of O
metallic
Chemistry

ELSEVIER

Journal of Organometallic Chemistry 487 (1995) 7-15

Liquid clathrate media containing transition metal halocarbonyl anions;
formation and crystal structures of [K*- 18-crown-6][Cr( CO)Cl],
[H,O* 18-crown-6]W(CO).Cl], [H,O "+ 18-crown-6][W(CO),Cl,],

and [H,O - bis-aza-18-crown-6 - (H*),[W(CO),Cl,],

Jerry L. Atwood *!, Simon G. Bott !, Peter C. Junk ', Michael T. May '
Department of Chemistry, University of Missouri-Columbia, Columbia, MO 65211, USA

Received 26 January 1994, in revised form 23 June 1994

Abstract

The complexes [H;O*- 18-crown-6][W(CO);Cl], (2) [H;0*- 18-crown-6][W(CO),Cl;], (3) and [H,O - bis-aza-18-crown-6 -
(H"),IW(CO),Cl,],, (4) were synthesized from a mixture of W(CO),, HCl,,, H,0 and either 18-crown-6 for 2 and 3 or
bis-aza-18-crown-6 for 4, in toluene. Reaction conditions for [K*- 18-crown-6][Cr(CO)sCl], (1) were similar except that Cr(CO),,
and KClI were used in place of W(CO), and H,O, respectively. These reactions were promoted with the use of UV radiation and
liquid clathrates were formed almost immediately upon reaction. X-ray crystal structures were deduced for each compound.
Complex 1 crystallizes in the orthorhombic space group Pbnm with a = 7.432(1), b = 16.521(3), ¢ = 19.508(2) A, and D, =148¢
cm ™ for Z = 4. Refinement based on 1277 observed reflections led to a final R value of 0.078. Complex 2 crystallizes in the
rhombohedral space group R3 with a = 13.458(1), ¢ = 10.769(1) A and D.=177¢g cm 2 for Z = 3. Refinement based on 715
observed reflections led to a final R value of 0.014. Complex 3 crystalllzes in the monoclinic space group C2/c with
a=224112), b=11.018(1), ¢ =16.340(2) A, B = 114.34(1)°, and D,=124 g cm™? for Z = 4. Refinement based on 1966
observed reflections led to a final R value of 0.068. Complex 4 crystalllzes in the triclinic space group P1 with a = 11.761(1),
b = 12.096(1), ¢ = 14.966(1) A, a = 107.88(1), B =91.19(1), y = 117.44(1)°, and D, = 2.03 g cm > for Z = 2. Refinement based on
3065 observed reflections led to a final R value of 0.054.

Keywords: Chromium; Tungsten; Clathrates; Metal carbonyls

1. Introduction

The halocarbonyls of the Group VI elements have
been widely explored, particularly as starting materials
for various adducts of these transition metals [1].
M%CO);X]"~ anions are well known, and can be easily
prepared from M(CO); and NR}X~ [2]. The M!
species [M'"(CO),X,] is typically prepared by halogen
oxidation of M(CO), (M = Mo, W but not Cr) [3]. The
M complex can then be used in the synthesis of
M'(CO),X;]” and [M™(CO),L,X,] [3]. All these
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complexes are useful for further reaction, for example,
where CO undergoes ligand substitution reactions or
where further oxidation of the metal center is desired.

Structural and other aspects of the [M%CO);X]~
anion have been previously discussed. The complex
typically exists in a monomeric octahedral array [4-6].

Seven-coordinate complexes of tungsten(I) are not
uncommon [7]. However, for mononuclear, monoden-
tate species the number is rather diminished. Several
structures have been determined and three geometries
have been recognized for this coordination number: (i)
the capped octahedron [8], (ii) the capped trigonal
prism [9], and (ii) the 4:3 piano stool [10]. The capped
octahedron dominates these morphologies [7]. The
[W(CO),Br;]” anion has been described as both a
capped octahedron [8] and a capped trigonal antiprism
[91.
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Crystal data and summary of data collection for complexes 1-4

Compound

[K™*- 18-crown-6]
[CHCO)sCI™] (1)

[H,0™*- 18-crown-6]

[W(CO)sC17](2)

[H,07- 18-crown-6]

[W(CO),Cl5](3)

[H,O - bis-aza-18-crown-6 - (H*),]

[W(CO),CI5], @)

Mol. Wt.
Space group
Cell constants
a, A

b, A

¢, A

a, deg

B, deg

v, deg

v,A?

Molecules /unit cell

D, gem™3

u,cm !

Radiation

Scan width, deg
28 range, deg

No. reflens colled
No. of obsd reflcns

No. of params varied

Sigma cutoff
Weighting scheme

Temp. of data colln, deg

R
R

w

530.92
Pbnm *®

7.432(1)
16.521(3)
19.508(2)
90

90

90
2395(1)
4

1.48

8.04

Mo Ka
0.80 + 0.20 tan 6
2-45
2185
1277

156

3o

unit weights
23

0.078
0.076

642.74
R3

13.948(1)
13.948(1)
10.769(1)
90

90

120
1814(1)
3

1.77
50.61
Mo Ka
0.85+0.35 tan 6
2-50
1705

715

61

30

unit weights
23

0.014
0.016

685.59 1087.00
C2/c Pi
22.411(2) 11.761(1)
11.018(1) 12.096(1)
16.340(2) 14.966(1)
90 107.88(1)
114.34(1) 91.19(1)
90 117.44(1)
3676(15) 1763(9)

4 2

1.24 2.05
34.66 71.94
Mo Ka Mo Ka
0.80+ 0.20 tan 6 0.80 + 0.20 tan 6
2-45 2-45
3159 4306
1966 3065

147 388

3¢ 30

unit weights unit weights
23 23

0.068 0.054
0.076 0.063

? Alternative setting of Pnma, No. 62.

Much discussion has centered on the structure of
H,0", as well as the [H;0 " 18-crown-6] cation [11,12],
where arguments have focused on planar versus pyra-
midal geometry around the oxonium ion center. Species
have been identified where the O(oxonium) atom sits

Table 2

Final fractional coordinates for [K*-18-crown-6] [CH{CO)sCl™] (1)
Atom X y z

cr(1) 0.1365(3) 0.1129(1) 0.2500

Cl 0.1337(9) 0.1240(4) 0.3796(4)
Cax 0.138(3) 0.105(1) 0.343(1)
Oax 0.142(3) 0.093(1) 0.107(1)
Ca 0.367(2) 0.1615(9) 0.2500
Oa 0.507(2) 0.1914(8) 0.2500
Cb 0.244(2) 0.005(1) 0.2500
Ob 0.302(2) ~0.05527) 0.2500
Cc —0.096(2) 0.0650(9) 0.2500
Oc —0.239(1) 0.0379(8) 0.2500
Cd 0.027(3) 0.214(1) 0.2500
Od —0.037(2) 0.2801(8) 0.2500

K 0.0000 0.0000 0.5000
o) —0.2593(8) -0.0192(4) 0.4014(3)
Cc(2) —0.287(1) —0.0975(6) 0.3785(5)
Cc(3) —0.118(1) —0.1373(D) 0.3624(5)
04) —0.0134(9) —0.1436(4) 0.4226(3)
(€)] 0.160(1) —0.1770(6) 0.4121(5)
c(®) 0.253(1) —0.1850(6) 0.4806(5)
o 0.2929(8) —0.1088(4) 0.5051(3)
c® 0.368(1) —0.1147(6) 0.5713(5)
) —0.418(1) 0.0262(6) 0.4052(5)

within 0.1 A of the plane of the crown ether oxygen
atoms [13], whilfc:, others have been found to reside
further than 0.5 A out of this plane [14].

As part of our investigations of liquid clathrate
systems [15-17], involving the stabilized oxonium ion,
[H,O™- 18-crown-6] [18-22], we now report the inter-
action of W(CO), with the 18-crown-6 /HCl /H,O sys-
tem in toluene. Several species have been identified
using this novel synthetic approach, depending on the
oxidation state of the metal. A discussion of the geom-
etry of the [H;O*- 18-crown-6] cation is also pre-
sented, since this is a rare species not only in aromatic
solvents but also paired with organometallic anions.
Also included is the interaction of Cr(CO), with 18-
crown-6 /KCl /HCI in toluene in the absence of mois-
ture.

2. Experimental section

Cr(CO)¢, and W(CO), were obtained from Aldrich
Chemical Co. and HCI gas was purchased from Atlas-
Airco. Complexes 1 and 2 were prepared under an
inert atmosphere, while complexes 3 and 4 were pre-
pared while exposed to air prior to the reaction mix-
ture being sealed in an air-tight screw-top tube. 'H
NMR spectra on the liquid clathrates were recorded as
neat solutions on a Varian EM360L 60 MHz spectrom-



Table 3

Selected bond distances (A) and angles (°) for 1.
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Bond distances

Oax ~Cax 0.98(3)
Ob -Cb 1.09(2)
Od -Cd 1.19(2)
K -0(4) 2.814(6)
Cr(1) -Cl 2.534(7)
Cr(1) -Q0ax 2.81(2)
Cr(1) -Cb 1.95(2)
Cr(1) -Cd 1.86(2)
Bond angles

Oax ~Cax -Cr(1) 173(3)
Ob -Cb -Cr(1) 179 (1)
Od -Cd -Cr(1) 178 (2)
Oax -Cr(1) -Cl 177.4(5)
Ca -Cr(1) —Cax 91.4(7)
Cb -Cr(1) -Cl 94.0(2)
Cb -Cr(1) -Q0ax 83.5(4)
Cc ~Cr(1) -Cl 91.3(2)
Cc ~Cr(1) -Oax 87.9(4)
Cc -Cr(1) -Cb 89.6(6)
cd ~Cr(1) —Cax 94.1(8)
Cd -Cr(1) —Ca 90.6(7)
Cd -Cr(1) -Cc 88.8(7)

Oa -Ca 1.15(2)
Oc -Cc 1.15(2)
K -0(1) 2.740(6)
K -0(7) 2.823(6)
Cr(1) -Cax 1.83(2)
Cr(1) -Ca 1.89(2)
Cr(1) ~Cc 1.90(2)
Oa —Ca -Cr(1) 179.8(4)
Oc¢ ~-Cc -Cr(1) 178 (1)
Cax -Cr(1) -Cl 179.8(2)
Ca -Cr(1) -Cl 88.7(2)
Ca -Cr(1) —Oax 92.1(4)
Cb -Cr(1) ~Cax 85.9(8)
Cb ~Cr(1) —-Ca 91.0(6)
Cc -Cr(1) —Cax 88.6(7)
Cc ~Cr(1) -Ca 179.4(6)
Cd ~-Cr(1) -Cl 86.1(2)
Cd -Cr(1) -Qax 96.4(4)
Cd -Cr(1) -Cb 178.4(7)

eter. '"H NMR chemical shifts for all complexes were
similar, and shifts were in the ranges as follows: § 1.95
and 6.85 ppm (toluene), & 3.00-4.00 ppm (crown
ethers), 8 9.40 ppm (H;0™).

2.1. Preparation of [K *+ 18-crown-6][Cr(CO)Cl] (1)

To a sample of 18-crown-6 (1.0 g, 3.62 mmol) in
toluene was added KCl1(0.27 g, 3.62 mmol) and Cr(CO),
(0.80 g, 3.62 mmol) and stirred rapidly for 15 min.
HCl(g) was then rapidly bubbled through the mixture
for approximately 1 h while irradiating with UV radia-
tion. After this time, a light yellow liquid clathrate
separated from the solvent with a toluene:complex
ratio of 1.7:1 as determined by 'H NMR. Yellow
crystals of the title complex deposited from the liquid
clathrate layer after 48 h.

Table 4

Final fractional coordinates for [H;O*-18-crown-6] [W(CO);Cl~]
2

2.2. Preparation of [H;0 *- 18-crown-6][W(CO);Cl] (2)

A sample of 18-crown-6 (0.66 g, 2.50 mmol) was
moistened with distilled water (0.045 ml, 2.50 mmol)
and approximately 50 ml of toluene added. W(CO),
(0.87 g, 2.50 mmol) was then added and HCl(g) was
rapidly bubbled through the mixture for approximately
1 h while irradiating with UV radiation. After this
time, a slightly yellow liquid clathrate separated from
the solvent with a toluene:complex ratio of 3.1:1 as
determined by 'H NMR. Yellow prism shaped crystals
of the title complex deposited from the liquid clathrate
layer after five days.

2.3. Preparation of [H;0 * - 18-crown-6][W(CO),Cl,](3)
A sample of 18-crown-6 (1.0 g, 3.62 mmol) was

moistened with distilled water (0.065 ml, 3.62 mmol)
and approximately 100 ml of toluene added. W(CO);

Table 5
Atom X y z Selected bond distances (A) and angles (°) for 2
w 0000 .0000 .0000 Bond distances
o) .2224(2) .1566(2) 5173(2) W -Cl 2.68(1) W -C 2.023(6)
() .2980(3) 1211(3) .4824(3) (0] -C 1.090(9)
CcQ) .2495(3) .2599(3) .4625(3) Bond angles
0?2 .2063(6) .1007(7) 1731(7) Ci -w _Cr 94.7(7) C -w - 88.6(5)
c? .1350(5) .0672(5) 1111(7) C -W  —C* 180.0(5) Cr -w  -C 92.3(6)
cie .188(1) .096(1) 131(1) crr -w  -C 91.2(6) cr -w -C 175.5(6)
o2) .0000 .0000 .4634(6) w -C -0 177.9%(8)

* C and O refined with occupancies = 5 /6, Cl with occupancy = 1 /6

Symmetry codes: ' (x,y, z) > (-y, x-y, 2); " (y-x,%, 2); * (-x,-y,-2).
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Table 6
Final fractional coordinates for [H;07-18-crown-6] [W(CO),Cl5 ]
3)

Atom X y z

w 0.28412(5) 0.2875(1) 0.34433(7)
CK1) 0.3472(4) 0.2993(8) 0.5103(4)
Cl2) 0.3751(4) 0.1598(9) 0.3426(6)
Ci(3) 0.3464(4) 0.4688(8) 0.3318(6)
Ca 0.186(1) 0.265(3) 0.274(2)
Oa 0.1342(9) 0.253(2) 0.237(2)
Cb 0.265(1) 0.278(3) 0.207(2)
Ob 0.256(1) 0.277(3) 0.137(1)
Cc 0.240(2) 0.427(4) 0.372(3)
Oc 0.212(2) 0.505(3) 0.390(2)
Cd 0.263(2) 0.123(3) 0.383(2)
Od 0.253(1) 0.036(2) 0.406(2)
O 0.0000 0.306(4) 0.7500
o(1) 0.0000 0.080(4) 0.7500
CcQ) 0.047(2) 0.007(4) 0.812(3)
c(3) 0.094(2) 0.086(3) 0.869(2)
0.C)) 0.071(2) 0.179(3) 0.910(2)
() 0.129(4) 0.250(7) 0.975(5)
C(6) 0.089(3) 0.360(6) 0.974(4)
o7 0.048(2) 0.436(3) 0.900(2)
C(8) 0.006(4) 0.536(7) 0.909(6)
C9) 0.022(3) 0.594(6) 0.850(4)
0(10) 0.0000 0.569(6) 0.7500

(1.27 g, 3.62 mmol) was then added and HCl(g) was
rapidly bubbled through the mixture for approximately
1 h while irradiating with UV radiation. After this
time, an orange /yellow liquid clathrate separated from
the solvent with a toluene:complex ratio of 2.3:1 as
determined by '"H NMR. Orange crystals of the title
complex deposited from the liquid clathrate layer after
three days.

Table 7 .
Selected bond distances (A) and angles (°) for 3.
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2.4. Preparation of [H,0O - biz-aza-18-crown-6 - (H*),]-
[W(CO0),Cl;], (4)

A sample of bis-aza-18-crown-6 (0.2 g, 0.76 mmol)
was moistened with distilled water (0.02 ml, 0.80 mmol)
and approximately 30 ml of toluene added. W(CO),
(0.27 g, 0.76 mmol) was then added and HCl(g) was
rapidly bubbled through the mixture for approximately
1 h while irradiating with UV radiation. After this
time, a light yellow liquid clathrate separated from the
solvent with a toluene:complex ratio of 2.2:1 as deter-
mined by '"H NMR. Orange crystals of the title com-
plex deposited from the liquid clathrate layer after
three days.

2.5. Collection of X-ray diffraction data, and solution
and refinement of the structures

Single crystals of 1, 2, 3 and 4 were sealed in
thin-walled glass capillaries. Final lattice parameters as
determined from the least-squares refinement of the
angular settings of 25 high angle reflections (26 > 30°)
accurately centered on an Enraf-Nonius CAD4 diffrac-
tometer are given in Table 1 with a summary of data
collection parameters. An empirical absorption correc-
tion based on psi scan data was performed. Calcula-
tions were carried out using the SsHELX system of com-
puter programs {23].

Positions of heavy atoms were determined from a
three-dimensional Patterson function. All other non-
hydrogen atoms were located from a difference-Four-
ier synthesis. All non-hydrogen atoms were refined
with anisotropic thermal parameters, except the Cl and

Bond distances

W ~Ca 2.03(3)
w -Cb 2.11(3)
Y -Cc 1.98(6)
Y -Cd 2.04(5)
Y -CI(1) 2.491(4)
Y -Ci(3) 2.492(8)
Bond angles

Cb -W —Ca 72 (1)

Ce -w —Cb 112 (1)

Cd -W -Cb 108 (1)
Oa —Ca -W 179 (2)
Oc —Cc -W 176 (4)
Ca -W -CI(1) 128.5(7)
Ce -W -CI(1) 80 (1)
Cl(1) -W -CI(2) 86.7(3)
Cb -W -CI(2) 76.6(9)
cd -W -CI(2) 78 (1)
Cl(2) -W -CI(3) 87.93)
Cb -W -CI(3) 80.0(9)
cd -W -CI(3) 161.5(9)

Oa ~Ca 1.08(3)
Ob -Cb 1.07(3)
Oc -Cc 1.19(6)
Od -Cd 1.08(3)
W -CI(2) 2.488(8)
Cc -W -Ca 73 (1)
Cd -W -Ca 74 (1)
Cd -W -Cc 115(2)
Ob -Cb -W 178 (3)
Od -Cd -W 177 (3)
Cb -W -Cl(1) -159.6(8)
Cd -W —CI(1) 79.2(9)
Ca -W -CI(2) 128.5(8)
Cc -W —CI(2) 159 (1)
CI(1) -W -CI(3) 87.8(3)
Ca -W -Ci(3) 124.1(8)
Cc -W -Ci(3) 75 (1)
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Table 8
Final fractional coordinates for [H,O - bis-aza-18-crown-6 -
(H*),IW(CO),ClI5 ], (@

Atom x y z

w(1) 0.47662(9) 0.8904(1) 0.16268(7)
CI(11) 0.3847(4) —0.2653(5) —-0.0132(3)
Ci21) 0.6165(5) —0.2166(5) 0.1690(4)
Cl3D 0.3044(5) —~0.2874(5) 0.2131(4)
Ca(l) 0.534(3) 0.084(3) 0.210(2)
Oa(l) 0.434(2) —~0.194(2) 0.762(2)
Ch(1) 0.539(2) —-0.037(2) 0.310(2)
Ob(1) 0.560(2) —0.006(3) 0.389(1)
Cc(1) 0.313(3) —0.096(2) 0.133(2)
Oc(2) 0.781(2) 0.095(2) 0.880(D
Cd(1) 0.618(3) -0.031(2) 0.090(2)
0d(1) 0.299(2) -0.017(2) 0.949(2)
w(Q2) 0.03140(9) 0.0528(1) 0.30857(7)
CK12) 1.1252(5) 0.2138(6) 0.4783(4)
Cl22) 1.2365(6) 0.2063(6) 0.2632(5)
Cl(32) 0.9232(5) 0.1853(5) 0.2860(4)
Ca(2) 0.942(2) ~0.134(2) 0.262(2)
0Oa(2) 0.883(2) —0.259(2) 0.233(D
Cb(2) 0.975(3) —-0.013(3) 0.164(2)
Ob(2) —0.048(2) —0.044(2) 0.086(1)
Cc(2) 0.872(3) —-0.009(3) 0.378(2)
0Oc(2) 0.790(2) —-0.039(2) 0.415(1)
Cd(2) 1.170(3) 0.007(3) 0.349(2)
0d(2) 1.242(2) -0.017(2) 0.369(2)
0 0.195(1) 0.452(D 0.289(1)
o(1) 0.428(2) 0.490(2) 0.179(1)
cQ) 0.375(2) 0.384(3) 0.080(2)
Cc3) 0.271(2) 0.393(3) 0.029(2)
04) 0.165(1) 0.359(2) 0.076(1)
c(5) 0.067(3) 0.377(3) 0.039(2)
c(6) —0.0403) 0.343(3) 0.095(2)
N(7) 0.013(1) 0.445(2) 0.187(1)
(8 —0.087(3) 0.462(3) 0.235(2)
c9) —0.023(3) 0.584(3) 0.319(2)
0(10) 0.045(2) 0.558(2) 0.382(1)
c(1 0.124(3) 0.675(4) 0.465(2)
Cc(12) 0.203(3) 0.641(4) 0.517(2)
0(13) 0.293(2) 0.621(2) 0.462(1)
C(14) 0.389(3) 0.612(4) 0.512(2)
Cc(15) 0.508(3) 0.646(3) 0.464(2)
N(16) 0.481(1) 0.557(2) 0.376(1)
17 0.585(3) 0.588(2) 0.327(2)
C(18) 0.538(2) 0.488(3) 0.229%(2)

axial CO ligand in 1, which were 50:50 disordered.
Hydrogen atoms were placed at calculated positions
and their parameters were not refined. Refinements
converged with R = 0.078 for 1277 observed reflections
for 1, R=0.014 for 715 observed reflections for 2,
R = 0.068 for 1966 observed reflections for 3, R = 0.054
for 3065 observed reflections for 4. Fractional coordi-
nates and bond distances and angles for complexes 1-4
are shown in Tables 2-9.

3. Results and discussion

The title compounds were prepared according to
Schemes 1 and 2. In all cases the reaction mixture

Cr(CO)¢ + 18-crown-6 + KCl + HCI
toluene K +. 18-crown-6]

uv
[CH(CO)CI]
@

®)

Scheme 1.

quickly separated into two phases yielding light yellow
liquid clathrates. The upper layer in these reactions
was neat toluene, while the metal complexes formed
were completely dissolved within the liquid clathrate
layer. In the cases where the reaction was carried out
under an inert atmosphere (for 1 and 2), no oxidation
of the metal center occurred. Here, reaction was com-
plete after monosubstitution at the metal center had
taken place. Where the reaction was performed in
contact with air, followed by sealing the reaction vessel
from aerial contact (for 3 and 4), partial oxidation of
the metal center, from [0] to [2 + ], occurred.

The formation of [Cr{CO);Cl]~ in 1 is similar to
that of other [M(CO);X]~ anions in the literature [2],
where typical syntheses are from M(CO), and species
such as NRCl™. The formation of the [W(CO),Cl]~
in 2 via the route in Scheme 2 is novel, where halo-
genation from HCl,,, occurs. It should be noted that in
both cases oxidation of the metal center does not
occur.

The formation of the [W(CO),Cl;]™ anion in 3 and
4 is a new route to these species. Typical preparations
involve the halogen oxidation of W(CO), to vyield
[W(CO),Cl,], followed by treatment with [NH,CI]
yielding [NH,][W(CO),Cl,] [24]. This anion has also
been found in a mixture of products obtained from the
reaction of W(CO);Cl~, WCl, and Cl~ [25]. In the
present study, both reactions were carried out with
contact to air. The partial oxidation of the metal center
from [0] to [2 + ] in both cases is, therefore, presumably
due to aerial oxygen.

To identify the species present in the liquid clathrate

)
W(CO), +H,0 +HCl—— [H,0" 18-crown-6]W(CO).Cl]
@

(ii)
[H;0*-18-crown-6W(CO),Cl;)

3
(iid)
— [H,0"bis-aza-18-crown-6-(H* ), [W(C0),Cl;],
@

Reagents and conditions: (i) 18-crown-6, UV, inert atmosphere; (ii)
18-crown-6, toluene, UV; (iii) bis-aza-18-crown-6, toluene, UV.

Scheme 2.
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layers, all the compounds investigated were structurally
authenticated using X-ray crystallographic techniques.

The first structure of the chloropentacar-
bonylchromium(0) anion (1) is shown in Fig. 1. The Cr
and the four equatorial CO ligands reside on a mirror
plane, and there is 50:50 disorder along the CI-Cr-
CO,, axis. The structure exists as a distorted octahe-
dron Cr—-C(carbonyl),, bond lengths (av. = 1.90(3) A)
and the Cr- C(carbonyl)ax bond length (1.83(2) A)
are similar to the related [Cr(CO)sI]~ anion in
[N, P4Me+][Cr(CO)5I ] [6]. The Cr-Cl distance,
2.534(7) A is midway between the the two dlfferent
Cr-ClI lengths in [NMeH;],[CrCl,]: 2.41 and 2.82 A
[26].

The structure of the anion in 2 is shown in Fig. 2.
There was disorder among the CO,, and Cl,, ligands,
so these atoms were refined with 5/6 and 1/6 occu-
pancies, respectively. The tungsten atom resides in a
regular octahedron with CO,-W-CO,, angles very
close to 90° and a CO,~W-Cl,, angle of 175.5(6).

Table 9 .
Selected bond distances (A) and angles (°) for 4.

W-C(carbonyl) bond lengths, 2.023(6) A, are typical
and the W-Cl distance, 2. 68(1) A, is long (cf. 2. 560(3)
A in [N(PPh,), [W(CO),Cl] [27] and 2.566(2) A in
[NMe , IW(CO).Cl] [28).

The structure of the [W(CO),Cl;]™ anion in 3 (Fig.
3) and 4 is that of a capped trigonal antiprism (or, if
the two ligand types are considered, a 4:3 piano stool),
similar to the geometry found in the two structures of
[W(CO),Br;]~ [8,9]. The W-C(carbonyl) bond lengths
are similar for the three anions in 3 and 4 (av. = 2.04(5)
A for 3 and 2.03(7) A for 4), and are close to those in
[W(CO),Br;]~ (1.99(4) A [8] and 2.01(3) A [9]) and
W(CO), (2.05-2.07 A) [29]. W-CI bond lengths for 3
(av.= 2. 490(2) A) are slightly shorter than for 4 (av. =
2.54(2) A). These are longer than tgfplcal W-CI bond
distances, for example, 2.386(1) A in [C, H;0,]-
[WO,Cl(acac)] [30]. They are, however, midway be-
tween the two different W-Cl lengths in [WSCI,]:
2.30(4) and 3.05(1) A [31].

The structure of the cation in 1 is shown in Fig. 4.

Bond distances

W(1) —Ca(1) 1.99(3)
w(1) -Cb(D) 2.09(2)
w(1) ~Cc(1) 2.05(3)
w(1) ~Cd(1) 2.03(3)
w(1) -CK11) 2.570(4)
w(1) -ClI21) 2.534(5)
w(1) -Cl(31D) 2.518(5)
Ca(l) -0a(l) 1.12(3)
Ch(1) —-0b(1) 1.10(2)
Cc(1) -0c(1) 1.12(3)
Cd(1) -0d(1) 1.16(3)
Bond angles

Ch(1) -W(Q1) —Ca(1) 73.009)
Cc(1) -wW(1) -Cb(1) 109.4(8)
Cd(1) —-W() -Cb(1) 114.3(9)
0Oa(1) —Ca(1) -W(1) 178(2)
Oc(1) —Cc(1) -W(1) 175(2)
Ca(l) -wW() -CI(11) 124.4(7)
Cc(1) -w(1) —-CI(11) 78.8(6)
CI11) -w(1) -CI21) 87.4(1)
Cb(1) -w(1) -Cl(21) 80.8(6)
Cd(1) -w(1) -CI21) 75.7)
CiD) -w(l) -CI(31) 87.4(2)
Cb(1) -w(1) -CI(31) 77.8(6)
Cd(1) -w(1) —-CI(31) 157.2(7)
Cc(2) -WQ) —Ca(2) 73(1)
Cd(2) -W(2) —Ca(2) 77(1)
Cd(2) -W(2) —Cc(2) 111.8(9)
Oob(2) —-Cb(2) —W(2) 176(3)
0d(2) -Cd(2) -W(2) 180.0(5)
Cb(2) ~-W(Q) -CI(12) 158.9(7)
Cd(2) -W(Q) -CI(12) 78.6(6)
Ca(2) -W(2) -Cl(22) 127.4(8)
Cc(2) -W(2) -Cl(22) 159.9(7)
CI(12) -W(2) -ClI(32) 88.1(2)
Ca(2) -W(Q) -ClI(32) 121.8(6)
Cc(2) -W(2) —-CI(32) 77.1(D

W) —Ca(2) 1.87(2)
w(2) —-Cb(2) 2.04(2)
w(2) —Cc(2) 2.10(3)
w(2) -Cd(2) 2.08(3)
w(2) -CI(12) 2.516(5)
w(2) —-CI(22) 2.538(5)
W) -Cl(32) 2.548(5)
Ca(2) -0a(2) 1.26(3)
Cb(2) —-0b(2) 1.10(2)
Cc(2) -0c(2) 1.09(3)
Cd(2) —0d(2) 1.08(3)
Cc(1) -W(1) ~Ca(l) 74.1(9)
Cd(1) -W(1) -Ca(1) 75(1)
Cd(1) -W(Q) ~Ce(1) 114.3(9)
Ob(1) —-Cb(1) -w(1) 173(2)
0d(1) -Cd(1) -W(1) 178(2)
Cb(1) -W(1) -CI1D) 162.6(6)
Cd(1) —W(1) -CI(11D) 74.6(7)
Ca(1) -W(1) -CI2D 127.1(7)
Cc(1) -W(1) —-CI2D) 158.7(6)
Cu11) ~W(1) -CI(3D) 89.7(2)
Ca(1) —W(1) -CI(3D) 128.0(8)
Cc(1) —W(1) —-CI(3D) 77.3(5)
Cb(2) -W(Q2) —-Ca(2) 71.5(9)
Cc(2) -W(Q2) —-Cb(2) 112.4(9)
Cd(2) -W() —Cb(2) 113.0(8)
0a(2) —Ca(2) -W(2) 178(2)
0Oc(2) -Cc(2) -W(2) 179(2)
Ca(2) -W(Q2) -CK12) 129.4(6)
Cc(2) -W(2) -CI(12) 76.7(6)
CI(12) -W(2) -CI(22) 87.4(2)
Cb(2) -W(2) -CI(22) 78.8(8)
Ccd2) -WQ) —-CI(22) 76.3(8)
Cl(22) -W(2) -ClI(32) 90.3(2)
Cb(2) -W(Q) -CI(32) 76.2(6)
Cd(2) -W() -CI(32) 161.4(7)
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Fig. 1. Structure of the [Cr(CO)sCl]~ anion in 1. The Cr atom and
four equatorial CO ligands reside on a mirror plane. There is 50:50
disorder between the axial Cl and CO ligands.

The potassium ion resides on a center of inversionoand
has an average K-O(crown) distance of 2.78(5) A. It
also sits 0.006 A out of the plane defined by the six
O-(crown) centers. The geometry is similar to that
established in [K*: 18-crown-6][NCS~] [32].

Fig. 2. Structure of the [W(CO)sCl]~ anion in 2, which resides on a 3
symmetry site.

Fig. 3. Structure of the [W(CO),Cl;]~ anion in complex 3. The same
structure is also found for the two independent anions in 4.

The structure of the [H;0 *- 18-crown-6] cation in 2
is shown in Fig. 5. In both 2 and 3 the hydrogen atoms
of the H;0" ion could not be located. In 2, the
average O(oxonium) - - - O(crown) distance is 2.82(1)
A, and for 3, there are three contacts of 2.55(5) to
2.63(4) A and three of 2.81(6) to 2.84(5) A. In both
cases the distances are well within the range defined
for hydrogen bonding between oxygen centers [33]. For
2, the O(oxonium) - - - O(crown) distances are similar,

Fig. 4. Structure of the [K*-18-crown-6] cation in 1 which resides on
an inversion center. The average K - - - O distance is 2.78(5) A.
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implying that the hydrogen atoms of the H;O* ion are
probably disordered over two positions. In 3, the alter-
nating long (av. = 2.83(1) A) and short (av. = 2.60(4) A)
hydrogen bonds imply that the H;O™ is secured by the
more tightly bound atoms: O1, O7, and O13. For 2, the
O(oxonium) center resides at 0.40 A above the plane of
the crown oxygen atoms, while in 3, the O(oxonium)
atom resides in the plane (0.007 A). Structures of the
[H,O0™"- 18-crown-6] ion in several other compounds
have shown that the H;O™ ion lies within the extremes
of 0.092 A in [H,0*- 18-crown-6][Br; ) [22] to 0.61 A
in [H;0%- 18-crown-6(COOH),J[C1~] [14] from the
crown oxygen atom plane. In these complexes the
question of planar versus pyramidal H,O" has been
argued.

The first structure of the [H,O - bis-aza-18-crown-6
-(H™"),] cation is shown in complex 4 (see Fig. 6). The
hydrogen atoms in this ion could not be located on the
difference map. The bis-aza crown has been diproto-
nated, and O(water) to hetero-crown distances suggest
that the structure exists as a diprotonated diamino
crown, with a water molecule hydrogen bonded to N7
and O13 within the crown. O(water)--- N7 and
-+ - 013 distances (2.55(3) and 2.58(2) A, respectively)
are much shorter than other O(og(onium) to hetero-
crown distances: 2.79(3) to 3.15(2) A. Since the protons
on the cation were not located it is possible that there
is an oxonium ion and protonation of one aza-nitrogen

Fig. 5. Structure of the [H;O*-18-crown-6] cation in complexes 2
and 3. The three hydrogen atoms on the oxonium ion were not
located in either complex and are disordered to produce the two
equivalent hydrogen bonding patterns. The O(oxonium) resides 9.40
A above the plane of the crown oxygens in 2 and to within 0.007 A of
the O(crown) plane in 3.

Fig. 6. Structure of the diprotonated [H,O-bisaza-18-crown-6-
(H™*),] cation in 4. The hydrogen atoms on the water molecule were
not located. O(water) --- N7 and O(water) - -- O13 distances are
2.55(3) and 2.58(2) A, respectively. If a third hydrogen bond exists
within the cation, O1 is the geometrical site. The O(water) - - - O1
distance is 3.15(2) A. The other non-bonded contacts are shorteor:
0---010=2793) A; O---N16 =3.0802) A; O --- 04 =2.9%1) A.

has occurred. There is however, no indication of fur-
ther hydrogen bonding around the oxonium ion, as is
typically the case [13,14,18-22]. Evidence of a water
molecule hydrogen bonded to the protonated amine in
a tungsten complex with the [H,O - aza-18-crown-6 -
H™] ion has been presented [34]. The O(water) atom
resides 0.63 A out of the plane defined by the hetero-
crown atoms.

4. Conclusions

We have shown that by using novel synthetic ap-
proaches (see Schemes 1 and 2), we can isolate liquid
clathrate species which deposit halometalcarbonyl
complexes of oxonium ion/crown ether cations. The
anions we have isolated are of the type [M%(CO);Cl ]
or [W(CO),Cl;] depending on reaction conditions.
The cations contained either K*, H;0* or H,0O bound
within the macrocyclic crown ether. X-ray crystal struc-
tures revealed slightly distorted octahedral structures
for the six-coordinate metal [0] complexes, and capped
trigonal antiprismatic (or 4: 3 piano stool) geometry for
the seven-coordinate metal [1I] complexes.

Acknowledgements

We are grateful to the National Science Foundation
for support of this research.



J.L. Atwood et al. /Journal of Organometallic Chemistry 487 (1995) 7-15 15

References

[1] S.W. Kirtley, in G. Wilkinson, F.G.A. Stone and E.W. Abel,
(eds.) ‘Comprehensive Organometallic Chemistry’, Vol. 3, Perga-
mon, Oxford, 1982, Ch. 26.

[2] E'W. Abel, 1.S. Butler and J.G. Reid, J. Chem. Soc., (1963)
2068.

[3] N.W. Greenwood and A. Earnshaw, Chemistry of the Elements,
Pergamon, Oxford, 1984, p. 1209.

[4] F.A. Cotton and G. Wilkinson, Advanced Inorganic Chemistry,
Wiley, 5th ed., 1988, p. 679.

{5] AM. Bond, J.A. Bowden and R. Colton, Inorg. Chem., 13
(1974) 602.

[6] H.P. Calhoun and J. Trotter, J. Chem. Soc., Dalton Trans.,
(1974) 377.

[7} Z. Dori, in G. Wilkinson, R.D. Gillard and J. McLeverty (eds.)
Comprehensive Coordination Chemistry, Vol. 3, Pergamon, Ox-
ford, Ch. 37, p. 1007.

[8] (a) M.G.B. Drew and A.P. Wolters, J. Chem. Soc., Chem.
Commun., (1972) 457; (b) F.A. Cotton, L.R. Falvello and J.H.
Meadows, Inorg. Chem., 24, (1985), 514.

[9] E.O. Fischer, R. Retmeier, G. Muller and J. Riede, J.
Organomet. Chem., 311, (1986) 91.

[10] (a) E.B. Dreyer, C.T. Lam and S.T. Lippard, Inorg. Chem., 18,
(1979), 1904; (b) J.L. Templeton and B.C. Ward, Inorg. Chem.,
19, (1980), 1753.

[11] C.I. Ratcliffe and D.E. Irish, The nature of the hydrated proton,
part two: theoretical studies; The Liquid State, in Water Science
Reviews 3, Cambridge University Press, 1988, pp. 1-78.

[12] C.I. Ratcliffe and D.E. Irish, The nature of the hydrated proton,
part one: theoretical studies; the solid and gaseous states, in
Water Science Reviews 3, Cambridge University Press, 1988, pp.
149--207.

[13] C.B. Shoemaker, L.V. McAfree, D.P. Shoemaker and C.W.
DeKock, Acta Crystallogr., C42, (1986) 1310.

{14] J.-P. Behr, P. Dumas and D. Moras, J. Am. Chem. Soc., 104
(1982) 4540.

f15] JL. Atwood, in J.L. Atwood, J.D. Davies and D.D. MacNicol

(eds.), Inclusion Compounds, Vol. 1, Academic Press, London.
1984, pp. 375-405.

[16] J.L. Atwood, in C.J. King and J.D. Navratil (eds.), Chemical
Separations, Litarvan, Denver, 1986, pp. 335-354.

[17] JL. Atwood, in N.N. Li and H. Strathmann (eds.), Separation
Technology, United Engineering Trustees, New York, 1988, pp.
46-56.

{18] J.L. Atwood, S.G. Bott, A.W. Coleman, K.D. Robinson, S.B.
Whetstone and C.M. Means, J Am. Chem. Soc., 109 (1987) 8100.

[19] J.L. Atwood, S.G. Bott, CM. Means, A.W. Coleman, H. Zhang
and M.T. May, Inorg. Chem., 29 (1990) 467.

[20] J.L. Atwood, S.G. Bott, K.D. Robinson, E.J. Bishop and M.T.
May, J. Cryst. Spec. Res., 21 (1991) 459.

[21] P.C. Junk and J.L. Atwood, J. Chem. Cryst., 24, (1994) 247.

[22] J.L. Atwood, P.C. Junk, M.T. May and K.D. Robinson, J. Chem.
Cryst., 24 (1994) 243.

[23] G.M. Sheldrick, sHELX 76; A System of Computer Programs for
X-ray Structure Determination, University of Cambridge, 1976.

[24] J.A. Bowden and R. Colton, Aust. J. Chem., 21 (1968) 2657.

[25] W.H. Delphin and R.A.D. Wentworth, Inorg. Chem., 12 (1973)
1914.

[26] C. Bellitto, T.E. Wood and P. Day, Inorg Chem., 24 (1985) 558.

[27] R. Reina, O. Rossell, M. Seco and A. Perales, J. Organomet.
Chem., 415 (1991) 101.

[28] V.Ch. Burschka and W.A. Schenk, Z. Anorg. Allg. Chem., 477
(1981) 149.

[29] S.W. Kirtley, in G. Wilkinson, F.G.A. Stone and E.W. Abel
(eds.), Comprehensive Organometallic Chemistry, Vol. 3, Perga-
mon, Oxford 1982, Ch. 28, p. 1257.

[30] M.G.B. Drew, G.W.A. Fowles, D.A. Rice and K.J. Shanton, J.
Chem. Soc., Chem. Commun., (1974) 614.

[31] M.G.B. Drew and R. Mandyczewsky, J. Chem. Soc. (A}, (1970)
2815.

[32] P. Seiler, M. Dobler and J.D. Dunitz, Acta Crystallogr., B30
(1974) 2744.

[33] W.C. Hamilton and J.A. Ibers, Hydrogen Bonding in Solids,
Benjamin, New York, 1968, p. 12.

[34] J.L. Atwood, P.C. Junk, M.T. May and K.D. Robinson, unpub-
lished results.



