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Summary

The important spectral features in several mono- and di-substituted amine-
tungsten carbonyls as changes take place in the nature of N—H and C—O bonds
on coordination are discussed. Two N—H bands due to asymmetric and sym-
metric modes appear in the spectra of (amine)W(CO); derivatives. For cis-
(amine),W(CO), four N—H stretching symmetrical and asymmetrical bands
due to A, and B, modes have been recorded. In both the cases the frequency
difference due to asymmetric modes is greater than for the symmetric modes.
Furthermore, the bands due to the B, mode appear at lower frequency than
those due to the A, mode. The C—O stretching force constants K, and K., of
the CO groups trans and cis to the substituent nitrogen donor, respectively,
and the stretch—stretch interaction constant K;, have been deduced. Using
these data the C—O bond orders and the electronic charge distributions on un-
dispiaced CO groups have been deduced.

Introduction

We have earlier described the preparation and vibrational studies of sev-
eral substituted molybdenum carbonyl derivatives [1-4]. In this paper we re-
port the synthesis of some of the amine-substituted tungsten carbonyls and the
spectral.changes which occur due to change in the nature of N—H and C—O
bonds on coordination. We have also evaluated the C—O bond distances, CO
7 bond orders, and hence, the electronic charge densities on remaining carbonyl
groups in these derivatives with the help of semiempirical equations developed
1 this laboratory.

Results and discussion

Preparative methods are identical to those described in our earlier com-
munication [1]. Ethylamine, isopropylamine, butylamine, benzylamine, cyclo-
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hexylamine, piperidine, morpholine and piperazine reacted with tungsten
hexacarbonyl on heating in evacuated sealed tubes to give mono- and di-sub-
stituted derivatives, depending upon the temperature and time. For disubsti-
tuted derivatives the reflux method was better than heating the reactants in
sealed tubes. Allylamine, o -picoline and quinoline upon reaction with W(CO),
yielded only monosubstituted derivatives. Diisopropylamine gave only mono-
substituted derivative when a solution of diisopropylamine and W(CO), in
hexane was irradiated with UV light. Synthesis of tris(amine)tungsten tricar-
bonyls (amine = butylamine, benzylamine and cyclohexylamine) has been des-
cribed elsewhere [5]. Unlike corresponding molybdenum analogues, the tung-
sten derivatives were fairly air-stable in the solid state, but not in solution.
Aminetungsten pentacarbonyls were soluble in polar and nonpolar organic sol-
vents but bis(amine)tungsten tetracarbonyls were practically insoluble in non-
polar solvents and sparingly soluble in polar solvents.

Infrared spectra

N—H bands. When amines coordinate to metal atoms, lowering in N—H
frequencies is observed. To deduce the effect of coordination on N—H frequen-
cies it was essential to allocate the exact positions of free N—H bands in the
infrared spectra of amines. IR spectra of strong solutions of amines show sev-
eral bands in the N—H stretching region, some of which, at slightly lower fre-
quency appear to be due to bonded N—H. Such lowering corresponds to hy-
drogen bonding effects and hinders the exact assignment of free N—H bands.
For this reason IR specira of 0.0005 M solutions of all the amines were mea-
sured in CCl,, except for isopropylamine; quinoline and «-picoline do not have
N—H bonds (Table 1). Since hydrogen bonding is very small in dilute solutions
it became possible to distinguish between free and hydrogen bonded N—H
bands. At this low concentration only two medium weak N—H bands appeared
in ethyl-, butyl-, benzyl- and cyclohexyl-amines and have been assigned asasym-
metric and symmetric N—H stretching bands. These bands are in fair agreement
with Bellamy’s relation [6]: vy, = 345.5 + 0.876 v, - Diisopropylamine, piper-
idine, morpholine and piperazine showed a single N—H stretching band in their
IR spectra. After the exact assignment of the free N—H band the net effect of

TABLE 1
N—H FREQUENCIES FOR AMINES (CCls, 0.0005 X)

Amine Vagym (N—H) Vsym (N—H) v(N—H)
Ethylamine 3455 3370

Butylamine 3455 3370

Benzylamine 3450 3365

Cyclohexylamine 3460 3360

Allylamine 3470 3365

Dusopropylamine 3390
Pipendine 3350
Piperazine 3340

Aforpholine 3350
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coordination could be deduced. In this analysis the assumption has been made
that the vibrations of amine molecules are not strongly coupled to other vibra-
tions and that the small vibrational coupling which may be present will not
cause major perturbations or splittings, and therefore the ligand vibrations can
be analysed based only on the local symmetry. The (Am)W(CO): molecules
possess C;, symmetry, and at least two N—H stretching bands are expected due
to asymmetric and symmetric frequencies of the A, mode when the primary
amines coordinate the metal atom, displacing only one CO group of W(CO);. In
our investigations we have been able to record two N—H stretching bands. From
Table 2 it is obvious that the frequency difference due to asymmetric mode is
greater than the symmetric mode. It is concluded that both W—N—H bonds are
equivalent and that Bellamy’s relation holds for substituted derivatives also. For
diisopropylaminetungsten pentacarbonyl only one N—H stretching band was
observed.

The disubstituted derivatives cis-(Am).W(CO): possess C,, symmetry.
Four N—H stretching symmetric and asymmetric bands due to A, and B,
modes were observed, as expected. In these cases the frequency difference
due to the asymmetric mode was greater than the symmetric mode. Further-
more, the band due to the B, mode appeared at lower frequency than that due
to the A, mode (Table 3).

C—O bands. Due to the air-sensitive nature of solutions of these com-
plexes the infrared spectra were measured on mulls. The assignments of C—O
stretching bands of (Am)W(CO); and cis-(Am).W(CO), have been carried out
on the basis of an analysis given by Cotton and Kraihanzel [7]. Three C—O
stretching bands due to (24, + E) modes are expected in the IR spectra of
monosubstituted derivatives. In fact four C—O bands were observed; the fourth
might arise due to the B, mode which is Raman-active and may gain some in-
tensity in the IR due to distortion from C,, symmetry (Table 4). For éisubsti-
tuted derivatives cis-(Am),W(CO),, four carbonyl stretching bands have been
recorded, due to 24, + B, + B,, as expected for C., symmetry (Table 4). The
C—O siretching force constants K, and K., of CO groups trans and cis to the
substituent nitrogen donor, respectively, and the stretch—stretch interaction
constant K;, have been deduced. Since the force constants have been calculated
from frequencies of mull spectra, they can be considered a lower limit and
might well be 0.10 to 0.20 units higher if obtained from solution data.

The C—O bond distances and C—O 7n-bond orders have been deduced from
egns. 1 and 2.

0.1F=674—450R (1)
R=1.38—0.15P, (2)

(F = C—O stretching force constant, R = C—O bond distance and P, = m-bond
order)

Equation 1 has been found to be valid for a large number of compounds,
and has been developed by plotting C—O stretching force constants [7-10]
versus C—O bond distances [8,11,12] for nine compounds containing C=0 and
C=0 groups [CO, CO,. C,0,, H,CO, W(CO)¢, Mo(CO),, Cr(CO)e, Ni(CO), and
(benzene)Cr(CO);] (Fig. 1).

fcontinued on p. 234)
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TABLE 4

C—0 FORCE CONSTANTS, AND C—0 BOND LENGTHS IN MONO- AND DI-SUBSTITUTED
TUNGSTEN CARBONYLS

Compcund Frequencies Force constants G—O bond lengths (A)

observed (cm™ 1) (mdynes/A) (Calcd.)
Ky R K, R} fi4]

(C>H; NH)W(CO);5 2061, 1963, 14.56 15.56 0.35 1.17 1.15
1918, 1884

G-C3HNH2)W(CO)s 2062, 1965, 1154 1558  0.39 1.17 1.15
1915, 1884

(-CaH )2 NHW(CO)s 2062, 1965, 14.54 15.58 0.39 1.17 1.15
1915, 1884

{CsHoNH2)W(CO)s 2062, 1961, 14.51 15.54 0.34 1.17 1.15

- 1918, 18841

(CaH NI IW(CO)5 2075, 1967, 14.62 15.62 0.45 1.17 1.15
1914, 1887

{CeH 1 NHA)IW(CO)s 2075, 1967, 14.59 15.61 0.41 1.17 1.15
1914, 1887

(C3HgNH2IW(CO);3 2064, 1963, 11.56 15.56  0.35 1.17 1.15
1918, 1884

(CsH ) NIW(CO)s 2080, 1975, 1458 1575  0.41 1.17 1.15
1923, 1887

(Ca:HpN2IW(CO)5 2080, 1975, 14.58 15.75 0.11 1.17 1.15
1923, 1887

{CaiHoNO)YW(CO)s 2072, 1967, 14.65 13.62 a.45 1.17 1.15
1914, 1887

(a-CsH3NCH PWI(T0)5 2070, 1961, 14.65 159.91 0.43 1.17 1.15
1911, 1887

(CgH7N)W(CO)s 2065, 1965, 1154 1558  0.39 1.17 1.15
1915, 1884

(C2HgsNH2)2W(CO) 3 1990, 1869, 13.50 14.65 0.46 1.19 1.16
1843, 1797

{i-C3HaNH2)2W(CO0), 2000, 1869, 13.82 14.69 0.48 1.18 1.16
1834, 1818

{C3HoNH1)2W(CO)4 20900, 1869, 13.82 11.69 0.48 1.18 1.16
1834,1818

(C7HINE2)»W(CO) s 2000, 1858, 13.64 14.71 0.49 1.19 1.16
1844, 1805

(CeH 1 NH2)2W(CO)y 2000, 1869, 13.82  14.69  0.18 1.18 1.16
1844, 1818

(CsH N)aW(CO)s 2009, 1865, 13.59  14.72  0.49 1.19 1.16
1844, 1814

(C3iH 1gN2)W(CO)s 2000, 1858, 13.64 14.71 0.49 1.19 1.16
1844, 1305

(C3HoNO)2W(CO),y 2000, 1855, 13.82 14.69 0.48 1.18 1.16
1844, 1805

Equation 2 has been developed by plotting C—O bond orders (P;) against
C—O bond distances (R) of some of the compounds containing carbony! groups
[13] [V(CO);, W(CO)s, Re(CO);, CO and H.(CO)].-

The validity of eqns. 1 and 2 is supported by the relation 3, developed by
Cotton [14]). On combining eqns. 1 and 2 we get the relation 4, almost the
same as relation 3.

F=6.80P, +5.03 (3)
F=6.75P, + 5.30 (4)
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F1g. 1. A plot of C—O force constants (F) vs. C—O bond lengths (R).

After having a known CO n-bond order, electronic charge distributions
{Qco) on undisplaced carbonyl groups in the substituted tungsten carbonyls
have been calculated (Table 5) from egn. 5 [15].
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From these calculations of 7-bond orders and electronic charge densities

on undisplaced C—O groups, it is apparent that amine molecules affect the

TABLE 5

CO n-BOND ORDERS AND CHARGE DENSITIES?

Compound Cp n-bond order C'O-charge densities
Pr P Qco Qco
(CaHsNHZ)W(CO); 1.40 1.54 —1.20 —0.92
(i-C3H7NH2)W(CO); 1.40 1.54 —1.20 —0.92
(i-C3H7)2a NHW(CO)5 1.40 1.54 —1.20 —0.92
(C1HgNH»)W(CO)s 1.40 1.54 —1.20 —0.92
(C7H7NH)W(CO)5 1.40 1.54 —1.20 —0.92
(CgHy | NH2)W(CO)g 1.40 1.54 —1.20 —0.92
(C3H5NHZ)W(CO)s 1.10 1.54 —1.20 —0.92
(CsH 11 N)W(CO)g 1.10 1.54 —1.20 —0.92
(CaHgN2)W(CO)5 1.40 1.54 —1.20 —0.92
(C4HgNO)W(CO)s 1.10 1.54 —1.20 —0.92
(a-CsH4NCH 3)W(CO)s 1.40 1.54 —1.20 —0.92
{CoH,N)W(CO)5 1.40 1.54 —1.20 —0.92
(C2HgNH2),W(CO)y 1.26 1.46 —1.48 —1.04
(i-C3H7NH1);W(CO)4 1.33 1.16 —1.34 —1.04
(C4HoNH2)2W(CO) ;4 1.33 1.46 —1.34 —1.04
(C7H7NH)aW(CO) 4 1.26 1.46 —1.48 —1.04
(CeH 1 NH2);W(CO)a 1.33 1.46 —1.34 —1.04
(C5H 1 N)2W(CO)4 1.26 1.16 —1.48 —1.04
(C4H N 2IW(CO) 4 1.26 1.46 —1.48 ~1.04
(CqaHgNO)aW(CO0)4 1.33 1.46 —1.34 —1.04

o P;, and Qéo denote the respective parameters for frans-CO, and P,','a.nd Q::'o for cis-CO.



o) 9'e) £z (03p) 761
99 £'e z'er 0'L9 Dios Mojar ug xugay YODIME(THNTHOSHYD)
@ 1§49 (r'ge) 021
0t [ L€ 0°e9 PIOS MON[2X 46/, 911 aqn3 papas SCOMMPHNTHISHYD)
08) @n (r'Le) (2apz01
It D't 898 v S[TI841D MOfa X 401/, 08% anm paag 5(00)YM(NLII6D)
(€ (01D i) 011 .
£'e a1 138 13 2y B[MEAID MO X UoT/ 011 aqn) Paas S(0IMINYHSOEHD-D)
(e'L) (©'2) (1’92} (23p) 0L7
el Qg 6've 699 PI0S MOljaA yg xnyoy O M(ENIIHYD)
(8'9) %) (v 90) (-22p)DYYL
99 o' £'9e 110 PlIos MOflRA s/ 08 aqn} papss S(0D)M(ENATHY))
(6°9) @) (09°q€) (99pJOLT
8'q Le v'oE 0'6¥ MO[(2& pay ug xaygay ¥(02)MTONSHPD)
(r€) 1z (392 (apet
A 0c 292 81 MOfIA 49/, 421 oqm papas §(00)M(ONOIIYD)
o' ('v) o) (*23P) 86T
09 g'r 2'0¢ £'89 molla4 daac et xnyay YO MUNIIHS D)
(r'e) (9°2) (£'62) rot
£t 9z 1'62 6'+8 B[UI8ALD MOjap 49/ 011 oqm) paeag SOMINTIISD)
(we) (51) (1'9g) 7L
pe Lt G've 689 SMBALD MOlfDA yy/ 021 aqm papas S(0DIM(*HNSHED)
(') (e (8°80) (*23p) 003
v'q r'q 6’8t 2’89 B[UISATI MO[2A-AYY 102 xnpoy HOOMUTHNIIH%D)
€e) 0o (1 1€) (*29p) 931
o'e Ve 9°0¢ %'09 S[EIsATY mO[[a4 padeys-opoaN 49! 011 oqm paprag S(0DMCIIN T TH®D)
(5'9) (0'Q) (G50 23M 971
£0 o'y 2t vt PHos majaz up xnyay Y(0OIMT(THINGIYD)
(g'e) we) (2°L2) 99
v'e 6 €LY £°69 MO[(az o1/ 911 aqn) pauog 5(0DYM{THNGHYD)
(eg) {9°g) (r'1g) 0%t
(A4 ge 4 {4 £'89 piloe mojlag AN SO MHNYCLHED Y
wo ©r 0°62) (2apop L
Lo ¢y 8782 v00 PHOS MO[2X yot/ ovt aqni papag YIODMUTHNLIED Y
e t'a) {(0'3e) k4]
p'e 1'2 0'92 L'19 S[1I5A12 MOJ[3X uul 0zt oqm} pajpes S(OD)MTIINLHED)
(z'L) (D°E) (g (*28p) 022
(A b'E L'+ QgL BUISAXI mOfjaf-uofion 41,921 aqm pofeas HODIME(THNSHTD)
N H o
© (%) 2e) W SUO[1PU0d
% (9%}('pomd) punoj sisApeuy DPIOtR SINBUANIBINLY ) uondul poyioly punoduto)

VIVA TYDLLATYNY GNV NOILYHVATUd 'D 31aV]



237

trans C—O group 2.4 times as much as the cis CO groups in monosubstituted
derivatives, and 1.7 to 2.1 times as much as in the disubstituted derivatives.

Experimental

General

Tungsten hexacarbonyl (Diamond Alkali Corporation, U.S.A.) was sub-
limed before use. Isopropylamine was used as 70% aqueous solution but the
other amines were used neat. Reactions and manipulations were carried out
under dry nitrogen or in vacuo. Unreacted tungsten hexacarbonyl was removed
by sublimation from the reaction product at 50°/1 mm. A quartz vessel fitted
with accessories for gas measurement and with an ultraviolet lamp (Philips, 30 W)
was used for UV irradiation under nitrogen. IR spectra were measured on a
Perkin—Elmer 521.

Substitution reactions

Ethylaminetungsten pentacarbonyl. Tungsten hexacarbonyl (0.2 g) and
ethylamine (0.8 ml of 50 % aqueous solution) were heated in an evacuated
sealed tube at 80° for 8 h. The product was removed from tne tube using a
little petroleum ether (40°-60°) and the soivent was evaporated in vacuo. Un-
reacted tungsten hexacarbonyl was removed by sublimation to leave a bright
yellow residue of ethylaminetungsten pentacarbonyl (0.156 g, 74.6%), m.p. 85°.
(Found: C, 22.4; H, 2.0; N, 3.4. C;H,NO;W calcd.: C, 22.7; H, 1.9; N, 3.7%).

The compound, which is soluble in most organic solvents, has also been pre-
pared by a UV irradiation in ca. 5% yield.

Preparation and characterization data of other mono- and di-substituted
compounds are given in Table 6.
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