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of the solution (containing 0.3 mg. of the complex) was 
injected into the flash vaporizer chamber. One minute 
after the sample was injected, carbon tetrachloride ap- 
peared in the trap. Most of the carbon tetrachloride was 
eluted in the first 6 min., but small amounts appeared as 
late as 25 min. after sample injection. At this point the 
chromium complex began to be eluted. It was eluted 
rapidly at first and then much more slowly. Tailing was 
very extensive, and very small quantities of the complex 
were still being eluted several hours later. After 20 hr. 
the column was dismantled and examined to see if any of 
the complex remained adsorbed or had decomposed. Only 
60 to 70% of the complex could be accounted for in the 
eluted fractions. Attempts to extract the chromium com- 
plex from the quartz with chloroform and ethanol were 
unsuccessful. However, destructive oxidation with potas- 
sium permanganate in sulfuric and nitric acids and sub-' 
sequent treatment with sodium azide, ammonium hy- 
droxide, and freshly prepared diphenylcarbazide showed a 
positive test for chromium.' 
An early fraction of the eluate, collected over the period 

from 25 to 35 min. after injection, was dissolved in carbon 
tetrachloride and checked for optical activity. The ob- 
served rotation was +0.043 f 0.008' a t  the sodium D line 
at  25'. The concentration of the complex was determined 
spectrophotometrically a t  359 mp, and the apparent 
specific rotation was calculated to be +260'. It is con- 
cluded that a t  least a partial resolution was accomplished. 

The experiment was repeated several times under some- 
what different conditions. Observed rotations ranged 
from +0.034 f 0.003' to +0.051 f 0.006' and apparent 
specific rotations varied between +80 and + 190'. 
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Many observations of the physical and chemical 
properties of aryl silicon compounds indicate that 
dative n-bonding can take place from the filled 
aromatic n-orbitals into the vacant 3d orbitals of 
silicon.' The direction of additions to vinyl- 
silanes provides indirect evidence which suggests 
that similar n-bonding may take place involving 

London, 1960. pp 97-103. 
(1) C. Eaborn, "Organosilicon Compounds," Butterworths, 

olefinic r-electrons.% In RsSi compounds, it is 
probable that a degenerate pair of orbitals (dJ is 
available on silicon for dative r-bon~ling.~ Such 
back-bonding might be especially favorable in 
ethynylsilanes, for in these Compounds two equiv- 
alent dative r-bonds might be formed involving 
both of the acetylenic Ir-orbitals. 

Accordingly, a study was undertaken of some of 
the vibrational frequencies of ethynylsilanes, and 
of the properties of these compounds as proton ac- 
ceptors and proton donors in hydrogen bonding.' 
The C%C and C-H stretching frequencies of the 
ethynylsilanes suggest substantial dative n-bond- 
ing in these compounds. This interpretation 
is substantiated by the hydrogen bonding results, 
which show that ethynylsilanes are better proton 
donors and poorer proton acceptors than 1-alkynes. 
Ethynyltrimethylstannane was studied for compar- 
ative purposes, but the results do not provide def- 
inite indication of dative r-bonding in this com- 
pound. 

Experimental 

Spectra.-Infrared frequencies were measured with a 
Perkin-Elmer Model 112 spectrophotometer using a 
lithium fluoride prism. Acetylenes were studied as approxi- 
mately 0.06 M solutions in reagent grade carbon tetra- 
chloride. For the studies of acetylene basicity, phenol was 
present at 0.02 M, and the acetylene a t  1 M; the path 
length was 3 mm. In  the studies of hydrogen bonding 
acidity, the acetylenes were present at 0.6 M and the con- 
centration of N,Ndimethylacetamide was 2 M; the path 
length was 1 mm. Frequency shifts were determined from 
logarithmic plots of the per cent transmission spectra as 
described previous1y.h 

Materials.-Methods used for the purification of phenol, 
N,Ndimethylacetamide, and the various acetylenes have 
been reported previously?a Commercial acetylene gas 
was purified by passing through a cold trap at -80" 
and then through towers containing either concentrated 
sulfuric acid or alumina. 3,3-Dimethyl-l-butyne was pre- 
pared by the method of Cleveland and Murray(l and was 
shown to be pure by gas chromatography. Bistrimethyl- 
silylacetylene was prepared accordiig to  the method of 
Frisch and Young.0 Boiling points and refractive indices of 
both of these acetylenes agreed with those reported in the 
literature. 

(2) L. E. Sommer, D. L. Bailey, G. M. Gddberg, C. E. Buck, 
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2526 (1980). 
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EthynylfFime~ylsie.--EthyeyZsadium was prepared 
from sodium (4.6 g . ,  0.20 g.-atom) and acetylene in hot 
xylene according to the method of Rutledge.' To the cool 
ethyaylsodium slurry was added 35 mi. of freshly distilled 
N,Ndimethylformamide after which a solution of 20 g .  
(0.18 mole) of freshly distilled trimethylchlorosilane in 26 
ml. of xylene was added over 2.5 hr. The reaction was 
slightly exothermic and was cooled to room temperature. 
After standing overnight the mixture was heated and 
material boiling to 125' collected. 

The distillate was fractionated. The fraction boiling at 
52-53' was shaken briefly with ice water, dried very 
briefly oyer pho horus pentoxide, and refractionated to 
give 3.9 g. (2277' of pure (by gas chromatography) ethy- 
nyltrimethylsilane, b.p. 52", art* 0.707, n 2 K ~  1.3870. The 
properties agree with those recently reported by €%chert 
and ZeiL8 

Ethynyltriphenylsilae .-Ethynylsodium was prepared 
from sodium (4.6 g., 0.20 g.-atom) and acetylene in liquid 
ammonia, after which the ammonia was allowed to evap- 
orate. Dry tetrahydrofuran (200 ml.) was added and the 
mixture was refluxed to ensure the absence of ammonia. 
Triphenylchlorosiiane (52.2 g., 0.18 mole) in 300 ml. of 
dry tetrahydrofuran was added over 1 hr. The mixture 
was stirred for 18 hr. a t  room temperature and then was 
poured onto 800 g. of ice. The resulting white solid was 
filtered and extracted repeatedly with ether (5 X 40 ml.) 
and then with heptane until no more product was present 
io the washings, as shown by the absence of the acetylenic 
CH band at  3293 crn.-l. The organic solutions were dried 
with magnesium sulfate and then the solvent was removed 
under vacuum to give 13 g .  of a crude mixture of oil and 
white solid. This mixture was fractionally distilled to give 
8.6 g. of ethynyltriphenylsilane, b.p. 192-195' (2 mm.). 
This product was dissolved in heptane and passed through 
a silica column. The residue of the eluate was distilled to 
give 6.75 g. (13%) of analytically pure triphenylsilyl- 
acetylene, b.p! 191' (1.9 mm.), as a clear colorless oil. 
This supercooled liquid crystallized when scratched to 
give a white solid, m.p. 45-46'. Gilman and Aoki recently 
have reported an alternate preparation of triphenylsilyl- 
acetylene, but apparently they did not obtain this com- 
pound in the solid state.g 

Anal. Calcd. for C20H&: C, 84.95; H ,  5.67. Found: 
C, 84.78; H ,  5.83, 

Ethynyltrimethylstannane .-This previously unrepwted 
compound can be prepared by the method givep above for 
ethygyltrimethylsilane, but separation from the solvents 
and N,N-dimethylformamide is difficult. The following 
procedure was satisfactory. Ethynylsodium was prepared 
from 2.3 g. (0.1 g.-atom) of sodium and excess acetylene in 
liquid ammonia. The ammonia was replaced with 100 ~ 1 .  
of dry ether. Trimethyltin chloride (20 g., 0.1 mole) in 20 
ml. of ether was added under nitrogen in 0.5 hr. and the 
mixture was stirred for 1 hr. a t  room temperature. The 
supernatant liquid was separated and the ether was re- 
moved under vacuum. The residue was rapidly distilled 
to give 4.28 g. of colorless liquid, b.p. 86-92', whose in- 
frared spectrum contained the characteristic bands of a 

(7)  T F. Rutledge, .T. Org. Ckcm , 88, 849 (L957); 84, 849 (1959). 
(8) H. Buchert and W. Zeil, 2. physik.  Ckem (Frankfurt), 09, 

(9) H. Gilman and D Aoki, Chem. I n d .  (London), It319 (1961). 
317 (1961). 

terminal acetylene. The infrared spectrum of a fraction- 
ally distilled sample ( b . p  92-95') was unchanged from 
thtrt of the crude material. The purity of the sample 
probably was between 90 and 95%, sufficient for infrared 
spectral studies. The compound undergoes instantaneous 
hydrolysis in contact with moist air. 

Aml,  Calcd. for CsHlsSn: C, 31.8; H, 5.34. Found: 
C, 32.7; 8, 6.01. 

Force-Field Cdcdations.-The equations of motion for 
a linear four-atom system ( E - C s C - H )  were solved, 
using a simple valence force field and neglecting the per- 
pendicular vibrations, all of which belong to a different 
symmetry species.1° The C=C and C-H force constants 
were taken to be 15.7 and 5.9 X 105 dynes/cm., respec- 
tively, as in haloacetylenesll and simple alkynes.l2 Force 
constants for bonds from silicon and tin to digonal carbon 
are unknown, The approximate values K(Si-C=) = 3.8 
apd K ( 8 n - b )  = 2.9 X 106 dynes/cm. were used in the 
caiclations.'s The mass of E was taken as the mass of the 
metal (or carbon) atom alone. Secondary mass effects 
seem to be negligible, since approximately the Same fre- 
quencies are observed for ethynyltrimethylsilane and 
ethynyltriphenylsilane, and for tbutylacetylene and the 
1-alkynes. In view of the approximate nature of the 
method, calculated frequencies are expected to have only 
relative meaning. However, the frequencies fQr v o z c  and 
YCEH calculated for E = carbon, 2155 and 3325 cm.-l, 
agree qui* well with the observed frequencies for 1-alkynes. 

Discussion 

The infrared absorption frequencies of the 
acetylenic G-H and C=C stretching bands in sub- 
stituted 1-alkynes are remarkably constant. So 
long as the atom attached directly to the triple 
bond is a carbon atom UC-H and VEX occur very 
near to 3315 and 2120 cm.-l, re~pectively.~~~'  
However, in acetylenes of type R~E-CEC-H, 
where E is a heteroatom, marked changes in these 
group frequencies may be produced. In the sili- 
con- and tin-substituted compounds, VC=C is 
decreased by about 100 cm.-' from that in 

(10) C. S Kraihanzel, Thesis, University of Wisconsin, 1961 
(11) G R. Hunt and M K Wilson, J Chem P h y s ,  94, 1301 

(1961). 
(12) B L. Crayford gnd S .  H Brinkley, rbsd, 9 ,  69 (1941), 

B L Crawford, ibid , 8, 526 (1940). 
(13) These values were obtained by correcting Si-C and Sn-C 

simple valence force constants for bonds to tetrahedral carbon 
K(Si-C) was taken as 3 31 X 106 dynes/cm 14 No simple valence 
force co-stant Iu- Sn-C has been calculated, but the value 19 esti- 
mated as 2 5 X 106 dynes/cm. for a more complete treatment 
The ratio of C-C foece constants &(tetrahedral - C ( i l ~ a g o o ~ l ) /  

K(Sn--) were obtained by multiplying K($i-C) and K(Sn-C) 
by this factor The predicted frequency lowering is ehanged only 
slightly by other reasonqble estimates of metal-carbon force con- 
stants 

KC(tetmhedrs1) -v G(tetr&edraI) 1s about 1 15,16 SO x ( s i - s )  and 

(14) 5. Silver, J .  Chem. Phys. ,  8, 918 (1940) 
(15) H. Siebert, 2. aqorg. allgem. Chem 
(16) G Herzherk, "Infrared and Raman Spectra of Polyatomic 

hfolecules," D Van Nostrand Company, Inc , Princeton, New 
Jersey, 1946, p. 338 

(17) a. A Nyquist asd W. J. Fotts, S#sctuorhrm Acta, 16, 419 
(1960). 

268, 177 (1952). 
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1-alkynes, and corresponding but smaller decreases 
are observed for VC-H (Table I),l8J9 

TABLE I 
INFRARED FREQUENCIES AND HYDROGEN BONDING 

FREQUENCY SHIFTS FOR ACETYLENES, IN cM. 
AJ’OH’ AJ’c-H~ 

Compound J’CH J’CC Ref. phenol DMA 

RCHzCECH 3314 2119 4 90 72-74 
(CH8)rCCECH 3312 2105,2135 a 95 74 
(CH3)3SiC=CH 3293 2035 a 86 82 
(CaH&SiC=CH 3293 2037 a a! 93 
(CHs)&nCFCH 3286 2010 a a! 66 

(CH&SiC= 

a This investigation. ’ Frequency shift of 0-H band of 
phenol upon hydrogen bond formation to  acetylene. Fre- 
quency shift of C-H band of acetylene upon hydrogen 
bond formation to  N,N-dimethylacetamide. Frequency 
shift not determinable. e L. J. Bellamy, “The Infra-red 
Spectra of Complex Molecules,” 2nd ed., John Wiley and 
Sons, Inc., New York, N. Y., 1958, p. 58. 

RCHzCsCCH1R ... 2260,2190 e 138 ... 

CSi( CH3)3 ... 2107 8 126 ... 

The frequency shifts alone cannot be used to 
deduce information about the bonding, because 
the mass of E and the force constant of the E-C 
bond in these compounds will influence the CEC 
and C-H frequencies even in the absence of any 
electronic effects.20 To estimate the effect of mass 
and force constant differences on the C=C and 
C-H frequencies in acetylenes of type RsE- 
C=C-H, a simple force field calculation was car- 
ried out for the four-atom system, E-CEC-H, 
as described in the Experimental section. From 
this calculation a frequency shift of about -45 
cm.-’ in VC= upon replacement of carbon by 
silicon is predicted. The observed shift is -83 
cm.-’. Thus about half of the frequency shift is 
attributable to mass and simple force constant 
effects resulting from the replacement of C by Si. 
The remainder probably can be attributed to 
electronic effects, i.e., weaking of the C s C  force 
constant by electron withdrawal due to dative 
r-bonding from carbon to silicon. The Si-C 
force constant also should be increased above the 
predicted value by such n-bonding. 

(18) Similar changes in frequency are obsetved for ethynyl 
groups bonded to oxygen or sulfur,lO or halogens.11 

(19) The complete infrared qpectrum of ethynyltrimethylsilane 
has been published recently by Bdchert and Zeila; our frequencies 
agree well with those reported. 

(20) The monohaloacetylenes provide a case in point; there are 
substantial differences in J ’ C ~ C  among these molecules, but Hunt and 
Wllson’sl1 normal coBrdinate treatment indicates that the frequency 
shifts are due entirely to differences in the mass of the halogen and 
in the halogen-carbon force constants. 

For the tin compound the predicted and ob- 
served Cd! frequency shifts from 1-alkynes are 
-70 and - 109 cm.-l. The difference again may 
reflect dative n-bonding from carbon to the metal. 
However, the evidence is less convincing, partly 
because the predicted shift for tin is necesSarily 
more appro~imate.’~ 

Practically no change in the C-H stretching 
absorption frequency is predicted from changes in 
the mass of E and in the E-C force constant. A 
small decrease in VC-H is observed upon substitu- 
tion of silicon or tin for carbon, perhaps reflecting 
C-H bond weakening in these compounds com- 
pared to alkylacetylenes. However, the C-H and 
(kC modes in acetylenes are known to interact 
strongly, and the small changes in VC-H also might 
result from this interaction. 

Hydrogen Bonding Studies.-Silicon is induc- 
tively electron-releasing toward carbon, and so in 
the absence of dative r-bonding silyl acetylenes 
would be expected to be more basic and less acidic 
then comparable carbon compounds. However, 
data in Table I show that observed effects are just 
the opposite. For instance, when mixed with 
phenol ethynyltrimethylsilane gives a smaller 
0-H frequency shift than does t-butylacetylene, 
indicating lower n-electron availability in the sili- 
con than in the carbon compound. Similarly, bis- 
(trimethylsilyl) -acetylene appears to have abnor- 
mally low basicity toward phenol. Also, ethynyl- 
trimethylsilane gives a larger C-H shift upon 
hydrogen bonding to dimethylacetamide than does 
its carbon analog, indicating that the silicon com- 
pound is the better proton donor. The frequency 
shift for ethynyltriphenylsilane with dimethylac- 
etamide is even larger. The pronounced acidic 
behavior of ethynyltriphenylsilane in proton ex- 
change has been demonstrated recently. These 
effects all imply that dative n-bonding takes place 
from the acetylenic group to silicon, in agreement 
with the above deductions from the infrared fre- 
quencies. 

The basicity of the tin compound could not be 
measured because it was rapidly cleaved by phenol. 
However, it appears to be only a weak proton 
donor, and i t  seems likely that in this compound 
the effect of any dative n-bonding on the acidity 
is outweighed by the inductive electron-releasing 
effect. 

(21) R. E. Dessy, Y. Okuaumi, and A. Chen, J .  A n .  Chem. Soc. 
84, 2889 (1962). 




