
A Method for Determining the Difference in
Relative Apicophilicity of Carbon-Containing
Substituents of 10-P-5 Phosphoranes**

Shiro Matsukawa, Kazumasa Kajiyama,
Satoshi Kojima, Shin-ya Furuta,
Yohsuke Yamamoto, and Kin-ya Akiba*

Apicophilicity is the relative preference of substituents to
occupy the apical positions as opposed to the equatorial
positions in trigonal bipyramidal (TBP) structures and is one
of the fundamental properties of pentacoordinate compounds.
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increased smoothly with time and reached a maximum at
complete conversion. The same experiment was repeated
several times, and the variability for each time point was less
than 5%. This result indicates that MALDI, when combined
with SAMs, may find wider use for kinetic analysis of
interfacial reactions.

The most significant result of this work is that a commercial
instrument for MALDI-TOF MS, when combined with self-
assembled monolayers engineered for bioanalytical applica-
tions, is a very effective technique for characterizing bio-
logical activities at interfaces. We believe that this finding will
be exploited for a range of purposes, but in particular for
examining biochips. The recent development of strategies that
use self-assembled monolayers for the preparation of peptide,
protein, and carbohydrate arrays makes this technique
immediately applicable.[14,23, 24] The use of MALDI in these
applications is significant because it can identify unexpected
biological activities, while current methods for characterizing
biochips require preliminary knowledge of the activity to be
identified. Fluorescence detection of antibodies that bind to
arrays, for example, will only identify activities that introduce
or delete an antigen. Mass spectrometry, by contrast, will
identify any change in mass at the interface–whether
resulting from binding of a protein or modification by an
enzyme–and hence can discover unanticipated activities. We
believe that these properties, together with the widespread
availability of commercial instruments, will make MALDI a
popular and effective technique for applications in bioana-
lytical and surface chemistry.
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Especially, the implication that pentacoordinate intermedi-
ates play important roles in the reaction of phosphoryl groups
in biological systems has given rise to theoretical and
experimental investigations, which culminated in several
apicophilicity scales for a variety of heteroatom substitu-
ents.[1,2] Experimental scales have mostly been built upon the
relative activation energy of pseudorotation (a kinetic fea-
ture) of a series of phosphoranes that differ only in the
substituent in question, by using techniques such as dynamic
NMR spectroscopy in solution. According to the definition,
however, the ideal apicophilicity scale should be based on the
relative thermodynamic stability of two configurationally
isomeric phosphoranes that differ only by interchange of one
apical and one equatorial substituent, which are directly
attached to the phosphorus center. Comparisons of stability
between such isomers should especially be effective for the
determination of relative apicophilicity among substituents of
similar electronegativities, which would otherwise be ex-
tremely difficult to establish. Although some publications
have appeared on the coexistence of such positional isomers
in equilibrated mixtures,[3,4] no experimental investigation on
relative apicophilicity in a thermodynamic sense has been
reported except for that on CF3 and F, which are of very
similar apicophilicities.[4] In addition, although reactions of
biological systems occur in aqueous media and it is thus
essential to examine the effect of solvents on apicophilicity, no
such effects have been observed to date, probably because of a
lack of suitable systems to examine.

We recently prepared a novel family of phosphoranes 2
with an ™anti-apicophilic∫ O-cis array of substituents contain-
ing carbon and oxygen atoms directly attached to the
phosphorus center (equatorial oxygen±apical carbon
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atoms).[5] In an investigation of the reactivity of these unique
phosphoranes, 1a was a reaction product with MeLi.[6] This
compound shows two distinct signals for the two methyl
groups in the 1H NMR spectrum, which suggested the
possibility to freeze pseudorotation on the NMR spectro-
scopic timescale for phosphoranes bearing two different
monodentate substituents directly connected to the phospho-
rus center through carbon atoms, and thus simultaneously
show the presence of two isomeric phosphoranes which differ
only in the position of these two substituents. To this end,
several such compounds were prepared; these did show the
coexistence of pairs of pseudorotamers. Here we report on a
new method for determining the relative apicophilicity of
several substituents on the phosphorus center that are directly
attached by a carbon atom, based on the equilibrium ratio of
these pairs of pseudorotamers in solution, that is, based on
relative thermodynamic stability. In the process, we also found
a distinct solvent effect on relative apicophilicity, and a novel
phenomenon in which two different pseudorotamers (1hA
and 1hB) cocrystallize in the same single crystal by adjust-
ment of the two substituents, which are carbon-containing
groups (benzyl, Me), and of the recrystallization solvent
(CH3CN).

The 31P NMR spectrum of 1a in CDCl3 showed a singlet
(d¼�34.8 ppm), and two resonance signals arising from
methyl groups (d¼ 2.57 (d, 2JPCH¼ 13.7 Hz, 3H), 1.46 ppm (d,
2JPCH¼ 5.9 Hz, 3H)) were observed in the 1H NMR spectrum
at 23 8C. These observations suggested that the two-step Berry
pseudorotation process,[7] which interchanges an apical and an
equatorial substituent, was slowed down and the stereo-
chemistry was fixed on the NMR spectroscopic timescale
(Table 1). There have been ample demonstrations that
pseudorotation is too fast to enable the determination of
such equilibrium ratios in ordinary monocyclic compound-
s.[1a,b,2,8] However, the present system shows a unique and
successful example, in which an intramolecular hydrogen
bond between the hydroxy group of the monodentate aryl
group and the apical oxygen atom of the five-membered ring
could stabilize the stereochemistry of the 10-P-5 phosphor-
anes 1.
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Table 1. Substituent effect on the equilibrium ratios (CDCl3) in 1b±1 i, and chemical shifts (CDCl3, d), and coupling constants (2JPCH) of the resonance signals
for the methyl groups in the 1H NMR spectra of 1a±1 i.
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Equilibrium DG8A-B Chemical shifts Coupling constants
ratio [kcalmol�1] d [ppm] 2JPCH [Hz]

R A :B[a] sI ES A B A B

1a Me �0.01 0.00 1.46 2.57 5.9 13.7
1b Et 3.8:1 �0.79 �0.01 �0.07 1.47 2.59 5.9 13.3
1c nPr 5.0:1 �0.95 �0.01 �0.36 1.48 2.60 6.0 13.3
1d nBu 5.0:1 �0.95 �0.01 �0.39 1.48 2.60 5.9 13.7
1e CH2OMe 1:10 1.35 0.11 �0.19 1.60 2.64 7.0 14.5
1 f Ph < 2:> 98 > 2.7 0.12 � 2.75 � 13.7
1g CH2C6H4(p-Me) 3.7:1 �0.77 1.17 2.63 6.3 13.4
1h CH2Ph 3.0:1 �0.65 0.03 �0.38 1.17 2.64 6.4 13.7
1 i CH2C6H4(p-F) 2.4:1 �0.52 1.18 2.63 8.3 13.4

[a] A :B was determined by the integral values taken from the 1H or 19F NMR spectra.



The phosphorane 1b was prepared by a similar method.[9]

The 31P NMR spectrum of 1b showed two singlets (d¼�21.9
(major) and �25.3 ppm (minor); ratio: 3.8:1 in CDCl3 at
23 8C) and two sets of signals arising from methyl and ethyl
groups were observed in the 1H and 13C NMR spectra. For the
major component, the coupling constants for the coupling of
the methyl group protons and carbon atom to the phophorus
center (d¼ 1.47 (2JPCH¼ 5.8 Hz), and 21.3 ppm (1JPC¼
27.1 Hz)) were much smaller than the corresponding coupling
constants of the minor component (d¼ 2.59 (2JPCH¼ 13.3 Hz)
and 24.5 ppm (1JPC¼ 97.9 Hz)). Because coupling constants
between an atom of an equatorial group and the central atom
are generally larger than those between an atom of an apical
group and the central atom,[1,10] the major component was
assigned the structure 1bA (apical methyl and equatorial
ethyl groups), which coincides with its X-ray crystal structure
(Figure 1). Likewise, the minor component was assigned to be

the pseudorotamer 1bB (apical ethyl and equatorial methyl
groups; Table 1). The X-ray analysis showed that the geom-
etry about the phosphorus atom in 1bA is a slightly distorted
TBP with three carbon atoms (two ipso carbon atoms of the
two Martin ligands,[1i] and the a carbon atom of the ethyl
group in 1bA) are at the equatorial sites of the TBP. As
expected, the hydroxy proton on the oxygen atom O(2) of the
monodentate ligand is hydrogen-bonded with the apical
oxygen atom O(1) of the Martin ligand, which holds the
relatively electronegative aryl group in the equatorial posi-
tion.

Apicophilicity is governed by electronic and steric effects.
Electronically, the more electronegative substituent usually
prefers the apical position, whereas the more bulky substitu-
ent usually prefers the equatorial position. In the major
component 1bA the methyl group occupies the apical posi-
tion, which supports the expectation that the apicophilicity of
a methyl group is higher than that of an ethyl group, based on
steric grounds, because the electronic effect is the same for
both methyl and ethyl groups (sI¼�0.01 for both, see
Table 1).[1] To confirm that the assignments of stereochemistry
are correct and that the observed ratio is based on thermody-
namics, the crystal used for X-ray analysis was dissolved in
toluene at �40 8C. At this temperature, only one set of signals
(consistent with the major isomer 1bA) was observed in the

31P, 1H, and 13C NMR spectra. After the solution was warmed
to �20 8C, another set of signals (corresponding to 1bB)
appeared gradually; equilibration was complete after 2 h at
�20 8C. The rates of equilibration were calculated to be 3.22�
0.12 î 10�5 s�1 (1bA!1bB) and 1.40� 0.05 î 10�4 s�1

(1bA 1bB). Based on these values, the equilibration should
be complete at 23 8C within 0.1 s.

Other derivatives (1c±1 i) were also prepared, the 1H, 13C,
and 31P NMR spectroscopic data of which were very similar to
those of 1b (Table 1; see Supporting Information for 13C and
31P NMR spectroscopic data).[9] Therefore, the structures of
the pseudorotamers in 1c±1 i were assigned similarly. The
equilibrium ratios of 1c±1 i in CDCl3 are summarized in
Table 1 together with the values of their Hammett inductive
constants (sI),[11] and the steric substituent constants (Es).[12] A
comparison among the series of phosphoranes bearing two
different alkyl substituents (1b±1d) shows that steric factors
play important roles in apicophilicity, because the sI constants
are the same for the methyl, ethyl, n-propyl, and n-butyl
groups. For 1 f, which has a phenyl group, only one singlet was
observed (d¼�22.5 ppm) in the 31P NMR spectrum (CDCl3)
and one resonance signal of a methyl group (d¼ 2.75 ppm (d,
2JPCH¼ 13.7 Hz, 3H)) was observed in the 1H NMR spectrum,
which indicate that the isomer 1 fB (apical phenyl and
equatorial methyl groups) is exclusive in solution. The
assignment was consistent with the X-ray analysis of 1 f,
which does have the proposed structure 1 fB (see Supporting
Information). This result shows that the apicophilicity of a
phenyl group is considerably higher than that of a methyl
group. The reason is probably because the phenyl group (sI¼
0.12 in Table 1) is more electronegative than the methyl group
(sI¼ -0.01).[1] Previous examinations of the relative apicophi-
licity between methyl and phenyl groups have produced
conflicting results as, for example, Trippett and co-workers
concluded that the methyl group was more apicophilic than
the phenyl group,[13] whereas Holmes reported the opposi-
te.[1b] Our results are consistent with those of Holmes.

The examination of intermediary cases would be interest-
ing, that is, compounds in which one of the hydrogen atoms in
the methyl group of 1a is replaced with an electronegative
group. Here, steric hindrance and electronegativity of the
group are expected to work in opposite directions. Thus, for
the highly electronegative and relatively small methoxymeth-
yl group, a higher composition of the isomer of type B is
expected than that in 1b or 1c. For the pair of isomers bearing
the methoxymethyl group 1e, the major isomer in the
equilibrium is 1eB, which shows that the inductive electronic
effect overrides the steric effect. For 1h, the major component
was assigned the structure 1hA (apical methyl and equatorial
benzyl) and the minor component 1hB (apical benzyl and
equatorial methyl). The effect of the para-CH3 and F
substituents (1g and 1 i) on the equilibrium ratio resulted in
a shift of the equilibrium ratio towards isomer B with the
more electronegative substituent (1g< 1h< 1 i), which indi-
cates that the remote electronic effect through a benzene ring
can also play a significant role. Therefore, in these cases, there
is a counterbalance between the two factors, with the steric
factor slightly dominating the electronic factor. Thus, the
apicophilicity order of ligands that are directly attached to the
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Figure 1. ORTEP drawing of 1bA (thermal ellipsoids set at 30%).



phosphorus by a carbon atom in CDCl3 is as follows: Ph@

CH2OMe@Me>CH2C6H4(p-F)>CH2Ph>CH2C6H4(p-
Me)�Et> nPr� nBu.

When the solvent was changed from CDCl3 to other
solvents a distinct difference was observed, especially for
the benzyl-substituted compounds (1g±1 i). The equilibrium
ratios in these solvents are shown in Table 2 together with
solvent parameters (e,[14] m,[14] and EN

T
[14]). As a general trend,

pseudorotamer A (1gA±1 iA) was preferred in less polar
solvents, and the ratios depended on the polarity of solvents. It
should be noted that in CD3CN the order of apicophilicity of
the benzyl and methyl groups is reversed to 1:1.2 for 1h and
1:1.7 for 1 i. This phenomenon suggests that the contribution
of the electronic factor overcomes that of the steric factor in
more polar solvents, especially in CD3CN. Thus, in CD3CN the
apicophilicity order of ligands with carbon atoms directly
attached to the carbon center is changed to Ph@CH2OMe@
CH2C6H4(p-F)>CH2Ph>Me>CH2C6H4(p-Me)>Et>
nPr> nBu.

Interestingly, the X-ray structures of 1g and 1 i, which were
crystallized from CH3CN, coincided with the major pseudor-
otamer in CD3CN, that is, 1gA and 1 iB, respectively, although
the isomer compositions were not far from 1:1. Similar
precedence was recently seen in the study of spirophosphor-
anes bearing an eight-membered ring.[3e] The X-ray analysis of
1h was more surprising, as it showed the presence of two
pseudorotamers in the same crystal, that is, 1hA and 1hB. The
ORTEP drawings of the two independent molecules are
shown in Figure 2.[15] To our knowledge, this is the first
example of the cocrystallization of two different pentacoor-
dinate pseudorotamers in the same single crystal. Further
investigations on analogous pseudorotamers with two carbon-
atom-linked substituents of similar apicophilicity are in
progress.
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Figure 2. ORTEP drawing of 1h (thermal ellipsoids set at 30%).
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Preferential Location of Ge Atoms in
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Zeolites are crystalline aluminosilicates with a regular array
of microporous systems which are responsible for the out-
standing properties of these materials in adsorption, ion
exchange, and catalysis.[1±3] Since most of these properties
strongly depend on pore dimensions and topology, there is an
incentive to develop tailor-made syntheses of zeolites. Al-
though improvements in the understanding of zeolite syn-
thesis have been made through the rational design of organic
structure-directing agents (SDAs),[4] the predictable synthesis
of the desired structures is far from being achieved, this is
because of the large number of parameters that influence the
reactions.

We recently showed that the rate of nucleation of zeolite
ITQ-7, a zeolite containing double four-member rings (D4Rs),
is strongly accelerated when Ge atoms are introduced into the
framework.[5] Furthermore, by means of 19F and 29Si MAS
NMR (MAS¼magic-angle spinning) spectroscopy we indi-
rectly postulated that the Ge atoms were preferentially
occupying framework positions at the D4R units.[6] These
observations made us think that the introduction of Ge atoms
could direct the synthesis of zeolites towards structures
containing D4Rs as secondary building units (SBUs), which
are rare.[7] Our first attempt was directed to the synthesis of
the previously elusive pure polymorph C of Beta zeolite,
which contains D4Rs (with the International Zeolite Associ-
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