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In this paper, we present mass spectroscopic evidence for the dehydrogenation reaction from a dihydrogen

bonded complex between phenol and borane-trimethylamine following resonance enhanced multiphoton

ionization in the gas phase. The evidence presented herein is based on observed fragmentation pattern of the

complex cation having high internal energy. To the best of our knowledge, it is the first report of such
observation.

I. Introduction hydrogen. In this case, the dihydrogen bond can be viewed as

. . an intermediate for the dehydrogenation reaction. Later, an ab
Hydrogen bonding has profound impact on structure and initio study by Kulkarn? on many main-group model com-

reactivity, both in chemistry and biology. In the past decade, a pounds has revealed that the dihydrogen bond is indeed a

new type of interaction, analogous to hydrogen bonding betweeny» qition state on the reaction coordinate of dehydrogenation
two oppositely charged hydrogen atoms, termed “dihydrogen reaction

blondlng", (\j/vgs |dent|f|eq n Egi?; oLFrr]agsmon n;eta:jl com- In this letter, we report the mass spectrometric evidence for
plexes and borane-amine a he dihydrogen bond can 4,0 dehydrogenation reaction in the gas phase, following

be represented as—H-+--H—X, where E and X are electio-  \oqqnance enhanced multiphoton ionization (REMPI) of the
positive and electronegative elements, respectively, with reSpeCtdihydrogen bonded phenol-BTMA complex in supersonic free

g')h hé/droger;). R:je(ijently, \l/ve derporr]lstralteq htrt')e formgtion hOf jet. Because spectroscopy and structure of the parent complex
| ny 2?953,\/&] € dcgmp Exes o ph eino _\éy|tBT’€Ar:n9- wwet Y is intimately related to the dehydrogenation reaction, we first
amine” ( ) and borane-trimethylamirtg( ) in the review the spectroscopy and structure of phenol-BTMA complex

gas phase. ) ) o prior to the presentation of the dehydrogenation reaction.
An important upshot of dihydrogen bond is the elimination

of molecular hydrogen leading to dehydrogenation reaction. This ||, Experiment
reaction is thermodynamically favorable due to large free energy
for the formation of H. Liu and HoffmanA investigated the
dihydrogen bonded LiH--HF complex, which, however, was
not stable owing to large exothermicity of the reaction L4+

HF — LiF + H,. Atwood et aP® have reported the structure of
2,2,6,6-tetramethylpiperidine-alane complex containing dihy-
drogen bond, which, further, readily undergoes loss of molecular

Details of the experimental set up for recording the laser
induced fluorescence (LIF) excitation spectrum, fluorescence
detected infrared (FDIR), and tHRUV hole-burning spectra are
reported elsewher®’ For recording the mass spectra and mass
resolved excitation spectra, cations generated following REMPI
were repelled into a quadrupole mass filter (Extranuclear
4—270-9) with a field strength of about 15 V/cm and were
*To whom correspondence should be addressed. detected using a channel electron muItipIier (Muratg, Cera?ron).
t Electronic-mail: naresh@qclhp.chem.tohoku.ac.jp. The mass spectra were recorded both in low and high-resolution
* Electronic-mail: nmiakmi@gqclhp.chem.tohoku.ac.jp. modes. In high-resolution mode, the quadrupole mass filter was
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Figure 1. (A) LIF excitation spectrum of phenol and its cluster with BTMA. Peaks marked with C, W, and P are the origin transitions of phenol-
BTMA, phenol-HO, and bare phenol, respectively. (B) FDIR spectrum of bare phenol (Trace I) and phenol-BTMA (Trace Il). Also shown are the
calculated vibrational frequencies. (C) Calculated structure of phenol-BTMA complex. Distances are in angstroms and the labels B, C, N, and O
correspond to boron, carbon, nitrogen and oxygen atoms, respectively.

calibrated using mass signals of benzene, benzene dimer, phenokorresponding to ©H stretching, which is in good agreement
and known mass fragments of phenol. Resolution of the masswith that reported elsewhePelhe observed splitting is due to
filter (M/AM) was found to be about 150 at mass 58. Binary ambient water vapor absorption, which modulates the IR laser
clusters of phenol with BTMA were generated in a supersonic intensity. FDIR spectrum of the phenol-BTMA complex (Trace
free jet by passing helium buffer gas at 4 atm over phenol ||) shows a relatively broad band at 3514 chncorresponding
(Aldrich; vacuum sublimated) kept at room temperature and to O—H stretching vibration, which is shifted to a lower
mixing with BTMA (Kanto Chemicals) in a sample compart-  frequency by 143 crmt from that of bare phenol. The spectral
ment heated to 315 K. The mixture was expanded supersonicallyshitts in both electronic and-©H vibrational transitions are in

through a 0.8 mm pulsed nozzle. good correlation with each other when compared with other
. . hydrogen bonded clusters of phenol, such as phepGl-&hd
IIl. Results & Discussion phenol-MeOH, and indicate formation of hydrogen bonding

Figure 1A shows LIF excitation spectrum of phenol in the Petween phenolic ©H and BTMA. IR-UV hole burning
presence of BTMA. Several new transitions appear after addition SPectroscopy (not presented here, see ref 3) clearly demonstrated
of BTMA to sample compartment, of which, the lowest energy the presence of only one isomer of phenol-BTMA in present
transition at 35964 crt marked “C” is the band origin transiton ~ €xperimental conditions. Several new transitions, which ap-
of phenol-BTMA complex. This transition is 384 crred peared in the LIF excitation spectrum, were therefore assigned
shifted from the corresponding band of bare phenol. Figure 1B as vibronic bands associated with the band origin transition of
shows the FDIR spectrum of bare phenol (Trace I) and of the the complex. Consistent with the experimental observations, we
phenol-BTMA complex (Trace Il). A single vibrational transi-  found only one stable minimum for the phenol-BTMA complex
tion at 3657 cm! was observed in the case of bare phenol, at B3LYP/6-31+G (d, p) level of calculations using GAUSS-
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Figure 2. (A) Low-resolution mass spectrum of phenol-BTMA complex upon REMPI. (B) High-resolution mass spectrum.

IAN-98.10 Even though we started the calculation with several the low-resolution mass spectrum (Figure 2A). Additionally,
initial geometries all of them converged to the same structure, in Figure 2B mass signals corresponding to 71 and 69 AMU,
which is given in Figure 1C. The ZPE and BSSE corrected which are about 20% intensity with respect to peaks at 72 and
stabilization energy of this complex was found to-b&.44 kcal/ 70 can also be seen. This indicates presence of boron in these
mol. In this structure, the phenolic proton is interacting with fragments because the isotop# and'®B are in the ratio 8:21
two hydrides on boron forming a pair of bifurcated dihydrogen  To determine the origin of observed fragments, mass resolved
bonds. The H--H contact distances are 1.87 and 2.25 A, with excitation spectra were recorded by monitoring each of the
the corresponding BH---H angles of 103.Dand 84.% and observed mass signal. Traces-B in Figure 3 are the mass
O—H----H angles being 151%4and 143.0, respectively. Short  resolved excitation (action) spectra recorded by monitoring the
H----H contact distances, strongly bent-Bi----H angles, near  parention, 72, 70, 58, and 56 mass signals, respectively. Also
linear O—H---*H angles and bifurcated dihydrogen bonds shown in Figure 3 is the LIF excitation spectrum (Trace F) for
observed in the present structure are consistent with the observedomparison. Higher background in mass resolved excitation
geometrical parameters in the crystals of several borane-aminespectra is due to higher laser power used in comparison with
adducts reported in the literatutdurthermore, the calculated  LIF excitation spectrum. All of the spectra shown in Figure 3
O—H stretching vibration, shown in Figure 1B, predicts 152 are in good agreement with each other within the experimental
cm1 shift to a lower frequency, which is in excellent agreement uncertainties. This establishes that all the mass fragments
with the experimental shift of 143 cmh. originate from the phenol-BTMA complex. Further, BTMA in
Figure 2A shows a low-resolution mass spectrum after one the absence of phenol showed no mass signals under identical
color § — Sy REMPI of phenol-BTMA complex under mild  experimental conditions. This reiterates that all the mass
focusing conditions of the laser. Apart from the parent ion signal fragments originate from the parent complex ion.
at 167 AMU, intense signals at 58 and 70 AMU and weak  Most of the hydrogen bonded complexes of phenol, depending
signals at 77 and 90 AMU were observed. Surprisingly, the upon their structure, fragment upon ionization in moderate to
signal corresponding to phenol ion at 94 AMU was extremely intense laser powers. Phenol cation is the major fragment in all
weak. The mass spectrum was recorded by saturating thethe cases including the dihydrogen bonded phenol-BDMA
strongest signal at 58 AMU so that very weak signals can be complex. The only known exception to this is the phenol-
observed. In the quadrupole mass filter employed in the currenttrimethylamine complex, wherein a proton transfer occurs from
study, the time scale for ions to reach the detector after ionization phenol to trimethylamine following ionization. In that case, the
region is of the order of few tens of microseconds, which is mass spectrum shows weak parent complex ion signal and an
usually sufficient for the fragmentation process to be complete. intense protonated-trimethylamine [HN(©&i] signal, and no
Therefore, the relative abundance of various mass fragmentssignal corresponding to phenol catibm the present case, the
reflects their relative stability. To determine the exact mass extremely weak signal of phenol is believed to be due to broad
numbers of the fragments, a high-resolution spectrum was background in the mass resolved and LIF excitation spectra
recorded, which is shown in Figure 2B. In this spectrum, the (Figure 3) and not from directly from the fragmentation of the
major peaks correspond to mass numbers of 72, 70, 58, andphenol-BTMA parent ion. Even, in the event of phenol ion being
56, however, signals corresponding to weak peaks in Figure produced by fragmentation of phenol-BTMA complex ion, its
2A could not be observed. The observed intensity differences cross-section is very low and would not alter the ensuing
in the two spectra are due to saturation of signal at 58 AMU in discussion. The absence (or very small amount) of phenol signal
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Figure 3. Traces A-E are the mass resolved $1 SO excitation (action) spectra of phenol-BTMA complex with mass gates at 167, 72, 70, 58,
and 56 AMU. Trace F is the LIF excitation spectrum. Peaks marked W and D in the LIF excitation spectrum are due to ghemal-phenol
dimer, respectively.

upon photoionization of phenol-BTMA complex has a striking (approximately to 1.5 eV) did not change the mass spectral
similarity in the mass spectral characteristics with that of phenol- pattern and the signal at 74 AMU was not observed. This may
trimethylamine complex. This suggests proton transfer from be due to the fact that, even with at 29 850 cm* the amount
phenol to BTMA in the complex ion. of internal energy in the complexes ion is considerable.
Scheme 1 is proposed to explain the observed mass spectraHowever, further reduction aof, was not feasible due to large
pattern. In this scheme the phenol-BTMA compléxschematic reduction of ion signal below 29 850 cth
representation of Figure 1C), absorbs an additional photon upon Sato and Mikani® have shown that in the case of hydrogen
ionization (this was ascertained by the fact that under divergentbonded clusters of phenol, the intracluster proton-transfer
or low laser power conditions no fragmentation was observed) reaction illustrated as
generating a very high internal energy complex idnwhich
subsequently fragments. As mentioned earlier, the absence of Q)
phenol following the fragmentation of the parent complex,
suggests a intracluster proton transfer from phenol to BTMA. would be feasible only if the proton affinity of X is about 205
This would therefore, lead to 74 mass fragme3h, which, kcal/mol or greater. The proton affinity of trimethylamine is
however, was not observed. On the other hand, we observe mas227 kcal/molt* and hence, a facile proton transfer occurs from
72 (@), which is one mass unit less than BTMA. Subsequent phenol to trimethylamine in the complex ion. In the case of

CeHOH " ++++X — CH O+ HX ™

fragmentation leading to mass fragments 30 58 ), and 56
AMU can be rationalized? as illustrated in scheme 1. In the

phenol complexes with various proton acceptors, such,&s H
MeOH, NH;, and a variety of amines, a linear correlation exists

present case, the absence of 74 mass signal might be due tbetween the proton affinity of the solvent with the red shift in

very high internal energy in the phenol-BTMA complex ion.

the electronic transition and shift in the-® stretching vibration

In an attempt to reduce the internal energy of the complex, we to a lower frequency of phenol moiety. In the case of phenol-

carried out two-color REMPI, in which the first photom;)

BTMA, both the red shift in electronic transition and the shift

was in resonance with the band-origin transition of the complex in the O—H stretching vibration to a lower frequency are higher

at 35964 cm?. The laser power was kept very low to avoid
ionization. The second color lases( was used to ionize and
subsequently photofragment. The loweringvefenergy from
from 35964 cm! (278 nm) to 29850 cmt (335 nm)

than those of phenol4® complex and lower than phenol-
MeOH complex. Therefore, the proton affinity of the dihydrogen
bonding site of BTMA should lie between the 165 kcal/#ol
(H20) and 180 kcal/méf (MeOH) and can be roughly estimated
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SCHEME 1: Mechanism Showing Fragmentation of SCHEME 2: An Alternative Mechanism Showing
Phenol-BTMA Complex lon. The lItalicized Numbers in Fragmentation of Phenol-BTMA Complex lon. The
Parenthesis Are the Mass Numbers of the Corresponding Italicized Numbers in Parenthesis Are the Mass Numbers
Fragment of the Corresponding Fragment
+ +
REMPI REMPI 1 L e
(77)
o) O. +
N O. “H- - H- -H. _H
° Hz -H.__H HZ-H. _H AR Mg S~ B *O~H<-H. _H
~__.BJ \H’ *NM. 1 H NMe;, 2(167) H NMe; S~ OB
| H "NMes 5 (57) €3 H™  “NMe;
-Ph*
@
—l_th .
- hv  PhO _|
+ O~y - +
,BZH—I <—H\HZBZH
H™ " NMe; -H,0 H™ ~NMe,
4(72) 3B (90)
s ol
.BZ <———@i BZH
H™ " "NMe;, -H, H "~ "NMe; L
4(72) 3A (74) -H,; 1,3 Elimination
_ ol ul
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Rle; N, -BH W
o+ H I+ 5(70) 6(58)
H_B:ﬁe:< -BH' Mefl_( fission in the scheme 2 leads to an interesting situation of
2 H H breaking the bond, which is not the weakest bond in the
5(70) 6 (58) molecule. Therefore, it can be safely concluded, that th€©C

bond dissociation channel (Scheme 2) is a minor channel relative
C|t0 Scheme 1. Therefore, the major reaction channel, Scheme 1,
is the three-body dissociation of parent complex ion with
elimination of phenoxy radical and molecular hydrogen. This
ﬂ's the dehydrogenation reaction from the dihydrogen bonded
phenol-BTMA complex following photoionization. With regard
to C—0 bond fission, presently, we do not have any plausible

explanation for such a process.

as~168 kcal/mol. Because the proton affinity of BTMA is very
much less than the value required for the reaction 1 to procee
toward right-hand side, the proton transfer from phenol to
BTMA can be ruled out. This justifies the absence of signal at
74 AMU. From the mass spectrum, it can also be seen that apar
from phenol moiety, BTMA also loses a hydrogen atom.
Therefore, it is realistic to assume a three-body dissociation
process of phenol-BTMA complex ion leading to elimination
of phenoxy radical and molecular hydrogen as depicted by bold
arrow in scheme 1.

An alternative scheme, Scheme 2, can also be considered to The photofragmentation of the dihydrogen bonded phenol-
explain the observed mass spectral pattern. In the low-resolutionBTMA complex following REMPI suggests the proton transfer
mass spectrum (Figure 2A), a signal at 77 AMUKG") arises from phenol to BTMA. From the spectral shifts in the electronic
due to C-0 bond fission. Also seen is its counterpart OHBIH as well as G-H stretching transitions of phenol-BTMA
(CHg)s™ at 90 AMU, 3B. Fragmentation of OHBEN(CHgz)s" complex, the proton affinity of dihydrogen bonding site of
leading to 72 mass would be possible only by elimination of BTMA was estimated as 168 kcal/mol, which is much less than
H,0. Further fragmentation is same as in scheme 1 and doesthat required for the proton transfer from phenol. The observed
not warrant any discussion. One of the most amazing facts of fragmentation pattern in the mass spectrum indicates a three-
this scheme is, it originates from-@ bond fission, which has  body dissociation of phenol-BTMA complex ion leading to the
not been observed either in the case of bare phenol, in severalehydrogenation reaction. Finally,<© bond fission channel
other hydrogen bonded complexes, and in the phenol-BDMA was observed for the first time in phenol complexes.
dihydrogen bonded complex studied in this laboratory. More-
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