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in the range between a typical single (B—N: 1.58 A) and a
double (B=N: 1.41 A) bond.[""
The new metallasilaborates presented obey Wade’s rules.”]

Experimental Section

5: [NEt,][MeSiB,H),] (197.7 mg, 0.67 mmol) was dissolved in CH,Br,
(10 mL), cooled to the freezing point of the solvent, and added to a
similarly cold solution of Nb(NMe,)s (265.9 mg, 1.26 equiv) in dibromo-
methane (10 mL). The solution was allowed to warm to room temperature
and stirred for four days. The resulting dark brown solution was filtered and
then layered with hexane to give green-black crystals at —30°C that
contained one equivalent of CH,Br,. Recrystallization from dichloro-
methane gave crystals containing one equivalent of CH,Cl,. Crystals for
X-ray structure analysis were obtained by an analogous procedure using
[NBu,]* as counterion. Yield: 0.392 g (73 % ). 'H{"'B} NMR (CD,Cl,, 500 MHz,
TMS): 6 =0.98 (s, 3H, SiMe), 2.15 (s, 1H, H12), 2.21 (s, 1 H, H9), 2.63 (s,
2H, H8/10), 2.67 (s, 6H, u-NMe,), 2.79 (s, 2H, H4/5), 3.00 (s, 6 H, u-NMe,),
347 (s, 2H, H3/6), 4.97 (s, 2H, CH,Br,); "B NMR (CD,Cl,, 160 MHz,
Et,0-BF;): d=32.1 (s, B7/11), 13.8 (d, 'J =134 Hz, B 3/6), —2.2 (d, '/ =
134 Hz, B9/4/5), —9.0 (d, 'J =134 Hz, B8/10), —11.7 (d, ' =134 Hz, B12);
BC{'H} NMR (CD,Cl,, 125 MHz): 6 =—4.6 (s, MeSi), 51.5 (s, u-NMe,),
56.9 (s, u-NMe,); ?Si NMR (CD,Cl,, 100 MHz, TMS): 6 =36.22; C, H, N
analysis (% ): caled: C 21.09, H 5.94, N 5.27; found: C 20.92; H 6.15, N 5.77.

6: Same procedure as for 5 with [NEt,][MeSiB,H,,] (273.0 mg, 0.93 mmol)
and Ta(NMe,); (397.2 mg, 0.98 mmol, 1.06 equiv). Yield: 0.564 g (69 % ).
'H{"'B} NMR (CD,Cl,, 500 MHz, TMS): 6 = 0.98 (s, 3H, SiMe), 2.37 (s, 1 H,
H12), 2.73 (s, 1H, H9), 2.80 (s, 6 H, u-NMe,), 2.85 (s, 2H, H8/10), 3.11 (s,
6H, u-NMe,), 3.07 (s, 2H, H4/5), 3.31 (s, 2H, H3/6); 'B NMR (CD,Cl,,
160 MHz, Et,0 - BF;): 6 =28.5 (s, B7/11), 8.3 (d, '/ =134 Hz, B 3/6), —5.1
(d, '/ =134 Hz, B4/5), — 6.1 (d, '/ =134 Hz, B9), —10.8 (d, '/ =134 Hz, B8/
10), —13.4 (d, /=134 Hz, B12); BC{'H} NMR (CD,Cl,, 125 MHz): 6 =
—5.0 (s, MeSi), 51.6 (s, u-NMe,), 57.0 (s, u-NMe,); ¥Si-NMR (CD,Cl,,
100 MHz, TMS): 6 =30.25; C, H analysis (%): caled: C 19.04, H 5.13;
found: C 19.27, H 5.33.
Received: March 8, 1999 [Z13118I1E]
German version: Angew. Chem. 1999, 111, 2518-2520

Keywords: boranes - cluster compounds - niobium - Si
ligands - tantalum

[1] L. Wesemann, Y. Ramjoie, B. Ganter, B. Wrackmeyer, Angew. Chem.
1997, 109, 902-904; Angew. Chem. Int. Ed. Engl. 1997, 8, 838-890.

[2] M. F. Hawthorne, D. C. Young, T. D. Andrews, D. V. Howe, R. L.
Pilling, A. D. Pitts, M. Reintjes, L. F. Warren, Jr., P. A. Wegner, J. Am.
Chem. Soc. 1968, 90, 879 —896.

[3] D.J. Hyatt, J. L. Little, J. T. Moran, F. R. Scholer, L. J. Todd, J. Am.
Chem. Soc. 1967, 89, 3342.

[4] W. H. Knoth, J. Am. Chem. Soc. 1967, 89, 3342 -3344.

[5] L. Wesemann, Y. Ramjoie, M. Trinkaus, B. Ganter, Inorg. Chem. 1997,
36, 5192-5197.

[6] L. Wesemann, Y. Ramjoie, M. Trinkaus, T. Spaniol, Eur. J. Inorg.
Chem. 1998, 1263 —1268.

[7] D. E. Bowen, R. F. Jordan, R. D. Rogers, Organometallics 1995, 14,
3630-3635.

[8] G. Chandra, M. F. Lappert, J. Chem. Soc. A 1968, 1940—1945.

[9] M. U. Pilotti, F. G. A. Stone, J. Chem. Soc. Dalton Trans. 1990, 2625 —
2632.

[10] F-E. Baumann, J. A. K. Howard, O. Johnson, F. G. A. Stone, J. Chem.
Soc. Dalton Trans. 1987, 2917 —-2925.

[11] L. Barton, D. K. Srivastava in Comprehensive Organometallic Chem-
istry II, Vol.1 (Eds.: E.W. Abel, F. G. A. Stone, G. Wilkinson),
Pergamon, Oxford, 1995, pp. 342—-348.

[12] X-ray structure analysis of 5: C,HysB;Br;N;NbSi; M,=822.54;
triclinic space group /1 (no. 2) non-standard setting; a =25.209(9),
b=10.556(4), c=276759) A, «=88.65(9), B=93.91(6), y=
91.00(9)°, V="7344(5), Z=38, Peaca =1.488 gem=; ;, =3.64 mm™;
Stoe IPDS diffractometer; Moy, (A=0.71073 A); graphite mono-
chromator; data collection at 200(2) K on a single crystal 0.7 x 0.5 x

Angew. Chem. Int. Ed. 1999, 38, No. 16

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999

0.2 mm3, 1.5°<60<22.7°, 0< ¢ <200°; 15285 reflections measured,
8777 independent, 5071 observed with I>20(f); corrections for
Lorentz and polarization factors; numerical absorption correction,!'*]
max./ min. transmission 0.48/0.15; structure solution with direct
methods and difference Fourier synthesis;!'l F? refinement, isotropic
displacement parameters, hydrogen atoms in calculated positions
(C-H 0.98, B-H 1.12 A), split positions for Nb and Br atoms;
convergence was obtained for 271 variables with wR2=0.064,
R1(observed) =0.046, GOF =1.003; max./ min. residual electron
density +0.76/ —0.66 e A-3. The crystal structure is very close to
monoclinic symmetry (pseudo symmetry /2/a), but neither the metric
nor the reflection conditions for the higher symmetry are met.
Although both independent anions might be connected by a twofold
axis, the [BuyN]* ions differ in conformation. 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-115869. Copies of the
data can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB21EZ, UK (fax: (+44)1223-36-033; e-mail:
deposit@chemecrys.cam.ac.uk).

[13] N. W. Alcock, P. J. Marks, K.-G. Adams, Modified Version of ABSPSI,
Program for Numerical Absorption Correction of Single Crystal Data,
Universitédt Karlsruhe, Germany, 1995.

[14] G. M. Sheldrick, SHELX-97, Program for Crystal Structure Determi-
nation, Universitat Gottingen, Germany, 1997.

[15] K. E. Stockman, K. L. Houseknecht, E. A. Boring, M. Sabat, M. G.
Finn, R. N. Grimes, Organometallics 1995, 14, 3014 —3029.

[16] J. Arnold, T. D. Tilley, A. L. Rheingold, S.J. Geib, Organometallics
1987, 6, 473 -479.

[17] G.I. Nikonov, L. G. Kuzmina, D. A. Lemenovskii, V. V. Kotov, J. Am.
Chem. Soc. 1995, 117, 10133 -10134.

[18] R. W. Chesnut, P. E. Fanwick, 1. P. Rothwell, Inorg. Chem. 1988, 27,
752-754.

[19] P. Paetzold, Adv. Inorg. Chem. 1987, 31, 123 -170.

[20] K. Wade, Adv. Inorg. Chem. Radiochem. 1976, 18, 1-66.

Supramolecular Sensors for the Detection of
Alcohols**

Roberta Pinalli, Francine F. Nachtigall,
Franco Ugozzoli, and Enrico Dalcanale*

In memory of Antonino Fava

The quest for selectivity is one of the key issues in developing
new, efficient chemical sensors.'! The use of supramolecular
structures has proved to be one of the best approaches to

[*] Dr. E. Dalcanale, Dr. R. Pinalli
Dipartimento di Chimica Organica e Industriale
Universita di Parma
1-43100 Parma (Italy)
Fax: (+390)521-905414
E-mail: dalcanal@unipr.it

Dr. F. E. Nachtigall, Prof. F. Ugozzoli

Dipartimento di Chimica Generale ed Inorganica, Chimica Analitica,
Chimica Fisica

and Centro di Studio per la Strutturistica Diffrattometrica CNR
Universita di Parma, I-43100 Parma (Italy)

[**] This work was supported by the NATO Supramolecular Chemistry
Programme.
O Supporting information for this article is available on the WWW

under http://www.wiley-vch.de/home/angewandte/ or from the author.

1433-7851/99/3816-2377 $ 17.50+.50/0 2377



COMMUNICATIONS

generating new materials with molecular specificity for chem-
ical sensing.”) Here we report the preparation and chemical-
sensor properties of a new class of cavitands, specifically
designed to detect alcohol vapors by using mass-sensitive
transducers. The quartz-crystal microbalance (QCM) piezo-
electric sensor system is based on interactions of thin organic
layers coated on the surface of a quartz crystal with analytes.
The resulting mass increment of the organic layer lowers the
fundamental resonance frequency f of the oscillating crystal.P!

We previously showed that the use of cavitands as chemi-
cally sensitive layers leads to selective QCM sensors only if
specific interactions, such as CH --- it interactions, are present
between the preorganized cavity of the receptor and the
analyte.™ These interactions perturb the selectivity pattern
expected on the basis of purely dispersive interactions
between the analyte and the cavitand layer by adding their
contribution to the sensor response. The CH --- i interactions
alone provide significant specificity only in the presence of
analytes with rather acidic methyl groups such as acetonitrile,
nitromethane, and ethyl acetate.

To achieve high selectivity for a single class of analytes we
designed new cavitand receptors 1, 3, and 5 that are capable of
two synergistic interactions with the chosen analyte, namely,
hydrogen bonding with the P=O group and CH:-- & inter-
actions with the m-basic cavity. The R, X, and Ar groups were
chosen on the basis of the following considerations: a) The
presence of long alkyl chains produces more highly dispersed,
porous layers that allow easier access of the analytes to the
bulk of the layer; b) the different X groups at the upper rim
influence the m-basic character of the cavity; and c) the
posphonate/phosphate moieties modulate the strength of
hydrogen bonding. All mixed-bridged cavitands were pre-
pared by a three- or four-step procedure, depending on the X
substituent.’! The presence of a stereogenic phosphorus(v)
center as a bridging group gives rise to two diastereomers in
which the P=O group is oriented inward (PO;,) or outward
(PO,,) with respect to the cavity. The configuration of all
diastereomers was assigned by established spectroscopic
methods,”® and confirmed in the case of 3 by X-ray structure
analysis. The well-defined spatial orientation of the bridging
P=0 group with respect to the cavity strongly influences the
complexation properties of these cavitands: A two-point
interaction with suitable guests is possible only for the POy,
isomers 1, 3, and §, while in the PO, isomers 2 and 4 the Ar
group partially (4, Ar=OPh) or completely (2, Ar=Ph)
occludes the cavity. Methylene-bridged cavitands 6 and 7 were
synthesized by an established literature protocol.”)

Layers of cavitands 1-7 and reference polymers polyiso-
butylene (PIB) and polyepichlorohydrin (PECH)®! were
deposited on both sides of gold-coated AT-cut quartz disks
operating at 10 MHz (see Experimental Section). The coated
disks were exposed at 20°C to a constant flow of nitrogen with
the desired content of analyte vapor (usually 3000 ppm). All
sensor responses were highly reproducible and linear in the
range 1000-4000 ppm. The responses of sensors coated with
cavitands 1-7, PIB, and PECH to linear C, - C;s alcohols are
summarized in Figure 1. The responses of the PO;, isomers 1,3
and 5 are always much higher than those of the PO, isomers
2 and 4. This dramatic enhancement arises from the presence
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Figure 1. Selectivity patterns of cavitands 1-4, PIB, and PECH (top) and
of cavitands 1, 5, 6, and 7 (bottom) towards linear C,—Cs alcohols.
Responses to 3000 ppm of each alcohol in nitrogen at 293 K. Each bar
represents the mean value of four responses.

of a preorganized cavity that can complex alcohols through a
synergistic two-point interaction. Without such a specific
interaction, the identical chemical constitution of the cav-
itands should give rise to similar selectivity patterns toward
analytes, as is shown by the responses of the PO, isomers,
which are comparable to those of the reference polymers PIB
and PECH."! The importance of cooperativity between CH -+
nt and hydrogen bonding interactions is demonstrated by
comparison of the behaviors of 1 and 5§ with those of 6 and 7, in
which only CH---;t interactions are operative (Figure 1,
bottom). Both interactions can be fine-tuned by changing
the X and Ar groups in the cavitand framework. Replacing
the four Br substituents at the upper rim with CH; groups
enhances the m-basic character of the cavity and thus
intensifies the CH---m interactions (Figure 1, bottom). The
better hydrogen bond acceptor capability of phosphonates
relative to phosphates!'” is reflected in the higher responses of
1 versus 3 and 2 versus 4, with the exception of n-butanol
(Figure 1, top). A general enhancement of the responses of all
receptors is associated with increasing number of carbon
atoms in the alkyl chain. This behavior is due to the greater
number of purely dispersive interactions, which are directly
related to chain length,[''l and not to any strengthening of the
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PO R=CHy PO

in

2 X=Br Ar=Ph
4 X=Br Ar=OPh

1 X=Br Ar=Ph
3 X=Br Ar=OPh
5 X=CH, Ar=Ph

R=CHy

6 X=Br
7 X=CH,

specific CH---m and hydrogen-bonding interactions, which
should be comparable for all alcohols of the series. Never-
theless the selectivity of the PO, isomers toward linear
alcohols is only diluted, but not cancelled, by the presence of
these unspecific dispersive interactions.

Experiments with other classes of analytes indicated the
preference of the PO, derivatives for alcohols over other
compounds capable of CH---x interactions with the cavity,
such as acetone, ethyl acetate, and chloroform (Figure 2).

The molecular structure of the complex 3- EtOH confirms
the two-point interaction between the PO, cavitands and
alcohols (Figure 3). Two ethanol complexes are present in the
asymmetric unit.['”l No guest molecules were found to reside
among the alkyl chains at the lower rim of the cavitand. In
each complex, the guest is anchored to the host by a hydrogen
bond to the P=0O moiety of the phosphate group (PO -+ Oy
2.78(1) and 2.91(2) A), while the carbon chain is statistically
distributed over two different orientations: one with the CH,
group inside and the CH; group outside the cavity, and the
other with the CH, outside and CHj inside (see Supporting
Information). The main differences between the two complex
units regard the strength of the host—guest interactive forces,
which explains the presence of two independent molecules in
the asymmetric unit. In one complex the guest is held only by
the P=0O ---H-O,, hydrogen bond (PO --- O 2.78(1) A).
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© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999

Figure 2. Selectivity patterns of cavitands 1, 2, 5, and PIB to six organic
vapors. Responses to 3000 ppm of each analyte in nitrogen at 293 K. Each
bar represents the mean value of four responses.

Figure 3. Molecular structure of 3- EtOH (for clarity the undecyl groups
on the lower rim are not shown).

In the other complex the P=0 :-- H-O,, bond is weaker (PO
=+ Oguest 2.91(2) A), but the guest ethanol molecule is involved
in CH--- & interactions between its CH, (or CH;) group and
the aromatic walls of the host. When the CH, group is inside
the host cavity, the interactions involve one hydrogen atom of
the CH, group and C3°—C5 of 1ing G (Hyyes**~ Car 2.880(9),
2.690(9), and 2.873(9) A, respectively; orientation shown in
Figure 3). Weaker CH --- i interactions occur when the guest
ethanol molecule is oriented with its CH; group inside the
host cavity. In this case one hydrogen atom of the CH; group is
anchored to C6 of ring H (Hyey - Ca, 2.822(9) A), while
another methyl hydrogen atom interacts with C6 of ring E
(Hyyese - Car 2.866(7) A). The small mean atomic squared
displacement of 0.08 A2 for the hydrogen atoms of the guest is
consistent with attractive host—guest interactions, which
restrict the atomic motion of the hydrogen atoms.

In conclusion, comparison of the responses of diastereo-
meric cavitands clearly shows that the simultaneous presence
of two interactions, which is possible only for the PO;, isomers,
provides a remarkable increase in the response towards linear
alcohols and that this strategy can be used to produce highly
selective supramolecular mass sensors.
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Experimental Section

General procedure for 1-5: Phenylphosphonic acid dicloride or phenyl
phosphoric acid dichloride (3.76 mmol) in dry THF (10 mL) was added
dropwise over about 1h to a solution of tetramethyl/tetrabromo triply
bridged resorcinarenel® (0.75 mmol) and triethylamine (7.51 mmol) in dry
THF (100 mL). The resulting solution was stirred at room temperature for
1 d. After removal of triethylammonium chloride by filtration, the solvent
was evaporated in vacuum to leave a yellow oil, which was purified by
column chromatography. In all cases both PO;, and PO, isomers were
obtained. Analytically pure 1 and 2 were obtained as white solids in 39 and
17% yield, respectively, after purification by chromatography (silica gel,
CH,Cl,) followed by crystallization from ethanol. The same procedure
afforded 3 and 4 as white solids in 43 and 19 % yield. Pure 5 was obtained as
a white solid in 18 % yield after purification by chromatography (silica gel,
Et,0) followed by crystallization from acetonitrile. All compounds gave C
and H elemental analyses within 0.4 % of theory, [MH"] signals of 100 %
intensity in their CI-MS spectra, and '"H NMR spectra consistent with their
structure (see Supporting Information).

Apparatus and measurements: The flow chamber of the measuring system
(Gaslab 20.1; IFAK, Magdeburg) contains four coated quartz crystals, a 10-
MHz reference quartz crystal, and a thermocouple. The temperature of the
chamber was kept at 20 £0.1°C. The cavitand and polymeric layers were
deposited on gold electrode areas on both sides of the quartz transducers by
spraying solutions (0.1% in CHCl;) with an airbrush followed by
evaporation of the solvent. The amount of material coated was controlled
by measuring a frequency shift of Af=2040.05 kHz on deposition of the
layers. A stream of nitrogen (500+5 mLmin') containing one of the
analytes was generated by dynamic gas mixing with two mass flow
controllers. Organic vapors were generated by bubbling a stream of
nitrogen carrier gas through the volatile liquids to produce a continuous
steam saturated with vapor, the concentration of which depends on the
vapor pressure of the liquid, which was calculated from Antoine’s law.!'’]
This stream was diluted with nitrogen by the second mass flow controller to
obtain an analyte concentration variable between 800 and 4000 ppm. All
measurements were repeated four times, with variations in response of less
than 5%. A correction factor A was applied to all experimental data to take
account of the different molecular weights (MW) of the analytes [Eq. (1)].
All correction factors were calculated with respect to methanol, the analyte
with the lowest molecular weight.

where

From =fexpA A =MW cthano/MWanaiyie @)
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