and they provide the small amount of solubilisation observed.

Transport experiments: The ability of these dendritic branch-
es to transport a hydrophilic dye through an apolar phase with
subsequent delivery into an aqueous medium was then
studied. A solid-liquid-liquid transport apparatus was
designed (Figure 2) in which a solid hydrophilic dye could

11.2 cm

Volume = 18.5 mL ,// aqueous

phase

dendrimer — dye complex
in dichloromethane

—— frit
57 cm
Volume = 4.0 mL

Figure 2. Equipment for solid -liquid —liquid transport experiment.

suspension of dye in
dichloromethane - dendrimer
solution

be dissolved in a stirred solution of dendritic branch in apolar
CH,Cl, (0.1 mm), transported in solution through a frit and
then delivered into a stirred aqueous phase. This apparatus
was modelled on a previous experiment designed by Vogtle
and Seel.”’] The rate of transport of the dye into the aqueous
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phase was monitored by sampling the aqueous solution at
different times and measuring the intensity of the UV/Vis
absorption band at 440 nm. This experiment was performed
by using branches G,(COOH) and proflavine hydrochloride.
As illustrated in Figure 3, transport of the dye through the
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Figure 3. Continuous transport of proflavine hydrochloride through an
apolar solvent into an aqueous phase by dendritic branches G,(COOH) as
monitored by UV/Vis spectroscopy on the aqueous phase.

apolar phase was indeed observed. Interestingly, transport
was quickest with higher-generation dendritic branches (re-
flecting their greater ability at dye solubilisation). Transport
was effective even at very low concentrations of G4(COOH)
(0.1mMm) and furthermore was a continuous process, with
active transport of the dye continuing for at least 24 hours.
This proves that the dendritic branches do not become
inactivated during the transport experiment and indicates the
potential of such dendritic systems to act as efficient transport
and delivery vehicles. By using this experimental setup, in
24 hours, 1mole equivalent of G4(COOH) transports
3.1 mole equivalents of proflavine hydrochloride.!

Clearly the results from this experiment will reflect a
complicated mix of different factors: a)rate of diffusion,
b) solubility, c¢) rate of solubilisation and d) dimensions of the
apparatus. Stirring of the organic and aqueous phases was
employed to limit the effects of slow diffusion, although the
experimental data do show some evidence of a brief lag time
before transport is recorded. Separate experiments were
performed to determine the rate of solubilisation caused by
the dendritic additive. This was achieved by using regular
sampling from a stirred solution combined with UV/Vis
spectroscopy to analyse the extent of uptake. For G4(COOH)
the uptake was fast, with the maximum degree of solubilisa-
tion being achieved after approximately five minutes. As a
consequence of this observation, it is therefore proposed that
the degree of solubility of the dye caused by the presence of
the dendritic carrier molecule is the key factor in controlling
the rate of continuous transport over the period of 24 hours
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through the apolar phase. This is in agreement with the
observation that the rates of transport for different dendritic
branches follow the same pattern as the extent of dye
solubilisation in each case.

In any case, the transport results reported in this paper
should be considered as illustrative of the continuous trans-
port which can be achieved by using this type of dendritic
carrier system, rather than absolute measures, as the values
determined are dependent on the precise dimensions of the
apparatus.

By comparison, protected dendritic branches, as seen from
the results for their methyl esters, showed diminished rates of
transport of proflavine hydrochloride through the apolar
phase. Once again this emphasises the importance of com-
plementary acid—amine interactions, although as before
G4(COOMe) shows some transport ability, presumably as a
consequence of the multiple secondary interactions possible
within the cavities of the branches.

Conclusion

These experiments indicate the generality of this supra-
molecular approach to encapsulation by using individual
dendritic branches. The methodology has been extended to
higher-generation branches and most importantly, in a
predictive manner, to a different dendritic branch and a
different template dye. The key principles of the process are
now clear. Complementary supramolecular COOH :--NH,
hydrogen-bonding interactions play an important role in
controlling the aggregation, whilst the degree of dendritic
branching plays an important role in providing the encapsu-
lated environment and allowing efficient uptake at low
concentrations of dendritic additive. The optical properties
of the solubilised dye are modified within the assembly and
can be used to read out information about the encapsulated
microenvironment. In addition, efficient transport of the
hydrophilic dyes through an apolar phase can be mediated by
suitably functionalised dendritic branches. The possibilities
for encapsulation and modification of function by using this
approach would appear to be wide-ranging, and a number of
investigations into modified chemical and materials proper-
ties are currently in progress.[*

Experimental Section

Solvents and reagents were used as supplied. Silica column chromatog-
raphy was carried out by using silica gel provided by Fluorochem Ltd. (35—
60 A). Thin-layer chromatography was performed on commercially
available Merck aluminium backed silica plates. Preparative gel-perme-
ation chromatography was carried out by using a glass column (2 m) packed
with BiobeadsSX-1, supplied by Biorad. Analytical gel-permeation chro-
matographs were recorded by using a Waters instrument incorporating two
Shodex columns in series (KF-802.5 and KF-803) with THF as eluent.
Proton and carbon NMR spectra were recorded on either a Jeol EX-270
('H 270 MHz, BC 679 MHz) or a Bruker AMX-500 (‘*H 500 MHz, "*C
125 MHz) at 25°C. Chemical shifts (d) are quoted in parts per million,
referenced to residual solvent. Coupling constant values (/) are given in Hz.
DEPT (distortionless enhancement by polarisation transfer) experiments
were used to assist in the assignment of *C NMR spectra. Melting points
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were measured on an ElectrothermalIA9100 digital melting point
apparatus and are uncorrected. Optical rotation was measured as [a]p on
a JASCODIP-370 digital polarimeter. Positive ion electrospray mass
spectra were recorded on a Finnigan LCQ mass spectrometer. Positive ion
fast atom bombardment mass spectra were recorded on a Fisons Instru-
ments Autospec mass spectrometer. The isotope distribution observed for
mass spectral ions of the larger molecules was consistent with data
calculated from isotopic abundances. Infrared spectra were recorded by
using an ATIMattson Research Series1FTIR spectrometer. Compounds
Lys(COOMe)™l and G1(COOH) were prepared according to literature
methods.

Compound G2(COOMe): L-Lysine methyl ester dihydrochloride (Lys-
(COOMe) (0.560 g, 2.4 mmol) was suspended in ethyl acetate (20 mL).
Triethylamine (0.506 g, 5.0 mmol) was added, followed by G1(COOH)
(1.732 g, 5.0 mmol). The mixture was stirred under nitrogen for two
minutes and then cooled to 0°C. Hydroxybenzotriazole (HOBt, 0.681 g,
5.0 mmol) and dicyclohexyl carbodiimide (DCC, 1.032 g, 5.0 mmol) were
added simultaneously as a mixture of solids. The reaction mixture was
allowed to warm to room temperature and stirred for 24 h. The precipitate
was removed by filtration and discarded. The filtrate was then washed with
NaHCO; agq. (satd.), then NaHSO, aq. (8 g in 50 mL), NaHCO; aq. (satd.)
and then finally H,O. The solution was dried (MgSO,) and then the solvent
was removed by rotary evaporation to produce a white solid. This crude
product was purified by column chromatography (silica, CH,Cl,:MeOH:
NEt;, 95:5:0.1) to give the product (1.63 g, 1.98 mmol, 82%).

Colourless solid, m.p. 75-80°C; R;=0.48 (CH,Cl,/MeOH 90:10); [a]}"* =
—419 (c=1.0 in CHCL), —205 (c=1.0 in CH,COCHs); 'H NMR
(500 MHz, CD,COCD,): 6=756 (brs, 1H; CONH), 733 (brs, 1H;
CONH), 6.14 (brs, 1 H; NHBoc), 6.09 (d, 3/ =75 Hz, 1H; NHBoc), 5.92
(brs, 2H; NHBoc), 436 (brm, 1H; COCH(R)NH), 4.23 (brm, 1H;
COCH(R)NH), 4.05 (brm, 1H; COCH(R)NH), 3.68 (s, 3H; CO,CHs),
3.06 (m, 6H; CH,NH), 1.85-1.35 (m, 54H; CH, and CH;); C NMR
(125 MHz, CD;COCD,): 6=173.5 (CO,Me), 173.3 (CONH x 2), 156.8
(COOC(CH,); x 4), 79.5 (OC(CHa);x2), 784 (OC(CH,);x2), 55.6
(COCH(R)NH), 551 (COCH(R)NH), 530 (COCH(R)NH), 523
(CO,CHL), 40.9 (CH,NH x 2), 39.0 (CH,NH), 33.3, 33.1, 31.9, 30.6, 30.5,
29.8 (All CH,), 28.8 (CH, x 6), 28.7 (CH, x 6), 23.8,23.5,23.3 (All CH,); IR
(KBr disc): #=3330 (m), 3062 (w), 2978 (m), 2934 (m), 2866 (w), 1712 (m),
1694 (s), 1660 (s), 1527 (s), 1456 (w), 1392 (m), 1366 (m), 1250 (m),
1172 ecm™! (s); MS (Electrospray) [M+Na]*: C3H;,NsO;,Na (M, =840.0):
miz (%): 840.0 (40), 839.0 (100); HRMS (FAB) (CsH,,N,O,,Na)
[M+Na]*: found 839.5101; calcd 839.5106.

Compound G2(COOH): G2(COOMe) (0.500 g, 0.612 mmol) was dis-
solved in methanol (25 mL). The solution was cooled to 0°C and then
aqueous sodium hydroxide solution (1.8 mL, 1M, 1.8 mmol) was added. The
reaction was stirred under nitrogen for 24 hours. The solvent was removed
by rotary evaporation, water was added (35 mL) and then the mixture was
acidified to pH 3 with aqueous sodium hydrogen sulfate. The product was
extracted with ethyl acetate and then washed with water and brine. The
resulting solution was dried (MgSO,) and then the solvent was removed by
rotary evaporation to dryness. Diethyl ether (20 mL) was added and the
solvent was removed from the mixture by rotary evaporation to give
product (0.44 g, 0.55 mmol, 90 % ).

Colourless solid, m.p. 90-100°C; R;=0.15 (CH,Cl,/MeOH 90:10);
[a]5®=—76 (¢=1.0 in CHCL;), —14.7 (¢=1.0 in CH;COCHs;), —9.3 (c=
1.0 in MeOH); 'H NMR (500 MHz, CD;COCDs): 6 =754 (brs, 1H;
CONH), 740 (brs, 1H; CONH), 6.17 (d, 3/ =7.5 Hz, 1H; NHBoc), 6.13 (d,
3J=75Hz, 1H; NHBoc), 5.95 (brs, 2H; NHBoc), 440 (brm, 1H;
COCH(R)NH), 423 (brm, 1H; COCH(R)NH), 4.07 (brm, 1H;
COCH(R)NH), 3.06 (m, 6H; CH,NH), 1.91-1.33 (m, 54H; CH, and
CH;); CNMR (125 MHz, CD,COCD;): 6 =173.8 (CO,H), 173.4 (CONH
x 2),156.9 (COOC(CHj;); x 4), 79.5 (OC(CH,); x 2), 78.4 (OC(CHs); x 2),
55.5 (COCH(R)NH), 552 (COCH(R)NH), 52.8 (COCH(R)NH), 40.8
(CH,NH x 2), 39.0 (CH,NH), 33.1, 32.0, 30.5, 30.1, 29.7 (All CH,), 28.8
(CH; x 6), 28.7 (CHj; x 6), 25.7, 23.7, 23.6, 23.2 (All CH,); IR (KBr disc):
7=3325 (m), 3062 (w), 2978 (m), 2936 (m), 2868 (w), 1698 (m), 1696 (s),
1663 (s), 1533 (s), 1457 (w), 1405 (m), 1367 (m), 1251 (m), 1172 cm™! (s);
MS (Electrospray) [M+Na]™: C;H;(N4O,Na (M, =826.0): m/z (%): 826.2
(40), 825.1 (100); HRMS (FAB) (CsH,N4O,Na) [M+Na]*: found
825.4955; caled 825.4949.
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Compound G3(COOMe): L-Lysine methyl ester dihydrochloride (Lys-
(COOMe)) (0.552 g, 2.37 mmol) was suspended in ethyl acetate (100 mL).
Triethylamine (0.499 g, 4.93 mmol) was added, followed by G2(COOH)
(3.96 g, 4.93 mmol). The mixture was stirred under nitrogen for 2 min and
then cooled to 0°C. Hydroxybenzotriazole (HOBt, 0.671 g, 4.93 mmol) and
dicyclohexyl carbodiimide (DCC, 1.017 g, 4.93 mmol) were added simulta-
neously as a mixture of solids. The reaction mixture was allowed to warm to
room temperature and stirred for 60 h. The precipitate (containing the
product) was filtered off and washed with ethyl acetate. The product was
extracted from this solid with excess CH,Cl, (by using an ultrasonic bath to
break up the large solid particles). The yield of crude product was 4.71 g. A
small portion of the crude product (1.00 g) was purified by size-exclusion
chromatography (Biobeads, CH,Cl,/MeOH, 90:10) to give a white solid
product with a yield of 0.746 g (0.431 mmol). This extrapolated to an
overall yield for the reaction of 86 %.

Colourless solid, m.p. 135-140°C; R;=0.46 (CH,Cl,:MeOH 90:10);
[a]®=—-28.1 (¢c=1.0 in CHCL), —18.0 (¢=1.0 in MeOH); 'H NMR
(500 MHz, CD;OD): 6=4.36 (m, 2H; COCH(R)NH), 427 (m, 1H;
COCH(R)NH), 4.04 (m, 2H; COCH(R)NH), 397 (m, 2H;
COCH(R)NH), 3.71 (s, 3H; CO,CH,), 3.17 (m, 6H; CH,NH), 3.02 (m,
8H; CH,NH), 1.88-1.26 (m, 114H; CH, and CH,); “C NMR (125 MHz,
CD;0D): 6=175.2,175.1, 175.0, 174.2, 174.0, 174.0 (All CO,Me, CONH x
6), 158.5 (NHCOOC(CH,);x4), 1581 (NHCOOC(CH,);), 1579
(NHCOOC(CHs;);), 1578 (NHCOOC(CH,); x 2), 80.6 (OC(CHs); x 4),
79.8 (OC(CHj;); x 4), 56.1, 55.9, 54.6, 54.2, 53.6 (All COCH(R)NH x 7),
52.8 (CO,CHs), 41.1 (CH,NH x 4), 40.0 (CH,NH x 2), 39.9 (CH,NH), 33.3,
33.0, 32.9, 32.7, 32.6, 32.5, 20.6, 30.0, 29.9, 29.9, 29.7 (All CH,), 28.9, 28.8,
28.8 (All CH;), 24.2, 24.1,24.0 (All CH,); IR (KBr disc): # = 3326 (m), 3062
(W),2975 (m), 2938 (m), 2864 (w), 1696 (s), 1653 (s), 1526 (s), 1457 (w), 1392
(m), 1366 (m), 1275 (m), 1250 (m), 1168 cm~! (s); MS (Electrospray)
[M+Na]*: CgH5,N,OpNa (M, =1753.2): miz (%): 1754.0 (35), 1753.0
(80), 1752.0 (100).

Compound G3(COOH): Compound G3(COOMe) (0.32 g, 0.18 mmol) was
dissolved in methanol (25 mL). The solution was cooled to 0°C, then
aqueous sodium hydroxide solution (0.6 mL, 1M, 0.6 mmol) was added. The
reaction was stirred under nitrogen for 24 h. TLC showed that the reaction
was not complete, so a further aliquot of sodium hydroxide solution
(0.6 mL, 1M, 0.6 mmol) was added and stirred for a further 24 h. The
solvent was removed on a rotary evaporator, water was added (35 mL) and
then the mixture was acidified to pH 3 with aqueous NaHSO,. The product
was extracted with ethyl acetate and then washed with water and brine. The
resulting solution was dried (MgSO,) and then the solvent was removed by
rotary evaporation to dryness. Diethyl ether (20 mL) was added and the
solvent was removed from the mixture by rotary evaporation to provide
product (0.29 g, 0.17 mmol, 92%).

Colourless solid, m.p. 100-120°C; R;=0.18 (CH,Cl,:MeOH 90:10);
[a]F®=—=25.7 (¢c=1.0 in CHCL;), —173 (¢=1.0 in MeOH); 'H NMR
(500 MHz, CD;0OD): 6=4.37 (m, 2H; COCH(R)NH), 4.28 (m, 1H;
COCH(R)NH), 4.03 (m, 2H; COCH(R)NH), 397 (m, 2H;
COCH(R)NH), 3.18 (m, 6H; CH,NH), 3.02 (m, 8H; CH,NH), 1.92-1.28
(m, 114H; CH, and CH;); ®C NMR (125 MHz, CD;0D): 6 =175.3, 175.1,
175.0, 173.9 (All CO,Me, CONH x 6), 158.5 (NHCOOC(CH;); x 4), 158.0
(NHCOOC(CH;); x 2), 157.8 (NHCOOC(CHj;); x 2), 80.6 (OC(CH;); x
4), 79.8 (OC(CHj;); x 4), 56.1, 55.9, 54.5, 54.3, 53.5 (All COCH(R)NH x
7), 41.0 (CH,NH x 4), 40.0 (CH,NH x 3), 33.2, 33.0, 32.8, 32.6, 32.2, 30.6,
30.1,29.9, 29.7 (All CH,), 28.8, 28.8 (CHj; x 24), 24.2, 23.7 (CH,); IR (KBr
disc): 7=3339 (m), 2978 (m), 2933 (m), 2868 (w), 1693 (s), 1660 (s), 1530
(s), 1454 (w), 1391 (w), 1366 (m), 1251 (m), 1173 cm™! (s); MS (Electro-
spray) [M+Na]*: CyuH 5N ,O5Na (M, =1739.2): m/z (%): 1739.9 (40),
1738.9 (85), 1737.8 (100), 1760 [25, M+2Na — H]*.

Compound G4(COOMe): Synthesis using a double exponential growth
strategy. Compound G2(COOMe) (0.339 g, 0.415 mmol) was dissolved in
dichloromethane (3 mL). Trifluoroacetic acid (3 mL) was then added and
the solution stirred under nitrogen for 30 min. The solvent was removed
from the solution by rotary evaporation and the sample was then dried
under high vacuum for 1 h. Ethyl acetate (30 mL) was added followed by
triethylamine (0.336 g, 3.3 mmol, 2 equiv per NH;") to produce the free
amine. Compound G2(COOH) (1.43 g, 1.78 mmol, 4.3 equiv) was then
added and the solution stirred under nitrogen for two minutes, before being
cooled to 0°C. Hydroxybenzotriazole (HOBt, 0.241¢g, 1.78 mmol,
43 equiv) and dicyclohexylcarbodiimide (DCC, 0.367 g, 1.78 mmol,
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4.3 equiv) were then added simultaneously as a mixture of solids. The
reaction mixture was allowed to warm to room temperature and stirred for
90 h. The solvent was removed by rotary evaporation and the mixture
purified by size-exclusion chromatography (Biobeads, CH,Cl,/MeOH,
90:10) to give the product (1.20 g, 0.337 mmol, 81% with respect to
G2(COOMe)).

Colourless ~ solid, m.p. 170-172°C  (decomposed); R;=0.32
(CH,Cl,:MeOH 90:10); [a]3®=—25.2 (¢=1.0 in CHCl;), —19.0 (¢c=1.0
in MeOH); 'H NMR (500 MHz, CD;OD): 6=437 (m, 4H;
COCH(R)NH), 428 (m, 3H; COCH(R)NH), 4.02 (m, 8H;
COCH(R)NH), 3.71 (s, 3H; CO,CH,), 3.17 (m, 14H; CH,NH), 3.02 (m,
16H; CH,NH), 1.86-1.31 (m, 234H; CH, and CH,;); *C NMR (125 MHz,
CD;OD): 0=1751, 1739 (CO,Me, CONH x12), 1585
(NHCOOC(CHs;); x 8), 158.0 (NHCOOC(CHs;); x 4), 157.8
(NHCOOC(CH3;); x 4), 80.7, 80.5 (OC(CHj;); x 8), 79.8 (OC(CHs); x 8),
56.1, 54.6 (COCH(R)NH x 15), 53.7 (CO,CHj;), 41.0 (CH,NH x 8), 40.1
(CH,NH x 7), 34.7, 33.3, 32.9, 32.7, 32.0, 30.6, 30.0, 29.8 (All CH,), 28.8
(CH,), 26.8, 26.0, 24.2, 24.0 (All CH,); IR (KBr disc): #=3336 (m), 3064
(w),2978 (m), 2932 (m), 2866 (w), 1691 (s), 1653 (s), 1528 (s), 1456 (W), 1392
(w), 1366 (m), 1251 (m), 1173 cm™! (s); MS (Electrospray) [M+2Na]**:
Ci71H315N3,045Na, (M, =3602.6, doubly charged ion therefore will appear
at 1801.3): m/z (%): 1802.5 (20), 1801.9 (40), 1801.5 (70), 1801.0 (100),
1800.5 (100), 1800.0 (50).

Compound G4(COOH): Compound G4(COOMe) (0.30 g, 0.084 mmol)
was dissolved in methanol (15 mL). The solution was cooled to 0°C, then
aqueous sodium hydroxide solution (0.25 mL, 1M, 0.25 mmol) was added.
The reaction was stirred under nitrogen for 24 h. TLC showed that the
reaction was not complete, so a further aliquot of NaOH,, (0.25 mL, 1m,
0.25 mmol) was added and stirred until TLC indicated the reaction was
complete (a further 24 h). The solvent was removed on a rotary evaporator,
water was added (25 mL) and the mixture was acidified to pH 3 with
aqueous NaHSO,. The solid product was washed with water, dried and
then collected into a flask using methanol. The solvent was evaporated.
Diethyl ether (20 mL) was added and the solvent was removed from the
mixture by rotary evaporation to give product (0.27 g, 0.076 mmol, 90 % ).

Colourless solid, m.p. 115-125°C (decomposed); R;=0.26 (CH,Cl,/
MeOH 90:10); [a]¥? = — 17.6 (c = 1.0 in CHCL,), — 172 (c = 1.0 in MeOH);
'H NMR (500 MHz, CD,0D): 8 =4.35 (m, 7H; COCH(R)NH), 4.02 (m,
8H; COCH(R)NH), 3.17 (m, 14H; CH,NH), 3.02 (m, 16H; CH,NH),
1.85-1.28 (m, 234H; CH, and CH;); 3C NMR (125 MHz, CD;0D): 6 =
173.8-172.6 (CO,Me, CONH x 12), 1572 (NHCOOC(CH,); x 8), 156.5
(NHCOOC(CHy), x 8), 79.2 (OC(CH,); x 8), 78.5 (OC(CH,); x 8), 54.8,
532 (COCH(R)NH x 15), 39.7 (CH,NH x 8), 38.8 (CH,NH x 7), 33.4—
285 (CH,), 276 (CHj), 25.4-22.9 (CH,); IR (KBr disc): #=3336 (m),
3064 (w), 2978 (m), 2932 (m), 2866 (w), 1691 (s), 1653 (s), 1528 (s), 1456 (w),
1392 (w), 1366 (m), 1251 (m), 1173 cm™! (s); MS (Electrospray)
[M+2Na]**: C,70H3,0N3,04Na, (M, =3588.8, doubly charged ion therefore
will appear at 1794.4): m/z (%): 1795.4 (20), 1794.9 (40), 1794.4 (65), 1794.0
(100), 1793.6 (80), 1793.1 (25); Also observed [M+3Na—H]J**:
C170H300N30045Na; (M, =3610.8, doubly charged ion therefore will appear
at 1805.4): m/z (%): 1806.4 (20), 1805.9 (42), 1805.4 (73), 1804.9 (100),
1804.5 (90), 1804.1 (35).

Procedure for solid-liquid solubilisation studies: A 5mM (typically)
solution of the dendritic branch in the hydrophobic CH,Cl, solvent was
prepared. A portion (3 mL) of this solution was stirred with a quantity of
solid hydrophilic dye at ambient temperature for 18 h. This solution was
then diluted to 50 mL in a volumetric flask (not for aurin tricarboxylic acid
studies) and the solution (5 mL) was filtered through a pad of Biobeads gel
in a pipette. The gel was washed with additional solvent and the solution
made up to 10 mL in a volumetric flask. The solution was then analysed by
using UV/Visible spectroscopy to assess the degree of dye uptake.

Procedure for solid -liquid - liquid transport experiments: Solid —liquid —
liquid transport experiments were performed by using a purpose built
apparatus based on the design of Vogtle and Seel (Figure 2).%5! The
dimensions of this apparatus were as shown in Figure 2. Proflavine dye
(10 mg) was placed in the flask before the apparatus was assembled. A
solution of dendritic branch in CH,Cl, (0.1mm, 6 mL) was then added
through the frit. The frit was present to stop the solid dye from reaching the
dichloromethane —water interface directly. Water (15 mL) was added to
the top of the dichloromethane phase and the phases were gently stirred.
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Magnetic followers, in the bottom flask and above the frit, stirred the
dichloromethane phase; an overhead stirrer stirred the aqueous phase. The
transport of the dye from the solid, through the apolar phase, into the
aqueous phase was monitored by UV/Visible spectroscopy. An aliquot
(~3 mL) from the aqueous phase was removed at regular intervals and the
UV/Visible spectrum was recorded, before the sample was returned to the
apparatus.
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