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1214. The Vibrutional Spectra of Some Addition Compounds of 
Trimethylamine 

By I. R. BEATTIE and T. GILSON 

From an examination of the vibrational spectra of adducts of the type 
MCl,,NMe, (M = Si, Ge, Sn, or Ti) it is suggested that the compounds are 
molecular with C,, symmetry. Similar studies on VX3,2NMe, (X = C1 or 
Br) lead to a monomeric species with a planar VX, unit and probable D3t, 
symmetry. Calculations of the vibrational frequencies of molecules of the 
form MCl,,NMe, with either C,, or C,, symmetry suggest that  (for the force 
constants adopted) coupling of ligand and acceptor modes is not very serious. 
G-matrices are reported for C,,,A,BWX,Y and for C,,,LWX,Y, (using 
general C,, or C,, angles, respectively). 

BY analogy with phosphorus, arsenic, and antimony, it is reasonable to suppose that 
five-co-ordinate compounds of silicon, germanium, and tin should be fairly easily accessible. 
Established cases of five-co-ordination in Group IV include the trigonal-bipyramidal ion 
SnC1,- and the 1 : 1 adduct 2 Me,SnCl,py (where py = pyridine). Many 1 : 2 adducts of 
the type MX4,2L are known (M = Si, Ge, or Sn; X = halogen; L = unidentate ligand), 
but trimethylamine is unusual in forming a number of 1 : 1 addition  compound^.^ It is 
fairly obvious that steric hindrance of the methyl groups in trimethylamine could favour 
C3, symmetry for molecular MX,,NMe,, although, on the basis of electronegativity, either 
CQ, or C3%, symmetry appears to be acceptable., The vibrational spectra of such species 
are of interest primarily for studying their stereochemistry in solution and in the solid 
state, but also (in the case of molecular species) for defining the effect of co-ordination 
of one unidentate ligand on the MX, acceptor modes. 
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Table 1 summarises the excellent spectra which were obtained for a number of addition 

compounds of trimethylamine, both solid-state and solution data being given where 
possible. Our reasons for tabulating these frequencies under ligand and acceptor modes 
will become clear. Inspection of Table 1 immediately suggests two ligand frequencies 

TABLE 1 
The vibrational spectra of some adducts of trimethylamine (v or Av in crn.-l) * 

Compound 
SiC1,,NMe3 

TiC1,,NMe3 

GeC1,,NMe3 

SnCl, , NMe 

SnC1,,2NMe3 
VC13,2NMe, 
VBr,,2NMe3 

State and technique 
I.r., solid (cold) 1 
Raman, solid (cold) 
1.r. solid 
I.r., soln. benzene t 
Raman, soln. benzene t 
I.r., solid (cold) $ 
I.r., soln. benzene- 

Raman, soh.  benzene- 

1.r. ,solid 
I.r., soln. benzene t 
Raman, soln. benzene t 
I.r., solid (mull) 
I.r., soln. benzene t 
I.r., soln. benzene t 

GeC1, t 
NMe, t 

NMe, deform. Acceptor modes 
sym. antisym. antisym. sym. Unassigned 
537w 410sh 582vs 394s 361s 280m 

394 
505w 434sh 4 5 6 ~ 5  370s 344m 
499w 436sh 457s 396s 345m 

391br 345s 174 151 
(pol.) 

517w 435w 413s 353m 302s 
Obscured 416sh 357s 324m 

513m Obscured 417sh 362s 330m 232w 203m 
(POI.) (pol.) (pol.) (pol.) (depol.) 
504%. 427w 370vs 338s 307s 
499w 426w 367vs 345s 317s 

368? 346s 318m 
(pol.) (pol. ?) 

516w 432vw 319vs 
505m 442m 409s - - 325w 298w 
508m 439w 345vs - - 290w 

* Range 600-280 cm.-l (except in the case of Raman data). t Benzene, MCl,, and free tri- 
methylamine bands not reported [solutions containing free GeCl, are obscured in the region of v3 
(i.r.) and v, and v3 (Raman)]. 3 Apparently split 
(450 and 462 cm.-l). 

$ Spectra showed traces of free tetrachloride. 

in each infrared spectrum (assigned by us to symmetric and antisymmetric ligand de- 
formations, for vibrations around 500 and 430 cm.-l, respectively). These frequencies are 
readily located by their unchanging position and their (relatively) low intensity. At first 
sight, for adducts of the type MC14,NMe,, it is possible (from the infrared spectrum) to  
assign a third ligand frequency around 350 crn.-l. However, the Raman spectral data 
show conclusively that this vibration is a highly symmetrical acceptor frequency. 

In solution in benzene, TiCl,,NMe, has been reported to  be monomeric.6 Our spectral 
results, taken in conjunction with the cryoscopic observations, confirm the previous work. 
Similarly, we find that SnCI,,NMe, is monomeric in benzene, with some dissociation 
according to the equilibrium : 

2SnCI,,NMe3 SnC1,,2NMe3 + SnCI, 

The close similarity of solution and solid state data shown in Table 1 for SnCI,,NMe, and 
TiCl,,NMe, suggests that they are molecular in the solid state. (It may be noted here 
that a value of 7 D has been quoted for the dipole moment of SnCl,,NMe,, but no experi- 
mental details were given.) 

A molecular compound of the type MCl,,L is likely to attain approximately trigonal- 
bipyramidal stereochemistry with L in either an axial or an equatorial position. Lowering 
the symmetry of tetrahedral MCl, to C,, or Czv results in splitting of the two " stretching " 
modes of the tetrahedron, as follows: 

5 

Acta, 
8 

7 

See also F. Watari, 2. anorg. Chem., 1964, 332, 322; R. L. Amster and R. C. Taylor, Spectrochim. 
1964, 20, 1487. 
G. W. A. Fowles and R. A. Hoodless, J., 1963, 33. 
H. A. Brune and W. Zeil, 2. Phys. Chem. (Franhjurt), 1962, 52, 384. 
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With the exception of a1 (Td),  all these vibrations are infrared and Raman active. In 
the case of SnCl,,NMe, and TiCl,,NMe, it is evident that in the czsium bromide region, 
after removal of ligand vibrations, there remain only three frequencies assignable as metal- 
chlorine “ stretching modes.” With one exception these are active in both the Raman 
and the infrared. The missing band is in the Raman effect for the strongly coloured 
TiCl,,NMe,. As this band is clearly a high-frequency (antisymmetric) acceptor mode it is 
expected to be strong in the infrared but weak in the Raman. The absence of this band in 
the Raman effect is thus not surprising, as only dilute solutions could be examined owing 
to low solubility in benzene. Summarising, we may note that for the two compounds 
under discussion there are probably three metal-chlorine “ stretching ” modes, a high- 
frequency antisymmetric mode, and two lower-frequency symmetric modes. This clearly 
strongly suggests the (expected) CaU symmetry. 

The most convincing demonstration of the correctness (or otherwise) of this qualitative 
rationalisation of the spectra would be to calculate the vibrational spectra of these mole- 
cules, including in these calculations GeCl,,NMe, and SiCl,,NMe,. 

Table 2 summarises our results for the metal-halogen stretching frequencies, using 
reasonable values of force constants (see Appendix) and trigonal-bipyramidal angles. 
The observed values given in Table 2 are for solution studies. From these calculations 

TABLE 2 

Calculated and observed “ M-C1 stretching vibrations ” for MCl,,NMe, 
M Symmetry Frequency $ (crn.-l) M Symmetry Frequency $ (cm.-l) 
Si (C,) calc. 625 574 366 Ge (C,) calc. 434 419 329 

(C,)*calc. 585 666 535 346 (C,) calc. 403 453 419 303 
obs. 582 361 394t obs. 417 

Ti (C3J calc. 479 447 331 Sn (C,) calc. 376 363 315 
(C2J calc. 448 505 432 310 (C,) calc. 360 390 362 299 
obs. 457 396 345t  obs. 368 318 346t  

7 Most intense Raman band. 
Correlation of the observed and calculated a, frequencies is difficult, as the signs of S ,  and S ,  (C3J in 
the calculated normal co-ordinates vary with the choice of angle (bJ .  Further difficulty arises due 
to  the proposed weak axial metal-chlorine bond. $ Calculated frequencies for MC1,Cl’ (C,) follow 
the order: MC1, antisym. str. (e ) ,  MC1’ str. (UJ, MC1, sym. str. ( a l ) ;  for MCl,Cl,’ follow the order 
MCI, and MC1,’ antisym. str. (b ) ,  MC1, and MC1,’ sym. str. (al) .  

320 362t 

* Solid state only; other “ obs.” data are for solution studies. 

it is apparent that Cgu symmetry is acceptable for the germanium, tin, and titanium com- 
pounds. The full results for the model Me,NMX,Y (C3$ symmetry) (not quoted here for 
brevity) also fully validate our approximation of division into ligand and acceptor modes, 
even where these are quite close and of the same symmetry. In the case of the M-C1’ 
vibration of SiCl,,NMe,, the difference between the observed and calculated values is 
disturbing, although we notice a similar trend in the case of the germanium compound. 
Bearing in mind the crude consideration of a trigonal-bipyramid as based on sp2 plus 
+d hybridisation, it is possible that the Si-C1 link in the (linear) N-Si-C1 grouping has an 
appreciably lower force constant than that of the ‘‘ equatorial ” Si-C1 in the Si-C1, group. 
We also note that we are unable to think of a chemically reasonable formulation which 
gives a preferable result to that obtained for CQU stereochemistry.* 

A polarised band 
at 232 cm.-l in the Raman spectrum of GeCl,,NMe, could be the ubiquitous Ge-N stretch, 
although we have reservations about this. Similarly, a weak band a t  280 cm.-l in the 
infrared spectrum of SiCl,,NMe, is likely to be a ligand frequency but could be the silicon- 
nitrogen vibration. 

In the case of the compounds VX3,2NMe, (X = C1 or Br) the spectra in the solid state 

* If the adduct were [Me,NSiCIJ+Cl- the ‘ I  silicon-chlorine stretching modes ” would be expected 

There remain now three weak bands which have not been assigned. 

to occur a t  appreciably higher frequencies than those reported here. 
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and in solution were virtually identical. The molecular weight datas taken in combin- 
ation with the spectral data show that these compounds are monomeric. The interpret- 
ation of the spectra requires very little comment; a planar VX, grouping with probable 
D3,, symmetry is readily apparent. It should be noted that in a previous investigation 8 

the band at 439 in VBr3,2NMe, was not observed. We note (a) that this compound 
would be unique in a wide variety of trimethylamine adducts if it did not show a band 
near 430 cm.-l, and (b) that this band is of much lower intensity than the 508 cm.-l band 
and occurs near the cut-off point of the (potassium bromide) prism used in the previous 
work. 

EXPERIMENTAL 
compound was taken in a low- 

temperature cell by allowing an approximately equimolar mixture of trimethylamine and silicon 
tetrachloride vapours to condense on to a czsium bromide plate in contact with a copper block 
cooled by liquid air. This compound is stable only a t  low temperatures. 

GeCl,,NMe,.-The specttum of this compound was taken as described above for SiCl,,NMe,. 
However, the enhanced stability of this adduct over its silicon analogue allowed solution 
studies. Quite good solution spectra were obtained by allowing the adduct to dissolve in benzene 
containing either excess germanium tetrachloride (i.r.) or excess trimethylamine (Raman) ; 
the Raman cell was thermostatted a t  30" to allow the necessary reproducibility for polarisation 
measurements. Polythene plates were used in the infrared cell to avoid the possibility of 
halogen exchange. 

SnCl,,NMe,.-A mixture of 1 : 1 and 2 : 1 adducts has been reported to form from the gas- 
phase reaction of trimethylamine with tin tetra~hloride.~ The pure crystalline 1 : 1 adduct can be 
obtained by vacuum-recrystallisation of the product from the direct reaction, using tin tetra- 
chloride as the solvent. Spectra 
were taken in Nujol mulls and also by sublimation on to a cooled plate. The molecular weight 
was determined cryoscopically in benzene (obs. 321, 328; calc. 320). It is interesting that 
recrystallisation of the adduct from benzene yielded a benzene solvate having an infrared 
spectrum different from that of the unsolvated complex. Removal of the benzene in a vacuum 
system caused collapse of the crystals of solvate, but the remaining adduct had a spectrum 
identical with that of the free adduct prepared as described above. [Analysis of the crystalline 
material obtained from the tetrachloride recrystallisation was carried out by hydrolysis and 
potentiometric determination of chloride (Found : C1, 44-2. Calc. for C,H,Cl,NSn : C1, 44.4%). J 

SnBr,,NMe,.-This compound was obtained by heating tin tetrabromide and its reaction 
product with trimethylamine to 100" in vacuo. The product was then sublimed a t  100" in vacuo 
(Found: Br, 64.1. C,H,Br,NSn requires Br, 64.3%). We are not yet able to report the 
spectrum of this compound as it requires an extended spectral range. 

TiCl,,NMe,.-Prepared, as previously described,6 in an all-glass vacuum system, spectra 
being obtained in vacuo in benzene solution (Raman and infrared), and for the solid by allowing 
the solution to evaporate on the plates of the cell. 

The chloride adduct 
was obtained by direct reaction of vanadium tetrachloride with trimethylamine.s Cryoscopic 
observation confirmed the previous report that  the compound is monomeric in benzene (obs. 
280, 310; calc. 276). The bromide adduct was made from vanadium tribromide and tri- 
methylamine.8 

Sfectra-Infrared spectra were taken on a Perkin-Elmer 22 1 instrument equipped with 
rock salt, grating, and czsium bromide optics, and Raman spectra on a Cary 81 Raman spectro- 
photometer except for the spectrum of TiCl,,NMe,, which was taken using a helium source.l0 

SiCl,,NMe,.-The spectrum of this well-characterised 

The product consisted of colourless, well-formed thin plates. 

VX,,BNMe,.-These compounds are well described in the literature.8 

Solid-state spectra were taken as Nujol mulls. 

APPENDIX 
For a molecule of the type Me,NMX,Y the most likely formulation is in terms of C, 

(staggered) configuration so that the methyl groups lie in the XMX angle. In this analysis 
the methyl groups are treated as point masses, and the (inactive) torsional mode is neglected. 
The normal modes in Cartesian co-ordinates split up (after removal of translation and rotation) 

G. W. A. Fowles and C .  M. Meass, Chem. and Ind., 1955, 1742. 
J. E. Fergusson, D. K. Grant, R. H. Hickford, and C. J. Wilkins, J., 1969, 99. 

lo L. A. Woodward, personal communication. 
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l1 T. R. Gilson, Thesis, London, 1964. 
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G12,i3 = pX/L32 + (3pM/2)[(1/L4) + (cos b,)/&l[(cos b 2 ) / L 3  - (1/L2)1; 
G13,13 = (pX/L32) f (3pM/2)[(c0s b 2 ) / L 3  - (1/L2)12 f (3&2L22) ; 

where m,,, = sin (b,,,) tan (alY2/2) ; p,,, = 2 cos (u1,,/2). 
The corresponding F-matrix elements for S V F F  are : 
a1 Fii = KMN; F 2 2  = kXMe; F a 3  = (kb, ni2kul)/(1 f ni2) ; 

F44 = kMY; F55 = KMX; Fat3 = (kb2  f kbz' + n2'ka2)/(2 f fi2'). 

F7, = h e ;  F88 = k,; F,, = kb,'; Fio,io = RMX; e 

Fii,ii = kzZ; F12,12 = kb,'; Fi3, i3  = kb,. 
The case of LMX,Y, (C,,) has been considered previously by Zeil and Dietrich 12 but using 

only angles of 120 and 90". We shall comment later on some discrepancies between their 
analysis and ours. Further, we shall report elsewhere the effect of changes in the valence angles 
on the contributions of the various force constants to the potential energy for certain normal 
modes of vibration. 

In addition to the co-ordinates shown in Figure 2, the foIIowing are defined: a, = L L M X , ;  
a2 = L L M X , ;  b3 = LY,MY,; y2 = LY1MX2;  y3 = LY2MXl. 

It may initially appear that b3 is unnecessary, but opening a3 to 180' will immediately show 
the need for this internal co-ordinate. A t  the same time it wilI be appreciated that this enables 
us to take advantage of the full symmetry of the problem. Thus we find that rmol = 5A,  + 
A, + 3B, + 3B2. Clearly the matrices for B, and B, (which differ only by the choice of x 
and y, the C, axis being chosen for z )  will be formally identical apart from a difference in nomen- 
clature of the internal co-ordinates, masses, and force constants. As there are fifteen internal 
co-ordinates and only twelve normal modes we are left with three redundancy conditions. 
Two of these (ha, + Au, + ha3 = 0 and Ab, + Ab2 + Ab3 E 0) are obvious. The third 
condition is more complex, involving a relationship between three different kinds of angles, 
a(= u3),  b(= b3),  and y ( =  y n ;  n = 1-4). The well known trigonometric formula for this 
situation is 

cos y = cos ( 4 2 )  cos (b/2). 
Thus, (ay/aa)b = [cos (b/2) sin (a/2)]/2 sin y = n, 

(ay/ab), = [cos (a/2) sin (b/2)]/2 sin y = n2. 

Thus, the third redundancy condition becomes 

We may now write out the symmetry co-ordinates : 
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U~ F,, = k,. 
b1 F77 = k M x ;  Fee = Ku1 ; F,, = k,. 

Putting n, = 0, n2 = 1/4, p = 1, and p ,  = 1/3/2 should lead to matrices identical with those 
derived by Zeil and Dietrich.12 In  all cases, except for G,, (ul), G,, (b,), and Gll,,, ( b 2 ) ,  this 
is true. For the case of G,,,,, the negative sign given by the previous authors is wrong, as it 
could only occur in a diagonal term for a negative mass. We have checked the other two cases, 
where the differences are again minor, but can see no error in our own working. It is, however, 
interesting to note that on p. 45 of ref. 12 the equations given below the diagrams are not 
strictly meaningful, as this is not an  orthogonal transformation. [The set of equations Qn = 2 A& strictly gives the coefficients Ant of the transformation (of any arbitrary vibration of 

the molecule expressed in terms) of the St into (an expression in terms of) the normal co-ordinates 

Qn. A,St, indicating that the given summations 

of the vectors S1 give the vectors Qn. The two expressions are only equivalent when the trans- 
formation is orthogonal, which is not the case here. If the coefficients A,, are correctly normal- 
ised it is, however, correct to write St = 2 AntQn. Correspondingly, if Am-l represents a co- 

efficient of the matrix inverse to /Ant/ ,  the; we may write Qn = 2 but St = 2 Ant’Qn 
(see Wilson, ref. 1 3 ) J .  t n 

Table 3 snmmarises the force constants used in the above calculations, together with the 

t 

--f 

The summations of ref. 12 are better written 
+ 4 t 

--t + 

TABLE 3 

Force constants * and interatomic distances t for Me3NMX3Y (C3t,) and LMX2Y2 (C2v) 
(I) Me3NMX3Y (X = Y = C1) (11) LMX,Y, (L = Me3N, X = Y = C1) 

Si Ge Ti Sn Si Ge Ti Sn 
dMN(&) 2.01 2.09 2.20 2.31 (L,) 2.01 2.09 2.20 2.31 
&x(L3) 2.01 2.09 2.20 2.31 (L3) 2.01 2.09 2.20 2.31 
dMY(L4) 2-01 2.09 2.20 2-31 (L,) 2-01 2.09 2.20 2.31 

kMX 2.51 2.12 2.09 1.97 kMx 2.51 2.12 2.09 1-97 
AMY 2-51 2.12 2.09 1.97 kMy 2.5 1 2.12 2.09 1-97 
ha, 0.489 0.674 0.503 0.523 kal 0.367 0.481 0.377 0.392 
k’ba 0.489 0.674 0.503 0.523 k,, 0.489 0.674 0.503 0.523 
kbe 0.367 0.481 0.377 0.392 kbl 0.367 0.481 0-377 0.392 

kbs 0.122 0-168 0-126 0.131 
h ’ ~ x x $  0.150 0.156 0-124 0.080 k’Mxx$ 0.150 0.156 0.124 0.080 

k’Myy$ 0.038 0.039 0.031 0.020 
k’MXy$ 0.150 0.156 0.124 0.080 Fz’~xp 2 0.300 0.312 0.248 0.160 
~ N M ~  3.0 k,, 1.08 kbi  1.23 
d”e 1-47 t 

kMN 0.8 0.8 0.8 0.8 ~ M L  0.8 0.8 0.8 0.8 

* In md. A-l (stretching) or md. a rad.-2 (deformational). t In  angstrom units. $ These con, 
stants lead to the following modifications to the F-matrices: (C3J F,, = 2 / sk ’Mxy;  F,, = kux + 
~ ~ ’ M x x ;  F10,10 == h x  - k’Mxx; (Czv) F,, = -k ~ ’ N I P P ;  F33 = kMx 4- k’abxx; F 2 3  = ~ ~ ‘ M x Y ;  F77 = 
~ M X  - ~ ’ M X X ;  F,o, lo  = hay - ~’MYY. 
l3 E. B. Wilson, jun., J. C. Decius, and P. C. Cross, “ Molecular Vibrations,” McGraw-Hill, New 

York, 1956. 
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relevant interatomic distances. The calculations described here were carried out with either 
tetrahedral, 120" and 90" angles (C3J, or with 120" and 90" angles (CZv). The force constants 
were estimated for the tetrahalide residues by taking an arbitrary 0-8 of the values obtaining 
in the parent tetrahalides for stretching constants, and using the deformational constants 
unchanged (except where a large angle indicated a reduced value). Since particular interest 
centred round the metal-halogen stretching modes in this investigation, a stretch-stretch 
interaction constant was introduced for these bonds. 

We thank Dr. L. A. Woodward for examining the Raman spectrum of a solution of TiC1,,NMe3 
in benzene, the D.S.I.R., hlessrs. Albright & Wilson Ltd., and Messrs. Proctor & Gamble Ltd., 
for financial support, and Mr. D. Sleeman for assistance in computer programming. 

DEPARTMENT O F  CHEMISTRY, KING'S COLLEGE, 
STRAND, LONDON W.C.2. [Received, March 3rd, 1965.1 




