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In recent years there has been an outburst of research
interest in small biological molecules in the gas phase.[1] By
placing these molecules on the ™transparent cover glass∫ of an
isolated environment, one can unravel intrinsic properties
usually hidden in the complex medium of a real biological
system. The need for such gas-phase studies arises from the
anticipation that many biological phenomena can be traced to
the fundamental properties of the molecular constituents.
Both laser spectroscopy and theoretical methods have made
great contributions to elucidating the structures and dynamics
of nonrigid biomolecules and their solvated complexes in the
gas phase.[2]

Amino acids are known to exist in various conformations
resulting from the flexibility of their structures, which
comprise a backbone and a side chain or residue. The
conformational variety of amino acids plays a crucial role in
determining the three-dimensional structure of proteins and
controlling their dynamics.[3] The energy barrier that separates
different conformers is typically rather small so that thermal
energy at room temperature enables the molecule to freely
change from one conformation to another. Therefore, it is not
generally feasible to isolate a specific conformer experimen-
tally at room temperature. By employing a supersonic
expansion, however, one can cool down the molecule to a
temperature low enough to isolate it in various frozen forms,
in other words, as individual conformers. Numerous exper-
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layer (3 cm) of Al2O3. The solution was concentrated to 2 mL and hexane
(20 mL) was added to precipitate the product as an orange-red air-stable
solid. Yield 38 mg (47%). 1H NMR (400.13 MHz, [D1]chloroform, 25 8C):
d¼�0.69 (bs, 2H; cage CH), 1.60 (s, 15H; C5Me5), 5.22 ppm (s, 5H; C5H5);
11B{1H} NMR (128.38 MHz, [D1]chloroform, 25 8C): d¼�5.26 (2B), 16.24
(2B), 17.92 (2B), 31.94 (1B), 38.31 (1B), 95.10 ppm (1B); elemental
analysis (%) calcd: C 38.17, H 5.84, B 18.19; found: C 38.16, H 5.89, B 18.11.

[(h-C5Me5)Ru(C2B9H11)Ru(h-C5Me5)] (2b): THF (4 mL) was added to a
mixture of [{(h-C5Me5)RuCl}4] (41 mg, 0.038 mmol) and Tl-1 (86 mg,
0.15 mmol). The reaction mixture was stirred for 4 h and filtered through a
thin layer (3 cm) of Al2O3. The solution was concentrated to 2 mL and
hexane (20 mL) was added to precipitate the product as a red air-stable
solid. Yield 67 mg (74%). 1H NMR (400.13 MHz, [D1]chloroform, 25 8C):
d¼�1.27 (bs, 2H; cage CH), 1.59 ppm (s, 30H; C5Me5); 11B{1H} NMR
(128.38 MHz, [D1]chloroform, 25 8C): d¼�5.62 (2 B), 17.78 (4B), 36.37
(2B), 97.03 ppm (1B); elemental analysis (%) calcd: C 43.68, H 6.83, B
16.08; found: C 43.65, H 6.78, B 15.98.

Analogously, direct reaction of [{(h-C5Me5)RuCl}4] (82 mg, 0.075 mmol)
and Tl[Tl(C2B9H11)] (81 mg, 0.15 mmol) in THForMe2CO gave 2b (64 mg,
70%).

Complex 2b was also prepared in 55% yield starting from [(h-C5Me5)-
Ru(MeCN)3]CF3SO3, similar to preparation of 2a.
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imental studies have dealt with amino acids and their con-
formers in the gas phase.[4±15]

Another interesting subject involves amino acids that carry
a whole ionic charge since electrostatic interactions are
ubiquitous in many proteins and affect their structures and
functions. Many gas-phase studies on ionic amino acids,
peptides, and proteins have focused on protonated cations or
metal ion complexes, but to our knowledge, an unadulterated
ionic amino acid has not yet been studied, presumably
because of the difficulties in producing an intact ion in the
gas phase.
Here we report a study on the photoionization of the

aromatic amino acid phenylalanine (Phe) generated by
supersonic expansion. We measured the ionization energies
(IEs) of all low-energy conformers by resonant two-photon
ionization (R2PI). This revealed strikingly different IE values
that range from 8.80 to 9.15 eV. We found that a very strong
correlation exists between the IE of a given conformer and
how its backbone interacts with the side chain.
Figure 1 depicts the six lowest energy conformational

structures of Phe as determined by Simons and co-workers;
they are shown here for expedient reference.[13] They can be
divided into two subgroups according to the intramolecular

hydrogen-bonding scheme. In the first subgroup (subgroup I)
consisting of the conformers X, B, and E, the carboxy
hydrogen atom forms a hydrogen bond with the nonbonding
electrons of the amino group. Additionally, an amino hydro-
gen atom interacts with the phenyl ring in what appears to be
a p±hydrogen bond, thereby forming a complete sequence of
hydrogen bonds, COOH!NH2!p. The strength of the latter
hydrogen bond, NH2!p should be enhanced by the former
hydrogen bond, COOH!NH2, which endows the amino
hydrogen atom with a stronger positive charge.[13] Thus these
two hydrogen bonds act cooperatively in determining the

structure of the conformers in the first subgroup. In the other
subgroup (subgroup II), which includes the conformers A, C,
and D, the direction of the hydrogen bonding is reversed
between the amino and the carboxy group, that is, NH2!
COOH, whether it involves only a single or both hydrogen
atoms of the amino group. In these conformers the carboxy
hydrogen atom remains free and does not interact with the
phenyl ring. This means that there is little interaction between
the residue and the backbone through either the carboxy
group or the amino group.
In a recent paper[15] we pointed out that this grouping of Phe

conformers may be incorrect with regard to conformer E. We
proposed that conformer E should be included in subgroup II
rather than subgroup I, with hydrogen bonding from the
amino to the carboxy group, based on our observation that
conformer E binds water just as efficiently as members of
subgroup II and much more efficiently than those of subgroup
I. Theoretical calculations predict that all conformers of
subgroup II interact more strongly with water than those of
subgroup I because water tends to make a hydrogen bond
with the free carboxy hydrogen atom. As will be discussed
later, this proposition is further corroborated by new findings
in the present study. Our regrouping of the conformers would
classify A, C, D, and E as subgroup II and X and B as
subgroup I.
Figure 2a shows a one-color R2PI excitation spectrum of

Phe in the S1 origin region. The six peaks are the band origins
of the corresponding six lowest energy conformers shown in
Figure 1, with the structure of conformer E undetermined as
described above. The adiabatic IE of Phe is known to be
8.5 eV,[16] but its vertical IE is not yet known. Since the one-
color two-photon energy (~ 9.4 eV) could be well above the
vertical IE, we employed two-color R2PI to reduce the excess
energy above the ionization threshold. Figure 2b displays a
two-color R2PI excitation spectrum obtained at conditions
similar to those given in Figure 2a but with the ionization
laser fixed at 285.5 nm. Strikingly, the bands B and X are
totally missing in this spectrum, while all other bands are
observed with nearly the same intensity ratio as in the one-
color spectrum. We note that the band E behaves more like
those of subgroup II than of subgroup I. The peak at
37646 cm�1 in Figure 2a, which is known to be a low-
frequency vibration of X,[13] also disappears in Figure 2b.
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Figure 1. Geometries of the six most stable Phe conformers optimized at
the B3LYP/6-31þG(d) level. The labels are adopted from reference [13].
In parentheses are shown the relative energies (in kcalmol�1) calculated at
the MP2/6-311G(d,p) level with the zero-point energy corrections (B3LYP/
6-31þG(d)).

Figure 2. Mass-resolved R2PI excitation spectra of jet-cooled Phe ob-
tained by a) one-color and b) two-color ionization. The wavelength of the
ionization laser was fixed at 285.5 nm in (b).



The absence of the bands associated with the two conformers
B and X, in contrast to the presence of the bands for A, C, D,
and E in Figure 2b, must mean that the two-photon energy
here (~ 9.0 eV) is smaller than the IEs of the conformers B
and X but still larger than those of the other four conformers.
To further confirm this observation we obtained the

photoionization efficiency (PIE) curves for all six conformers
(Figure 3). For each curve the wavelength of the excitation
laser was fixed at the S1 band origin of the corresponding
conformer, thus the selection of the species being ionized is

achieved in the first excitation step. Here, too, band E behaves
like a member of subgroup II along with the bands A, C, and
D. All the PIE curves are seen to have a very gradual increase
in the ion signal and a poorly defined ionization threshold.
This feature can be explained by a poor Franck±Condon
factor for ionization, as in similar cases of 2-phenylethylamine
(PEA),[17] benzyl and salicyl alcohol,[18] and p-methoxyphen-
ethylamine.[19] It has been recognized for such molecules that
the minima of the neutral and the cationic potential energy
surfaces (PES) are much displaced from each other. A cation
is thus produced at a repulsive part of the PES, where the
density of states is very high at a considerable internal energy
which leads to a broad and structureless band profile in the
photoion or photoelectron spectra.
Conformers B and X of subgroup I have IEs of 9.15 and

9.00 eV, respectively, much larger than the nearly identical IEs
of ~ 8.8 eV for all the conformers of subgroup II. That is
indeed the reason for the absence of the bands B and X in the
two-color R2PI excitation spectrum in Figure 2b. If we
classified the conformers into two different subgroups only
on the basis of the magnitude of IE, we would have two

subgroups, (A, C, D, E) vs. (B, X). It is very interesting that
this classification by IE gives the same result as our earlier
classification of the Phe conformers on the basis of the
propensity of Phe toward hydration. Hydration was found to
take place only with A, C, D, and E but not with B and X,[15]

which was suggested to result from the different hydrogen-
bonding schemes resulting from the different geometries
between the two subgroups. Likewise, the higher IEs of B and
X should also reflect the structural difference between the two
subgroups.
As already mentioned with regard to Figure 1, there is an

additional hydrogen bond for B and X between the amino
group and the phenyl ring in addition to, and enhanced by, the
hydrogen bond between the carboxy and amino groups. When
B and X are ionized by two-photon ionization via the pp*
resonance state (S1), the phenyl ring would attain a positive
charge, at least partially, which will turn the attractive
interaction between the amino hydrogen atom and the phenyl
ring into a repulsive one. In contrast conformers A, C, D, and
E would be little influenced by the positive charge on the
phenyl ring since the interaction between the backbone and
the phenyl ring is much weaker for these conformers in the
first place in their neutral state. Therefore, the nascent cations
of B and X are expected to be higher in energy than the other
conformers because of their repulsive backbone±p interac-
tion, which also leads to the higher IEs.
The conformer-dependent IEs have been observed recently

for molecules such as 1-iodopropane,[20] 9-ethylfluorene,[21] p-
methoxyphenethylamine,[19] and formanilide.[22] However,
the difference between the IEs of different conformers is
generally small for these molecules, mostly below ~ 300 cm�1.
By comparison, the difference of up to 0.35 eV (~ 2800 cm�1

or 8 kcalmol�1) in the IEs of the two subgroups of Phe
conformers is remarkably large–an order of magnitude
greater than all the known cases.
In summary, we employed the technique of supersonic jet

cooling for Phe to freeze out its various conformational
structures and used R2PI to measure the IE for specific
conformations. We found that the IE is very much conforma-
tion-dependent, ranging from 8.80 to 9.15 eV. The magnitude
of the differences in the IEs exceeds the largest value reported
to date for a conformation-dependent IE of any molecule by
an order of magnitude. Two distinct subgroups were proposed
for the six lowest energy conformers of Phe on the basis of the
magnitude of IE, which turned out to give the same
classification as that derived from the conformation-depend-
ent propensity toward hydration. The culprit for the large
variances in the IEs as well as the propensities for hydration
was the drastically different nature of hydrogen bonding
between the two subgroups of conformers. It reflects the large
conformational change upon ionization, the effect of which is
maximized in the present case of Phe because of the
characteristically strong intramolecular hydrogen bonds typ-
ically found in amino acids.

Experimental Section

The experimental setup used in this study has been described in detail.[15]

Phe powder was vaporized by heating the oven to 180 8C and expanded
through a pulsed nozzle with a 0.8-mm hole by using neon carrier gas at

COMMUNICATIONS

4116 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0044-8249/02/4121-4116 $ 20.00+.50/0 Angew. Chem. Int. Ed. 2002, 41, No. 21

Figure 3. PIE curves of the Phe conformers. Each curve was obtained by
scanning the wavelength of the ionization laser across the IE while fixing
the wavelength of the excitation laser at the S1 band origin of the labeled
conformer.



Fluorous Biphasic Esterification Directed
towards Ultimate Atom Efficiency**

Jiannan Xiang, Akihiro Orita, and Junzo Otera*

Esterification technology is currently undergoing intensive
innovation to meet the rapidly increasing demands for
sustainable chemistry.[1] Since the direct reaction between a
carboxylic acid and an alcohol is innately an equilibrium
process, high atom efficiency[2] is not easy to achieve: either of
the reactants must be used in excess and/or the water formed

must be removed constantly during the reaction to bias the
equilibrium to the product side. In particular, the direct
condensation between carboxylic acids and alcohols with a
strict 1:1 stoichiometry by use of a simple catalyst system is
very difficult to complete, although activation of the carbox-
ylic acid component with a stoichiometric amount of pro-
moter such as DCC[3] or DEAD[4] is another possible but
uneconomical choice. In this context, graphite bisulfate was
reported to catalyze esterification between equimolar reac-
tants.[5] Later, microwave irradiation coupled with p-toluene-
sulfonic acid catalyst was reported.[6] Recently, a few more
related catalysts have appeared. Although the Soxhlet
technique must be invoked, NaHSO4¥H2O[7] and
HfCl2¥2THF[8] were found to work well as a catalyst. On the
other hand, Ph2NH2

þOTf� served for the present purpose
without recourse to any dehydration reagents or apparatus.[9]

The yields of all of these reactions were high (mostly > 85%)
but, unfortunately, not perfectly quantitative, except for two
cases in the HfCl2¥2THF protocol (> 99%). This is somewhat
problematic, not only in view of atom efficiency but also of
practical operation. The 1:1 stoichiometry is truly effective
only if 100% conversion is reached. In this case, the product
ester constitutes a sole organic component in the reaction
mixture, but otherwise separation of the remaining carboxylic
acid and alcohol from the product mixture is unavoidable. As
a consequence, an ideal goal of esterification would be 100%
yield by use of equimolar reactants without recourse to any
dehydration technique.
Recently, we disclosed that the fluorous biphasic trans-

esterification by use of fluoroalkyldistannoxane catalysts gave
rise to virtually 100% yields with ester and alcohol reactants
in a 1:1 ratio.[10] It was suggested in this protocol that
liberation of a lighter alcohol from the equilibrium system
as a result of its lower solubility in fluorocarbon solvents
facilitated the conversion in favor of the esters with a higher
alcohol component. Since water is much less fluorophilic than
alcohols, we postulated that the condensation between
carboxylic acids and alcohols should proceed more efficiently.
We report herein the first fluorous biphasic esterification that
achieves the above-mentioned goal. Furthermore, facile
separation of the catalyst is another notable advantage that
results from the fluorous biphasic technology.
As shown in Scheme 1, an equimolar mixture of

RCOOH (1) and R’OH (2) together with
[{Cl(C6F13C2H4)2SnOSn(C2H4C6F13)2Cl}2] (3)[11] (5 mol%) in
FC-72 (perfluorohexanes) was heated at 150 8C. After being
cooled to room temperature, toluene was added to the
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1 atm. The Phe sample was purchased from Aldrich Chemical Company
and used without further purification.
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Scheme 1. Esterification in a biphasic system. Reagents and conditions:
a) acid (2.0 mmol), alcohol (2.0 mmol), 3 (0.1 mmol), FC-72 (5 mL), 150 8C,
16 h; b) extraction with toluene (5 mL and 2î 2 mL).


