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Abstract: The gas-phase reactivity of selected ionic species with borazine and of borazine-derived ions with
selected neutrals has been studied by FT-ICR and ab initio computations and related to the corresponding ion
chemistry of benzene. The most basic site of borazine is at nitrogen, and its conjugatesBglkH4™, is

similar in structure to the benzenium ion, as shown by ab initio calculatiosBsN4H4" ions undergo H/D
exchange of up to four hydrogens with gD and do not isomerize by stepwise 1,2-hydrogen shifts. Protonation

at boron is calculated to be unfavored by 28 kcal/mol with respect to protonation at nitrogen,BiiNsiHs™

ions show the features of a§BsHs +Hy]™ complex, prone to dissociation at room temperature. The experimental
gas-phase basicity of borazine is equal to 185.Q kcal/mol. The Lewis basicity toward M8i™ places
borazine into a linear correlation pertaining to model aromatic compounds. The experimental gas-phase acidity
is 365.4+ 1.5 kcal/mol. The reactions of neutral borazine with protonating, alkylating, and nitrating ions have
been characterized and compared with the corresponding reactions of benzestés™Bions, retaining a

cyclic structure, react similarly, in some respects, as phenylium iogs™C

Introduction not possible. More recently, an X-ray single-crystal structure
determination revealed, symmetry with small deviations from

Boraziné i B/N six-membered rin m nd that i . .
oraziné is a B/N s embered ring compound that is the expecte®s, symmetry? Theoretical calculations performed

conceptually obtained from benzene by replacing each carbon

by alternating boron and nitrogen atoms, the two neighbor Ezrggit:esrirgllggﬁ)glgglnsgfir?t;s"s“itl(r)\irrreiﬂgdricflgcﬂz :Olgﬁgr
elements in the second period. It follows that borazine is gning P

i 1,5
isoelectronic with benzene. The valence bond description of structure W'.th gqual BN b.ond lengths and B symmetry: .
borazine comprises a saturated struct@j@ésides two Kekule The transmission of substituent effects through the borazine ring
like structuresZ, 3) admitting interaction among the Zprbitals has been addressed by NMR StUd.'eS’ el |nd|cat_ed that the
of adjacent B and N atonfs. 7 elec_tro_ns are partially dglocahzéd]’he mechanlsm of
transmission has also been discussed in a theoretical $Tiioy.

H H, H, evaluation of the aromaticity of borazine has been approached
HB/N\BH HB//N\BH Hé/N\\éH by theoretic_al studies on energe_tics _and magnetic properties.
[ | [ [ I | However, different criteria may give different answéis. the
HN NH  HNY_*NH  HNT . *NH . . N -
Ng” Ng” N4 calculation of aromatic stabilization energy, the choice of the
H H H reference system is critical. The aromatic stabilization energy
1 2 3 of borazine was found to range from about one-third to one-

half of that for benzen&? According to theoretical evaluations

The remarkable similarity in physical properties and structure

suggested borazine to be termed as the “inorganic benzene” anqgé%)g‘alrgggarge“ W Lee, G.; Porter, R. F.; Bauer, Sinidrg. Chem.
prompted studies aimed to ascertain the aromaticity of this 2 Boese R.: Maulitz. A. H.; Stellberg, Bhem. Ber1994 127, 1887.

heterocyclicr-electron system and to investigate its chemistry  (5) (a) Parker, J. K.; Davis, S. RJ;, Phys. Chem. A997 101, 9410.
and properties. The molecular structure of gaseous borazine hagb) Ramondo, F.; Portalone, G.; Bencivenni,J.Mol. Struct. (Teochem)

. . - . 1991, 236, 29. (c) Dewar, M. J. S.; McKee, M. LJ. Am. Chem. S0d.977,
been studied by electron diffraction. However, a decision 99, 9, 5231. (d) Boyd, R. J.. Choi, S. C.. Hale, C. Chem. Phys. Lett.

between aDgs, structure, with large amplitude vibrations 1984 112 136. (e) Ortiz, J. V.J. Chem. Phys1996 104, 7599. (f)
perpendicular to the ring plane, and a nonplanam@del was Jayasuriya, KJ. Mol. Struct. (THEOCHEM)L991, 236, 381.
(6) (a) Beachley, O. T., JJJ. Am. Chem. Socl97Q 92, 5372. (b)
T Universitadi Roma “La Sapienza”. Wrackmeyer, B.; Nth, H. Chem. Ber1976 109, 348.
* Universitadi Perugia. (7) Nelson, J. T.; Pietro, W. Jnorg. Chem.1989 28, 544.
(1) Borazine is the common name for 1,3,5,2,4,6-triazatriborinine. For (8) (a) Schleyer, P. v. R.; Jiao, IRure Appl. Chem1996 68, 209. (b)
a note on the nomenclature of the azaborinines, see: Doerksen, R. J.;.Jemmis, E. D.; Kiran, Blnorg. Chem1998 37, 2110. (c) Fowler, P. W.;

Thakkar, A. JJ. Phys. Chem. A998 102 4679. Steiner, EJ. Phys. Chem. A997 101, 1409.

(2) (a) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistry (9) (a) Haddon, R. CPure Appl. Chem1982 54, 1129. (b) Schleyer,
Wiley: New York, 1988. (b) Huheey, J. E.; Keiter, E. A.; Keiter, R. L.  P.v. R,; Jiao, H.; v. Eikema Hommes, N. J. R.; Malkin, V. G.; Malkina, O.
Inorganic Chemistry: Principles of Structure and Reaityi, 4th ed.; L. J. Am. Chem. S0d997 119 12669. (c) Fink, W. H.; Richards, J. G.
Benjamin/Cummings: New York, 1993. Am. Chem. Sod 991 113 3393.
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of magnetic properties, borazine is either moderately arofiatic by a needle valve from an inlet system at room temperature. The ion
or not aromati®. An analysis of the measured electric and of interest was selected by broad band selection and quenched of excess
magnetic properties of borazine indicates that the electron internal and translational energy by collisions with Ar, admitted through
delocalization is only about one-third of that in benzéha a pulsed magnetic valve up to the peak pressure of dbar. After a
spin-coupled theory study of the electronic structure of borazine _delay time of 0.5 s, further isolation from all other fragment or product

sugaested that borazine has not anv significant aromatic ions was achieved by low-energy “single shots”. Mass spectra were
99 > . : y signi . recorded at increasing reaction time, and peak intensities were normal-
charactef? In a discussion of geometric indices, borazine

R o - ized to the sum of all ions detected at that reaction time. Pseudo-first-
derivatives were found to exhibit less aromatic character than grder rate constants were obtained from the slope of a logarithmic plot

their benzene analogu&sThe spectral properties of borazine  of reactant ion intensity and were divided by the number density of
were the subject of a comprehensive experimental study whichthe neutral to obtain second-order rate constants. Neutral pressures were
came to the conclusion that borazine has a pl&qgstructure read from an ion gauge located in front of the high-vacuum turbo pump.
and a delocalized-electron system much like that of benzéfe.  The readings were corrected by individual response fatansd

. . . 1 T 1 — + .
Chemically, however, borazine does not behave like benzene;calibrated with the reference reaction £H+ CH, —~ CHs" + CHy
using the value ok = 1.1 x 10°° molecule® cm® s™! as its rate

for e)_(gmple, ?t u_ndergoes ad(_j_ition regcti_ons rather Fhan elec- constant® Reported values of second-order rate constakis) @re
FI’OphI|IC substitutior?: EIeCtrqph'“C §ubstltutlon of borazine Was e average of usually three experiments run at different neutral
in faqt upprecedented until the flrst example .of electrophilic pressures. The normalized efficiency (in %) of the -fanolecule
substitution was recently found in the alkylation by gaseous (eaction is given bkexdkeor. The collision rate constant&f) were
species, such as Me", Me,CH", and MeC",!5 obtained by calculated using the parametrized trajectory thédfhe product ratio
y-radiolysis of suitable precursors and allowed to react with from competitive reaction channels was evaluated from the ion
borazine in a gaseous environment at atmospheric pressureintensities of the product ions extrapolated at initial time, to minimize
Neutral substitution products were obtained, showing that interference by possible consecutive reactions. The cell and the inlet
alkylation occurred at nitrogen. In continuation and completion System were maintained at 26, which is considered as the effective
of this study, the gas-phase ion-chemistry of borazine is now €action temperature. _ _ _

examined by FT-ICR mass spectrometry in the8l@nbar Co_mputauonal Deta||s.Densnyfunquonal theory, using th(_a B3LYP
pressure range. The reactivity of borazine-derived ions with functional has been used to localize the stationary points of the
selected neutrals and of charged species with neutral borazin investigated systems and to evaluate the vibrational frequencies. The

: d and fund L th d . . h K total energies of the species of interest were corrected to 298.15 K
IS reported and fundamental thermodynamic properties suc asoy adding translational, vibrational, and rotational contributions. The

the gas-phase basicity and acidity are (re)examined. A Major apsojute entropies were calculated by using standard statistical-
goal is to compare the gas-phase ion chemistry of borazine with mechanistic procedures from scaled harmonic frequencies and moments
that of benzene in the search for a link between the chemical of inertia relative to B3LYP/6-314+G(3df,3pd) optimized geometries.
behavior of borazine and that of the model aromatic system. The 6-31%#+G(3df,3pd) basis set has been used@he basicity of
Since the original discovery by Stock in 19%orazine has borazine has been evaluated also at coupled cluster level. Single-point
also gained increasing relevance for its application in the €nergy calculations at the geometries optimized at B3LYP level with

synthesis and design of new inorganic polymers and beron the same basis set were performed using the coupled cluster single

nitrogen ceramic&” which adds another facet to the interest and double excitation meth&dwith a perturbational estimate of the
for ti?is molecule ’ triple excitations [CCSD(T)] approachZero-point energy corrections

evaluated at B3LYP level were added to the CCSD(T) energies. These
calculations have been performed using Dunning’s correlation consistent
basis set, augmented with diffuse functions, AUG-cc-p\VXI
calculations were performed using Gaussiart’94.

Experimental Section

Materials. Borazine was prepared from sodium borohydride and
ammonium sulfate by a simple one-step procedure that has been recentl

described and was purified by trap-to-trap distillatiéiit was stored Results

in the dark at low temperature. GHC;Hs, CsHs, CFy, and (CH).O

were purchased from UCAR Specialty Gases. All other reagents were

obtained from commerical sources and used as received.
Procedure.lon—molecule reactions were investigated with a Bruker
Spectrospin Apex TM 47e FT-ICR instrument, equipped with an

Reactivity of Borazine toward Gaseous lonsThe gas-phase
reactions of borazine with exemplary ions are summarized in

(19) Bartmess, J. E., Georgiadis, R. Macuum1983 33, 149.
(20) Meot-Ner, M. InGas-Phase lon ChemistrBowers, M. T., Ed.;

Academic Press: New York, 1979; Vol. 1.
(21) Su, T.; Chesnavich, W. J. Chem. Phys1982 76, 5183.
(22) Stevens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J.

external ion source and with a cylindrical “infinity” cell of 12 cm length
and 6 cm radius situated in the bore of a 4.7 T superconducting magnet.
In most experiments reagent ions were formed in the ion source in the

; - 5 : Phys. Chem1994 98, 11623.
ClI configuration a_tv4 x 107> mbar (1 mt_)a_r: 100 Pa). Allions formeq (23) (a) McLean, A. D.; Chandler, G. S. Chem. Phys198Q 72, 5639.
were transferred into the ICR cell containing a known pressure, typically (b) Krishman, R.; Binkley, J. S.; Seeger, R.; Pople, JJAChem. Phys.
in the range of +4 x 1078 mbar, of the neutral reagent, introduced  198Q 72, 650. (c) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer,
P. v. R.J. Comput. Chem1983 4, 294. (d) Frisch, M. J.; Pople, J. A;;
Binkley, J. S.J. Chem. Phys1984 80, 3265.

(24) Bartlett, R. JAnnu. Re. Phys. Chem1981, 32, 359.

(25) Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-Gordon, M.
Chem. Phys. Lettl989 157, 479.

(26) (a) Woon, D. E.; Dunning, T. H., J8. Chem. Physl993 98, 1358.

(b) Kendall, R. A.; Dunning, T. H., Jr.; Harrison, R. J. Chem. Phys.
1992 96, 6796. (c) Dunning, T. H., Jd. Chem. Phys1989 90, 1007.

(27) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T. A.; Peterson, G.
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Ciolowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94Revision C.3; Gaussian
Inc.: Pittsburgh, PA, 1995.

(10) Jug, K.J. Org. Chem1983 48, 1344.

(11) Dennis, G. R.; Ritchie, G. L. DI. Phys. Chem1993 97, 8403.

(12) Cooper, D. L.; Wright, S. C.; Gerratt, J.; Hyams, P. A.; Raimondi,
M. J. Chem. Soc., Perkin Trans.1®89 719.

(13) Madura, I.; Krygowski, T. M.; Cyranski, M. KTetrahedron1998
54, 14913.

(14) Doering, J. P.; Gedanken, A.; Hitchcock, A. P.; Fisher, P.; Moore,
J.; Olthoff, J. K.; Tossell, J.; Raghavachari, K.; Robin, MJBAm. Chem.
Soc.1986 108 3602.

(15) Chiavarino, B.; Crestoni, M. E.; Fornarini, $. Am. Chem. Soc.
1999 121, 2619.

(16) Stock, A.; Pohland, EChem. Ber1926 59, 9B, 2215.

(17) (a) Paine, R. T.; Narula, C. KChem. Re. 1990 90, 73. (b)
Mokhtari, M.; Park, H. S.; Roesky, H. W.; Johnson, S. E.; Bolse, W.;
Conrad, J.; Plass, WChem. Eur. J1996 2, 12609.

(18) Wideman, T.; Sneddon, L. Ghorg. Chem.1995 34, 1002.
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Table 1. Rate Constantskg,,) and Efficiencies (Eff) of the Table 2. Free Energy Change for the Reaction BHt B3N3zHg —
Reactions of Selected lons with Borazine BsNsH;* + B

Eff GB(B)a AGogoob

reagention kex® (%)° product ion(s) (%) B (kcal/mol) (kcal/mol)

CHs* 20 100 BNsHs™(75), BaNsH7t(25) (CHs),:0 182.7 -2.8
CoHs* 16 100 BN3Hs*(60), BsNsH;7(40) i-CsH,CN 184.7 -0.1
i-CaH7t 12 85 BsN3H,"(100) i-C4Hg 185.4 +1.1
CR" 8.9 73  BN3Hs"(100) (CHs3)CO 186.9 +1.5
CHa)F+ 11 80 N3Hg + CH3] 7(100
§\1023+)2 [BsNaHo 4 7(100) 2 Reference 28 AG°300 = —RT In K was obtained from the
H.ONO," 12 92 NaHs + NOJJ*(44), BsNaH7*(56 equilibrium constant for the title reactiorK = ([BgN3H7+][B])/_
C|2—|30|(\I)ZOZH+ 50 77 %EN?HE H NOﬂ*Elog 2NZHZ*E90; (IBH*][B3N3Hg]), where [BNsH,*]/[BH *] corresponds to the relative
CH:O(NOy)»* 3'9 38 [BNsHe + NO ]+(100’) abundancies of the two ionszB:H;™ and BH", measured when the
D303+ 2 15 80 &N3|3—|56D+(90),2B3N3H50D2+(10) proton transfer equilibrium is established in the FT-ICR cell and the

ratio [B]/[BsNsHg] is calculated from the partial pressures of the two
neutrals, B and BNsHe. AG°3qp is related to GB(B) by the equation
AG°300 = GB(B) - GB(BgNgHe)

CD;0D,* 11 70 BN3HgD™(90), [BsN3HsO(CD;)D]*(10)
CDsCeDsHt  0.17 5 [BNaHsC/D7H](100)
E- 14 75 BN3Hs(28), BsN3H4F(66), BsNsHsF(6)

Ck B 6.4 50 BNsHs 5100) Table 3. Free-Energy Change for the Reaction A B3NzHg —
BsN3H5 29 25 &NeHll (100) BSN3H57 + AH
2In units of 10'2° cm?® molecule* s™%. ® The normalized efficiency, GA(AH)? AGP300
Eff = Kex/Keon, Was calculated as described in the Experimental Section. AH (kcal/mol) (kcal/mol)
C,H, 369.8 -2.1
& . . , i . CH:CN 365.2 -1.2
10095 CHsCO,CH; 365.1 +0.1
<,, o, CH;CO,CoHs ~363.3 +1.3
2 80r o, 1 (CH3).CO 361.9 =2.0
2 0o CH3;COH 341.5 >25
<] -
< 60 © o 1 a3 GA(AH) corresponds ta\Gsqo for the process AH—~ H™ + A,
SN A Data are from ref 282 AG°300 = —RT In K was obtained from the
2 40t Q . equilibrium constant for the title reactiol = ([A~] [B3NsHg])/
i o & * o . ([BsNsHs ][AH]), where [A7]/[BaNsHs™] corresponds to the relative
& o0l .." N A * abundancies of the two ions,”Aand BNsHs~, measured when the
PR A proton transfer equilibrium is established in the FT-ICR cell, and the
.’ ab0 4 ratio [BsN3Hg)/[AH] is calculated from the partial pressures of the two
0 00 - . - : neutrals, BN3Hs and AH.AG’3q0is related to GA(AH) by the equation
0 2 4 6 8 10 12 AG®300= GA(BsN3sHg) — GA(AH). Only upper limits are reported for
time (s) AH = (CH;).CO and CHCO.H. With these reference acids the title

reaction was too thermodynamically unfavored to yield a meaningful

Figure 1. Time dependence of normalized ion intensitidg f{Vz 127; ratio of ion abundancies.Reference 31.

(a) mVz 82] observed after selection of GBI(NO,)," ions [©) m/z

123) in the presence of borazine at %3108 mbar. L . .
by the large exothermicity associated to the formation of a strong

B—F bond (e.g., thedB—F bond energy amounts t080 kcal/
mol).28

Thermodynamic Acid—Base Properties of BorazineThe
gas-phase basicity (GB) of borazine at 300 K has been
determined by approaching the proton-transfer equilibrium
between protonated borazine and a reference base of known
GB. The equilibrium constants evaluated from the abundancies
under radiolytic condition&® The nitration of borazine was tried \?vf;rhee E;Ztggge?osEicfrs];fldcttgg cb(;/n%ir:;{;tg;n?noft;r;e Pe?;;(/zﬂs

with severql ionic reagents. Among_them NQwas found to concentration of borazine and reference base. The data collected
be unreactive; protonated nitric acid and protonated methyl |, Tapje 2 lead to a GB value of 1858 1 kcal/mol. which is

nitrate (HONO," and CHONO,H) promoted both nitration i, excellent agreement agreement with the 184.7 value reported

Table 1. Positive ions that are typically used as Brgnsted acids
in CI-MS include CH*, C;Hs*, andi-C3H;*. Besides yielding
protonated borazine the first two ions also givéNBHst. This

ion is also obtained from the GFreaction by a formal hydride
transfer process. (GhF™ gives a product ion corresponding
to methylated borazine, the probable ionic intermediate of the
N-methylation product obtained from the same ionic reagent

and protonation, whereas nitrated methyl nitrate {OfNO,). ") in the NIST compilatior?8 This updated evaluation is derived
reacted exclusively by nitration. The fBsHs + NO;] " adduct  from an experimental ICR determination, once the GB values
reacts with neutral borazine by a subsequenttidnsfer step,  of the reference bases used have been corrected to the new
giving B3NsH7", as shown by the ion intensity vs time plot in  standardg®

Figure 1. The competition between a*Dransfer and an The Lewis basicity of borazine has been determined with

addition—elimination pathway characterizes the reactions of respect to the MgSi* ion, in the framework of a trimethylsilyl
DsO* and CROD, ", whereas protonated toluene (€I3DsH™) cation affinity (TMSA) scale that has been established for classes
yields exclusively the additionelimination product. Inall cases  of compounds including amines, oxygenated organic com-
HD is lost as neutral fragment. pounds, and aromatic compouriisA AG° value of 0.06+

Negative ions such as'Fand Ck™ react by an exclusive or (28) NIST Chemistry Webbook, NIST Standard Ref Satab
. . . . emistry €DDOoOoK, andar ererence Database
major proton abstraction pathway, showing that borazine should \,mper 69; Mallard, W. G.; Linstrom, P. J., Eds.; National Institute of
be more acidic than HF (GA= 366 kcal/mol) and C§H (GA Standards and Technology, Gaithersburg MD, 20899 (http:/webbook.
= 369 kcal/mol). Adduct ions are formed from the reaction of Nistgov), November 1998.
. . _ _ . (29) Doiron, C. E.; Grein, F.; McMahon, T. B.; Vasudevan,&an. J.
borazine with BNsHs~ and F. In the latter case the addition  cpem 1979 57, 1751.

reaction is followed by the elimination of AHprobably driven (30) Stone, J. AMass Spectrom. Re1997, 16, 25.
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Table 4. Rate Constantsk,) and Efficiencies (Eff) of the Reactions of [Borazine?Hind [Borazine-H]* lons with Selected Neutrals (N)

reagent ion N Kexp® Eff (%)° product ion(s) (%)
BaNaHs* H.O 41 22 BN3Hg™(100)

BaNsHs* CHsOH 3.0 19 BN3HsCHs*(88), BsNsHsOCHs™*(12)
BaNaHs* CHsF 15 10 BNsHF*(100)

BaNsHs* CoHs 0.4 3 B:N3H,+(100)

BaN3H, " DO

BsN3H7™ CDsOD 0.56 4 BN3HsD*(60), BsNsHsOCDs"(40)
B3sN3HgD ™" c-CsHioNH 15 100 ¢-CsH10NHD"(48), c-CsHioNH, 1 (52)
BaN3zH,+ CD3C¢Ds 1.0 7 BsN3sHsC/D*(100)

a See footnotes, Table 1.° See footnoted, Table 1.

0.03 kcal/mol was obtained for the M&i* transfer equilibrium
between borazine and mesitylene (eq 1) established in the FT-
ICR cell at 300 K.

B;N;H.SiMe, " + mesitylene=
B;N,H, + mesityleneSiMg™ (1)

Under the assumption that the entropic contributioA@ may
be neglected,~AH° for the association reaction @i +
B3N3Hg — B3N3HeSiMest, namely the TMSA of borazine, is
computed to be equal to 31.1 kcal/mol.

The gas-phase acidity (GA) of borazine has been determined
by the usual equilibrium method, using the compounds listed ) o N
in Table 3 as reference acids. The average ofAf values Figure 2. Time dependence of normalized ion intensitieS)[fwWz
obtained from the proton-transfer equilibria combined with the 83 (#) Mz 84; () Mz 85; (a) m/z 86; (x) Mz 115] observed after

selectlon of CROD;" ions [(©) m/z 38] in the presence of GOD at
reported GA of the reference acids yields a GA value of 365. 4 10 mbar and borazine at 1.9 10-8 mbar.

Relative Intensities

" 10 20 30 40 50
time (s)

+ 1.5 kcal/mol.
Reactivity of Borazine-Derived lons.lons formally corre- H
sponding to [Borazine-H]and [Borazing-H]™ can be obtained . { 1.007 A (1.050 A )
by any of the hydride abstraction or proton-transfer reactions 1428 A
listed in Table 1. These ions have been characterized by studying HQ‘%y H
their reactivity with selected neutrals (Table 4). The reaction B117.0° B” 11014
of BsN3Hs™ ions, formed by CiH—Cl in the external ion source, ‘ (117.7°) ‘ (1.258 A)
with XOH (X = H, CHs) occurs by a major pathway leading 123.0° @
to BoN3HsX ™ as ionic product and to BOH as (probable) neutral H/w”/“’\
fragment. The reaction of 8lsHs™ with CH3F yields a product 1s.s H
ion where a fluorine atom has formally replaced a former 121.5° ‘
hydrogen atom, whereas;B;Hs™ gains two hydrogen atoms H
from the reaction with ethane. [B3N3Hg]
BsN3H; ions, formed by @Hg—Cl in the external ion source,
have been allowed to react with,©® and CROD to examine 101.7°
possible H/D exchange processegOls unreactive but CEDD l H
promotes deuterium incorporation into protonated borazine. A 10274
parallel reaction with CBOD gives an additiorelimination 1553 108.
product ion, involving loss of HD. A similar process is observed ‘\N7 1° _H
when BN3H;" reacts with perdeuterated toluene. Multiple 1179A Bz
deuterium incorporation has been promoted by prolonged 1'384A 161 (b)
reaction times allowed togBlsHgD™ ions formed by D transfer 11740
from CD;OD," to borazine in the presence of neutral 0. 1.012 /\1;2;’7116 >
A sequence of consecutive steps of D-incorporation is observed,
which ends with the formation of lsHzD," ions (Figure 2). | P
DT transfer from QO™ to borazine in the ion source gave 1‘179AH
BsN3HgD* ions, which were assayed in the FT-ICR cell by their [B3N3H7]*+
reaction with a strong base (piperidine, RA228 kcal/mol)?® ) o ) )
The branching ratio for the formation @CsH:;oNHD* and Figure 3. Optimized geometries of borazine (a) and protonated

borazine (b). The experimental geometry of borazine is reported in

. + i
c-CsHioNH,™ is close to one, suggesting the presence of one parentheses, Bond lengths in A, angles in degrees.

hydrogen and one deuterium atom in equivalent positions in

the reagent ion. while a worse performance was shown by the computations at
Computational Results.The optimized geometry of BlsHe, HF level®df The vibrational frequencies are in reasonable

of Dan symmetry, is reported in Figure 3 together with the agreement with the experimental values and with those previ-

experimental valuekThe calculated geometrical parameters are ously computed at MP2/6-31G* levél.

in good agreement with the experimental ones and are compa- The preferred protonation site is the nitrogen atom and the

rable with those previously evaluated at MP2/6-31G* |é9el, optimized structure of [EN3H7]* in Cp, symmetry is shown in
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Table 5. Energetics of Some Processes Involving Borazine COH*. The GB of 185.0 kcal/mol for borazine, that has been
AE®  AHoos1®  AGoegid determined by the equilibrium method, compares very well with
BaNoH, " — BiNoHe + H* 1898  19LP 183.2 a previous mea§urement by the same technique and agrees with
1908 1924 184.F a qualitative estimate based on the occurrence of proton transfer
185.0' from [B3sN3H;]™ to ammonia and failure to observe proton
184.7 transfer to 2-butyné?® The agreement with the GB value
[BstHs"'Hz]i — BaNaHq + H* 159-1'; 163.8 156.4 obtained by two different computational approaches is excellent,
[BaNaHs"+-Hz] " =~ BaNgHs™ + Ho 14 6.8 -7 when the [BN3H/]™ ion is identified as nitrogen-protonated
aValues are in kcal/moP B3LYP/6-311+G(3df,3pd)//B3LYP/6- borazine.
311++(_5(3df,3pd) ¢ CCSD(T)/AUG-cc-pVDZ//B3LYP/AUG-cc-pvVDZ The geometry of nitrogen-protonated borazine reveals little
Experimental value, this work.Experimental value, ref 28. structural change with respect to neutral borazine with the
. B exception of the geometry at the tetrahedral nitrogen. Therefore
H 13354 \st . it closely resembles the geometry of the most favored protonated
1009 ,&\Nu;:)z's N form of benzené? so that nitrogen-protonated borazine may
1492 A 1217 be viewed as an inorganic analogue of benzenium ighl{O).
K 118.7° (a) However, the similar structure is not paralleled by similar
1-178;;/ 1151928%\ reactivity. Gaseous benzenium ions are known to undergo a
1425 A N 125.3° relatively fast randomization process of the seven hydrogens at
115.9° . the rate of ~10° s1 at 310 K, by way of consecutive
1012 A S .
H 1,2-hydrogen migration stegéNo evidence for such a process
[B3N3Hs] * is found for protonated borazine. In factzNgHsD™ ions,
obtained by D transfer from QO™ (eq 2a) are found to transfer
0.790 A H*/D* to a strong base in approximately 1:1 ratio (eq 2b). This
H—H result suggests that the primary labeled idnhdoes not undergo
\ ___,5150“ any intramolecular hydrogen migration process.
H D
1.371A B_113.5° \ﬁ/
131.2°\125.5° H HB” “BH
1009A “Nis3e N719.20 D30* + BaNgHg —= [ \ + D0 (22)
. . HN . NH
1.469A ' (b) B
; 115.8° 120.1°
1179 A
o 4
H 12;-%?4_,\014
116.7° .
H”’"A ¢-CgHqgNH,*/c-CgHygNHD™ (1:1)
4 + c-CgHyopNH — + (2b)
[B3N3Hs.-H2] * [BgN3H5D/BgN3Hgl
Figure 4. Optimized geometries of [BlsHs]* (a) and its adduct with . .
H> (b). Bond lengths in A, angles in degrees. The study of H/D exchange reactions performed gNdBi;

ions led to the same conclusion. The H/D exchange mechanism
Figure 3. The gas-phase basicity of borazine at 298.15 K is involves consecutive HDT transfer processes (such as the one

computed to be equal to 183.4 kcal/mol at B3LYP/6-331G- shpwn in eq 3) within ior-neutral complexes formed wi_th_ a
(3df,3pd) level, as reported in Table 5. The protonation at boron Suitable reagent, namely a molecule of close GB containing a
gives an adduct [BNsHs+-HJ]+ which dissociates into [BsHs] * deuterium atom at the protonation site.
and H in an exoergonic process at 298.15 K (Table 5). The . .
optimized geometries of [BlsHs++H,]™ and [B:NsHs]+ are BsNgH;* + XOD == [BgN3H;" --XOD]
shown in Figure 4. f
The GB of borazine has been evaluated also at the coupled- [B3N3HgD™ - XOH] == [B3N3Hg --- XODH'] 3)
cluster level, using the less extended basis set AUG-cc-pVDZ, 1L
and is computed to be equal to 184.7 kcal/mol. Taking into ByNsHD* + XOH
account correlation effects and basis set incompleteness, the GB
of borazine is estimated to amount to 18531 kcal/mol, at X=CDg D
variance with the substantially lower GB that has been obtained
by ab initio computations at 4-31G lev&l. D0 is ineffective because of its much lower GB with respect
to that of borazine, which makes proton transfer froghlgH;"
Discussion ions within the complex too unfavorable on energetic grounds.

CD30D is successful in carrying out a stepwise exchange

Protonation of Borazine. Structure and Reactivity of process, which, however, does not proceed beyond the incor-

[B3NsH7]* lons. lons corresponding to protonated borazine, :
[BsN3H-] T, that are stable with respect to dissociation, can be _ (33) (@ del Rio, E.; Lopez, R.; Sordo, T. U. Phys. Chem. A997

btained f . " B ted acid h 101, 10090. (b) Glukhovtsev, M. N.; Pross, A.; Nicolaides, A.; Radom, L.
obtained from a variety of gaseous Brgnsted acids, such asj chem. soc., Chem. Commag95 2347. (c) Sieber, S.: Schleyer, P. R.

i-CaH7T, CqHg",32 (CH3),OHT, i-C3H/,CNHT, t-C4Hg ™", (CHa),- J. Am. Chem. Sod.993 115, 6987. (d) Here, W. J.; Radom, L.; Schleyer,
P. R.; Pople, J. AAb Initio Molecular Orbital TheoryWiley: New York,
(31) Bartmess, J. BMass Spectrom. Re1989 8, 297. 1986; p 396.
(32) (a) Porter, R. F.; Solomon, J.J. Am. Chem. Sod.971, 93, 56. (34) (a) Chiavarino, B.; Crestoni, M. E.; Fornarini, S.; DePuy, C. H.;
(b) Betowski, L. D.; Solomon, J. J.; Porter, R.IRorg. Chem.1972 11, Gareyev, RJ. Phys. Cheml996 100, 16201. (b) Fornarini, S.; Crestoni,

424. (c) DeStefano, A.; Porter, R. Fhorg. Chem.1975 14, 2882. M. E. Acc. Chem. Red.998 31, 827.
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poration of four D-atoms. This process is clearly displayed by
the plot of ion abundances vs time of Figure 2, where the
reaction of CROD," ions with borazine yields gNsHgD ™ ions
which undergo stepwise exchange reactions ending with the
formation of BsN3H3D4 " ions. It is clear that the sites involved

in the protonation of borazine are only three, the N-atoms, as
indicated both by the computational results and by the fact that
electrophilic attack by alkylating ions is directed at nitrogen,
yielding the corresponding substitution products. The protona-
tion at boron is thermodynamically unfavored by 28 kcal/mol
at B3LYP/6-31H1-+G(3df,3pd) level of calculation (Table 5).

Moreover the B-protonated species shows the features of a

[B3NsHs:+-Hy]* adduct and is expected to evolve by the
entropically favored dissociation of HNevertheless, strong
Brgnsted acids, such as €H(GB(CH,) = 124.4 kcal/moB®
and GHs™ (GB(C;H4) = 155.7 kcal/molf8 are able to protonate
also the B-atom, yielding #\3Hs* ions in comparable amounts
with respect to BNsH7" (eq 4).

MH® + BaNaHe V> BaNaHe™ (+Hp) / BaNgH*
+ BgNgHg —>  BgNgH5™ (+Hp) / B3N3Hy
M =CH,, CoH,

The involvement of the B-atom in the formation ofN&Hs™
ions is further supported by previous GHCI and GHg—ClI
experiments using §B3N3Hs, showing that the hydrogen atom
removed from borazine was originally bound to the B afém.
Gas Phase Reactions of Borazine with Positively Charged
lons. The reactivity of selected cations with gaseous borazine

J. Am. Chem. Soc., Vol. 121, No. 48, 19299

70 T T 1 T
__60 0o 4
°
E
= 50 r 1
g
< 40 b
n
=
) * ;/KZP’A/A i

20 ! | 1 1

180 190 200 210 220 230
PA (kcal/mol)

Figure 5. The correlation between proton affinities (PA) and tri-
methylsilylium affinities (TMSA): (© ) amines; A) aromatic com-
pounds; ¢) borazine.

The reaction of borazine with M8i* (eq 5) has therefore been
assayed in order to probe whether its chemistry conformed to
the behavior of an aromatic compound or of a simple amine.
The position of borazine in the TMSA vs PA plot of Figure 5
is in line with those of simple aromatic compounds, supporting
the view of borazine as an inorganic counterpart of benzene.

Me,Si* + ByN;Hg — BoN;H SiMe;"
—AH° = TMSA(B,N,H,)

(®)

Few other gaseous cations react with borazine by an addi-

has been examined. Most of them react with benzene, yieldingtion—elimination pathway which may be described by eq 6, on

the ionic intermediates of electrophilic substitution products
(arenium ions$® The alkylation of borazine has indeed been
observed from the reaction of carbenium ioR€4H;, t-C4Hg™)
and a halonium ion ((Ck,F*") in radiolytic experiments at
atmospheric pressure, which allowed us to obtain neutral
N-substitution product® In the pressure range of 1#®mbar
in the FT-ICR cell, carbenium ions are known to react
predominantly by proton transfersB3H; " is in fact the only
ionic product from the reaction of-C3H;" with borazine.
However, a highly efficient methyl transfer process from
(CHg)oF* yields [BsNsHg + CHs]™, the ionic intermediate of
N-methylborazine obtained from the radiolytic reactién.
Another example of typical electrophilic aromatic substitution
is nitration. Gaseous NQ is unable to perform nitration, giving
only charge and formal Otransfer products with benzene and
being unreactive with borazine. “Solvated” forms of NQsuch
as XNQ™ (X = H,0O, CH;OH, CH;ONGO), are on the contrary
well-behaved nitrating agents, yieldings[&Hes + NO,|* ions36
Whereas the nitration of benzene yields a nitrobenzenium ion
that evolves by hydrogen migration to the nitro gré@py far

the basis of the higher GB of borazine with respect to neutral
Y. These reactions are not known in the chemistry of benzene.
Still, they may be viewed as driven by the elimination of a
hydrogen molecule, restoring the borazine nucleus. This ring
system thus appears to be endowed with a certain degree of
thermodynamic stability.

YDZ+ + BstHe I [YD' 4] (Ga)
D
NIV Nt/
HB/N\ /YD HB/N\ al
[YD--- 4] —= 7 TN — HD+ 7 \ (6b)
HN\B/NH HN\B/NH
H H

Y = OD, OCD;, CD4CDaH

Gas-Phase Reactions of Borazine with Negatively Charged

the most basic site in nitrobenzene, more basic than benzendons. The reactions of borazine with negative ions have been

itself, the [BN3Hg + NO,] ™ species is subsequently deproton-

less extensively investigated than those with positive ions. The

ated by neutral borazine, as evidenced from the ion abundancegas-phase acidity of borazindG°zq0), measured from proton-

vs time plot of Figure 1.
The reaction of MgSi™ with simple aromatic compounds has

transfer equilibria with reference acids, is found equal to 365
kcal/mol, compared with a recent evaluation of 393 kcal/mol

been studied in detail, and the ionic adduct has been characterfor the gas-phase acidity of benzefeDeprotonation can

ized as ao-complex with a Si-C covalent bond. Moreover,
the TMSA values for the association reaction to aromatic

involve either the hydrogen bound to boron or the hydrogen
bound to nitrogen. Which of these alternatives occurs may not

compounds and amines have been found to respond to lineabe answered by the present experiments and is the object of

correlations when plotted against the PA values of the nedfrals.

(35) (a) Cacace, FAcc. Chem. Red988 21, 215. (b) Kuck, D.Mass
Spectrom. Re 199Q 9, 583. (c) Fornarini, SMass Spectrom. Re1996
15, 365.

(36) Aschi, M.; Atting M.; Cacace, F.; Ricci, AJ. Am. Chem. So¢994
116, 9535 and references therein.

studies in progress.

The presence of the electron-deficient boron atoms confers
borazine a somewhat higher reactivity toward negative ions with

(37) Davico, G. E.; Bierbaum, V. M.; DePuy, C. H.; Ellison, G. B;
Squires, R. RJ. Am. Chem. Sod.995 117, 2590.
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respect to benzene. In fact, borazine displays addition reactionsnot occur within BNsH;*, at variance with the complete
that are unknown in the gas-phase chemistry of the carbocyclic scrambling of all seven H's that is known to take place within
analogue. CgH7 in the time scale of mass spectrometric experimémts.
Structure and Reactivity of B3NsHs" lons. The formation This result is ascribed to the high barrier associated to a 1,2-
of B3N3Hs* ions following protonation at boron has already hydrogen-shift mechanism that should proceed via a B-proton-
been discussed. The optimized structure shown in Figure 4ated species. Calculations predicfBdNsHs™ to lie ~28 keal/
shows that BNzHs" retains a cyclic structure, in many ways Mol higher in energy than 4B3sN3H,". Accordingly, protonation
similar to that of the phenylium ion,¢Els™, from formal hydride at boron, followed by cleavage of;His observed only by the
abstraction from benzene. AlternativelysNBHs" ions may be strongest among the Brgnsted acids used. The electrophilic
formed by the reaction of borazine with €F a process attack at nitrogen is clearly shown by alkylating ions which
estimated exothermic by-60 kcal/mol. The analogy with  lead to N-alkylborazines, the neutral products obtained from
phenylium ion is that it is not only structural but that it also radiolytic experiments at atmospheric pressafEhese products
extends to some aspects of reactivity. For example, the formationrepresent also the first evidence for an electrophilic substitution
of BsNsH;* from the reaction with ethane is paralleled by the on the borazine ring. They proceed by way of the charged
formation of GH;" from phenylium ion$8 Some other reac- intermediates detected in the FT-ICR kinetic experiments, which

tions, such as those with methanol and water leading!Bs- may be viewed as inorganic analogues of arenium ions. The

CHs" and BN3Hg", respectively, are peculiar tosB3Hs" ions same kind of intermediates are probably formed by;$ie

and are probably driven by the high stability of the accompany- addition, a reaction that places borazine in the correlation line

ing neutral fragment, BOH. for model aromatic compounds. Also an exemplary electrophilic
reaction, the attack by nitrating ions, proceeds in the gas phase

Conclusions in a closely similar way as observed for benzene, with the

formation of BsN3sHgNO,* adducts from solvated forms of the
The gas-phase ion chemistry of borazine presents bothnitronium ion.

remarkable analogies and interesting differences with that of Passing to negative ion Chemistry’ the gas-phase ac|d|ty of
benzene, an isoelectronic and aromatic organic molecule. Theporazine has been found to be equal to 365 kcal/mol by proton
issue of the extent of aromaticity of borazine is currently a transfer equilibria with reference acids. Borazine has therefore
debated topic, and one scope of the present work has been tgroved to be both more basic and more acidic than benzene
search for reactivity patterns that could confirm or disprove a (GB(benzene)= 173.4 kcal/mol, GA(benzeney 393 kcall
distinct aromatic character of this molecule. The reactivity study mol).28:37
in the gas phase was motivated by the absence of specific |n conclusion, in many respects the gas-phase ion chemistry
interactions, such as, for example, those of the electron-deficientof horazine has shown a remarkable similarity to that of benzene
B-atoms with donor centers of solvents and counterions, that under similar conditions, so that at least from a reactivity
could significantly obscure the reactivity properties of borazine. standpoint it appears legitimate to denote it as “inorganic
The attack of the proton, the prototypical electrophile, is directed penzene”.
at the N-atom, the most basic site according to ab initio
calculations. The experimental GB value was found equal to  Acknowledgment. The authors acknowledge the Italian
185.0 kcal/mol. Whereas the optimized structure of protonated Ministero dell’Universitae della Ricerca Scientifica e Tecno-
borazine is close to that of the benzenium ion, its reactivity logica and the Consiglio Nazionale delle Ricerche for financial
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