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Reactions of trimethylamine with Mn(II) and Cd(II) chlorides:
crystal and molecular structure of [Me;NH]|[MnCl;]
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Abstract

Trimethylamine reacts with MCl, (M=Mn, Cd) to give the mono-adducts MnCl,(NMe;) (I) and
CdCl(NMe;) (II), respectively. Attempted crystallisation of I from MeCN provides the anionic complexes
[Me;NH][MnCl;] (III) and [Me;NH],[MnCL] (IV) both from the same solution. Compound XTI has
been fully characterised via an X-ray crystal structure determination; crystals are orthorhombic, space
group Pcmn (non-standard setting of Pnma, No. 62) with cell constants a=28.938(7), b=6.474(8),
c=14.396(14) A, V=833.0 A%, M, 2214, Z=4, D.=1.76 g cm~>. The final R value for 603 unique
reflections [7>20(I)] is 0.077. The structure consists of polymeric linear chains of six coordinate Mn
atoms linked by triple halogen bridges together with discrete [Me;NH]™ cations. Similar treatment of
IT with MeCN results in the formation of [Me;NH][CdClI,]. Single crystal diffraction data confirm that
[Me;NH]|[MnCl;] (IIT) and [Me;NH][CdCl,] are isomorphous.

Introduction

As part of a systematic investigation of the struc-
tural chemistry of trimethylamine complexes of bi-
valent transition metal halides, we have described
the anionic zinc(II) complex [Me;NH][ZnCl;(NMe,)]
[1]. This complex was obtained, along with other
unidentified Zn(II) residues, via an attempted crys-
tallisation from benzene of the neutral adduct
ZnCl;(NMe,), initially isolated from the ZnCl,-NMe,
system. The anion belongs to the tetrahedral Zn(1I)
series [ZnCl, Y]~ which includes Y =ClI [2], H,O [3],
THF [4], acetone [5] and ‘Bu,;P [6a]**; they can be
viewed as precursors to [Zn,Cls]*~ following di-
merisation with loss of 2Y [4]. This present study
is concerned with the MCl,-NMe; systems where
M =Mn, Cd.

Experimental

All manipulations of reactants and products were
carried out either under an atmosphere of dry ni-

*Authors to whom correspondence should be addressed.
**Though not discrete anions the complex V(THF),[(u-
C1),ZnCIPPh,], contains two tetrahedral ZnCl,PPh, units
[6b].
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trogen using a standard ‘dry-box’ or in vacuo using
a conventional all-glass high vacuum line. Trime-
thylamine was stored over P,Os and used as required.
Acetonitrile was heated at reflux over KMnO, for
6 h and distilled on to CaH,. After further treatment
by heating at reflux (6 h) under a N, atmosphere,
the product was fractionally distilled as required.
Benzene was distilled from benzophenone ketyl prior
to use., Anhydrous CdCl, and MnCl, were used as
supplied commercially.

Microanalyses were performed by Medac Ltd.,
Department of Chemistry, Brunel University, Ux-
bridge, Middlesex, U.K. Chloride was determined
by the Volhard titration. '"H NMR spectra were
recorded on a Perkin-Elmer R34 (220 MHz) spec-
trometer. IR spectra were obtained using a Perkin-
Elmer 580B spectrophotometer with samples as nujol
mulls placed between CsI plates.

Preparation of complexes

The metal complexes were prepared by direct
treatment of the anhydrous metal chloride (2 g) with
an excess (30 cm®) of trimethylamine in a double-
ampoule vessel following the procedures described
previously [1].
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MnCl,(NMe,) (I)

An insoluble precipitate was formed, the reaction
taking about 1 week to consume all the pale pink
manganese(II) chloride. Removal of amine gave the
product as an off-white solid which was washed with
n-pentane and dried in vacuo. Anal. Found: C, 19.2;
H, 4.8; N, 7.6; Cl, 38.1. Calc. for CGH,NMnCl,: C,
19.5; H, 4.9; N, 7.6; Cl, 38.3%.

Treatment of I (1.66 g) by Soxhlet extraction using
boiling MeCN over a period of 24 h resulted in the
formation of a deep green solution and an insoluble
grey residue left behind in the extraction thimble.
Gradual removal of solvent from the saturated green
solution provided a crop of pink crystals which were
carefully removed. Complete removal of solvent from
the remaining mother liquor provided a dark green
solid. Subsequent recrystallisations from MeCN/
CH,Cl, of these two separate products provided III
and IV, respectively.

Yield of pink cylindrical rod crystals of
[Me;NH|[MnCl;] (III): 0.74 g. Anal. Calc. for
C:H)yNMnCl;: C, 16.3; H, 4.6; N, 6.3; Cl, 48.0:
Found: C, 16.6; H, 4.7; N, 6.6; Cl, 47.6%.

Yield of light green needle crystals of
[Me;sNH][MnClL,] (IV): 0.31 g Anal. Calc. for
CeHoN-MnCly: C, 22.7; H, 6.3; N, 8.8; Cl, 44.38.
Found: C, 22.4; H, 6.0; N, 8.7; Cl, 44.3%.

CdCl,(NMe,) (II)

A white viscous slurry was formed over a period
of 1 week. Removal of amine left the product as a
white solid which was washed with n-hexane and
dried in vacuo. Anal. Found: C, 14.4; H, 3.7; N, 5.2;
Cl, 29.1. Calc. for C;HNCACL;: C, 14.9; H, 3.7; N,
5.8; Cl, 29.2%.

Treatment of II (1.34 g) by Soxhlet extraction
using boiling MeCN (3 days) provided a clear co-
lourless solution and an off-white insoluble residue
in the extraction thimble. Storage of the saturated
solution at 0 °C resulted in the deposition of white
needle crystals of [Me;NH][CdCl,] (0.87 g). The
product was collected, washed with n-pentane and
dried in vacuo. Anal. Calc. for C;H|(NCdCl;: C,
12.9; H, 3.6; N, 5.0; Cl, 38.2. Found: C, 12.8; H,
3.6; N, 5.2; Cl, 38.1%.

Crystal structure determination of [MesNH][MnCl,]
()

Crystal data

MnCI.NC;H,,, M,=221.4, orthorhombic,
a=8938(7), b=6.474(8), c =14.396(14) A, V=833.0
A3, F(000)=444, D.=1.76 g cm~3, Z=4, Mo Ka
radiation (A=0.7107 A), u (Mo Ka)=25.17 cm™},
space group Pcmn from systematic absences hk0,
h+k=2n+1, 0kl, k=2n+1 (non-standard setting of
Pnma, No. 62).

A crystal of approximate size 0.25X0.20 X 0.15 mm
was set up to rotate about the b axis on a Stoe
Stadi2 diffractometer and data were collected via
variable width w scan. Background counts were for
20 s and a scan rate of 0.0333° s™! was applied to
a width of (1.5+sin wp/tan 6). A total of 839 in-
dependent reflections was measured up to a 26
maximum of 50° of which 603 with I>20(I) were
used in subsequent refinement. The structure was
determined by Patterson and Fourier methods. All
non-hydrogen atoms were in special positions apart
from one carbon atom. Hydrogen atoms on this
carbon were included as a rigid group. Other hy-
drogen atoms were introduced in positions compatible
with the difference Fourier map and refined using
distance constraints. Calculations were performed
using full-matrix least-squares methods with a weigh-
ting scheme w = 1/[0*(F) +0.003F?]. Calculations were
performed using SHELX76 [7] on the Amdahl V7
Computer at the University of Reading. The final
R values were 0.077 (R.=0.079). In the final cycle
of refinement the maximum shift/error ratio was 0.2

TABLE 1. Atomic coordinates (Xx10%) with e.s.d.s. in
parentheses

Atom x y z

Mn(1) 0 0 0

Ci(1) 1482(3) 2500 1042(2)
CI(2) 721(3) 2500 —1283(2)
CI(3) —2121(5) 2500 279(2)
N(1) 4732(13) 7500 1957(10)
C(2) 5161(11) 5573(21) 1414(8)
C(3) 3178(15) 7500 2238(9)

TABLE 2. Molecular dimensions: distances (A) and angles
)

Anionic polymer chain

Mn(1)-CI(1) 2.573(2)
Mn(1)-CI(2) 2.539(2)
Mn(1)-CI(3) 2.525(2)
CI(1)-Mn(1)-CI(2) 83.83(8)
CI(1)-Mn(1)-CI(3) 83.71(7)
C1(2)-Mn(1)-C1(3) 84.12(8)
Mn(1)-CI(1)-Mn(1%) 77.93(8)
Mn(1)-CI(2)-Mn(1%) 79.21(8)
Mn(1)-CI(3)-Mn(1%) 79.74(8)
Cation

N(1)-C(2) 1.521(14)
N(1)-C(3) 1.447(17)
C(2)-N(1)-C(2) 110.2(11)
C(2)-N(1)-C(3) 112.7(7)

*Symmetry element x, 0.5—y, z.



and in the final difference Fourier map, maximum
and minimum peaks were 0.62 and —0.54 ¢ A3,
respectively. Positional coordinates are given in Table
1 and molecular dimensions in Table 2. See also
‘Supplementary material’.

Results and discussion

Reaction of trimethylamine with anhydrous man-
ganese(II) chloride provides the mono-adduct
MnCl,(NMes) (I) which is assumed, by comparison
with tertiary phosphine analogues [MnX,L] where
X =halogen, NCS; L==tertiary phosphine, to have
a polymeric or, at the least, an oligomeric structure
in the solid state [8]. IR bands at 1255 »,,(CN), 989
p(CHsy), 811 v(CN) and 509 8,,(CN) cm™! confirm
the presence of coordinated amine. One interesting
facet of the tertiary phosphine complexes is their
general ability to reversibly coordinate dioxygen and
other small molecules such as NO, CO etc., under
quite mild conditions [9]. With dioxygen and
MnCl,(PMe;), which is the direct trimethylamine
counterpart, there is an irreversible oxidation reaction
to produce the Mn(IIT) complex MnCl;(PMe;), along
with other products [10]. From our investigations I
shows no reaction with dioxygen under various condi-
tions.

An attempted crystallisation of I via Soxhlet extrac-
tion with boiling MeCN provides a green solution
from which two products, both chloro-anions, were
isolated: red [Me;NH]|[MnCl;] (III) (»(NH™') 2786,
v(MnCl) 225 em™') and green [MesNH],[MnCly]
(IV) (M(NH™) 2735, »{MnCl) 286, 265, 240 cm™?).
Whereas the Vis—UV spectrum of III (Ay..(MeCN)
444, 430, 360, 307 nm) is only partially resolved, due

101

tolimited solubility in MeCN, that of IV (A (MeCN)
687, 664(sh), 630(sh), 590, 446, 430, 357, 306 nm)
is indicative of octahedral Mn(II) species in solution.
Recrystallisation of III from MeCN/CH,Cl, gave red
cylindrical rod crystals of suitable quality for an X-
ray structure determination. in addition to the present
species, MnCl;~ [11] and MnCl,2~ [12], other chloro-
anions of Mn(II) include MnClg®~ and Mn;Clg?~
[13], MnCls*~ [14] and Mn,Cl,*~ [15] but there is
no direct analogue of the tetrahedral zinc(II) species
[ZnCl;Y]™ (above).

Structure of [Me;NH][MnClL]

The structure of [Me;NH]|[MnCl;] (Fig. 1) is similar
to that observed for [Me;NH][CdCl;] [16] in that it
contains [Me;NH]* cations and one-dimensional
[MnCl5]"~ polymeric chains in comparable unit cells.
However, for our Mn salt, it proved possible to refine
the cation as ordered rather than disordered around
the crystallographic mirror planes.

The Mn~Cl bond lengths in the [MnCL]*~ anion
(Table 2) can be compared to the unique value of
2.560(2) A found in similar chains in [NMe,][MnCl,]
[11]. However, of the three unique bonds in the
anion, Mn—CI(1) at 2.573(2) A is significantly longer
than the other two (Mn-Cl(2) 2.539(2), Mn-CI(3)
2.525(2) A). It seems likely that this elongation is
due to the formation of the N(1)-H...Cl(1) hydrogen
bond (N...Cl 3.28(2), H...Cl 2.46 A). Similar va-
riations in the M~CIl distances are observed in the
[CdACL3]”~ anion [16] (see ‘Additional comment’).

Direct treatment of CdCl, with an excess of tri-
methylamine over a period of several days gives the
white amine-insoluble adduct CdCl(NMe;) (IT). Ty-
pically CdX,L complexes (X=halogen, L =substi-

- AN

C
Fig. 1. Unit cell of [Me;NH]|[MnCly] in the a projection.
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tuted phosphine) are dimeric with tetrahedral metal
ions linked by halogen bridges, e.g. X=Cl, Br;
L='Bu;P [17], X=1, L=PEt; [18], and the same
structure is assumed for I. The IR spectrum contains
bands at 1260 »,,(CN), 1012 p(CHs,), 825 y,(CN) and
488 5,(CN) cm™! associated with coordinated tri-
methylamine and also two bands below 400 cm™!
which are assigned as #(CdCl)erminat 244 cm™! and
A CACbrigge 210 cm ™, cf. [CACL("Bu;P)], »(CdCl)
285 and 208 cm ™! [17]. An attempted crystallisation
of TI by Soxhlet extraction with boiling MeCN leads
to the formation of [Me;NH][CdCl,] (see ‘Additional
Comment’) and an insoluble light-brown Cd™-contai-
ning residue. The IR spectrum of this product
contains a characteristic NH*) band, 2778 cm™?,
and the room temperature '"H NMR spectrum shows
a sharp singlet 8¢y, 2.78 and a much broader signal
at dyy™ 11.75 ppm. Both signals show a perceptible
downfield shift (8cy, 2.84, 8wy’ 12.20) on cooling
from 298-230K. Various chloro-anions of Cd(II) are
known, for example, CdCl;~ [19], CdCIs®~ [20],
CdCls*~ [21] and Cd,Cl¢*~ [22] but again there is
no tetrahedral equivalent to [ZnCl;Y] ™.

General considerations

There are several factors common to these
MCl,-NMe; systems, M=Cd, Mn (present study)
and M =Zn (previous) [1]: the complete insolubility
of ZnCly(NMe,),, CdCl;(NMe;) and MnCl,(NMe;)
in parent trimethylamine denies the usual extraction
in situ,-so effective for the tervalent metal halide
systems MCl,-NMe; (M=Ti, V, Cr, Fe, In), which
provide the respective bis-adducts as amine-soluble
mononuclear five coordinate (D3,) species (Fe [1];
Sc [23a]; Ti [23b]; V [23c]; Cr [23d]; In [23e]);
subsequent attempts to crystallise the M(II) adducts
using polar coordinating solvents results in the for-
mation of soluble complex anions together with
insoluble (M"-containing) residues; the resulting ca-
tion is always trimethylammonium.

How the MCI,(NMe;) complexes rearrange in
MeCN to give the corresponding anions is open to
question. Studies by Goel et al. [6a, 17] of the M(II)
halide-P'Bu; systems (M=Co, Ni, Zn, Cd) lend
emphasis to the importance of the choice of solvent,
e.g. with 1-butanol anionic complexes
[‘Bu;PH|[MX,P'Bu;] are isolated following phos-
phine protonation by the solvent; in aprotic solvents
the neutral MX,P'Bu, adducts are formed. In our
present study, solvent (MeCN) abstraction is a pos-
sible but extremely unlikely source of protons.

We believe traces of water in the solvent play a
crucial role in initiating limited solvolysis of M-Cl
bonds to give molecular rearrangement with incipient
halide transfer and loss of coordinated trimethyla-

mine. The latter provides the trimethylammonium
cation following proton capture; the formation
of insoluble residues, most likely [M(oxo)-
(hydroxo)(chloro)](?) species, is seen to preserve the
overall balance of metal:halogen.

Additional comment

Chapius and Zuniga [16] have reported the X-
ray crystal structures of three phases of
[Me;NH][CdCl,). The basic structure is made up of
one-dimensional chains of face-fused CdClg octa-
hedra with disordered trimethylammonium cations
located in the free space between the chains. Ad-
ditionally the organic cation is involved in a strong
hydrogen bond N-H...Cl with a chlorine atom. The
X-ray crystal structure of our product, carried out
as an independent study, is similar to those at 174
and 295 K; all three structures have equivalent
dimensions for the polymeric CdCl; anion.

Cell data. CdCI;NC;H;p: M, =278.9, orthorhombic,
a=8.855(7), b=6.689(6), c =14.308(10) A, V=847.5
A3, Z=4, D,=218 g cm™3, Mo Ke radiation
(A=0.7107 A), u(Mo Ka)=34.0 cm™!, space group
Pcmn (non-standard setting of Pnma, No. 62) from
the systematic absences, hk0, h+k=2n+1, 0kl
k+1=2n+1, and from the successful structure de-
termination.

Supplementary material

Tables of thermal parameters and hydrogen atom
positions are available from the authors on request.

Acknowledgements

We thank the SERC for financial support and
Mr. A. W. Johans for his assistance with the crys-
tallographic investigations.

References

1 K. R. Millington, S. R. Wade, G. R. Willey and M.
G. B. Drew, Inorg. Chim. Acta., 89 (1984) 185.

2 A. S. Secco and J. Trotter, Acta Crystallogr., Sect. C,
39 (1983) 317.

3 M. Kubiak and T. Glowiak, Acta Crystallogr., Sect. C,
42 (1986) 419.

4 K. Folting, J. C. Huffman, R. L. Bansemer and K. G.
Caulton, Inorg. Chem., 23 (1984) 3289.

5 V. C. Adam, U. A. Gregory and B. T. Kilbourn, J.
Chem. Soc., Chem. Commun., (1970) 1400.



10

11

12

13

14

15

(a) E. C. Alyea, G. T. Fey and R. G. Goel, J. Coord.
Chem., 5 (1976) 143; (b) F. A. Cotton, S. A. Duraj,
W. J. Roth and C. D. Schmulbach, Inorg. Chem., 24
(1985) 525.

G. M. Sheldrick, SHELX76, program for crystal struc-
ture analysis, University of Cambridge, U.K., 1976.
D. S. Barratt, G. A. Gott and C. A. McAuliffe, J.
Chem. Soc., Dalton Trans., (1988) 2065.

C. A. McAuliffe, H. F. Al-Khateeb, D. S. Barratt, J.
C. Briggs, A. Challita, A. Hosseiny, M. G. Little, A.
G. Mackie and K. Minten, J. Chem. Soc., Dalton Trans.,
(1983) 2147; D. S. Barratt and C. A. McAuliffe, J

Chem. Soc., Dalton Trans., (1987) 2497, and refs. therein.

B. Beagley, C. A. McAuliffe, K. Minten and R. G.
Pritchard, J. Chem. Soc. Dalton Trans., 1987, 1999.
B. Morosin and E. J. Graeber, Acta Crystallogr., 23
(1967) 766.

K. Tichy, J. Benes, R. Kind and H. Arend, Acta
Crystallogr., Sect. B, 36 (1980) 1355.

C. J. J. Van Loon, D. J. W. Idjo, Acta Crystallogr.,
Sect. B, 31 (1975) 770.

J. J. Foster and N. S. Gill, J. Chem. Soc. A, (1968)
2625.

R. E. Caputo, S. Roberts, R. D. Willett and B. C.
Gerstein, Inorg. Chem., 15 (1976) 820; J. Goodyear,
E. M. Ali and H. H. Sutherland, Acta Crystallogr., Sect.
B, 34 (1978) 2617.

16

17

18

19

20

21

22

23

103

G. Chapius and F. J. Zuniga, Acta Crystallogr., Sect.
B, 36 (1980) 807.

R. G. Goel and W. O. Ogini, Inorg. Chem., 16 (1977)
1968.

N. A. Bell, T. D. Dee, M. Goldstein and I. W. Nowell,
Inorg. Chim. Acta, 65 (1982) L87.

M. Kubiak, T. Glowiak and H. Kozlowski, Acta Crys-
tallogr., Sect. C, 39 (1983) 1637.

E. F. Epstein and I. Bernal, J. Chem. Soc. 4, (1971)
3628.

H. P. Beck and W. Milius, Z. Anorg. Allg. Chem., 539
(1986) 7; J. T. Veal and D. J. Hodgson, Inorg. Chem.,
11 (1972) 597.

J. H. Wilhelm and U. Muller, Z. Naturforsch., Teil B,
44 (1989) 1037; J. C. J. Bart, I. W. Bassi and M.
Calcattera, Acta Crystallogr., Sect. B, 36 (1980) 2616.
(a) R. E. Collis, Ph.D. Thesis, University of Southamp-
ton, 1970; (b) B. J. Russ and J. S. Wood, J. Chem.
Soc., Chem. Commun., (1966) 745; (c) P. T. Greene
and P. L. Orioli, J. Chem. Soc. A, (1969) 1621; (d) G.
W. A. Fowles, P. T. Greene and J. S. Wood, J. Chem.
Soc., Chem. Commun., (1967) 971; (e) R. Karia, G.
R. Willey and M. G. B. Drew, Acta Crystallogr., Sect.
C, 42 (1986) 558.



