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ABSTRACT

ThedJ=0-— 1 and J =1 — 2 transitions of thirteen isotopic species of carbon monoxide—
borane (BH,CO) have been measured. The heavy atom r_structural parameters have been
calculated in several ways so as to minimize the effects of the small carbon coordinate. The
structural parameters found are: d(B—C) = 1.534 + 0.01 A,d(C—0)=1.135: 0.01 A,
d(B—H)=1.221 + 0.001 A, tHBC= 103.79 + 0.06°, and LHBH = 114.50 + 0.15°. In
addition, a complete r, structure has been calculated by least-squares fitting the moments
of inertia of all the isotopic species. A dipole moment of 1.698 + 0.02 D was determined.

INTRODUCTION

Electron diffraction measurements by Bauer [1] are the earliest structural
studies made on carbon monoxide—borane. These measurements established
the C,;, symmetry of the molecule and a linear B—C—O arrangement with
d(B—C)=1.57 £ 0.03 A and d(C—O) = 1.13 + 0.03 A. Gordy etal. [2] used
the microwave spectra of four isotopic species (!%!'"BH,CO, '°!''BD,CO) to
determine the four structural parameters needed to specify the molecular
geometry completely. The structure of carbon monoxide—borane has also
been re-evaluated by Pépin, Lambert and Cabana using the ground-state
rotational constants B, obtained from high-resolution IR spectral studies
[3—6] of the same species studied by Gordy. They point out that the struc-
tural parameters of carbon monoxide—borane cannot be determined accurately
by using B, from these four isotopic species.

The purpose of this investigation is to re-examine the structure of carbon
monoxide—borane using microwave spectral data on thirteen isotopic species.
The large number of isotopes available to us made it possible to calculate the
bond lengths and bond angles in a number of ways to arrive at independent
r, and ro structures for the BH;CO molecule. The problem arising from the
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C atom being very close to the center of mass of BH;CO has been reduced by
using the double-substitution procedure [7] to obtain its coordinates.

EXPERIMENTAL

All compounds were prepared by reacting B,H, or B,D, with the appro-
priate species of CO in small stainless steel cylinders at several atmospheres
pressure. After several days, the cylinders were cooled to ca. —150°C-and the
unreacted components pumped off. Thereafter, the samples were stored at
dry-ice temperatures or below until use. Carbon monoxide enriched in *3C
was supplied by the Los Alamos Scientific Laboratory. The samples prepared
from this material contained ca. 6% of ' 'BH,'2C'80 but no evidence for
transitions arising from the normal (*2C!'®Q) species could be detected.

Transitions for isotopic species 1 and 2 in Table 1 were measured using
the ordinary BH;CO sample. Those for species 3, 4, 10 and 11 were obtained
with the '3*C-enriched sample. The remaining species in Table 1 were obtained
from the BD;CO sample.

All frequency measurements were conducted using cells cooled with dry
ice. A conventional Stark spectrometer employing klystrons was used for
the 0 = 1 transitions. An HP 8460A MRR spectrometer was used for the
1 — 2 transitions. The accuracy of the frequency measurements varied from
ca. 0.05 MHz to 0.3 MHz for some of the isotopes seen in natural abundance.

The dipole moment of the molecule was measured on the HP 8460A
spectrometer using the 2 — 3 transition of OCS to calibrate the spectrometer.
A value of p = 0.7152 D [8] was used for OCS.

TABLE 1

Rotational constants and moments of inertia for various isotopic species of carbon
monoxide—borane

Species Isotope B, (MHz) I, (uA)
1 1BH,12C'*0 8657.323 + 0.052 58.37555
2 19BH,'2C'*0O 8980.045 + 0.041 56.27765
3 11BH, C*O 8656.415 = 0.052 58.38167°
1 1°BH,'’C'*0O 8979.975 + 0.041 56.27811
5 1BD,'2C' 0 7336.655 + 0.041 68.88371
6 198D 12C' 40 7530.328 + 0.041 67.11208
7 11BD 1’C1¢0 7332.015 % 0.091 68.92730
8 1°BD,!°C!*Q 7526.818 £ 0.116 67.14338
9 HUBH,12C1*0 8245.397 + 0.052 61.29189
10 1°BH,':C'*Q 8561.481 : 0.052 59.02904
11 1BD,C'*0 6981.751 + 0.091, 72.38528
12 “'BD,H'?C'*O A, = 79892.63 + 0.50 6.32569
B = 7802.818 + 0.052 64.76839
c = 7623.237 + 0.052 66.29415
13 1°BD, H*2C!$0O A =79912.16+ 0.50 " . "6.32414
B, = 8035.230 +.0,041 '62.89503.

C,=17844210+ 6041

Pl

64.42663
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ANALYSIS

Ground-state spectrum

TheJ=0- 1 and J=1 - 2 transitions were observed for all the isotopic
species except 7, 8, and 10—13, where only the J =1 - 2 lines were detected.
The ground-state rotational constants (i.e. B,) for the eleven symmetric
isotopic species were obtained by fitting the measured line frequencies to
the equation

vy ye1= 2B(J + 1)— 4D ,(J + 1)® — 2D, (J + 1)K* + eqQ - F(I, J, K)

The hyperfine structure of the spectral lines associated with the B nucleus
could be resolved completely for only a few of the J= 0 -~ 1 transitions. In
addition, for the J = 1 - 2 transitions, the spectra were further complicated
by the presence of the K = 1 lines. The best fit for the rotational frequencies
was obtained by using the following values for the three constants D,, D, ,
and eqQ: D, = 0.005 + 0.002 MHz, D, (*'BH;) = 0.345 + 0.05 MHz,

D, (*°BH;) = 0.372 + 0.05 MHz, D, ('*''BD;) = 0.209 + 0.05 MHz, eqQ(''B)
=1.60+ 0.10 MHz, and eq@Q('°B) = 3.45 + 0.10 MHz. Values of the rotational
constants (and moments of inertia) are listed in Table 1. It was difficult to
obtain accurate results for D, the values of which ranged between 0.003 and
0.006 MHz. Consequently, the value of D, listed above was chosen and
applied consistently when analyzing all the transitions (except for the asym-
metric species where centrifugal distortion was neglected). The values of the
constants agree well with those obtained in the previous studies [2—6].

The constants listed above and in Table 1 reproduced the observed center
frequencies to 0.04 MHz or better in all cases. A table of the observed and
calculated frequencies can be obtained from the British Library Lending
Division* as Sup. pub. no. SUP 26059 (5 pages).

Structure

The coordinates of the boron and oxygen atoms can be calculated in a
number of ways by using Kraitchman’s equation for single substitution [9].
The results of three calculations are listed in Table 2; the B—O distance is
highly consistent, as expected, since these atoms are far from the center of
mass.

When the carbon atom coordinate is calculated, a significant variation is
observed in both the B—C and C—O bond lengths. Table 3 shows the results
of several calculations using either the single-substitution or the double-
substitution equations [7] to calculate the carbon coordinate. The single-
substitution calculation of d(B—C) gives quite short values using BH; parent
systems since the carbon atom lies very close to the center of mass. The
double-substitution calculation [ 7] using the BH, species should eliminate
this difficulty and is probably the best method to estimate the carbon

*See J. Mol. Struct., 34 (1976) 322.
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TABLE 2

Boron—oxygen bond distances from Kraitchman’s equations

Species? Z(B) Z(0) d(B—0O}{A)
1,2,9 —1.434 1.235 2.669
1,2,10 —1.468 1.200 2.668
5,6,11 —1.319 1.352 2.671

av. = 2669 + 0002 A

2Species identified in Table 1. The first species is taken as the parent.

TABLE 3

Boron—carbon bond distances from substitution calculations

Species® Z(B) Z{C) d(B—C)(A)
1,2, 3,4b —1.434 0.100 1.534
56,17 —1.319 0.211 1.530
6,5,8 —1.350 0.179 1.529
1,2, 3 —1.434 0.079 1.513
2,1, 4 —1.468 0.022 1.490

aSpecnes identified in Table 1. First species identifies the coordinate system.
bPierce’s method used for first caleulation, Kraitchman’s equations for the others.

coordinate with the present data. It is also pleasing to observe that the
double-substitution calculation resuiis in a d(B—C) value that is quite close
to the value obtained using the BD, species. For the BD; species, the center
of mass is shifted significantly so that a single-substitution calculation can be
used with more confidence (see Table 3).

The availability of spectral data of the two asymmetric species *'BD,HCO
and '°BD,HCO made it possible to use the di-substitution procedure of Li et
al. {10] to calculate the X and Z coordinates of the in-plane H atom. Two
different calculations of these coordinates are listed in Table 4 along with
the d(B—H) bond length and the angles HBC and HBH.

TABLE 4

Boron—hydrogen bond distances from substitution calculations

Species? Z(B) X(H) Z () d(B—H) (HBH - LHBC
1,5,12 —1.434 1.186 —1.725 1.222 114.50° '103.80°
2,6,13 —1.468 1.186 —1.760 . 1.222 114.51°. --.103.79°

2Species identified in Table 1. The procedure in ref. 10 was used Ax:s system defined by
the species listed first.
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A complete rq structure has also been determined by a least-squares fit of
the moments of inertia of all thirteen isotopic species using the STRFIT pro-
gram described by Schwendeman [11].

The best estimates of the r, and ry structural parameters obtained in this
investigation are listed in Table 5. The following considerations were made in
choosing the r, parameters and their uncertainties. The average value from
Table 2 was taken for d(B—O) plus an uncertainty sufficient to cover the
range (about four times the experimental uncertainty). For d(B—C) and
d(C—O0) the value from the first calculation in Table 3 was chosen with an
uncertainty derived from experimental uncertainty in the frequency measure-
ments. The uncertainties associated with the BH; parameters are also based
on experimental error. The r, parameters fitted the observed moments of
inertia to 0.01% and the statistical uncertainties from the fitting process are
0.2% or less for the structural parameters. The r, structural parameters in
Table 5 are preferred since they are expected to be closest to the equilibrium
values and probably within 0.01 A and 0.5° of them.

Dipole moment

The Stark coefficients for the M = 0 and M = 1 components of theJ=1- 2,
K = O transition were used to determine the dipole moment of carbon monox-
ide—borane. The measured values were —6.41 X 10° MHz cm? V™2 and
+5.24 X 107 MHz cm? V™2, respectively. These gave a dipole moment or
1.698 £ 0.02 D. This value is ca. 6% lower than that reported previously [2]
but probably within the uncertainties of that determination.

DISCUSSION

Pépin et al. [6] have shown that, owing to the strong correlation that
exists between d(B—H) and / HBH, an accurate determination of these two
structural parameters cannot be made by using spectral data from only the
four isotopic species examined in previous microwave studies. This fact
accounts for the discrepancies between the values of d(B—H) and ZHBH

TABLE 5

Structural parameters of carbon monoxide—borane

Parameters r, r, r,@
d(B—C) 1.634+0.01 A 1.539 A 1.540 A
d(C—0) 1.135: 0.01 A 1.132 4 1.131 A
d(B—0) 2.669 + 0.002 A 2.671 A 2671 A
d(B—H) 1.222+ 0.001 A 1.225 A 1.196 A
LHBC 103.8° + 0.06° A 103.6° 104.6°
tHBH 114.5° + 0.15° A 114.6° 113.9°

aS¢nictural parameters obtained by Gordy et al. {2].
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found in this and the earlier microwave investigation (Table 5). Any error
due to this correlation has been eliminated in the present work both by
direct calculation of the parameters using the di-substitution procedure [10]

Ve I Tmmnd crere e s mrbe Al I nwdia AL il Flainbane Tam

and aiso Dy icast-dyuadics u.udug the moments of inertia of the thirteen iso-

topic species. Any suspecbed ambiguities in d(B—C) and d(C—0O) from the

earlier studies, arising from the small carbon coordinate, have also been
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removed with the addltlonal isotopic data reported here "although the pre-

sent values for these parameters do not differ markedly from the earlier ones.
The structure of BH,CO has the following interesting features when com-

pared with other related species. Firstly, the CO distance is practically un-

changed from free CO [12]. Secondly, the angle HBX is similar in magnitude
to those found in BH; adduets with PH, [13], PF; [14] and P(CH,); [16]

Last {0 larogar than that fauind in tha trimaoathulaminag adduct (MTET Tha DY
but is IAYEeT Wiahn UWiat iCunG il e WIMeuly:amine aGQudy (aoj. 2 n€ o™i

distance in BH,CO is also longer by ca. 0.01—0.02 A than in all of these
adducts. Thirdly, the B—C distance appears short when compared with other
B—C distances, and this is particularly striking considering the instability of
the adduct. Longer B—C distances are found in Me;B (1.576 A) [17], tetra-
methyldiborane (1.59 A) [18], and in the compound Me,NBMe, (1.65 A)
[19] Shorter B—C bonds occur in HCCBF, (1.513 A) [20] and H,CCHBF,

{1.533 A) {21], but in both the last two cases the carbon atom is part of a

7 system in which the electrons can also be delocalized onto the boron. For
the disgaciation of the m—!dnnf AH =4 2 keal for the reaction RH.. r"n la\ >

1/2 B,H, (g) + CO (g), whlch places it in a category with other very weak
adducts such as F.P:BH, {16] and Me,B:NMe; [22, 23]. It is of interest to
note that the dative bond distance in the F;P:BH; complex also is unusually
short even though the stability of the complex is comparable to that of BH,CO.
The present results may be examined in the light of a recent extensive MO
analysis by Ermler et al. [24]. They find, as might be expected, that the
salient feature in the bonding between the donor and acceptor portions of
the complex is that the carbon donates a lone pair of electrons to boron in a
‘l'vnlr'nl dative bond Hnu,rnunr thoir calonlatinneg do show eoma hank.onntrihu.
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tion of electrons from the BH; moiety into a n orbital of the CO (hypercon-
jugation) which they consider important to the binding. Such a back-donation
was suggested some time ago by Graham and Stone [25] to account for the
unexpected stability of BH, adducts with very weak bases such as PF; and
CO. However, there has been very little, if any, direct experimental evidence
supporting such a bonding scheme and the suggestion has received a certain

amount of critinicm Aliamativa auogonctinneg for tha gcéahility f thaca sy
uuuuuu WL LAVITIORAe SRAIVCTLIIQAWYT DUZETILIIID LUL LIIT DLAIILY Ul LLITDT \-qu"

plexes have been based on a polarizability model [26]}. Taking all bonding
contributions into account, Ermler et al. conclude that the B—C bond is less
than half as strong as the B—H bond, which they consider a reasonably
normal single bond. They further find that the B—C bond essentially has the _
appearance cf a distorted carbon lone pair when compared with free CO. This
conclusion, along with the orbital energy and population analysis serves to

Anlivesmmbn $land dlon £ Y Lo 3 IT & 1 P 7. Y
Qeuieai uvilav Wit LU —yvU gona uxbcaxu.e bnuunu not 011181’ mucn n'om IXee Ly -’
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as a result of complexation. The most refined wave function used in their
calculation predicts a dipole moment of 1.81 D and a boron-11 coupling
constant of 2.13 MHz, which overestimates the experimental values by 7%
and 33%, respectively.
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