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Laser-ablated boron atoms have been reacted with ethylene during condensation in excess argonHslhe BC
closed-shell isomers borirene (GBH, ethynylborane bFBCCH, and borallene HBCC}have been identified

from infrared spectra by usingB, 13C, and D substitution and BP86/6-311G* isotopic frequency calculations.
The observation of both cyclic aromatic and aliphatic products suggests that the reaction proceeds through
both exothermic &C addition and € -H insertion reaction mechanisms. Evidence is presented for the most

—
stable BGH, radicals, namely, cyclic BHCHCHand aliphatic HBCCH,, which require H-atom migration
within the intermediates first formed. Ethane gave a smaller yield of the same products, including linear
HBCC and BCCH, vinylborane #BC,H3, and an enhanced yield of the-C insertion product CEB=CH..

Introduction previously891820 Mixtures of (0.50 and 0.25%) £l4, CoHs,
Reactions of laser-ablated boron atoms with ethylene have CaHs (Matheson),**CHs, CDy, CH,CD;, and GDs (MSD
been studied for three reasons: (1) to prepare the smallestSOtopes) in Ar were co-deposited at 3 mmol/h fer£h onto
aromatic molecule, borirene, (C#BH, (2) to form the borirane @ 10+ 1 K cesium iodide window along with boron atoms.
radical, BGH,, analogous to the borirene radical produced by The fundamental 1064-nm beam of a Nd:YAG laser (Spectra
the addition of B atoms to &, and (3) to compare isotopic Physics DCR-11) operating at 10 Hz and focused with = fl
frequencies calculated by density functional theory (DFT) with 110 ¢m lens ablated the target using a-30 mJ per 10 ns
observed values in order to support the identification of new Pulseé. Two samples of boron were employed: natural boron
BC,Hy species. "B (Aldrich, 80.4% "B, 19.6% '%B) and '°B (Eagle Pitcher
The aromatic (CHBH molecule has been examined by Industries, 93.8%%B, 6.2% 11!3). Following deposition, a
guantum chemical calculatioh§ but has so far escaped Nicolet 750 or GOSXB Fourier transform infrared (FTIR)
experimental detection, although substituted borirenes have beersPectrometer collected infrared spectra from 4000 to 40G'cm
prepared,” Previous work in this laboratory has shown that Using a liquid nitrogen cooled MCT detector. The spectral
cold boron atoms add to;8, to form the cyclic borirene Bg1, resolution was 0.5 crit with an accuracy of:0.2 cni™. After
radical®9and the analogous reaction to form the cyclic borirane S2mple deposition, broadband mercury arc photolysis (Philips
BC,H, radical is suggested although H-atom rearrangement in 175 W, 246-580 nm) produced changes in the FTIR spectra.
the BGH, radical is expected to be easier than for,Bg Annealing to 25, 30, 35, z_;md 40 K,'Wlth photolysis both before
Likewise, substituted boriranes have been prepared experimen and after the first annealing, also increased or decreased some
tally, 1011 put the simple borirane radical BB, and borirane  Of the spectral features.
BC,Hs species have only been studied theoreticEiiy? Density functional theory (DFT) calculations were performed
Finally, laser-ablated boron atoms are quite reactive and aOn potential product molecules using the Gaussian 94 program
large number of product molecules have been prepared in thispackage All calculations used the BP86 functiof&nd the
laboratory. In such complicated chemical systems as the 6-311G* basis set¥** because this functional works well in
previous B+ C;H,, B + CH; and B + NHj3 investiga- predicting experimental frequencies and isotopic shifts for small
tions89:18.19comparison between quantum chemical calculated first-row compound$® A complete theoretical study will
and observed vibrational frequencies of isotopic product mol- include comparisons with the hybrid B3LYP functional and
ecules proved essential for the identification of new product QCISD calculations, which will be reported separatély.
molecules, and such is also the case for the preseht@H,
system. Results

Experimental Section The FTIR spectra of samples prepared by reacting laser-
The apparatus for pulsed-laser ablation of boron, matrix ablated boron atoms with ethylene, ethane, and propane in

isolation, and FTIR spectroscopy has been described excess argon and DFT calculations on possible reaction products
T Present address: National Institute of Standards and Technology will be presented.

Gaithersburg, MD. ’ ' B+ CoH4 Reactions were done for both natural af8-
*Present address: Instruments SA, Horiba Group, Edison, NJ. enriched boron atoms, and infrared spectra were examined for
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TABLE 1: Product Absorptions (cm~1) Observed in the Reaction of Boron Atoms {°B and 1'B) with Isotopic Ethylene
Molecules {2C,H,, 13C,H,4, and 12C,Dy)

10-12-1 11-12-1 10-13-1 11-13-1 10-12-2 11-12-2 identification
609.4 609.4 604.6 604.6 478.2 478.0 ?
736.6 736.6 734.8 734.8 542.4 542.4 He
639.2 637.6 633.3 631.8 536.6 530.4 LB8
653.7 653.0 652.3 651.6 482.7 481.6 borirehe (
826.9 826.5 819.3 819.2 652.3 650.9 LB10
843.4 8325 833.9 823.5 borirend (
855.5 847.7 850.0 841.9 LB10
875.9 864.3 868.6 857.6 652.3 650.9 LB8
1045.6 1031.3 1030.7 1013.2 2BICH;
1177.6 1169.5 1152.9 1144.6 borirendg (
1197.0 1170.6 1172.2 1147.7 1196.0 1169.4 BJE)
1200.7 1175.3 1178.6 1154.4 1145.4 1126.0 borirépe (
1226.0 1213.9 1224.6 1212.6 2BLH3
1256.7 1248.0 1250.5 1243.1 926.6 958.3 ?
1292 1261 1285 1250 1328 1293 (9B ?
1348.5 1347.1 1342.8 1341.5 LB10
1416.1 14141 1402.2 BCH;
828.9 814.1 HBCCH (2)
1020.6 997.4 EBCCH (2)
1538.8 1536.8 1488.8 1487.9 1472 1472.5 2BEH3
1641.7 1613.7 1628.2 1598.5 ?
1677.2 1631.2 1656.4 1640.0 GB+=CH,
1700.0 1660.5 1681.5 1643.0 1658.8 1607.7 {BEH,)~
1772.5 1770.6 1732.5 1732.1 LB10
1861.0 1821.9 1861.0 1821.9 1861.0 1821.9 HBO
1870.7 1859.8 1812.9 1800.9 1776.0 1774.6 HBGCH
1907 1854 1907 1854.5 1907 1854.5 BO
2002.5 1995.3 1935.1 1926.9 1908.1 1907.7 HBBT (
2041.7 2039.2 1971.0 1968.1 1923.0 1918.8 BCBH (
2054.0 2054.0 2035.9 2035.9 G (X)
2060.5 2058.1 1990 1988.1 1842.9 1832.5 ,BECH (2)
2084.1 2080.4 2013.9 2010.4 HBCCa)(
2268.3 2259.4 2268.3 2259.4 1696.3 1682.8 2)BH
2306.9 2298.3 2306.9 2298.3 1721.7 1709.4 BH
2517.6 2510.5 2515.5 2507.7 1883.4 1868.2 ?
2534.5 2520.5 2532.6 2519.4 1851.7 1842.4 H4BH, ?
2547.7 2537.6 2546.9 2537.2 1943.9 1937.5 ?
2570.9 2556.4 2570.5 2556.1 ?
2583.3 2568.7 2591.0 1953.0 1933.5 LB10
2584.6 2570.2 2584.7 2570.4 2BLCH;
2601.4 2587.7 2601.4 2587.7 BH
2607.8 2593.3 2607.5 2592.6 1966.4 1945.9 2BEICH (2)
2635.4 2621.6 2634.7 2621.3 1982.8 1962.2 LB8
2656.4 2639.6 2659.2 2643.6 2029.9 2006.1 borirépe (
2663.3 2651.2 2663.1 2650.7 A9 (BH)
2669.5 2634.9 borirend)
2742.7 2724.6 HB=CH,
2773.8 2757.7 2772.3 2756.0 2185.0 2168.2 HBGCCH
2780.2 2763.2 2779.0 2762.0 2173.0 HBQQ (

new absorptions with boron isotopic shifts. Such bands labeledA, B, C, andD have been identified in previous@,
appeared as 1:4 doublets ffiB and 1B absorptions using  work® and bands noted LB refer to BB, structural isomers
natural boron (marked in figures) and only tH8 absorption first calculated by Largo and Barrient&s.The numberd, 2,
was observed with the enriched sample. Traces of boron oxidesand 3 indicate the new BgH3; product isomers formed here.
and HBO from oxide contamination on the target surface were Isotopic spectra in the BL{xing stretching region have been
observed?® In addition BH, (H)BH, BHs, C;H, CoH,, and GH3 illustrated in a preliminary communication on borirefleThe
were evidenced by weak absorptions in these expeririéft. strongest new band in this system is shown in Figure 3 at 637.6
One new product at 2054.0 cth(labeled X), also commonto cm™! (labeled LB8) along with €H, produced in the co-
Be experiments with g4 but not GHg, is probably due to a  deposition reaction. One investigation done with a mixture of
hydrocarbon fragment that cannot be identified here. 12C,H, and ¥C,H4 gave the sum of pure isotopic spectra,
Infrared spectra recorded on the Nicolet 750 instrument had indicating that only one ethylene molecule is involved in the
better signal-to-noise than those recorded earlier on the Nicoletmajor processes.
60 spectrometer, and the former are illustrated in the figures. B + C,;D4. Both boron isotopic reactions were done with
Table 1 lists the isotopic frequencies for the new product C;D, at different concentrations, and the spectra are shown in
absorptions observed here. Bands are grouped by photolysisFigure 4 for the 20481660 cnt! region. Photolysis and
and stepwise annealing behavior. Figure 1 shows th¢iB annealing behavior matched most bands with the hydrogen
stretching region fol®B + 2C,H,, "B + 12C,H,4, and™B + counterparts as listed in Table 1. One experiment with a mixture
13C,H,4 and Figures 2 and 3 compare spectra in the 21820 of C;H4 and GD4 gave the sum of pure isotopic spectra. The
and 9206-600 cnt! regions for the same samples. Bands two boron isotopic samples were reacted with,CB,, and
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Figure 1. Infrared spectra in the 2822500 cnT? region for laser-
ablated boron atoms co-deposited with argon/ethyte260/1 samples
on a Csl window at 1@ 1 K. (a)1%B + 2C;H,4, (b) "B + 12C,H,4, and

(C) "B + 18C;H,.
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Figure 2. Infrared spectra in the 216920 cn1? region for laser-

ablated boron atoms co-deposited with argon/ethyte200/1 samples
on a Csl window at 1@ 1 K. (@) 1%B + 2C;H,, (b) "B + 12C,H,, and

(c) "B + B8C;H,4. Bands labeled X are due to hydrocarbon fragment.
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Figure 3. Infrared spectra in the 928500 cnt region for laser-ablated
boron atoms co-deposited with argon/ethylen@00/1 samples on a
Csl window at 10+ 1 K. (a) 1B + 2C,H,, (b) "B + 2C;H4, and (c)
"B + 13C;H,. Band labeled X is due to hydrocarbon fragment.

both specie® (HBCC, DBCC) andB (BCCH, BCCD}Y were
observed™B and!'B) with a slight preference for the deuterated
species.

B + C,Hg and CyDe. Similar experiments were done with
"B and 198 and ethandw and ds samples in argon, and the
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Figure 4. Infrared spectra in the 2040660 cn1! region for laser-

ablated boron atoms co-deposited with AlDg = 200/1 samples on a
Csl window at 10+ 1 K. (a) B and (b)"B.

TABLE 2: Isotopic Frequencies (cn?) Calculated for
Linear HBCC and BCCH at the DFT/BP86/6-311G* Level
HBCC?
1-11-12-12 1414 7389 1137.7 2005.2 2800.6
intensity 0 14x 2 4 556 51
1-10-12-12 141.8 7475 1164.5 2012.4 2819.0
1-11-13-13 136.8 737.3 1118.0 19356 2799.6
2-11-12-12 1340 594.1 1093.6 1907.0 2197.2
BCCH?
11-12-12-1  86.7 688.7 877.1 2059.5 33535
intensity 3x2 34x 2 191 266 14
10—-12-12-1 87.5 688.7 906.2 2060.9 3353.5
11-13-13-1 84.3 681.9 866.9 1986.4 3335.6
11-12-12-2 825 545.9 867.1 19249 2602.8

aBond lengths, left-to-right, for HBCC are 1.179, 1.376, and 1.291
A and for BCCH are 1.538, 1.227, and 1.076 A. HBCC is more stable
than BCCH by 15.3 kcal/moP Intensities (km/mol) are given for the
top, most abundant isotopic molecule.

exception is the 1677.2, 1631.2 chil:4 natural boron isotopic
doublet, which was only slightly weaker inb8s compared to
C,H4 experiments. A new band was observed at 2597.0'cm
("B) and 2611.7 cm® (19B), and this was comparable to the
strongest absorption in the-BH stretching region. A new weak
1:4 doublet observed at 1217.1/1212.8¢mshowed substantial
growth on photolysis. One experiment was done wih
(97.5%) and thé®B components from theB experiments were,
of course, absent.

B + CsHg. Both boron samples were co-deposited with
propane in argon. Methane, acetylene, and ethylene were
observed as products (major bafds 0.15-0.20), but ethane
was not observed. Thé, B, and C product bands were
detected. The 1175.3 and 2639.6 ¢nbands were observed
(A = 0.005) for specieg, the 2058.1 and 2593.3 cthbands
for species2, and the 1859.8 cmt band for specie8 (A =
0.003). In addition weak 637.6, 864.3, 826.5, and 2570'cm
bands were observed with the same relative intensities as before.
The only product band observed in the 1600-¢émegion with
"B was at 1656.7 cm (A = 0.002) with al%B counterpart at
1697.0 cm.

Calculations. Calculations were first done by using BP86/
6-311G* for the closed-shell isomers HBCC and BCCH
investigated earlier at the MP2 levelHere the former is lower
in energy by 15 kcal/mol than the latter and the strongest
absorption is predicted 10 crhhigher for the former and 20

same major product bands were observed with reduced (one-cm* higher for the latter in contrast to 52 cihigher for the
quarter to one-sixth) intensity compared to ethylene along with former and 35 cm! lower for the latter at the MP2 levél.
weak ethylene and acetylene “product” absorptions. The major Clearly the BP86 calculation does a better job at predicting
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TABLE 3: Frequencies (cnT?) Calculated for the Planar C,, Isomers (CH),BH, H,BCCH, and HBCCH, at the DFT/BP86/
6-311G* Level

(CH).BH? B B, B Aq B> Az B, A1 Ay Ax B> Aq
(12-1)-11-1 642.1 7619 8425 869.9 8752 9854 11579  1179.2 15009 2668.2 3095.1  3120.7
intensity? km/mol 15 4 54 11 24 0 15 45 0 82 23 8
(12-1)-10-1 6430 7624 8521 871.3 8875 9854 1166.8 1205.4 1508.1 2683.3 3095.1 3121.0
H,BCCH® B B, B, B, B> A1 B, Az Ay Ax B> Ax
1-11-12-12-1 2525 288.1 5439 730.6 847.4 9052 955.3 1177.6  2071.8 25195 25950 33718
intensity? km/mol 4 2 64 30 15 22 53 41 63 101 99 28

1-10-12—-12-1 253.1 2884 5439 730.6 8559 923.0 968.2 1191.3 2073.2  2525.7 2610.1 3371.8
1-11-13-13-1 2454 280.6 539.6 723.3 8425 894.0 954.3 1176.9 1998.0 2519.4  2595.0 3354.2
2—-11-13-13-2 2274 2489 4255 581.8 6949 7543 772.2 985.7 1823.1  1942.2 1949.1 26114
HBCCH,? B2 B B2 B B B2 A1 A1 A1 AL AL B2
1-11-12-12-1, 2526 2634 5415 768.9 9659 1031.3 1080.4 14485 1892.6 2784.3 2972.8 3029.2
intensity®? km/mol 11 7 8 30 31 0.1 3 1 113 36 54 19
1-10-12—-12-1, 2545 264.1 5461 7785 9659 1031.3 1103.3 14504 1902.9 28024 2972.8 3029.2
1-11-13-13-1, 2464 256.4 5414 766.5 955.6 1019.3 1065.2 14411 1831.0 27835 2967.2 3017.0
2—-11-12-12-2, 228.2 2334 416.7 6289 733.8 826.6 928.9 11555 1789.3 2140.0 2193.6 2254.5

aBond lengths: B-C = 1.482, C-C = 1.360, B-H = 1.190, C-H = 1.093 A. Angles: G-B—C = 54.6°, C—C—B = 62.7. " Intensities for
top, most abundant isotopic molecutéBond lengths: B-H = 1.203, B-C = 1.503, G-C = 1.224, C-H = 1.074 A. Angles: H-B—H = 120.7,
B—C—C = C—C—H = 180.0. 4Bond lengths: B-H = 1.179, B-C = 1.366, C-C = 1.328, C-H = 1.102 A Angles: HC—H = 115.0,
H—-B—C = B—C—C = 180.0.

experimental frequencies for these molecules although therelative energie$’ The five most stable of these structures (LB
relative energies may not be as accurate. Isotopic shifts arenumber 3, 7, 8, 9, 10) have been reoptimized at the BP86/6-
also well-described by DFT as shown in Table 2. A similar 311G* level, and frequencies for four isotopic molecules of the
calculation for the open-shell HBCCH molecule gave frequen- most stable ring and open isomers analogous to LB8 and LB10
cies in better agreement with observed values than previous MP2 . . | ——

but poorer agreement than earlier QCISD calculatfons. are given in Table 4. The BHCHGHsomer calculated here

Next BP86 calculations were done for cyclic planar borirene 'S 11 kcal/mol more stable than borirene radical doés not
(CH),BH, and frequencies are listed in Table 3 for boron have a plane of symmetry; the ring bond lengths are slightly

isotopic molecules. The frequencies and isotopic shifts compare!onger than those of LB (Table 4). TheBCCH, isomer
favorably with those calculated at the QCISD le¥el.The calculated here is 23 kcal/mol more stable than borirene radical

aliphatic isomers were also investigated; the pla@armol- and does nothave a symmetry plane (dihedral angles, Table
ecules HBCCH and HBCCH were found to be 11 and 23 kcal/ ~ 4); the bond lengths are similar to those of LB10.
mol, respectively, above borirene. Similar relative energies were  Another isomer with boron in the central positiorGBCH;,
determined at the B3LYP and QCISD levéis.Calculated is found to be the global minimum (4 kcal/mol belowBCCH,)
frequencies for isotopic substitution at all atomic positions are with D, symmetry, B-C (1.434 A), G-H (1.096 A), angle
also given in Table 3. H—C—H (122.8), and dihedral angle (1428 The strongest
Largo and Barrientos (hereafter LB) investigated 10 structures band calculated at 1307 crhand the diagnostic antisymmetric
of formula BGH, at the HF and MP4 levels and predicted their C—B—C stretching mode, 1487 cth were not observed here.
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1
TABLE 4: Isotopic Frequencies (cnt?) Calculated at the DFT/BP86/6-311G* Level for the BHCHCH, and H,BCCH, Isomers

— 1 i

BHCHCH;? frequencies

1-11-12 376 530 637 710 785 832 888 968 1108 1308 1407 2687 2910 2990 3132
intensity 34 5 53 16 19 23 18 8 1 10 5 49 7 22 4

1-10-12 383 531 639 713 789 839 889 974 1109 1327 1413 2701 2910 2990 3132
1-11-13 371 529 632 707 782 828 880 954 1082 1290 1398 2686 2904 2980 3121
2—-11-12 327 388 495 538 609 672 707 773 974 1069 1247 2017 2114 2215 2329

H,BCCH,® frequencies

1-11-12 264 208 371 768 8004 858 885 892 1138 1348 1772 2498 2567 2993 3049
intensity 1 2 1 19 55 21 3 3 11 14 12 63 82 0 0

1-10-12 265 299 371 773 8013 869 894 901 1150 1349 1776 2504 2582 2993 3049
1-11-13 258 291 371 764 791.2 857 874 880 1137 1342 1708 2498 2567 2987 3037
2—-11-12 226 258 263 602 6474 702 722 744 904 1046 1721 1830 1920 2193 2264

aC; symmetry; bond lengths: BCH, = 1.655, B-CH = 1.438, C-C = 1.468, B-H = 1.188, C-H = 1.091, C-H, = 1.102, 1.107 A
Angles: G-B—C = 56.1, C-CH,—B = 54.#, H—C—H = 111.2, C—B—H = 161.4#, B—C—H = 146.6. Dihedral angles: HC—B—CH, =
131.0, H—C—B—H = —61.5. " Intensities (km/mol) given for the top, most abundant isotopic mole€@e symmetry; bond lengths: BC =
1.483, C-C = 1.307, B-H = 1.205, CG-H = 1.100 A. Angles: B-C—C = 180.0, H—B—H = 120.2, H-C—H = 115.7, C-C—H = 122.2,
C—B—H = 120.0. Dihedral angles: HBCC—H = 67.7 and—112.4.

TABLE 5: Isotopic Frequencies (cnt?) Calculated for H,BC,H3 and CH3BCH, at the DFT/BP86/6-311G* Level
H.BC,H3? frequencies

isotopes

1-11-12 197 360 532 815 919 981 988 1022 1081 1201 1287 1413 1600 2495 2570 3026 3037 3114
intensity 0.5 0.3 2 9 18 23 63 21 4 37 2 53 48 125 147 29 16 22

1-10-12 197 363 532 823 930 986 996 1022 1085 1213 1288 1415 1601 2501 2585 3026 3037 3114
1-11-13 195 355 530 814 909 974 983 1018 1070 1200 1271 1399 1554 2495 2570 3019 3028 3102
2—11-12 149 295 392 625 742 744 785 820 833 940 1013 1143 1528 1817 1925 2205 2246 2319

isotopes CH3BCH;* frequencies
1-11-12 101 257 301 569 619 779 889 895 1280 1310 1411 1433 1638 2939 2997 3020 3055 3116
intensity’ 2 1 0 3 99 4 45 5 21 3 10 9 191 1 21 6 7 0

1-10-12 101 261 309 570 619 781 901 901 1283 1310 1411 1434 1688 2939 2997 3020 3055 3116
1-11-13 101 257 299 565 614 758 880 888 1277 1300 1409 1431 1616 2935 2987 3009 3049 3104
2-11-12 72 205 266 442 486 678 726 777 945 1014 1023 1062 1603 2117 2210 2236 2238 2310

aBond lengths: B-C = 1.542, G-C = 1.355, B-H = 1.208, 1.206, €H = 1.100, C-H, = 1.097, 1.096 A. Angles: HB—H = 119.2,
B—C—-C=121.2, H-C—C = 117.3, H-C—H = 116.T. * Intensities (km/mol) given for the top, most abundant isotopic mole€Bend lengths:
C—Hs = 1.108, 1.103, €B = 1.531, B=C = 1.390, C-H, = 1.096 A. Angles: G-B—C = 178.3, C—H; = 114.4, C—H; = 106-10.

The anions (CKEBCH)~ and (BHCCH,)~ were calculated, and  6-311G* frequency calculations. Reaction mechanisms will be
although the former neutral was more stable, the latter anion proposed; to make the discussion easier to follow, the mecha-

was lower by 2 kcal/mol. The (CIBCH,)~ anion hasDyq nism for the boror-ethylene reaction is now presented in
symmetry, B-C (1.435 A) and G-H (1.103 A) bond lengths ~ Scheme 1 to help identify the product molecules.
and angle HC—H (123.5). The antisymmetric €B—C A(HBCC) and B(BCCH). The linear HBCC and BCCH
stretching mode was calculated at 1660.5 &m molecules were major products in thgHG reaction with atomic
Closed-shell species of formula B including vinylborane  poron? and the same absorptions have been observed here with
H2,BC,H; have been considered by several grot#g8:32 The the same relative intensities and half the relative yield as with
planar HBC;Hs molecule was calculated with DFT; the=© the GH, reaction investigated again under the same experi-
bond is 0.02 A longer than calculated foptG; and the B-C mental conditions. Improved sensitivity has enabled observation

length 1.54 A is appropriate for a single bond. The isomer of the weak B-H stretching mode of HBCC at 2763.2 cin
CH3B=CH; is more stable by 0.2 kcal/mol at this level of and isotopic counterparts given in Table 1. The DFT calcula-
theory, but vinylborane is more stable at other lewéf. The tions predict this band at 2800.6 ciwith a 198 shift of 18.4

B=CH, double bond is 0.005 A longer than in HECH, cm 1 (observed 17.0 cd) and at3C shift of 1.0 cnt? (observed
calculated at the same BP86/6-311G* level. The cyclic borirane 1 2 cpr),

isomer is 14 kcal/mol higher. The fourth isomer #BHCH; .

. ; . C(HBCCH), D((C2H)(BH)), and E((CH).B). Weak infrared

Is less §table by 16 kcal/mol. Table_ 5 presents isotopic ban((is were )obs(e(rvzed)(for ?[)hese op(((en zgrid)cycildz(ieaction
frequencies for the two most stable B isomers which are products as listed in Table 1. They are mentioned here because

observed in these experiments. : . . .
. . . of involvement in the overall reaction mechanism.
Finally, calculations were done for the series 8H,,

(CHa)B, (CHs)BH, and (CH)sB, and the results are sum- (CH)2BH. T_hree_s_tab_le products of formula Bid; were
marized in Table 6 giving selected infrared absorptions. observed and identified in part because of the excellent fit of

DFT frequency calculations and the high confidence in these
calculations for closed-shell molecules. The small aromatic ring
borirene molecule has been characterized in a preliminary
The new product absorptions will be identified with the communication from five fundamental vibrations of six isotopic
assistance of isotopic shifts at all atomic positions and BP86/ moleculesi® The diagnostic B-C; ring stretching vibration at

Discussion
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TABLE 6: Selected Inf
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rared Absorptions in the B—C

Stretching Region Calculated for Methylborane Isotopic

Species at the DFT/BP

86/6-311G* Level

OH-B—C=121.0, 1.557 A,

CHsBH, 1.102-1.115A, 1.208 A
1-11-12 1051.2 (62), 1300.4 (78), 2560.0 (158)
1-10-12 1065.4, 1304.2, 2574.8
1-11-13 1047.9, 1288.3, 2560.0
2-11-13 1047.9, 1288.3, 2560.0
2-11-12 859.7 (4), 1027.0 (24), 1916.6 (96)

O0C-B-C=125.3,1.567 A,
(CHs):BH 1.102-1.108 A, 1215 A

1-11-12 987.2 (50), 1302.0 (195), 1433.2 (1)
1-10-12 1004.6, 1308.3, 1436.8
1-11-13 980.4, 1288.9, 1429.6
2-11-12 860.8 (32), 1210.3 (188), 1008.3 (49)

0C—-B—-C=130.2,

(CH3):B 1553 A, 1.1021.111 A
1-11-12 1142.1 (38), 1306.7 (127), 1397.1 (9)
1-10-12 1171.5, 1315.5, 1399.4
1-11-13 1138.1, 1290.6, 1395.0
2-11-12 1058.3 (3), 1214.9 (131), 1026.3 (23)

0C—-B—C=120.0, 1.581 A,
(CHs)sB 1.103-1.111 A
1-11-12 667.3 (4), 1143.2 (69 2), 1305.8 (121 2)
1-10-12 667.8,1172.9, 1311.0
2-11-12 587.9 (0), 1187.0 (149 2), 1026.0 (21x 2)
2-10-12 588.2, 1217.8, 1026.2

aFrequencies, cri (infrared intensities, km/mol). Bond lengths:

B—C, C—H, and B-H, re

1175.3 cn1 for borirene (CH)'BH is nearly the same (1170.6
cm™1) for the borirene radical (CHB but the H=D shift for
the former (to 1126.0 cnt) is much more than for the latter
(to 1147.7 cm?).8 Note that the B-C; ring stretching vibration

in (CH),BH is nearly the same as in cyclic-B@self (1194.6
cm™1).3334 An average scale factor (0.9965) times the DFT
calculated isotopic frequencies for this mode predicts the 11
12, 10-12, 11-13, 10-13 isotopic frequencies 0.4 cnT?!

spectively.

and (CD}BD to £1.0 cnt? for both 1B and1B.

The stronger B-H stretching mode was also observed and

Andrews et al.

of the spectral regions are congested and bands may be masked
by other product and very intense unreacted precursor absorp-
tions.

H,BCCH. The aliphatic HBCCH isomer is only 10.4 kcal/
mol higher than the aromatic ring isomer, and the DFT
calculations predict two strong -BH, stretching modes at
2595.0, 2519.5 cmt and a strong &C stretching mode at
2071.8 cntl. The 2593.3 and 2058.1 crhbands (labeled 2)
increase 10% on photolysis and decrease 5% on 25 K and 40%
on 35 K annealing and exhibit 1:4 doublets with natural isotopic
boron, verifying the participation of a single boron atom in these
vibrational modes. Of even more importance, the DFT calcula-
tions predict thé®B—11B and?C—13C isotopic shifts for these
modes to be 15.1, 2.4 and 0.0, 73.8¢mespectively, and the
observed shifts are 14.5, 2.4 and 0.3, 70.0EmThe boron
isotopic shift shows that the 2593.3 cinband is due to the
antisymmetric B-H, stretching mode. Although the symmetric
stretch is predicted to have comparable intensity, no bands are
observed with the appropriate isotopic shift and photolysis
behavior. The BBCCD molecule is more complicated because
these modes now fall in the same region, but again DFT
calculations predict two observed modes within 12 twf the
observed values.

It is interesting to note that the=&C stretching modes for
H,BCCH (2058.1 cmt), HBCCH (2080.4 cm?), and BCCH
(2039.2 cn)? are in near agreement. Their lar¢fc—13C
shifts (70.0, 70.0, 71.1 cm) and small'°®B—11B shifts (2.4,

3.7, 2.5 cn1l) verify the almost pure &€C character of this
vibrational mode, which is observed at 1973.8énin the
Raman spectrum of acetyleffe.

HBCCH,. The other aliphatic HBCCkisomer is 22.8 kcal/
mol above the aromatic ring isomer, and from the observed
spectrum of HBCC at 2763.2 and 1995.3 dimnthe HBCCH
molecule is expected to have bands in these regions. DFT
predictions of strong bands at 2784.3 and 1892.6cane in
very good agreement with sharp bands observed at 2757.% cm
(labeled 3) and at 1859.8 crhthat show 16.5, 10.9 and 1.8,
58.9 cnt! 10B—-11B and2C—13C isotopic shifts compared to
DFT predicted 18.1, 10.3 and 0.8, 61.6¢mshifts, respectively.
These bands also show the 1:4 natural boron isotopic doublets
required for a single boron atom vibration. Again deuterium
substitution is the acid test because of increased mode mixing,

this band is labeled 1 in Figure 1. The Fermi resonance betweenyng ghserved bands at 2168.2 and 1774.6'are in very good

this fundamental and the sum of symmetrie®, and G=C
ring stretching modes, which results inbdue 13C shift, has
been discusseld. This Fermi resonance is stronger for the
(*2CH),MBH and {3CH),19BH isotopic molecules and these
combination bands are observed at 2669.5 tifFigure 1b)

and at 2634.9 cmi.

Two other modes were observed at 1169.5 and 653:¢Fcm
for the natural isotopic molecule. Although the DFT frequency
calculations are 11 cm lower than both the observed values,
Calculations at
the QCISD level predict these bands at 1198 and 657 evith

the isotopic shifts are

correct isotopic shifts®

The final borirene band is an out-of-plane deformation mode
observed at 832.5 crhand calculated at 842.5 cth Although
this harmonic calculation predicts tA&B shift (9.6 cnm?) just
short of the observed (10.9 ci) value, the observetC shift
(10.0 cnm?) is underestimated (3.8 cr¥). The calculated H/D
ratio (1.217) denotes substantial anharmonicity in this out-of-
plane deformation mode and suggests quartic character of th
type observed for Ckland CHX radicals3® It should be noted

predicted #1 cnTl.

agreement with 2193.6 and 1789.3 ¢nealculated bands. The
correct DFT description of mode mixing is found in comparison
of the observed and calculat&8—1B isotopic frequency shifts
(Table 3).

BC,H,4 Products. The experimental observation and theo-
retical characterization of three closed-shell;Bgisomers in
the B+ C,H4 reaction systems suggests that somegHBCadical
intermediate species may also be trapped in these matrix
isolation experiments. Although DFT frequency calculations
are expected to be less accurate for these radical species, some
clear guidance for the identification of two Big, product
molecules is provided here.

The most stableC,, cyclic BGH4 addition product, the
borirane radical, is 40 kcal/mol belowB C,H, and is predicted
to have strong absorptions in the 950 and 880 tregions'®
Although the former is masked by,B, absorption, no band
with appropriate isotopic shifts is observed in the latter region.
However, the migration of one H to B gives a cyclic species
ethat is another 11 kcal/mol lower at the BP86 level of theory,

I .
namely, BHCHCH. Our DFT frequency calculations (Table

that other absorptions for borirene could be observable, but many4) predict a very strong band at 637.1 cirfor this isomer,
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with +1.7 and—4.8 cnt! 198 and3C shifts, respectively, which

is in very good agreement with the strongest product band
observed here (637.6 crhfor natural isotopes with 639.2 crh

108 and 631.8 cm! %C counterparts, labeled LB8, Figure 3).
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mode is the antisymmetric-BH, rocking mode calculated at
858.5 cntl. A weak band with matching isotopic and pho-
tolysis behavior is observed at 847.7 ¢m The sum 1770.6
+ 847.7= 2618.3 cm! clearly falls above 2568.7 cr and

The prediction of two other strong bands at 831.7 and 2686.5 the projectedC counterpart at 254% 5 cn1 is below, and

cm~1 with isotopic shifts in agreement with the observed 864.3
and 2621.6 cm! bands supports the present identification of

the rearranged borirane radical BHCHEHL is important to
note that the 864.3 and 637.6 ch(!!B) and the 875.9 and
639.2 cnt! (19B) bands track precisely on photolysis and 25
and 35 K annealing (better that5% integrated areas).
Although the 864.3 cm! band by itself could be due to the
borirane radical, the 637.6 crhband cannot, and taken together

a positive3C shift on the B-H, stretching mode will result
from this Fermi resonance interaction. In conclusion, the
observation of five fundamentals with isotopic counterparts in
very good agreement with DFT calculated isotopic frequencies
strongly supports identification of this stableBCCH, radical
isomer.

BC.Hs Products. The 2570.2 cm! band in the B-H
stretching region (labeled VB) shows the same photolysis and

this species that grows on annealing is not the borirane radical@"nealing behavior as the above-mentioned 1536.8 and 1213.9

: L
but its more stable rearrangement isomer BHCHCHhe 637.6

. . 1
cm~! band is unique and of many attempts only BHCHCH

has been able to model this band and its isotopic counterparts

The insertion of B into a €H bond gives HBGHj3; this
planar radical (LB7) is a saddle point but 59 kcal/mol more
stable than B+ C,H, at the MP4 level? At the DFT/BP86
level, this radical has the H bonded to B out of thgdgplane,

all real frequencies, but only one infrared band with reasonable

calculated intensity. The BH stretching mode is predicted at
2725 cnt! (22 km/mol), which is even higher than the-Bi
mode for borirene (2668 cm). We see no additional product

absorption in this region and, on this basis, conclude that the

initial insertion HBGH3 radical is not trapped here. There are
bands in the B-H stretching region that cannot be assigned,
such as 2510.5 cm, but this band is probably too low for
HBC;Hs.

We have no evidence for the higher-energy open structure

corresponding to LB9. The 1536.8 and 1213.9 timands that

increase 10% on photolysis and decrease slightly on annealing
do not have the boron and carbon isotopic shifts calculated by

DFT for LB9, but on the other hand, an excellent fit is found
for the closed-shell vinylborane,BC,H3; molecule formed by
H-atom addition to LB10.

The more stable BfH, species, LB10, has the,BCCH,
structure. The strongest unigue band is calculated at 800-4 cm
with +0.9 cnm! 198, —9.2 cn1! 13C, and—153 cn1! D shifts,
which are in reasonable agreement with the sharp 8263 cm
absorption that decreases 10% on photolysis and decreases
annealing and hast+0.3, —7.6, and —175.6 cm! shifts,
respectively. A similar 1347.1 cd band also decreases 10%
on photolysis and has a calculated position at 1347 .6'enith
predictedt1.7 cnm! 1B and—5.1 cn! 1%C shifts as compared
to the observed-1.4 cnt! and—5.6 cnt? shifts, respectively.
The G=C stretch is calculated at 1772.4 chwith a+2.5 cn1?
10B shift. A sharp 1770.6 crit band with al%B counterpart at
1772.5 cn! has matching photolysis and annealing behavior.
The13C,H, experiments had lower yield and did not reveal this
band, but the €D, experiments gave bands at 1732.5 and 1732.1
cm™! for 198 and B, which are close to the more intense
calculated 1720.8 and 1720.5 chvalues.

The strongest band calculated for LB10 is the antisymmetric
B—H, stretching mode at 2567.3 cthwith a +14.8 cntt
calculated1%B shift. The split 2570.2, 2568.7 crh band
decreases at 2568.7 cton photolysis as does the lower half
of the 2584.5, 2583.3 cm band with1°B. These bands show
a small positive!3C shift, which is again indicative of Fermi
resonance probably with the=€C stretching mode. The most
likely band to combine with the €C stretching mode and
exhibit Fermi resonance with the antisymmetrie B, stretching

cm~! bands and weak 1414.1 and 1031.3 érbands. The
closed-shell vinylborane molecule,BIC;H; was calculated to
be stable (97 kcal/mol lower than LB16 H atom) and the
frequencies calculated for four isotopic molecules are given in

Table 5. The calculated 2570, 1600, 1413, 1201, and 103% cm

bands have isotopic counterparts in very good agreement with
the observed bands. The<C stretching mode at 1536.8 ctn

is somewhat lower than the calculated value although the
calculated value for @i, (1647 cm?) is also above the
observed (1623 cm) value3® The 1031.3 cm! band is
primarily out-of-phase €H, deformation and as such it
interacts with the €H and B—H, deformation modes, and the
accurate calculation of this mode is difficult. As with other
H,B species observed here, the antisymmetridB stretching
mode is much stronger than the symmetric stretching mode
despite the calculated intensity of the latter. Finally, we have
not observed the complete spectrum of vinylborane, but the five
assigned bands and isotopic shifts are in suficient agreement
with calculations to support the identification of vinylborane.

The methyl-substituted compound g8+CH, has one strong
band calculated at 1687.9 cinfor 19B with a large—50.0 cn1t
1B shift, —20.5 cnt! 13C shift, and a-36.5 cnm?! D shift. The
observed 1677.2 cm band shows a-46.0 cnt! 11B shift, a
—20.8 cnt! 13C shift owing to the antisymmetric motion of B
between two carbon atoms, and-87.2 cnt?! deuterium shift.
The same large boron isotopic shift has been observed for the
isoelectronic CHB=NH molecule3” Similar DFT calculations
predict HB=CH, at 1475 cn1l, near the observed 1470 cin

0ylalue, and at 2759 cm, near the 2725 cni observed valué8

and predict HB=CHCH; at 1552 and 2752 cnt (medium
intensities). The failure to observe these latter bands indicates
that only the more stable GB=CH, isomer is observed here.

The other obvious B&Hs product is borirane. This higher
energy molecule like HB=CHCH; has one strong band, the
B—H stretching mode, which is calculated at 2716 érby
DFT. The only band in this region, a weak absorption at 2724.6
cml, is due to HC=BH, a major product in the methane
reactionst® Unfortunately, borirane was not observed in these
experiments.

Other Absorptions. There remain other minor absorptions
in this complicated chemical system that require special
reactions. The characterization of a distinetB—C stretching
mode in the stable C#8=CH, molecule demonstrates that
boron insertion into the €C bond can happen under proper
circumstances. Two other observed bands have characteristic
large boron isotopic shifts, the weak band at 1660.5%cand
the broader band at 1261 ¢t The 1660.5 cm® band is due
to the most photosensitive species produced here as the band is
completely destroyed by photolysis and does not grow on
annealing. The ((CBCH,)™ anion is isoelectronic with allene,
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ﬁ\??atrzz %rgfg r&gﬁg;;ﬁﬁ a::fgge&cgl Qg(gad;f/r:];;?mﬂ?: st The failure to observe BCICH, suggests that the barrier to
calculatedB shift, +53.2 cnt?, 13C shift, —20.1 cn1?, and D rearrangement to BHCHGHS considerably less than the overall
shift, —34.6 cn1?, are compatible with the observed values reaction exothermicity. This is analogous to the formation of
although interaction with the out-of-phase terminal-Qiending borirene radical BgH, from acetylené, where in contrast to
mode calculated at 1338 cthhas beemunderestimatetby the the present ethylene reaction, only some of the cycligHBC

DFT calculation. The 1660.5 crhband is tentatively assigned ) o I )
to (H,CBCH,)~ formed in the exothermic+63 kcal/mol) sustains H migration (to BHCHC, species D). Hydrogen atom

electron capture reaction of the initial borirene radical inter- glimination from BHCHCH to form the stable aromatic borirene
mediate. The presence of electrons in these laser ablation —

experiments has been shown in the observation m ring BHCHCH requires 33 kcal/mol and this energy is prOVided

The 1261 cm?! band is in the region of the antisymmetric by the exothermic addition reaction. The elimination of another
C—B stretching mode of trimethylboron (1155 c#), with H-atom to form the radical species D and E requires excess
which it shares a large boron isotopic shift and a blue deuterium €nergy in the initial boron atom reagent, and this extra energy
shift38 The 1261 cm! band grows on annealing (up t05), is provided by the laser ablation procés8.

decreases on photolysis, and is slightly broader than most of Insertion into a G-H bond by B is exothermic by 59 kcal/
the observed bands. The analogous;BEH; radical can be mol and initiates another series of reactions leading to the lower
produced here by H addition to vinylborane on annealing, and energy allene-like BBCCH; radical species LB10-10 kcal/
this tentative assignment is proposed for the 1261-%cm mol).X” The significant reaction exothermicity helps to promote
absorption. DFT calculations on this radical predict the H-atom detachment{55 and+68 kcal/mol, respectively, from
strongest band at 1306.7 cibut the isotopic shifts are notin ~ DFT energies), giving the stable closed-shell aliphatic molecules
good agreement. A higher level calculation of this large free H2BCCH and HBCCH. Again with excess energy in the laser-
radical is expected to give isotopic shifts in better agreement ablated boron atom reagent, further H atom removal leads to
with the observed values. the A, B, andC products of the B+ C,H, reaction.

The 2510.5, 2520.5, and 2537.6 chbands in the B-H Photolysis increases the more stabiBHCH isomer at the
stretching region remain to be identified. Observation of the expense of HBCChlor from the dissociation of fBCCH,.
H,C—BH, species in methane experiméftat 2540.2 cm’

(+14.6 cn1! 10B shift) strongly suggests that the 2520.5dm H—B=C=CH, LA H,B—C=CH
band ¢-14.01%B shift) might be due to a similar RBH, species.
Our DFT calculations show that GBH, absorbs in this spectral H,BCCH, S H,B—C=CH + H

region, but the lack of other strong absorptions fors;BH,
casts doubt on this assignment. TheHEBH, species is a
possibility. The 2510.5 crii band is decreased by photolysis
so a charged species cannot be ruled out.

Reaction Mechanisms. Boron atoms can react with ethylene
to form the cyclic borirane radical (LB3) or the open vinylborane
radical (LB7) as shown in Scheme 1. Borirane radical is 40
kcal/mol® more stable than B- C;H, so the initial borirane
radical BCHCH, formed contains excess internal energy, which
can foster H-atom rearrangement to the more stablel (kcal/

The B atom reaction with CH#CD, gave bothA andB with
deuterated counterparts slightly favored (by 20% in absorbance).
Assuming that B atom insertion into-&¢4 and C-D bonds
proceeds at the same rate, it is clear that H is faster than D
elimination, as expected (calculated intensities are less for the
D species).

Reaction of B with GHg gave a relatively higher yield of
H,C=BCHjs in addition to the products reported fopkL; and
— C;H,, so another reaction mechanism must be available for B
mol) cyclic radical BHCHCH, the major species observed here. + C,Hg, which is shown in Scheme 2. First, B insertion into
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