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Infrared and electronic spectroscopy was applied to the berzammonia cluster cation in the gas phase,
and the observed spectra revealed the formation of a rel @lence bond between the benzene and ammonia
moieties, which has been predicted by the quantum chemical calculations (Tachikd¥gsHChem. Chem.
Phys 2002 4, 6018). This cluster cation is regarded as a model for the cyclohexadienyl type intermediate in
nucleophilic substitution reactions.

Introduction peak of the expected substitution reaction produgHgSiH3")
Cyclohexadienyl type intermediat has been frequently is very weak in comparison with those of the bare benzene cation

supposed in many aromatic substitution reactions (Scheme 1),and the_benzel emmonia (_:Iuster cation, and it suggests that
and its structure is a key to understanding the mechanism ofthere might be a large barrier to the exit channel or the simple
aromatic substitution reactiois. dissociation (backward reaction) is dominant over this substitu-

tion reaction. The structural analysis of the benzesm@monia

SCHEME 1 cluster cation is, however, of special importance. Recently,
X X_ Y Y Tachikawa calculated the structure of the benzeamamonia
© PRV . © . X cluster cation with the density functional theory (DFT) at the
B3LYP/6-311G(d,p) level® The calculation predicted that the
1 2 3 intermolecular distance (the-N distance) of this cluster cation

is only 1.63 A. This implies that a-€N valence bond is newly

However, detailed structures of cyclohexadienyl type inter- formed in the cluster cation, and the cluster cation is regarded

ampepif;iiehséve scarcely been analyzed except for theoretmaas a r_nodel for the cyclohexadienyl type intermediate in & S
o . reactions.
Isolated molecular clusters produced in jet expansions would . )
be potential candidates to explore the structures of the cyclo- NO experimental analysis of the structure of the benzene
hexadienyl type intermediates. Since the pioneering work by @mmonia cluster cation has been carried out since Tachikawa'’s
Brutschy and Co_workerS, some mo|ecu|ar C|usters of ha'oben_ Ca|Cu|atI0n was reported, Wh||e the geomet”c structures Of the
zene with polar molecules such as ammonia have been knownsimilar systems, the benzenwater and benzeremethanol
to result in intracluster nucleophilic substitution@ reactions ~ cluster cations, have been determined by infrared (IR) and
upon ionizatior?~%4 If the intermediate of the intracluster electronic spectroscopy. 28 In both cluster cations, the non-
reaction is stable in the jet expansion, various fine spectroscopicbonding orbital of the oxygen atom of water or methanol faces
techniques are applicable to directly probe the structure of thethe cationic benzene moiety because of the charge-dipole
intermediate, lifting the veil of bulk solvents. For the reactive interaction. While the water molecule prefers to be in the same
halobenzene clusters, however, the experimental structureplane as the phenyl ring to form two-&---O hydrogen bonds,
analysis has been limited to their neutral precursor clustetg. the methanol molecule locates on the top of the phenyl ring.
With respect to the structural investigation of the intermediate The structure of the benzeneethanol cation is similar to that
in the §,2 reaction, the following reaction system would be predicted for the benzer@mmonia cation, but the €0
interesting: distance was estimated to be 2.4 A, and this is much longer
than the ordinary €0 valence bond length of 1.4 &,

In this Letter, we report the first spectroscopic evidence for

. . the cyclohexadienyl type structure of the benzeammonia
A mass spectrum of the benzerganmonia cluster cation system )
cluster cation. We observed an IR spectrum of the benzene

produced in our cluster ion source is reproduced in Supporting ammonia cluster cation in the-NH and C-H stretch region

Information Figure S1. As seen in the mass spectrum, the mass ) . - !
g P and an electronic spectrum in the visible region. Spectral features

*To whom correspondence should be addressed. E-mail: asuka@ in both spectra are well reproduced by spectral simulations on
gclhp.chem.tohoku.ac.jp (A.F.); nmikami@qclhp.chem.tohoku.ac.jp (N.M.). the basis of the cyclohexadienyl structure of the cluster cation.
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CeHg" + NHy— [HN—CgHs—H] " — CHNH, " + H (1)
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Experiments

(a) [penzene-ammonia]*

In the experiments, the benzer@mmonia cluster cation was
produced by a supersonic jet expansion of photoionized benzene
with ammonia. Details of the experimental setup were described
elsewheré?=25 A gaseous mixture of benzene, ammonia, and
Ne was expanded into a vacuum chamber through a pulsed valve
equipped with a small channel in front of the valve. Benzene
molecules were ionized inside the channel with the ultraviolet
laser light, which was resonant on the-, 6% transition of
bare benzene. Cluster cations between benzene and ammoni
were formed in the expansion process from the channel to the
vacuum and were introduced into the first quadrupole mass filter.
The benzeneammonia (1) cluster cations were mass-
selected and were led into an octopole ion guide. The cluster
cations were irradiated by the counterpropagating IR or visible
laser light. Fragment ions due to the resonant photoexcitation

(b) [penzene-ammonia-Ar]*

of the cluster cation were mass-selected by the second quad- 5003 (). ciohexadieny” C
rupole mass filter and were detected by a channel electron P 3
multiplier. By scanning the IR or visible laser wavelength while ] -
measuring the fragment ion intensity, an IR or electronic 3003 - 3
spectrum of the size-selected cluster cation was observed, 2003 J\JL 2
respectively.

100 =
Results and Discussion 02 1 | :
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Figure 1la shows the IR dissociation spectrum of [benzene
ammoniaf in the 3um region. The spectrum was obtained by
monitoring the benzene monomer cation fragment. Two bands ~
appear at 3240 and 3330 chand the former is much weaker 300
than the latter. These bands are assigned to the symmetric anc
asymmetric N-H stretching vibrations of the ammonia moiety,
respectively. Though the -€H stretch bands of the benzene 100
moiety are expected around 3000 ¢hmo clear bands are seen
in this region. The absence of the-@ stretch bands excludes
the “side” type cluster structure, where the ammonia molecule
locates in the same plane as the phenyl ring. This is because_. )
remarkable enhancement of the-B stretch band intensity is  -i9ure 1. Infrared spectra of (a) [benzenammonia] and (b)
Lo [benzene-ammonia-Ar]*. The benzene monomer cation and [benzene
caused by the €H---N(O) hydrogen b?”d formation in such a ammonia] fragments were monitored to measure the spectra, respec-
cluster structure, as has been found in the benzersger and tively. Spectral simulations on the basis of (c) cyclohexadieny! type
—methanol cluster catiorf3-2% and (d) on-ring type isomers of [benzer@mmonial at the B3LYP/

IR spectra of size-selected cluster cations often include the 6-311++G(d,p) level. A scaling factor of 0.955 was applied to the
contribution of multiple structural isomers because of the finite calculated vibrational frequencies. The stick spectra were transformed
temperature of the cluster cations. Then, we also measured thénto continuous _spectra by the c_onvolutlon \_Nlth the Lorentzian funcn_on
IR spectrum of [benzeneammonia-Arl+. Higher ener of 10 cn?* full width at half-maximum. The insets show the schematic

pectrum of [ ] g ay

. S structures of the isomers.
isomers are discriminated by the attachment of an Ar atom

(d) "on-ring”
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because of the weak binding energy with A500 cnt?), while A, and this is almost the same as the typicallCsingle valence
the weak interaction with Ar does not remarkably perturb the bond distance (1.51 AP A C—N valence bond is newly formed
cluster structuré??527.28 The IR spectrum of [benzere in this isomer, and the cluster cation has a cyclohexadienyl type

ammonia-Ar] " is shown in Figure 1b, in which the [benzene structure. The structure of the other isomer (“on-ring” type) is
ammonial fragment was monitored to measure the spectrum. similar to that of the cyclohexadienyl type, but its-8 distance

The observed features in the spectrum are essentially the sam¢2.321 A) is much larger than the ordinary valence bond
as those of [benzeneammonial except for the narrower  distance. Tachikawa reported the presence of another isomer
bandwidths due to the suppression of hot bands, and this provestructure where the ammonia moietyzshydrogen-bonded to

that the observed spectral features of [benzeammoniaf are the benzene moieff. In this isomer, however, the charge is

attributed to a single isomer structure. almost localized in the ammonia moiety, and it corresponds to
We carried out DFT calculations for the optimized structure an electronic excited state of the cluster cation because the

of [benzene-ammoniaf at the B3LYP/6-31%++G(d,p) level ionization potential of benzene (9.246 eV) is much lower than

and found two stable ground state ison®r§he schematic that of ammonia (10.16 e\#).

structures of the isomers and the IR spectral simulations on the In the B3LYP/6-31#+G(d,p) level calculations, the binding
basis of these isomer structures are shown in Figure 1c and denergy of the cluster cation is evaluated to be 13.4 and 16.2
In both isomers, the ammonia moiety contacts the benzenekcal/mol for the cyclohexadienyl and on-ring isomers, respec-
moiety with its nonbonding orbital. The structure of one isomer tively, including the basis set superposition error (BSSE) and
(“cyclohexadienyl” type) is essentially the same as that found zero point energy (ZPE) corrections. Though the on-ring isomer
in the B3LYP/6-311G(d,p) calculations by Tachika®@dn this is estimated to be more stable than the cyclohexadienyl isomer
isomer, the intermolecular distance«® distance) is only 1.628 by 2.8 kcal/mol, the energy difference between the isomers is
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the benzene monomer cation fragment. A broad and weak
absorption was observed at around 20 000 tWe performed

the time-dependent density functional theory (TDDFT) calcula-
tions at the B3LYP/6-31t+G(d,p) level on the basis of the
optimized structure of the cationic ground state and estimated
electronic transitions of the cyclohexadienyl and the on-ring type
isomer cations. Parts b and c of Figure 2 show the spectral
simulations of the isomers, respectively. The band position of
S 8 the observed absorption is well reproduced by the simulation
on the basis of the cyclohexadienyl type isomer. The observed

(a) [benzene-ammonia]*

(b) “ cyclohexadienyl” transition is estimated to be the, () transition in the benzene
0.014-] moiety mixed with the £, ¢*) transition from the phenyl ring
0.012- to the new G-N bond.
0.010] In summary, both the IR and electronic spectra of the
0.008] benzene-ammonia cluster cation demonstrated its cyclohexa-
0,006 dienyl type structure, which has been predicted in the theoretical
0.004] calculationg? This cluster cation is regarded as a model for
£ 0002 the intermediate of the\2 reactions.
£ o0
*“‘3) R A R R AR AL AN RARR RS A Acknowledgment. We gratefully thank Dr. T. Maeyama and
g « . Dr. Y. Matsuda of Tohoku University for valuable discussions.
T ol (c) “ on-ring This work was partially supported by the MEXT Japan through
C 0142 projects (nos. 16002006 and 17310057) of the Grant-in-Aid.
0107 Supporting Information Available: Mass spectrum of the
0087 cluster ions produced in the present ion source, simulations of
0.067 the IR spectrum by the MP2 calculations, and optimized
0047 geometric parameters of [benzersmmoniaf in the MP2 and
0.027 DFT calculations. This material is available free of charge via
000 e e the Internet at http://pubs.acs.org.
16000 18000 20000 22000 24000

Wavenumber / cm™! References and Notes
F_lg_ure 2. _(a) Electronic spectrum of [bgnzeﬁemmomaT in th‘? (1) McMurry, J. Organic Chemistry5th ed.; Brooks/Cole: Pacific
visible region. The benzene monomer cation fragment was monitored. 5.qve CA 2000.
The asterisked peak is an artifact due to the laser power fluctuation. (2)’ Bru'tschy, B.Chem. Re. 1992 92, 1567.
Spectral_smulatlon of (b) cycl(_)hexadlgnyl and (c) on-ring type isomers (3) Dimopoulou-Rademann, O.; Rademann, K.; Bisling, P.; Brutschy,
by the time-dependent density functional theory calculations at the B.; Baumgatel, H. Ber. Bunsen-Ges. Phys. Cheh984 88, 215.
B3LYP/6-31H+G(d,p) level. (4) Brutschy, B.; Janes, C.; Eggert,Ber. Bunsen-Ges. Phys. Chem
1988 92, 74.
quite small. Such a small energy difference often depends on  (5) Brutschy, B.J. Phys. Chem199Q 94, 8637.
the calculation level, and therefore, IR spectral simulation is a 199562)552’523“3" B.; Eggert, J.; Janes, C.; BauimeiaH. J. Phys. Chem
more reliable test to determine the cluster structure. (7) Riehn, C.; Lahmann, C.; Brutschy, B. Phys. Chem1992 96,
Comparison between the observed IR spectrum of [berzene 3626.
ammonial and the spectrum simulations is seen in Figure 1. It Egg Mayeama, $ m@tam!, Hj é?. Cg%mhfggqggi %19%37238.
; ; ; ; ayeama, T.; Mikami, NJ. Phys. Chen , .
is clear that the cyclohexadienyl type isomer (Figure _1c) well (10) Thdmann, D.. Gizmacher, H-FrChem. Phys, Let1989 163
reproduces the NH stretch bands in both the frequencies and 5,5
intensity distribution. The €H stretch bands of the benzene (11) Martrenchard, S.; Jouvet, C.; Lardeux-Dedonder, C.; Solgadi, D.
moiety are predicted to be very weak, and it would be buried J. Phys. Cheml1991 95, 9186.

; - (12) Brenner, V.; Martrenchard-Barra, S.; Millie, P.; Lardeux-Dedonder,
in the b_ackground noise in the ob_ser_ved spect_rum. The spe_ctralcl; Jouvet, C.: Solgadi, DI Phys. Cheml995 99, 5848,
simulation on the basis of the on-ring isomer (Figure 1d) predicts ~ (13) Grover, J. R.; Cheng, B.-M.: Herron, W. J.; Coolbaugh, M. T.;

that the symmetric NH stretch band is much stronger than Peifer, W. R.; Garvey, J. Rl. Phys. Cheml994 98, 7479.
the asymmetric N-H stretch band, and it clearly conflicts with (14) Tachikawa, HJ. Phys. Chem. 2006 110, 153.

: . (15) Riehn, C.; Avdiew, J.; Eggert, J.; Wassermann, B.; Brutschy, B.;
the observed spectral feature. We also carried out similar Baumgatel, H. J. Mol. Struct 1991 249, 33.

calculations by the MP2/6-31G(d,p) level. Both the cyclohexa-  (16) Dijafari, S.; Barth, H.-D.; Buchhold, K.: Brutschy, & Chem. Phys
dienyl and on-ring type isomers were found as stable structures,1997 107, 10573.

-ri i i i (17) Riehn, C.; Buchhold, K.; Reimann, B.; Djafari, S.; Barth, H.-D.;
?hnd the{ c;]n rmé:’- typle |sorr_1er IS eztmaa;id t?} belm?]re S,ELablB(:"StgeléﬂBrutschy, B.; Tarakeshwar, P.; Kim, K. $.Chem. Phy200Q 112 1170.

e cyclohexadienyl type isomer by 0.4 kcal/mol when the (18) Brutschy, B.Chem. Re. 2000 100, 3891.

and ZPE corrections are included. However, very similar IR (19) Fujii, A;; Okuyama, S.; Iwasaki, A,; Maeyama, T.; Ebata, T.;
spectral features to those in the DFT calculations were predicted,Mikami, N. Chem. Phys. Lettl99§ 256, 1.
and it strongly supports the cyclohexadienyl type isomer. Details ~ (20) Tachikawa, HPhys. Chem. Chem. Phy2002 4, 6018.

of the MP2 calculation results can be seen in the Supporting Zoézllé 2%%“2"_‘3““3' H.; Igarashi, M.; Ishibashi, fys. Chem. Chem. Phys

Information. (22) Miyazaki, M.; Fuijii, A.; Ebata, T.; Mikami, NChem. Phys. Lett
For further confirmation of the cyclohexadienyl type structure 2001 349 431. o

of [benzene-ammonial, we observed the electronic spectrum Phgfj%g‘g'g?i'gégﬂ* Fujii, A; Bbata, T.; Mikami, NPhys. Chem. Chem.

of the cluster cation in the visible region. Figure 2a shows the * 24y Mmiyazaki, M.; Fujii, A.; Ebata, T.; Mikami, NJ. Phys. Chem. A

electronic spectrum of the cluster cation obtained by monitoring 2004 108, 8269.



6390 J. Phys. Chem. A, Vol. 110, No. 20, 2006

(25) Enomoto, S.; Miyazaki, M.; Fuijii, A.; Mikami, NJ. Phys. Chem.
A 2005 109 9471.

(26) SolcéaN.; Dopfer, O.Chem. Phys. Let2001, 347, 59.

(27) SoléaN.; Dopfer, O.J. Phys. Chem. 003 107, 4046.

(28) Dopfer, O.Z. Phys. Chem2005 219, 125.

(29) All of the quantum chemical calculations were performed by using
the following: Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G.
E.; Robb, M. A.; Cheeseman, J. R.; Montgomery, J. A, Jr.; Vreven, T.;
Kudin, K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone,
V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;

Letters

Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapp-
rich, S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck,
A. D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul,
A. G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko,
A.; Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T;
Al-Laham, M. A,; Peng, C. Y.; Nanayakkara, A.; Challacombe, M;
Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.;
Pople, J. AGaussian 03revision C.02; Gaussian, Inc.: Wallingford CT,
2004.

(30) Atkins, P.; de Paula, JPhysical Chemistry 7th ed.; Oxford
University Press Inc.: New York, 2002.

(31) CRC Handbook of Chemistry and Physigsth ed.; Lide, D. R.,
Ed.; CRC Press: Boca Raton, FL, 1995.



