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Reactions of Laser-Ablated Boron Atoms with Methylamines. Matrix Infrared Spectra and
MP2 Frequency Calculations for Isotopic Product Molecules
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Receied: September 10, 1996; In Final Form: dember 11, 1998

Reactions of laser-ablated boron atoms with monomethylamine in argon produce two new iminoboranes,
CH3BNH and CHNBH, as well as the related isomer, éBNH,. Boron reactions with dimethylamine also
generate these products and a third new iminoboraneBR8H;. These molecules are identified by matching
observed matrix infrared and MP2 calculaté8/''B isotopic frequency ratios. In these reactions, the observed
products indicate that the primary reaction mechanisms involve boron insertion into either ther@N—H

bonds, instead of into the-€H bonds.

Introduction ablated from a target source rotating at 1 rpm. The fundamental

High-energy molecules which are reactive at room temper- 1064 nm beam of a Nd:YAG laser (Spectra Physics DCR-11)
9 9y . P operating at 10 Hz and focused withi & +20 cm lens ablated

ature can often be preserved at cryogenic temperatures. For,

several years, matrix isolation spectroscopy has enabled thethetarget using 30 mJ per 10 ns pulse. Reagent gases included

study of otherwise reactive species, including products contain- E:I\E’E)”-:;(igge(scjFﬁ)\i\'/\leHeErt:gltgyggThr'\g:tzzaopr}t)e;g? b%gwml?é
ing boron!~5 Because of the low vapor pressure of boron at ; o/ 11 o7 10RY 10 0 .
all but extremely high temperatures, laser ablation is a conve- (Aldrich, 80.4% 7B, 19.6%"B), B (93.8%, Eagle Pitcher

. i .~ Industries), and!B (97.5%, Eagle Pitcher Industries). Follow-
nient way to produce atomized boron to form new reaction

products. In addition, laser-ablated boron atoms possess excess J deposition, a Nicolet 550 Fourier transform infrared (FTIR)

o o - " Spectrometer collected infrared spectra using a liquid nitrogen
kinetic energy which increases the reaction probability and )
o . . cooled MCT detector. The resolution of these spectra was 0.5
facilitated the study of reactions of boron with small molecules om-L with an accuracy of0.2 el After sample deposition
such as @ N, H,0, and H in argon matrice$-® For reactions y ' ) P P !

with polyatomic gases, such as @ and NH,39 matrix annealing to 15 K followed by broad band mercury arc

isolation enabled the production and retention of several novel photolysis (Philips 175 W) produced changes in the FTIR

compounds. In these two experiments, the primary mechanismsSpeCtra' Further annealings to 25 and 35 K also changed some

involved insertion into a €H or N—H bond followed by of the spe}ctral 1;eatures. K lculati "
dehydrogenation. Because the energy of theHCbond in We performed HartreeFock (HF) calculations on potentia

methane exceeds that of the-N bond in ammonia, boron product molecules using the Gaussian 94 program package.

reactions with NH yielded more product. In the experiments ©F @l fce}llculagoRs,HaFMglllei;Pl_esset c(j:orrelatlon engrgy cor- J
reported here, boron reacts with monomethylaminesMG, rection followed the HF calculation and was truncated at secon

a molecule that possesses-B and N-H bonds as well as a order (MP2 method}® The basis set for each atom was the

C—N bond. The reaction of boron with dimethylamine, (§H I_Dunning/l—_|uzinaga Iulll4doublé with one singl_e f_irst_polariza—

NH, complements the monomethylamine work. The results of 10N function (D95):# The geometry optimizations used

these studies should allow one to assess the relative proficiencieée‘j.un.d"’m.t mterna] coordinates and converged via the. Berny

of each of three insertion mechanisms. optimization algor|thn1,2v15_5 and the program calculated vibra-
Because of their similarity to alkynes, iminoboranes are some tional frequencies analytically.

of the more interesting boron compounds. Three grups

have characterized HBNH, and this molecule has been isolatedResults

in a matrix following the reaction of laser-ablated boron with

ammonia® In this article, we describe boron atom reactions bo

with mono- and dimethylamine. Infrared spectra of reactive

Infrared spectra of the reaction products of methylamines with
ron using various isotopic combinations are reported. Several
o . . . e strong absorptions show no boron isotopic shift and typically
species isolated in an argon matrix enables the |Qent|f|cat|on of correspond to either the precursor or fragments of the precursor
novel_prod_ucts. Ab |n|t|o_calculat|ons of the energies, structure_s, created by photochemistry from the laser plume. For example,
anc.j.wbrathnall freq.qenqles of several potential product species;, oach spectrum with C#H,, peaks at 1640, 1452, 1346,
facylltate_thls |dent|f|cat|qn. The obser_ved products _prowde 1123, 1064, and 1059 crh corresponding to CHNH and at
insights into the mechanisms of boron insertion reactions. 3615.9, 2027.8, and 478.4 chdue to HNC were observé?
Also detected were HCN absorptions at 3305.1, 2093.4, and
721.4 cmi?, the CN absorption at 2044 chl”18and at most
Previous articles have described the apparatus for pulsed laseextremely weak Ckland CH absorptions near 1304 and 610
ablation, matrix isolation, and FTIR spectroscdgyan APD cm1, respectively® In the (CHy):NH experiments, several
Cryogenics 6.5 K refrigerator was used here. Mixtures of 1% CH,NCHjz absorptions were observéd.The remainder of this
CHsNH, or (CHs),NH in Ar codeposited at 3 mmol/h for 3 h  section deals only with new species containing boron. In
onto a 6-7 K cesium iodide window react with boron atoms addition to the new absorptions reported below, peaks corre-
sponding to HBO, BO, Bg (BO),, and BQ~ were observed
® Abstract published ilAdvance ACS Abstractdanuary 1, 1997. because of oxides on the surface of the boron tdrget.

Experimental Section
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Laser-Ablated Boron Atoms with Methylamines

TABLE 1: Frequencies (cnT?), Photolysis Behavior, and
Identity of Product Species in the B+ CH3NH, Experiments

10/ 11/ 10/2 11/2 photolysi$ identity
3712.3 3710.6 +35 HBNH
3702.1 3701.6 27944  2789.6 +35 HBNH
3691.1 3690.5 +40 CH:BNH
2307.6  2298.3 +15 (H)BH
2268.6 2259.3 1695.2 1682.8 0 BH
21715 2170.8 21715 21718 —40 BCN
2094.3 2092.2 2094.3  2092.2 +60 BH,.CN
2068.1 2055.1 2068.1  2055.1 +5 BNC
2020.6 1981.1 2020.6 1981.1 +15 CH:NB
2001.2 1940.2 1950.7 1892.2 +40 CHBNH
19755 1949.2 17535  1749.2 +20 CH:NBH
1939.3 1881.0 18953 1839.4 +30 CHBNH
1880.0 1829.6 —80 BNH
1876.4 1846.2 1729.0 1717.6 +5 BNBH
1836.4 1830.5 1836.4 1830.5 —30 CHNB
1825.7 1788.1 17689 1732.3 +35 HBNH
1819.7 1782.7 1616.2 +35 HBNH
17985 17435 179491 1741.F -10 CH:BNH-
1769.1 1736.4 1769.1 1736.4 =70 BNB
1556.5 1533.2 —100 BNH
1514.4 1504.6 —100 ?
1016.6 984.3 1016.6 984.3 +5 BNC

901.5 901.5 +10 BN

826.2 800.1 826.2 800.1 —40 BCN

464.8 463.5 +35 HBNH

aThe first number is the mass number of the boron isotope, and the
second number is the mass number of the hydrogen isotdtercent
change of peak intensity following 30 min of broad band mercury arc
photolysis.c Peaks listed are for the mixed isotopic molecule, HBND.
d Peaks listed are for those of the mixed isotopic moleculgBDHHD.
CH,BND, absorptions occur at 1786.2 and 1734.8 tifor B and
11B, respectively.
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Figure 1. Infrared spectra in the 374560 cn! N—H stretching
region following pulsed laser ablation of B atoms codeposited with
Ar/CH3NH, samples on a Csl window at-& K: (a) B + CHzNH,
and (b)"®B + CHsNH,. Numbers above peaks refer to assignments of
new products described in the text.

10B + CH3NH,. Table 1 provides frequencies and photolysis
behavior of all isotopic combinations of boremonomethyl-

amine reactions. Figure 1a displays a spectrum for the best’®B peak at 1949.2 cmt (both +20% on photolysis).

10B experiment in the N-H stretching region. The strong bands
at 3712.3 and 3702.1 cth observed previously in the reactions
of boron with ammonia, correspond to HBNHand the 3615.9
cm~!band is due to HNC. A new absorption appears at 3691.1
cm! and increases 40% upon photolysis.

The B—N stretching region of the spectrum (Figure 2a)
contains many product peaks. HBNH absorptions at 1825.7
and 1819.7 cmt, the BNBH absorption at 1876.4 crh the
BNH absorption at 1880.0 cm, and the BNB absorption at
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Figure 2. Infrared spectra in the 216740 cnT! B—N stretching
region following pulsed laser ablation of B atoms codeposited with
Ar/CH3NH, samples on a Csl window at& K: (a) *®B + CH3NH;
and (b)"*B + CH3NH,. Numbers above peaks refer to assignments of
new products described in the text.

1769.1 cm! agree with the ammonia experimefts. Peaks
due to BCN at 2171.5 cm and BNC at 2068.1 cri match
those from a parallel study of B- HCN reactiong! Among
the new peaks, a strong absorption at 2001.2cimcreases
40% on photolysis, a sharp absorption at 2094.3'dmcreases
60%, and another absorption at 1975.5 érmcreases 20%.
By contrast, a strong, sharp absorption at 1798.5'aacreases
10% following photolysis, and a small absorption at 1836.4
cm~! decreases 30%. In the bending region, new absorptions
at 1016.6 and 826.2 cm correspond to BNC and BCN,
respectively’® A sharp peak at 464.8 cthis due to HBNH.

natB + CH3NH». Figure 1b presents a spectrum in the N
stretching region for the best natural boron experiment. Because
the vibrational modes in this region involve mainly nitrogen
and hydrogen, small boron isotopic shifts are expected. The
strong bands at 3710.6 and 3701.67értrack with the 3712.3
cm™! and 3702.1 cm! bands from the!®B experiment and
correspond to HBNH:° A new absorption appears at 3690.5
cm?, and this peak increases 40% upon photolysis, thereby
tracking with the nearby 3691.1 crh band from thel‘B
experiment.

In the B—N stretching region (Figure 2b), the abo¥B
absorptions were observed along with displaéil counter-
parts. HBNH absorptions at 1788.1 and 1782.7 tmppear
in the ammonia experiment, as does the BNBH isotopic quartet
at 1876.4, 1871.4, 1851.5, and 1846.2émA strong BNC
band at 2055.1 cm accompanies a smaller BCN peak at 2170.8
cm~L. Among the new peaks, a strong absorption at 1940.2
cm! increases 40% on photolysis and has a counterpart
approximately one-fourth the size at 2001.2éiwith the same
photolysis behavior as in tH&B experiment; these two peaks,
then, correspond to the same single-boron species. 1%he
experiment absorption at 1975.5 chsimilarly tracks with the
In
addition, a peak at 1743.5 crhexhibits a 4:1 doublet with a
peak at 1798.5 cmi, and both peaks decrease 10% on
photolysis. Table 1 lists othéiB absorptions with theitB
counterparts.

1B + CH3NH,. Experiments performed with!B confirm
the identification of product absorptions from tHB and"a2B
experiments because bands abseftBrexperiments must arise
from 19B species. No new absorptions appeared, as expected,
and the spectrum is not shown here.
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BNC B + (CHj3)sN. A few experiments involving trimethylamine
yielded none of the peaks reported above for monomethylamine.
Only a small trace of the doublets at 2112.5, 2111.5%¢and
2060.1, 2058.9 crt observed in the dimethylamine experiments
appeared.

Calculations. Becausé3CH3NH,, CH3zNH,, and CQNH,
were not available, identification of species via isotopic shifts
of the carbon, nitrogen, and methyl hydrogen atoms was not
possible. Instead, Hartre€ock calculations played a large role
in the assignment of the bands. In general, these calculations
overestimate vibrational frequencies, but with the MP2 method

L e A - T BN

3 and D95* basis set, these errors are typically within 5% for
ZD ®) closed-shell species. Also, the ratios of vibrational frequencies
0.08 of corresponding modes with different boron isotopes provide
2100 2000 1900 1800 a partial description of the normal mode for comparison with
Wavenumbers (cm'") experimental values. Table 2 presents results of several MP2

Figure 3. Infrared spectra in the 213730 cnt! B—N stretching calculations. This table contains several possible products
region following pulsed laser ablation of B atoms codeposited with generated following boron insertion into the-M, C—H, and
Ar/CHsND, samples on a Csl window at- K. (&) '%B + CH;ND; C—N bonds and includes several species not observed in the
and (b)"B + CH;ND,. Numbers above peaks refer to assignments of eyperiments. Because most of these species contain several
new products described in the text. atoms, they also have several vibrational modes and a complete
list of these modes would be quite cumbersome. Table 2,

1 . therefore, lists only those modes with intensities above a
9B + CH3ND,. Because of hydrogen exchange on the amine threshold of 30 km/mol.

group, experiments were performed with successively increased
deuteration. This enrichment with the mixed precursorsz-CH
NH,, CHsNHD, and CHND,, actually served as an advantage
because it allowed for the observation of isotopic multiplets  |dentification of products makes use of isotopic shifts in
with changing relative intensities as a function of deuterium yjprational frequency, involving both boron and hydrogen,
enrichment. In the BN stretching region (Figure 3a), a strong  combined with MP2 calculations of isotopic frequencies.

new absorption at 1950.7 crhincreases 40% upon photolysis. Species 1: CHBNH. In Figure 2, the 2001.3 and 1940.2
Another prominent peak at 1794.1 chdecreases 10% upon cm™! bands in CHNH, experiments are assigned to tHB
photolysis. A nearby peak of lower intensity at 1786.2¢m 5,4t counterparts, respectively, of GBNH. Calculations
also decreas_es 10% upon photolysis, and the proximity of thesepredict this molecule to be the most stable of the BGNH
two absorptions to the 1798.5 cfpeak from CHNH, isomeric variants (Table 2). The boron isotopic ratio, 1.031 49,
experiments indicates that these three peaks form a triplet and’actually exceeds the BN diatomic ratio, 1.027 62. MP2
therefore, correspond to a species with two amine hydrogens, cg|culations on this molecule yield corresponding vibrational
whereas the 1950.7 crh peak forms a doublet with the  frequencies of 2068.5 (3.3% higher than experiment) and 2003.6
hydrogen component at 2001.2 thdenoting a single amine ¢t (also 3.3% higher than experiment), giving a harmonic
hydrogen. Table 1 lists other absorptions from deuterated jsotopic frequency ratio of 1.032 39, in excellent agreement with
_products. Noteworthy is tt_]at, of the new absorptions obsgrved experiment. The slight discrepancy is in part because of
in the 1% + CHsNH, experiment, most peaks are substantially anharmonicity in the observed frequencies. In experiments with
smaller in the deuterated experiments. However, the absorptlonsCHBNDZ, which included residual C#H, and CHNHD, CHs-

at 2094.3, 2020.6, and 1836.4 chremain virtually unchanged BND peaks at 1950.7 and 1892.2 ch{boron isotopic ratio of
regardless of deuterium enrichment. These peaks, then, cor- 930 92) complement much weaker absorptions at 2001.3 and
respond to species without amine hydrogens. 1940.2 cmil. The hydrogen isotopic ratios are 1.025 94 and

"B + CH3ND,. Because the gas sample used in this 1.025 37 forl°B and!'B, respectively. The MP2 calculations
experiment was the same as in the previous experiments withyield frequencies at 2012.4-8.2%) and 1950.0 cr (+3.1%)

108, the hydrogen isotopic multiplets of corresponding peaks and a boron isotopic ratio of 1.032 00 for gBND. The

are the same and analogous bands were observed as listed ipalculated hydrogen isotopic ratios are 1.027 88 and 1.027 49
Table 1. Figure 3b presents the best such experiment for thisfor 108 and !B, respectively. Small hydrogen isotopic shifts
isotopic combination. Note that the intensities of the absorptions indicate little hydrogen coupling to the-BN stretching mode.

at 1830.5, 1981.1, and 2092.3 chare independent of Because CEBNH resembles HBNH with the boron hydrogen
deuterium enrichment, indicating not only that the species lack replaced by a methyl group, the-N stretching frequencies
amine hydrogens but also that theédB peaks correspond to  of these molecules should be similar. The absorptions at 3691.1
‘B peaks that have the same intensity as in thesGH and 3690.5 cm® correspond to the two boron isomers of the
experiments. N—H stretch of CHBNH. The photolysis behavior{40%)

B + (CH3),NH. Several of the absorptions observed in these matches that of the BN stretching mode. MP2 calculations
experiments were observed in the4B CH3NH, experiments yield frequencies of 3886.7 and 3886.3tni235 and 237 km/
reported above but at lower intensities. Absent from these mol intensity) with an isotopic ratio of 1.000 10, in very good
spectra are bands from BNBH and HBNH. One prominent new agreement with the observed ratio of 1.000 16. Although these
doublet in the'B + (CHz),NH experiment at 2112.5 and 2111.5 calculations predict another mode at 482.4¢1f140 x 2 km/
cmlincreases 10% on photolysis. Absorptions at 2060.1 and mol) for both1%B and!B, only peaks due to HNC and HBNH
2058.9 cnlincrease 10% upon photolysis in the corresponding are observed in this region. The relatively low signal-to-noise
naB experiment and represent the same species as the doubletatio in this region of the spectrum makes observation of such
from the 19B experiment. low-frequency absorptions difficult.

Discussion
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TABLE 2: SCF Energies, Geometries, and Vibrational Frequencies for H/B/C/N Species Calculated Using the MP2 Method
with D95* Basis Set

selected vibrational frequencies (intensities)

species energy (au) bond lengths (A) bond angles (deg) for natural isotopes [cmt and km/mol]
CHgBNCH3 —158.401 94 fen = 1.42,rBN = 126, DBCN = 180-0,DCBN = 1800, 3069.0 (74), 2108.9 (212), 1499.6 (30)
rec = 1.55,fcy = 1.10 Ogne = 180.0,0unc = 110.6,
DHBC = 110.8,DHCH = 1081,1083
(CH),NB  —158.31478 rgy=1.39rcn=1.47,  Oaxc = 121.8,0cnc = 116.4, 3166.5 (40), 3070.0 (33), 3068.8 (45),
ren=1.10a Onen = 109.5,110.1, 1587.2 (85), 1479.1 (91), 1133.7 (74)
DHCH = 1089, 109.3
CHBNH  —119.36572 rcs=1.55rcq=1.10,  Oucs = 110.6,0pcn = 108.3, 3886.3 (235), 2003.6 (138), 482.4 (1402)
ren = 1.26,rny = 1.00 Oceny = 180.0,0gny = 180.0
CHgNBH —119.341 90 fen = 1.42,rCH = 1.10, DHCN = 110-47DHCH = 1086, 3076.0 (54), 1957.6 (57)
ren =1.26,rgy = 1.17 Ocng = 180.0,0nsn = 180.0
CHZNBHZ —119.332 04 fcH= 1.lO,rCN = 126, DHCN = 121-27DHCH = 117.6, 3105.4 (49), 2751.6 (105), 2648.4 (90),
rne = 1.37,rgn = 1.19 Ocng = 180.0,0neH = 117.8, 1922.1 (74), 1051.5 (32)
DHBH =124.3
CH:BNH; —119.33101 rcg=1.40,rcy = 1.09, Unes = 121.7,0nch = 116.5, 3729.5 (76), 3621.0 (67), 1822.3 (282),
I'en = 1.38,I’NH =1.01 Oean = lS0.0,DBNH = 1226, 682.9 (106), 489.6 (255)
DHNH =114.7
BH,CHNH —119.29157 rac=157rsn=1.1%  Opsc=121.2,0ne = 117.9, 120.8, 2766.0 (118), 2658.9 (86), 1278.4 (48),
ren=1.31,rcu=1.10,  Ocgn= 180.0,0any = 180.0 1259.4 (54), 1204.0 (56), 655.9 (34)
I'ne = 1.03
BHCHNH, —119.24621 rcy=1.47,rgc = 1.41, Ogen = 125.3,0gcH = 120.0, 1691.7 (33), 877.4 (93), 832.1 (36),
fch= l.OQ,rBH = 1.17, Ohee = lS0.0,DCNH = 110.4, 706.5 (60)
I'nNH = 1.02 DHNH =107.6
CHBNH  —118.73939 rce=1.51,rcu=1.09,  Oucs = 121.7,0pcn = 116.6, 3890.3 (277), 2072.6 (332), 503.0 (140),
I'en = 1.26,I’NH =1.00 DCBN = 180.0,DBNH =180.0 433.3 (152)
CHzNBH —118.725 85 Fen = 1.35,rCH = 109, DHCN = 119-41DHCH = 1213, 2998.2 (67), 2042.5 (329), 321.6 (92)
I'ng = 1.26,I'BH =1.17 DCNB = 180.0,DNBH =180.0
CH3NB —118.697 63 fen = 1.42,rCH = 1.10, DHCN = 110-5,DHCH = 1084, 3074.4 (401), 2251.5 (759)
I'en = 1.24 DCNB =180.0
CH3BN —118.669 65 I'cg = 1.55,rcH = 1.10, DHCB = 110-37DHCH = 1086, 2049.9 (530)
I'en = 1.26 DCBN =180.0
BH.NC —118.16226 rep=1.19,ren = 1.44,  Open = 117.5,0ugn = 124.9, 2828.0 (92), 2701.9 (102), 2115.4 (288),
rne = 1.20 Oanc = 180.0 1266.9 (86), 1081.0 (48), 982.4 (61)
BH.CN —118.15335 rpc=1.55,rgy =1.19,  Opsc = 118.5,0pey = 123.0, 2825.3 (73), 2705.9 (74), 2177.3 (54),
ren=1.19 Oacn = 180.0 1239.3 (47), 1056.1 (43), 874.7 (45)
CH,NB —118.08130 rey=1.10,rcn=1.27,  Oncn= 121.4,0pcn = 117.3, 3096.6 (57), 1901.4 (440), 1054.3 (90)
I'ng = 1.39 DCNB =180.0
HBCNH ~118.05322 reg=1.39,rcy=1.27,  Opcy= 180.0,0nsc = 183.4, 1187.4 (154), 816.5 (50), 474.4 (35)
By = 1.17,I’NH =1.03 DCNH =111.1
CH:BN —118.036 20 rcy = 1.09,rcg = 1.49, Onece = 121.9,0nch = 116.1, 918.2 (35)

I'en = 1.28

DCBN =180.0

aQnly those vibrational frequencies with calculated intensities of at least 30 km/mol are shmequivalent bonds.

This molecule resembles isoelectronic methylacetyleng; CH 1.088 46. The small boron isotopic shift in the deuterated
CCH. In CH;BNH, a B—N triple bond replaces the-€C triple molecule arises from coupling between the similarly energetic
bond of methylacetylene. Addition of a methyl group to B—N and B-D modes in this molecule.
acetylene increases the—C stretching frequency from 1974 Note also that this species, like GBNH, is analogous to
cm1to 2142 cntin the gas phas®. Addition of a methyl methylacetylene, except that the addition of the methyl group
group to the boron atom of HBNH increases theMBstretching occurs on the nitrogen. That the increase in vibrational
frequency, in the!'B case, from 1782.7 and 1788.1 thto frequency, from 1782.7 and 1788.1 chto 1949.2 cm?, also
1940.2 cml, a comparable increase of 1353 cnTl. This compares with that of methylacetylene further confirms the
increase in vibrational frequency upon methylation underscores similarity of the iminoboranes with methylacetylene.
the similarity between the €C and B-N triple bonds. Species 3: CHBNH,. The absorptions at 1798.5 and 1743.5

Species 2: CHNBH. In Figure 2, the absorptions at 1975.5 cmtin the B+ CH3NH; spectra (Figure 2) correspond to &H
and 1949.2 cm! are assigned to GMNBH for 198 and 1B, BNH,, only 22 kcal/mol higher in energy than GBNH. The
respectively. The deuterated counterparts in Figure 3 appearmethylene and amine hydrogens lie in planes orthogonal to each
at 1753.5 and 1749.2 cth Table 2 shows a calculated energy other with boron double bonded to both carbon and nitrogen,
for CH3NBH only 15 kcal/mol higher than that of GBNH, according to the calculations. The observed boron isotopic ratio
indicating the possibility of observing both methyliminoboranes. of 1.031 55 exceeds the-B\ diatomic ratio and indicates a
MP2 calculations generaféB and B frequencies of 1985.3  mode similar to that of CEBNH, in which the boron vibrates
(+0.5%) and 1957.6 cmt (+0.4%) for the CHNH, reaction. between carbon and nitrogen. MP2 calculations predict vibra-
The calculated isotopic ratio of 1.014 15 compares favorably tional frequencies of 1881.5-4.6%) and 1822.3 cm (+4.5%)
with the experimental value of 1.013 49. For ENBD, the with a boron isotopic ratio of 1.032 49, in excellent agreement
corresponding calculated frequencies are 18032.9%) and with the observed ratio.

1798.5 cn1t (+2.8%) with a boron isotopic ratio of 1.002 89 Spectra of experiments with GND,, which included ample
(versus 1.002 46 for experiment). The observed hydrogen monodeuterated and nondeuterated species, exhibited hydrogen
isotopic ratio shifts, 1.126 60 fdfB and 1.114 34 fot'B, agree isotopic triplets in this region (Figure 3). F#iB, the triplet at

very well with the respective calculated shifts of 1.100 68 and 1798.5, 1794.1, and 1786.2 chmatches the triplet at 1743.5,
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1741.1, and 1734.8 cm for 1B with corresponding boron

isotopic ratios of 1.031 55, 1.030 44, and 1.029 63, respectively.

The hydrogen isotopic ratios are 1.00689:1.00442:1.098r
and 1.00501:1.00363:1.0 fdfB. MP2 calculations predict
vibrational frequencies of 1875.9+-8.6%), 1870.6 {4.7%),
1815.3 (-4.3%), and 1809.8 cni (+4.3%) for CH°BNHD,
CH,19BND,, CH,''BNHD, and CHMBND,, respectively. The
calculated boron isotopic ratios, 1.033 38 for BNHD and
1.033 59 for CHBND,, agree well with experiment as do the
hydrogen isotopic ratios, 1.00583:1.00283:1.0 8B and
1.00691:1.00304:1.0 fot'B. The employment of partially
deuterated CBND, enabled both the presence of these hydrogen
isotopic triplets and the subsequent identification of,BNH,
as the only major reaction product with two amine hydrogens.
Species 4: CHBNCH3;. Because CENH, contains only
one methyl group and (G)tNH contains two, only in reactions
of boron with the latter should the dimethyliminoborane be
formed. Absorptions at 2112.5, 2111.5¢hand 2060.1, 2058.9
cm1in the B+ (CHs).NH experiments do not appear in the B
+ CHsNH; experiments and are assigned todBNCHs. The
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Species 6: CHBNH. The absorptions at 1939.3 and 1881.0
cm™! track with each other well. No obvious 4:1 doublet
appears because the strong 8NH peak at 1940.2 cmi
obscures the weak absorption on its shoulder at 1939:3.cm
These peaks recede considerably in the deuterated amine work
and denote a species with one amine hydrogen. Because of its
relative calculated stability (26 kcal/mol more stable thargCH
NB) and its positioning of boron between the carbon and
nitrogen, we suggest GBNH radical as this product. The large
boron isotopic ratio, 1.030 99, suggests boron bonded between
carbon and nitrogen, as in GBNH. MP2 calculations predict
frequencies of 2140.6+10.4%) and 2072.6 cm (+10.2%)
for the B—N stretching mode, an isotopic ratio of 1.032 81.
Because this species is an open-shell radical, the predictions of
the calculations differ from experiment by a greater margin than
for the closed-shell molecules, but the boron isotopic shift
closely resembles that of experiment.

For its deuterated counterpart, the peaks at 1895.5 and 1839.4
cm 1 fit well for 9B and 1B, respectively. In the"aB
experiment with CHND,, a shoulder of the intense 1892.2Tm

boron isotopic ratios, 1.025 44 and 1.025 55, are nearly that of peak has sufficient intensity to indicate that a small absorption

the B—N diatomic. MP2 calculations predict corresponding
absorptions at 2163.6H2.4%) and 2108.9 cm (+2.4%) and
a boron isotopic ratio of 1.025 94, in excellent agreement with

experiment. In experiments with deuterium-passivated environ-

ments (i.e., some (CHEND in the gas sample), the absence of
a deuterium shift confirms this assignment. BNCH;is also
calculated to be 55 kcal/mol more stable than its isomeric
variant, (CH),NB, which has a terminal boron atom.
CH3BNCHjs, like CH;BNH and CHNBH, also has an
isoelectronic acetylene analogue, dimethylacetylenes-CH
CCCHs. Addition of a methyl group to CEBNH or CHsNBH
increases the BN stretching frequency by 112 or 119 cin

Addition of a second methyl group to methylacetylene increases

the C-C vibrational frequency from 2142 to 2313 cian
increase larger than the one observed for the\Bstretch of
the iminoborane® Nevertheless, the frequencies of both the
C—C and B-N bonds increase significantly upon further
methylation.

Species 5: CHNB. The absorptions at 2020.6 and 1981.1
cm~! are weaker than those of species3 and do not show
any deuterium isotope shift. The isotopic ratio, 1.019 94, is
less than that of diatomic BN and resembles more that of CH
NBH, in which the B-N mode couples somewhat with the-Bi
vibration, than those of C#BNH and CHBNH,, in which
coupling between the BN and N—-H modes is small. There-

at 1895.5 cm! exists. The hydrogen isotopic ratios are 1.023 11
and 1.022 62 fof%B and!1B, and the boron isotopic ratio is
1.030 50. Calculations give frequencies of 207%:8.7/%) and
2015.5 cmi! (+9.6%) for 198 and!1B, with a boron isotopic
ratio of 1.031 90, in good agreement with experiment. The
calculated hydrogen isotopic ratios of 1.029 28Bj and
1.028 33 {!B) also agree with the results reported here.

Species 7: CHNB. The absorptions at 1836.5 and 1830.5
cm~1 for 198 and !B, respectively, do not shift upon amine
deuteration, indicating that these peaks correspond to a product
without amine hydrogens. On the basis of the MP2 calculations,
the most likely identity for this species is GNB. These
calculations predict absorptions at 1908+13(9%) and 1901.4
cm~1 (+3.9%) for®B and!!B. The calculated boron isotopic
ratio (1.003 52) closely matches that of experiment (1.003 28).
The strong calculated intensities (457 and 440 km/mol) for these
relatively small absorptions indicate that this species may only
be a minor product. Although other similar species, like;BH
CN, are calculated to be more stable thermodynamically,
preferential formation of CENB may occur because of a more
favorable reaction mechanism.

Species 8: BHCN. The absorptions at 2094.3 and 2092.2
cm~1 for 198 and 1B, respectively, track well on photolysis
and are assigned to the same product. Because the boron shift
is so small, this absorption most likely corresponds to-a\C
triple bond vibration as opposed to a-Bl triple bond vibration.

fore, the likely species corresponding to these peaks is the radicaly|sg, these absorptions lose no intensity in the deuterated

CHsNB. Although MP2 calculations work better for closed-

experiments, indicating no amine hydrogens. On the basis of

shell molecules than for open-shell radicals, the predictions for thjs information and the MP2 calculations, the most likely

CH3NB agree reasonably well with the assignment. The
calculated B-N stretching frequencies, predicted at 2302.4
(+13.9%) and 2251.5 cm (+13.6%) for'®B and'!B, are more

candidate for this molecule is BEBN. The calculated EN
stretches occur at 2178.74.0%) and 2177.3 cm (+4.1%)
for the two boron isotopes. Although this molecule should be

than 1 order of magnitude more intense than any other mode ingjightly less stable than the isomeric variant BiE, the latter

the radical. The calculated intensity of 759 km/mol (for
CH3N1B) indicates that the observation of these absorptions

may not be formed because of the stability of the alternatives.
That is, because NH insertion yields many stable products

may owe less to a substantial yield than to a strong oscillator under the experimental conditions, B¥C may not be competi-

strength for the B-N vibrational mode. Although the calcula-

tive. However, because few products exist forl€insertion,

tions predict frequencies that exceed the experimental frequen-BH,CN may be quite stable relative to other products that could
cies by more than in the closed-shell cases, the boron isotopicbe formed in this manner. Also, the large increase in peak size
ratio, 1.022 61, agrees reasonably well with the observed ratio. upon photolysis and the corresponding decrease in size for BCN
According to Table 2, MP2 calculations predict this species to absorptions could indicate a process by which BCN situated

be more stable than its isomeric variant, 8N, by 18 kcal/
mol, and the boron isotopic shift of GBN (1.031 46) does

not agree with the experimental results for these absorptions.

near a H molecule reacts to form B}N. Although the
information in Table 2 suggests that several other absorbances
of this molecule should be of nearly the same intensity as the
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C—N stretch, no other peak from this molecule is observed.
Nevertheless, the calculated intensities may underestimate th
relative strength of the €N absorption, as for BCN and BN&.
Reaction Mechanisms. The excess kinetic energy imparted
to the boron atoms in the ablation proc8sallows for the
formation of several different products. Reactions of boron with

mono- and dimethylamine proceed via insertion into one of three

possible bonds: the-€H bond, the N-H bond, and the EN

bond. In the first case, such reactions should behave similarly

to those of the boron reactions with methane and yield similar

products. In the second case, reaction products should resembl

those of the bororammonia reactions. €N insertion is

unique to the experiments reported here. Because the dominan{
spectroscopic features of the products in these experiments occu

in the B—N stretching region, the evidence suggests that
insertion into the N-H or C—N bonds is much more favorable
than insertion into the €H bond. The observation of BIEN

and a trace of HBCBPRIshows that some -€H insertion does
occur, but C-H insertion makes only a minor contribution to

the overall reaction mechanism. Scheme 1 presents mechanisms

involving N—H and C-N insertion.

MP2 calculations on the insertion products for all three
potential mechanisms reveal that the-N and C-N insertions
are energetically favored over— insertion. Insertion into
the N—H bond to make CENHBH is exoergic by 86 kcal/
mol, while insertion into the €N bond to make CEBNH; is
exoergic by 79 kcal/mol. By contrast, insertion into the i€
bond to make HBCENH, is exoergic by only 48 kcal/mol;
thermodynamics favor €N and N-H insertion over CG-H
insertion, in agreement with the product spectra.

For insertion into the NH bond, products might form by
losing either a methyl group or a hydrogen. If in the mono-
methylamine reactions methyl elimination follows boron inser-
tion, the spectra would show absorptions of products similar to
those observed in the borelmammonia reactions. This mech-
anism accounts for the presence of HBNH and BNBH in the

e
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tions cannot produce a significant amount of product in these
experiments. Similarly, if in the dimethylamine reaction methyl
elimination follows boron insertion into the \H bond, the
spectra would show products similar to those of the mono-
methylamine reactions. The yield of these products is somewhat
lower in the dimethylamine experiments, but the weak absor-
bance of monomethylamine in the matrix isolation spectrum
indicates that dimethylamine reactions primarily form these
products. For example, boron insertion into the M bond of
(CHj3)2NH followed by methyl elimination would form CH
NBH.

The reaction mechanism following-N insertion resembles
that of N—H insertion. In the monomethylamine reaction,
subsequent elimination of an amine hydrogen generates CH
BNH, as does elimination of a methyl group in the dimethyl-
amine reaction. €N insertion followed by elimination of a
methyl hydrogen can form GIBNH,, but in the dimethylamine
reaction, formation of CEBNH;, entails hydrogen atom migra-
tion, a requirement leading to the markedly reduced yield in
those experiments. Elimination of the methyl group in the
monomethylamine reaction produces HBNH, which shows
prominent peaks in the reaction spectra. The absence of HBNH
in the dimethylamine reaction results from the absence of a path
to that product short of hydrogen rearrangement. Similarly, the
absence of two methyl groups in the monomethylamine reaction
is responsible for the absence of BMNCH;. C—N insertion
followed by H elimination forms this product in the (GANH
reaction.

For the C-H insertion mechanism, the expected products,
HBCHNH,, BH,CHNH, and HBCNH, should generate strong
B—C vibrational absorptions near 1500 th The spectra
present no absorptions. Energies of these species from MP2
calculations (Table 2) suggest that these molecules are of
significantly higher energy than the observed molecules with
B—N bonds. In the B+ CHj,reaction, C-H insertion was the
favored pathway to novel products because it was the only
athway available. In the amine reactions, however, far more
avored pathways exist and-& insertion cannot compete with
hese channels. The main exceptions to this rule are BCN and
BHZCN. Minor HBCBH absorptions, at 1895.2, 1883.9, and
1872.0 cn! for the different boron isotopic combinatiofs,
provide another exception to this rule, and because these
absorptions are weak despite a large oscillator strength, HBCBH
is not a major product in these experiments.

The major product species observed in these experiments
exhibited 1:4 isotopic doublets in the natural boron experiments.
In the monomethylamine experiments, BNBH gives rise to the
only significant boron isotopic quartet in these experiments and
BNBCHs; is not observed. MP2 calculations reveal that if
BNBCHjs is formed, there must be strong absorptions in the
B—N stretching region. Barring H migration, the formation of
BNBCHj3 would most likely occur from insertion into the-€N
bond of CHNBH followed by H elimination or insertion into
the N—H bond of CHBNH followed by H elimination. BNBH
forms in this experiment by Cilelimination following either
C—N insertion into CHNBH or N—H insertion into CHBNH.
Therefore, CH elimination must be much more favored
following secondary boron insertion into GNBH or CH;BNH.

Conclusions

The study of the reactions of boron with mono- and

spectra. Although reactions of boron with ammonia generated dimethylamine complement the previous bor@mmonia work
in the laser plume may spawn some of these products, the smalin this laboratory and give rise to the detection of new

concentration of matrix-isolated ammonia relative to that of the
parent monomethylamine indicates that berammonia reac-

iminoboranes and other related species. Two classes of mech-
anisms can account for the products. The first, involving
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insertion into the N-H bond, parallels the dominant mechanism (11) Kawashima Y.; Kawaguchi, K.; Hirota, . Chem. Phys1987

of the ammonia reactions. The second mechanism, involving 87,(?3)3}:'risch M. J.: Trucks, G. W.: Schlegel, H. B.: Gill, P. M. W.

insertion into the &N bond, enables the formation of many of  jonnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.
the species reported here. A third possible mechanism involving A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,

insertion into the &H bond parallels the mechanism for the B Xar%:a(@ﬂﬂz‘ JA V(-:?h':ﬁfesm%”, #A B,s; CiOSéOV\‘;Skk J-IJ Séeff}noé’h B. 5\}3
. . - . yakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
+ CH4 reaction but cannot compete with the alternatives in these Wong, M. W.; Andres, J. L.: Replogle, E. S.; Gomperts, R.. Martin, R. L.
experiments. Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94Revision B.1; Gaussian,
Acknowledgment. The experimental work was supported nc.: Pitisburgh, PA, 1995.
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