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The 3C NMR spectra have been obtained for trialkylboranes, dialkylborinates, alkylboronates, dialkylchlo-
roboranes, alkenylboranes, and alkynylboron derivatives. In the alkenyl- and alkynylboranes, it is concluded on
the basis of the '3C NMR chemical shifts that = interaction between the w-electron system and the vacant p orbit-
al of the boron atom exists to a certain extent, and that the mesomeric B~C =-bonding forms contribute to the

ground state of these a,8-unsaturated compounds.

The question of B-C 7 bonding in alkenylboranes has
presented chemists with an intriguing problem (eq 1).3
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Though a substantial body of evidence now exists support-
ing 7 interaction between the r-electron system and the va-
cant p orbital of boron in an alkenylborane,® objection
against such = bonding has also been raised.32 The large
volume of experimental data gathered so far has been ob-
tained by infrared,*1° Raman,!° ultraviolet,”811 1TH NMR,28
- IR NMR,7# 1°F NMR,"1213 and photoelectron4 spectro-
scopic techniques, data which seem to provide mainly indi-
rect evidence. The question has also been the subject of
LCAO-MO-SCF,}! CNDQ,1518 gnd INDQY? calculations.
However, 13C NMR spectra have not as yet been obtained,
despite the superior advantage that their chemical shifts
can more directly provide insight into the bonding situa-
tions.18.19
Alkynylboranes may also exist in the mesomeric allenyl
form (eq.2),%2 though to cur knowledge there is no litera-
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ture evidence for such B-C r bonding. In this paper, we re-
port in full on the 13C NMR spectra and the bonding situa-
tion of alkenyl- and alkynylboranes.

Experimental Section

All boranes were prepared as previously described.? 3C NMR
gpectra were measured on a Varian XL-100-15 spectrometer oper-
ating in the Fourier transform mode at 25.2 MHz. All spectra were
determined with noise-modulated proton decoupling. Single-fre-
quency off-resonance decoupled spectra were used to assign the
resonances in questionable cases. The spectra were taken in ben-
zene-dg (ca. 50% concentration), except where otherwise indicated,
in 12-mm sample tubes, and were calibrated using the solvent res-
onances as secondary standards.

Results and Discussion

The chemical shifts obtained from the 13C NMR spectra
of alkenyl- (1-5), alkynyl- (6 and 7), and alkylboron deriva-
tives (8-14), and those of the corresponding alkenes, alk-
ynes, and alkanes are listed in Tables I-III. Assignments of
13C signals were made on the basis of (1) off-resonance de-
coupling spectra, (2) consistency with other shift data,!819
and (3) broadening and weakening of the peak correspond-
ing to the 13C nuclei directly attached to boron. The last
phenomenon was generally observed for the alkyl- and alk-
enylboranes, and is presumably due to large carbon-boron
couplings which are incompletely relaxed by the quadru-
pole mechanism.?1?2 In the case of the alkynylboranes, the
absorption of the o carbon had completely disappeared.

As is apparent from Table I, the chemical shifts at C;
and C, of 1 are similar to those of acrylic acid (§ C; 128.0, §
Cy 131.9).38 Also, the shifts in the other alkenylboranes
show an analogous trend to those in «,8-unsaturated car-
bonyl compounds, where the contribution of enolate form
is important (eq 3).18:19

<
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This phenomenon is highly interesting in connection
with the relationship between the 13C shielding and the
chemical reactivity of boron derivatives, since the sugges-
tion that many reactions of aldehydes and ketones have
counterparts in the reactions of trialkylboranes has already
been presented.??

The 3Co-H coupling constants of di-n-butylvinylboron-
ate (1) were 158 and 164 Hz, indicating that the C; has a
normal sp? hybridization. The coupling constant of di-n-
butylacetyleneboronate (6) was 240 Hz, demonstrating that
the Cs has a normal sp hybridization. The 13C,-H coupling
constant. of n-butylboronate (9) was 124 Hz, indicating
here also that the C; has a normal sp? hybridization.
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Table I
13C Chemical Shifts for Alkenylboranes (1-5)2
Ri_ _H LR'=H;R2=R3 =0-n-Bu 4, R! = n-Bu; R? = R® = CH(CH,)CH(CH,),
B /Cz=Cl\B_R2 2,R'=n-Bu;R? = CH==CH-n-By; R 0
| R =Cl 5R'=n-Buy;, = D
R3 3, R! = n-Bu; R = CH==CH-n-Buy; R O
R?=OCH,
Alkenyl
Borane 6 Cy 8 Cp 6Cs3 6C, 6 Cg 6 Cg Other
1 b 135.5 5 OCH, 64.4, 6 C, 35.3, 6 C, 20.7, 6 CH, 15.1
1° 127.8  134.1 5 OCH, 63.3 6 C, 34.0'6 C, 19.2, 6 CH, 13.9
2 133.0 160.9 371 31.8 23.8 15.2
3 129.1 153.8 37.3 324 23.8 15.3 6 OCH; 52.3
4 134.6 155.2 37.6 32.3 23.9 15.4 6 CH, 14.9, 14.9, 14,5, 6 CH 32.5, 6 B—CH 38.5
5 114.3 158.2 37.0 31.8 23.7 15.1 6C,149.6, 6 C,113.3, 5 C; 123 .4
Ethene? 122.8 122.8
1-Hexene 113.4 137.8 33.6 31.3 22.1 13.4

@ In parts per million (£0.1) (downfield positive) frorn Me,sSi, converted using 8¢ (C¢Dg) 128.7. ® The absorption is not obvious, owing to
overlap with that of C¢Ds. ¢ Using CDCl; as a solvent with an internal standard of Me4Si. ¢ References 18 and 19.

Table I1
13C Chemical Shifts for Alkynylboranes (6 and 7)?
6, Rl =H
le——(O===(C —— -y - ’
Ri—C=C—B(0-n-Bu), 7 R = n-Bu
Alkynyl
Borane 6 Cq 6Cy § Cy 6 Cy 6Cg 8 Cq Other
6 b 91.4 6 OCH, 64.2, 6 C, 35.1, 6 C; 20.4
6 C,15.0
7 b 104.9 20.5 32.0 23.2 14.7 5 OCH, 64.1, 6 C, 35.2, 5 C; 20.5
6C,15.0
Acetylene® 70 70
1-Hexyne® 68.6 84.0 18.6 31.1 22.4 14.1
a See footnotes to Table I. ® The absorption is not obvious, owing to the neighboring boron. ¢ Reference 18.
Table ITI
13C Chemical Shifts for Alkylboranes (8-14)3
§R=HRR = [ ) 1L, R' = n-Bu; R? = n-hexyl; R = OCH,
0 0 2R =HR=R=Et
RQ
RI_CHZCHQ—B/ 9, Ri= Et; R:RS = m 13, Ri=Et;Rt=R%=n-Bu
~
R O O R O
10, R! = n-Bu; R? = n-hexyl; R3 = Cl 14.R'=nBu = :O
Rz O
Borane 6 Cy 6 Cp 6Cy 6 Cy 6Cg 6Cg Other
8 8.6 8.6 6 OCH, 62.4, 6 CH, 29.0
9 16.4 27.8 26.8 15.1 6 OCH, 62.5, 8 CH, 29.1
10 304 26.0 33.4 33.4 24.1 15.4
11 21.3 25.5 34.0° 33.4° 24.1 15.3 5 OCH, 53.8
12 20.8 9.3
13 29.8 28.4 217.5 15.3
14 12.2 25.2 33.4° 33.2° 24.0 15.3 6 C,149.6, 6 C, 113.2, 6 C, 123.3
Ethane® 5.9 5.9
Butane® 13.2 25.0 25.0 13.2
Hexane® 13.9 22.9 32.0 32.0 22.9 13.9

@ See footnotes to Table I.  There is a possibility that the assignments should be interchanged. ¢ Reference 18.

the data for the alkenyl (5.0 or 0.9 ppm from Table IV) and
alkyl (2.7, 3.2, or —1.7 ppm from Table V) derivatives, it
appears that the « effect of the boronate group on the tri-
ple bond is estimated to be at most ca. 5 ppm, since the «
effect of the boronate group is generally slight, as shown in

The data presented in Table IV demonstrate the effects
of substituent groups on the boron in the alkenyl- and alk-
ynylboron derivatives. The substituent effect (Aé C1) at C,
in the alkynylboranes are unknown, because of disappear-
ance of the o carbon in 6 and 7 (Table II). However, from
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Table IV
Substituent Effects on 13C Chemical Shifts of
Boron-Substituted Alkenes and Alkynes®

Substituent A6Cy AGCY AGC3
Boron-substituted alkene
B(O-#-Bu), 5.0 11.3
BR/CP 19.6 23.1 3.5
BR'OCH,’ 15.7 16.0 3.7
B(Sia),° 21.2 17.4 4.0
B 0.9 20.4 34
Boron-substituted alkyne
B(O-n-Bu),? 21.4
B(O-n-Buj,° 20.9 1.9

@In parts per million with respect to the corresponding hydro-
carbons (ethene, 1-hexene, acetylene, and 1-hexyne), Higher values
correspond to lower shielding. ® R’ = 1-hexenyl. ¢ Sia = CH(CHjs)-
CH(CHaj)s. ¢ Substituent effect for 6. ¢ Substituent effect for 7.

TableV
Substituent Effects on 13C Chemical Shifts of
Boron-Substituted Alkanes®

Substituent AGCy ascCy A5Csg
B(OR), (for 8) 2.7 2.7
B(OR), = B<Z__>
B(OR), (for 9) 3.2 2.8 1.8
BR/CY 16.5 3.1 1.4
BR’'OCH,® 7.4 2.6 2.0
BR,; R = Et 14.9 3.4
BR,; R = »n-Bu 16.6 3.4 2.5
A =
B_\(DO ~1.7 2.3 14

¢1In parts per million with respect to the corresponding hydro-
carbons (ethane, butane, and hexane). Higher values correspond
to lower shielding. ® R" = n-hexyl.

Tables IV and V, and the difference in a effect between
alkenes and alkynes may be not great.?*

Table V contains data on substituent effects in the alkyl-
boranes, where the effect of BRy (R = Et or n-Bu) is deter-
mined from the shift data (Table III) of triethyl- (12) and
tributyl- (18) boranes. That these data are somewhat, but
not essentially, different from the reported values?> must
be due to the differences in experimental conditions.2?

Comparison of the data in Tables IV and V leads to a
conclusion that the a.effect (A Cy) in unsaturated boranes
show ranges comparable to those in saturated boranes.
However, for the 8 carbons, the substituent effects (A8 Cy)
exhibit a much wider range of shifts than those observed in
saturated boranes. The comparisons are summarized- in
Table VI, being made on the assumption that the following
pairs of groups are equivalent: (1) B(O-n-Bu); and B(OR),
(see Table V), (2) 1-hexenyl and n-hexyl in BR/Cl and
BR’OCH3,26 and (3) B(Sia); and B(n-Bu)y. The difference
at C; (AAS Cy) for acetylene is estimated to be of the same
order of magnitude as that for alkene.

BEvidently, the substituent effect is more strongly felt at
the 8 positions than at the point of substitution. This clear-
ly indicates that in all cases (1-7) there is some contribu-
tion of the mesomeric B-C r-bonding forms shown in eq 1
or 9.18.18,24

To roughly estimate the relative contribution of the
mesomeric B-C #-bonding form in 2, we have chosen the
isopropyl cation?? as a model for the Cz carbon in the meso-
meric form, where the chemical shift of the central carbon
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Table VI
Difference in Substituent Effect between
Unsaturated and Saturated Boranes®

Substituent AABC, AABC, AABCy
Alkene

B(OR), 2.3 8.6

BR’Cl 3.1 20.0 2.1

BR/OCH; 8.3 13.4 1.7

BR, 4.6 14.0 1.5

B:g'_‘© 2.6 18.1 2.0
Acetylene

B(OR), 19.7(18.1)*  0.1°

¢*AAé Cp = Ad Gy (alkenyl or alkynylboranes) — Aé C, (alkyl-
boranes), where n = 1, 2, and 3, R = alkyl, and R’ = 1-hexeny! and
n-hexyl, on the assumption 1, 2, 3. ? The value for 7.

is 319.6 ppm from Me,Si,!8 and have chosen 2-hexene as a
model for the Cg carbon without such = interaction, where
the chemical shift of Cg carbon is 129.8 ppm from Me,Si.18
Experimentally the Cg of 2 is deshielded by 160.9 ppm rela-
tive to Me,Si, the relative contribution of the B-C #-bond-
ing form consequently being about 16%.

Conclusion

There is much circumstantial evidence for the B-C =
bonding, but there is also an argument that most if not all
such data, taken individually, are inconclusive.32 The
present results clearly indicate a certain degree of B-C =«
bonding in alkenylboranes. Also the 13C shift data demon-
strate for the first time the presence of B-C = bonding in
alkynylboranes.
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The 13C and 3'P NMR of 16 phosphine oxides and sulfides are examined. Changes in the 3C and 3P NMR of
triphenylphosphine oxide, sulfide, and selenide with respect to changes in the P-X bond are discussed. Perturba-
tions on the !3C-31P nuclear spin coupling are examined for this series of compounds and various alkyl-substitut-
ed diphenylphosphine oxides. Support is given for the theory of competitive d=-~pr overlap with the PO bond for

phenyl and vinyl substituted phosphine oxides.

Phosphorus, a second row atom, possesses empty d orbit-
als which may overlap with filled p orbitals on an adjacent
atom. Thus the following resonance structures may be con-
sidered.

L -
la 1b
X=0,5,Se
The formal PX double bond in 1b is expected to be quite
different from a normal pr—p= double bond of, for exam-
ple, a carbonyl group. The d orbitals are diffuse and more
directional than 3p orbitals and most of the electron densi-

ty in a pr—d= bond is expected to lie in the vicinity of the X |

atom.? The physical evidence which has been used to imply
dr—pm overlap in the phosphoryl bond is quite persuasive
and includes X-ray fluorescence,? basicity data,* 3C~H nu-
clear spin coupling,® bond dissociation energies,2¢ bond
lengths,” dipole moments,® NQR measurements,? and pho-
toelectron spectra.l® This is further corroborated by semi-
empirical’! and ab initio!? molecular orbital calculations.
There is less evidence of multiple PX bonding for phos-
phine sulfides and selenides. The general view, however,
seems to be that the P-S (and analogously, P-Se) bond is
weaker and there is less = bonding than in the PO bond.
Bond dissociation energies,!® ir force constant calcula-
tions,'* and semiempirical molecular orbital calculations!!
lend support for this notion.

It has been considered that an important consequence of
a strong, multiple PX bond is that competitive = bonding
from an additional, weaker = donor is diminished (e.g., a
vinyl or phenyl group). Various physical techniques, espe-
cially °F NMR, have given support for this notion.!5 Thus,
in a vinyl phosphine oxide the d=r—p= contribution from the
PO bond will decrease dr—p= bonding from the vinyl group
to phosphorus. In vinyl phosphonium salts the 13C and 3'P
NMR data strongly suggest do—p= overlap between the
vinyl group and phosphorus.1 Thege differences will be ex-
amined in this context.

Results and Discussion

The values of the 13C chemical shifts, 31P-13C coupling
constants, and 3!P chemical shifts are given in Tables I and

II. The 13C chemical shifts previously reported!? for tri-n-

butylphosphine oxide and sulfide agree with the values re-
ported in Table 1. The '3C chemical shifts and couplings re-
ported for triphenylphosphine oxide also agree with those
previously reported by Gray.!® The values of the 31P chem-
ical shift and 31P-77Se coupling agree with those given by
Stec and coworkers.1?

Quin noted!? that the close proximity of the 13C reso-
nances for carbons 2 and 3 in tri-n-butylphosphine oxide
and sulfide are difficult to assign and are subject to adjust-
ment. We have reexamined this problem and make our as-
signments based on spectra determined at two different
field strengths. Additionally, in the case of tri-n-butylphos-
phine oxide, T'; values were determined by the inversion-
recovery technique.2’ The T'; values for a CDCl3 solution
(not degassed) of the four carbons are found to be 1.2, 1.7,
2.4, and 3.0 £ 0.6 sec, respectively, for carbons 1-4. This is
the normal sequence for saturated alkyl chains.2! More-
over, the closely spaced inner lines of the four-line pattern
due to C-2 and C-3 in tri-n-butylphosphine oxide were
readily assigned by careful adjustment of the delay time in
the inversion-recovery sequence so that the two low-field
lines due to C-3 where inverted while the two high-field
lines were upright.?2 On this basis the assignments given by
Quin'” were confirmed, but a value of 2Jp_¢ = 3.9 + 0.1 Hz
was found instead of the reported 2Jp_¢ = 5 Hz.

The 31P chemical shift of triphenylphosphine sulfide (3)
is deshielded by 13.9 ppm from triphenylphosphine oxide
{2). This is consistent with an expected smaller contribu-
tion of resonance structure 1b for the suifide. Likewise, the
31P resonance of 2 is shielded by 27.9 ppm from its phos-
phonium salt analog 16, while the 3P resonance of 3 is vir-
tually unaffected upon protonation to 17.23 However, in tri-
phenylphosphine selenide (4), the 3'P chemical shift is de-
shielded by only 6.5 ppm from the oxide 2 and is shielded
by 7.4 ppm with respect to the sulfide 3. This irregularity
in the 3'P chemical shift of the selenide is not in accord
with the expected changes in the P-Se bond as compared
to the P-S and P-O bonds. For example, an ir force con-
stant study gave the strengths of the P-X bond, and hence
the order of contribution of resonance structure 1b, as P-O
> P-S > P-Se.?s Therefore, a straightforward interpreta-



