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A compound which we believe to be identical with one reported by others as (NH;)»Mo;Cliz- H,O has been obtained in
crystalline form. An X-ray structure determination has allowed an exact stoichiometric and structural characterization,
consistent with analytical data which are in themselves inconclusive. The correct formula is (NH4);:Mo:Clg-H,O. The
structure consists of NHs " ions, Cl™ ions, H;O molecules, and Mo,Cls*~ ions in the ratio 5:1:1:1. The MosCls*~ ion has the
same structure as that previously observed in KiMo;Cls'2H;0 and (enH:)Mo:Cls-2H,0. Crystallographic data are:

space group, Cme2;; ¢ = 10.528 (4) A, 6 = 13.219 (5) A, ¢ = 13.120 (5) &; Z = §; d(caled) = 2.26 g em ™8, d(measd) =

2.22 &= 0.04 g cm 3,
Ka radiation.

Introduction

Several years ago investigations of the reactions of
Moy(0sCCHj), with mineral acids, particularly aqueous
hydrochloric and hydrobromic acids, were begun in
this laboratory and by J. C. Sheldon and his coworkers,
With HCI various red to purple solids were obtained
depending upon reaction conditions and the cations
used. Anderson and Sheldon were the first to describe
several of these substances in the literature.? Com-
parable and, in several cases what appeared to be
identical, materials had been obtained here but all were
relatively insoluble and noncrystalline. Hence, un-
ambiguous chemical and structural characterization
was at that time impossible. In view of the structural
nature? of Moy(O.CCHs)s with its strong, quadruple
Mo-Mo bond® and the known interconvertibility®” of
the rhenium species Rey(O,CR)X, and Re)Ysi~, we
considered it highly probable that the substances
obtained directly and wunder wmild conditions from
Mo,(0,CCH3)s would be essentially the products of
metathesis, 7.6, compounds containing the binuclear
cluster, Mo,, which is present in the starting material.
On the other hand, Sheldon, et al.,%® proposed only
trinuclear structures for the Mo(II) compounds and
tetranuclear structures for those which appeared to
contain molybdenum in the oxidation state 42.5.

Regardless of one’s opinion as to the probabilities of
the situation, at this point there were no facts available
pertaining to structure, nor did there appear to be any
likelihood of resolving the uncertainties on a basis of
fact except by obtaining crystalline substances and
carrying out X-ray structure analyses on them. Sucha
program was initiated several years ago in this labora-
tory.
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The structure was solved and refined using 534 reflections within a sphere bounded by 8 = 50° for Cu

We have already reported results showing that the
compound K,;Mo.Cls:2H,O (which does not seem to be
identical with any specific substance described by
Sheldon, et al.) contains the MosClg*~ ion (I) with Dy,
symmetry and an exceedingly short (2.14 A) Mo-Mo

Ol e — -

quadruple bond.? It has further been found that a
substance with the formula (enH,);Mo0:Cls-2H,0,
which appears certain to be identical with one described
as (enH,)sMo3;Cli3(H;0)(H:0), by Allison, Anderson,
and Sheldon,® also contains the Mo,Clg*~ ion and no
trinuclear species.’® Also, one of the compounds for
which a tetranuclear structure had been advocated,
RbsMo,Cls, has been shown to contain only the bi-
nuclear complex anion Mo,Clg®~ which is, however,
structurally distinct from the Mo,Clg*~ ion, consisting
essentially of a confacial bioctahedron with one vacant
bridge position.!!

On the basis of the accumulating structural data it
would thus appear increasingly improbable that species
more comnplex than binuclear ones do in fact arise
directly from Mo.(C.:CCHy).. However, one further
study of an alleged trinuclear compound appeared
worthwhile. Anderson and Sheldon?® described a
substance to which they assigned the stoichiometry
(NH,)7Mo3;Clj3- H,O. The same substance had been
obtained here, also in noncrystalline (or, at best
microcrystalline) form, and the analytical data then at

(9) J. V. Brencicand F. A. Cotton, Inorg. Chem., 8, 7 (1969).
(10) J.V.Brencicand F. A. Cotton, tbid., 8, 2698 (1969).
(11) M. J. Bennett, J. V. Brencic, and F. A, Cotton, #bid., 8, 1060 (1969}.
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hand could have been considered consistent with this
formula, making realistic estimates of error in the
analyses. All in all, this substance seemed to us to be
perhaps the likliest example of a compound with a
trinuclear cluster of molybdenum atoms, #f, indeed, there
are any such clusters yet known. Therefore, when a
suitably crystalline sample of this substance was
finally obtained, it was immediately subjected to an
X-ray structure analysis and to careful chemical
analysis. The results of these studies are reported
here.

Experimental Section

Preparation.—One gram of freshly prepared dimolybdenum
tetraacetatel? was dissolved in 50 ml of concentrated hydrochloric
acid saturated with HCl gas at 0°. To this solution 1 g of solid
NH.Cl was added. The mixture was stirred for about 1 hr as it
warmed to room temperature. The violet precipitate was col-
lected on a glass frit at room temperature in the air and was
washed with two portions, 20 ml each, of absolute ethanol. The
solid was dried under vacuum at room temperature for several
hours. The yield, assuming the correct formula to be (NH,);-
M02C19 . Hzo, was 85%

The compound was recrystallized by dissolving 500 mg of the
crude product in 20 ml of constant-boiling HCl1 at 20° to which
20 ml of the same acid saturated with ammonium chloride was
then added. The solution was left in an ice bath for about 1 hr.
The precipitate was then filtered, washed with two 20-ml por-
tions of absolute ether, and dried under vacuum at room tem-
perature for 3 hr. The overall yield, including the recrystalliza-
tion, was about 80%,. Anal. Found: Mo, 31.6; Cl, 51.4; N,
10.6; H, 3.62.

Crystals suitable for single-crystal X-ray work were prepared
in the following way. Recrystallized violet compound (120 mg)
was dissolved in 20 ml of constant-boiling hydrochloric acid
(~108° (7680 Torr)). To this was added a solution of 800 mg of
NH.Cl in 20 ml of constant-boiling HCl. The mixture was
placed in an ice bath for 20 hr. The crystals were then separated
by rapid filtration through a chilled funnel, so that the solution
would not warm appreciably during filtration. The crystals were
immediately placed in a vacuum desiccator. In the desiccator
they seem to be stable indefinitely at 25° but they are slowly
attacked when exposed to laboratory air.

Infrared spectra of the solid compound from 600 to 5000 cm~*
were measured employing hexachlorobutadiene mills. In addi-
tion to bands attributable to the NH;* ions, there was one sharp
band at 3450 cm~! which presumably arises from O-H stretching.
However, no band was observed in the 1600-1630-cm~! region
as would be expected for the bending mode of H.O.

The density, measured by flotation in a mixture of 1l-iodo-
naphthalene and CH:Br;, was 2.22 &= 0.04 g cm —3.

For the structure analysis a prismatic single crystal bounded
by 001, 110, 110, and the centrically related faces was chosen.
This and similar crystals exhibited birefringence in polarized light.
The crystal used had dimensions 0.02 X 0.02 X 0.06 mm. The
long dimension was in the direction of the ¢ axis; the other two
dimensions are the lengths of diagonals across the square basal
plane of the prism. The crystal was mounted so the long axis
coincided with the ¢ axis of the eucentric goniometer later used to
collect intensities.

Weissenberg and precession photographs taken with unfiltered
Cu Ka radiation showed that the lattice was orthorhombic with
the following systematic extinctions: k&l for b + & # 2n, kOl
for ! ## 2n. The three space groups satisfying these observations
are Cmc2; (no. 36), C2cm (no. 40), and Cmem (no. 63).12  Unit
cell dimensions were determined by least squares from the mea-

(12) T. A. Stephenson, E. Bannister, and G. Wilkinson, J. Chem. Soc.,
2538 (1964).

(13) “International Tables for X-Ray Crystallography,” Vol. I, The
Kymnoch Press, Birmingham, England, 1965.
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sured diffraction angles of about 20 reflections in each of the series
£00, 0kO, and 00!, using a manually operated General Electric
XRD-5 counter diffractometer equipped with a quarter-circle
eucentric goniometer. The dimensions, at 28 &= 2° are: a =
10.528 = 0.004 &, b = 13.219 X 0.005 &, ¢ = 13.129 = 0.005 &.
Using these cell dimensions and assuming Z = 4, a density of
2.25 g em 2% is calculated, in good agreement with the measured
value.

Using the counter diffractometer, the intensities of 534 inde-
pendent reflections bounded by a sphere in reciprocal space with
6 = 50° were collected with Cu Kea radiation, filtered by nickel
foil in the reflected beam. FEach peak was scanned from 20
(caled) ~ 1.33° to 26(calcd) + 1.33° at a scan rate of 4°/min,
giving P counts. Background was counted for 20 sec at the
beginning (B;) and end (B:) of each scan. The intensity, I,
was then equal to P — B; — By. For four reflections I was calcu-
lated as <0. An estimated value of the intensity, equal to 1/o(P
+ B, + Bz)%, was used for these reflections in solving and re-
fining the structure.

Absorption corrections were neglected since 4 = 234.14 cm ™.
At x = 90° the intensities of several 00! reflections as a function
of ¢ were found to vary by a maximum of 59%,. Structure factors
were obtained on a relative basis using the expression ]FD] =
(I/Lp)'/?, where Lp represents the product of the reciprocal
Lorentz and polarization corrections. The standard deviation
of each reflection, o(F), was taken as (¢? + plﬂ)l/’/(QLplF(?]),
where o is the esd based on counting statistics and p was assigned
the value 0.002.

Solution and Refinement

A three-dimensional map of the Patterson function
was computed.!* The interpretation of this map was
not entirely straightforward. The many Mo-Cl vec-
tors tended to mask the Mo-Mo vector, but a solution
in the space group Cmc2; was obtained by selecting a
relatively strong peak ~2.2 A from the origin as the
probable Mo~Mo vector and then assigning plausible
coordinates by trial and error to chlorine atoms so as to
build up Mo,Cle*~ ions with the known structure.
This trial structure was supported by a structure factor
calculation® and five cycles of isotropic least-squares
refinement were run on the two independent Mo and
six independent Cl atoms leading to a discrepancy factor
Ry = (2||Fo| — |F]|)/2|F| of 0.18, with equal weights
assigned to all structure factors.

A difference Fourier synthesis was then computed and
positional parameters were assigned to the remaining
atoms. Isotropic refinement was resumed on all atoms
and the scale factor with a weight of [¢(F)]~2
assigned to each reflection. After five cycles the
residuals were R; = 0.092 and R, = [Ew(]Fo| — [Fc[)2/
ZDw[FoP]I/2 0.113. Three cycles of anisotropic
refinement, using temperature factors of the form
exp[—~(Buh? + Bxk? 4 Bl + 2Buhk + 28pkl +
28ykl) ] for all (nonhydrogen) atoms led to residuals of
R; = 0.065 and R, = 0.092. The standard deviation of
an observation of unit weight was 2.7, indicating a slight
underestimation of error in the data. An empirical

(14) The computer programs used for this and other phases of the work
have been cited in many recent publications from this laboratory: e.g.,
F. A. Cotton and B. H. C. Winquist, Inorg. Chem., 8, 1304 (1968).

(16) Atomic scattering factors, omitting anomalous dispersion correc-
tions, for neutral Mo, Cl, N, and O atoms were obtained from D. T. Cromer
and J. T. Waber, Acta Cryst., 18, 104 (1965). The neglect of anomalous dis-
persion introduces error in the atomic coordinates, but since the dimensions
of the Mo:Cls?~ ion have been obtained very precisely in previous studies,
and the purpose of this work was only to show qualitatively—but conclu-
sively—that it was present here, this aspect has, justifiably, been neglected.
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TaBLE 1

OBSERVED AND FINAL CALCULATED STRUCTURE AMPLITUDES IN UNITS OF 0.1 ELECTRON

4L FOBS FIAL Ho L f085 FCAL H L FO35 FCAL Ho L FoBs FCAL H L FOES FCAL "
ks geers L3373 433 0 19 12l 1178 G0 ¢ ess 435 79 366 3BT 6
a 2 24231 2229 3 4 618 620 o 11 553 EELY L0 3 272 luk 9 F1o ) ELES 6
3w 275 20 15 3.3 385 912 195 3% *EK n 3ekes 5 1 e4d 663 &
a b 2246 2412 3 s 511 523 2 9 1e2 166 1 o B9z #L7 9 FARETYY Fud 6
5 8 sus sss 1 713 5z i11sa 919 1 1 571 ss3 9 3 1830 1821 s
9 1c 380 299 183 22 1. 287 12 i283 1120 9 4 Lis8 1lB9 3
2 l2 22s 81 3 S 2 3 96l 466 1 3 2979 2906 E 5 718 828 ]
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5 3 28C 2781 ER “ 4 2795 2832 3 @ ,0C1  1C38 a 12 112 39 i
3 2 113 LsB8 EEE “ 5 1228 1182 3 5 1364 1373 2 G 3326 3157 1
5 4 2207 2273 7 3 “ 6 l&C 202 3 6 1087 1136 2 1 2144 P48 1
5 & 637 576 T 1 “ T 4875 2829 3 7 1131 1195 2 2 1388 1254 1
& 8 1334 285 7 2 “ 8 574 613 3 B l06%  lCeb z 3 168e 1693 S
6 10 8% 702 il 3 “ 3 eci bul 3 g 489 523 2 4 473 w43 11
B S 2815 490% 7 “ « 10 1094 1023 3 i0 3la 433 2z 5 2009 1754 1
8 2 1279 1112 7 s w 11 508 517 31 178 825 2 6 4o 208 3
8 4 515 w85 7 3 6 9 jau 194 32 «8s ale 2 1750 782 3
8 6 1033 U T 7 & 1 95& 9la 5 U B%3 ail 2 & 130 83 3
& 8 962 892 1 & & 2 22 181 5 i 787 8cs 2 9 ids 13 3
19 G 2318 s 7 9 6 3 403 w13 5 2 11s8 2l 2 5 35l 322 3
02 ser du1n 9 o 6 4 10i0 953 5 3 asss 2awg 2 Ll 1354 1133 1
e s e s 1 6 5 223 ley 5 & 157 1wyl 2 2 352 346 3
L2159 2ees w2 6 & wvs  els 5 5 1093 lleq 4 O 133 o5z
D1ty 2268 5 3 & 7%tz 17195 5 6 730 758 4 1 959 829 3
L2 1150 1387 94 5 8 3iZ 945 5 1 636 a5y “ 2 83w BCY 3
L3 579 578 LB & 9 1131 1153 5 3 822 820 L3 w257 all? 3
1w T3 860 9 s 6 10 778 736 5 9 489 sl 4 4 1381 iavs 3y
15 Bl se s s . a 0 ive 137 5 10 453 511 & 5 1173 iliz 3
i & 851 @21 < uooez7 290 & Lolzls 1150 5 11 oC8 bse @ & 172 310 5
1 7 1395 529 o 1 2825 2396 3 & Bb2 807 7 C a3s “Z5 & T lus a7 5
18 1817 1164 2 2 1949 988 a3 zaw i1 71 si1 ke o8 1sL 219 5
1 9 657 T8 D 3 s2s 7.8 2 4 13w 1514 7 & 366 270 “ 9 Sua 528 5
116 698 579 2 W 3935 5304 8 5 109 686 73 709 77 o1 16 214 5
{11 6i7 s6e a8 iss7 1via 8 b 29 234 7 & sa9  ses e 1l 1022 1Jzz b
1 iz 299 277 9 6 2ws 327 & 7 1368 1867 T 5 S$Te 1020 5 S iBeT 1886 5
30 tler 1337 9 7 o3sec :3e 8 8 242 252 7 & S22 939 & 1 716 768 >
31 1623 150C 9 8 8% 867 15 & 112 16y 77 1135 1123 & 2 893 865 >
3 Z 85 92 92 ¢ 59C Bla ic L8y 854 T 8 983 957 L) 3 1847 157e 5 10
TasLE 11
FractioNnaL Atomic COORDINATES AND
IsoTROPIC TEMPERATURE FACTORS®
Posi-
Atom  tion® x y % B Az
Mo(1) 4a 0 0.07976 (25) 0 1.59
Mo{2) 4a 0 0.18298 (21) 0.12652 (33) 1.20
CI(1) da 0 0.9055 (6) 0.0712 (9) 2.25
C1(2) 8h 0.2279 (7) 0.0496 (5) 0.9687 (8) 2.48
CH(3) 4a 0 0.1894 (8) 0.8529 (10) 2,46
Cl(4) 4a 0 0.3562 (6) 0.0521 (10) 1.95
C1(5) 8h 0.2292 (6) 0.2099 (3) 0.1636 (8) 2.25
C1(6) 4a 0 0.0762 (8) 0.2821 (13) 2.75
CU?) 4a 0 0.3448 (11) 0.3414 (12) 4.73
o(1) 4a 0 0.5518 (28) 0.3032 (33) 4.44
N(1) 4a 0 0.6309 (25) 0.1081 (23) 2.39
N(2) 8b 0.2514 (23) 0.4508 (17) 0.2181 (23) 2.73
N(3) 8h 0.2274 (22) 0.1957 (18) 0.4222 (26) 2.95

e Standard deviations occurring in the last guoted figure of
each coordinate are given in parentheses. ? See ref 13. ¢ These
are isotropic temperature parameters equivalent to and calcu-
lated from the tensor components in Table III.

TasLe III
AN1SOTROPIC TEMPERATURE PARAMETERS® (X 10%)
Atom B B B3 B2 Bia Ba3
Mo(1) 29 (4) 11(2) 39 (3) b -8 (2)
Mo(2) 13(3) 9(2) 35 (2) 6 (2)
C1(1) 51(9) 10 (5) 49 (8) s e 14 (6)
C1@) 32 (6) 32 (4) 55 (8) —2(4) 6 (6) —~13(5)
Ci1(3) 78(18)  37(7) 20 (7) N . 5(5)
C1(®) 40 (8) 12 (5) 45 (7) e o ~1(6)
Cl1(5) 46 (6) 29 (4) 38 (6) -7 5(4) 2 (5)
C1(6) 33 (12) 22(7) 75 (11) —8(7)
CI(7) 110 (14) 68 (10) 65 (11) —16 (9)
0(1) 77(37)  85(26) 58(30) —27 (28)
N(1) ~—69(18) 98(29) 48 (26) o . 75 (27)
N(2) 76(27) 41 (14) 27(19) —31(18) —20(17) 19 (15)
N(3) 38 (23) 35 (16) 69 (29) 5(15) 13 (19) 43 (19)

a Standard deviations occurring in the last quoted figure are
given in parentheses, ? Required by symmetry to be zero.

expression of the form ¢(F)’ o(Fla — blc — Fo)]
with ¢ = 80,5 = —0.08, and ¢ = 60 was then used for
lFol < 60 and the expression ¢(F)' = ao(F) was used
for Fo > 60. With this scheme the esd of an observa-
tion of unit weight dropped to 1.15, the esd’s of the
positional and thermal parameters became significantly
smaller, and there was essentially no violation of

PP PP ey

B o WY VU op SV P

FOBS FCAL A L FOss FCAL M . Foby FCAL KL FOBS FCAL s L ® L FoBS RCAL
4iC 413 1 ¢ 998 350 & 0 102 3¢ 72 e9l 637 1 ¢ 8 1053 1161
1505 1620 7 i 687 830 & 1 482 482 T3 1s22 deds 11 o 568 573
305 276 7 2 59 613 & 2z 850 87Q 7w lis 12ss 1 2 1116 2oy
1225 1196 7 3 49 4«72 6 3 439 382 7538 Lugl HE 2 els Jos
159 83 741331 1321 & 4 180U 1755 7 6 372 315 PO 3 wie 515
313 76 7 5 829 1% & 5 866 86l ¥rC s Baesn 1 4 831 s0e
457 833 7 & 608 600 & 6 619 378 O G 3288 3228 1 & s 1 17
wee w7977 392 336 & T 16y 95 0 1 913 907 1 7 6 275 30>
585 620 7 8 535 518 & 8 298 335 O 2 Ssuy 417 3 @ o se4 633
2010 2382 9 0 392 4ks 8 O 195 163 0 3 410 375 i 9§ D137z desc
71 702 9 1 587 3 8 11016 1900 0 & 735 757 3 9 2 aa3 a7
961 388 9 2 997 958 8 2 330 793 9 3 938 963 3 i 3 183 223
19 93 5 3 960 85 & 3 392 367 0 6 1653 1587 3 2 ek s iiesen
316 3 4 igel 126 8« 1670 1609 < 7 1308 1186 3 3 0 2238 2325

sxanw WK = parne & 5 337 zey 0 B 1201 1153 3 & 1702 ss0
Leg s 0 0 301 a33 P 9 9 Tk sar 3 s 2 1es 1140
837 ss9 o1 2383 239C 1 0 293 zee3 G § 2% AT 24 2
133¢ 1273 0 2 1148 1174 11 1166 1155 2 ¢ 390 91 37 4 799 788
1256 1195 0 3 63z 556 1 2 1154 lces & 1 894 772 38 9 3¢9 e
2052 23€7 D 4279z 2673 L3172 1650 22 s 211 >0 6 532 548
1067 1273 2 5 iC1T 924 1« lo2e 986 2 3ty 2228 IR 7313 208
548 61G 2 6 429 373 151192 19061 2w i0s 1012 32 © 2376 2898
862 667 2 7 1355 1328 1 6 832 &lo 2 5 M7 33 503 1 852 785
322337 0 8 182 19 1 7 30 582 2 & 921 923 b 21228 204
304 311 0 9 k2 673 1 & 373 552 2 7 w0 5 s 3 se0 B3e
195¢ 1185 9 10 1433 1398 T o275 zae 2 B 136l lws: 3 s 4 si8 506
755 778 o 11 47 750 1 10 253 139 2 9 318 sy 5 7 5 w05 42l
482 528 2 0 1Ly 53 3 0 1307 lved 2 16 T2 733 T ¢ s 8%2 827
728 7118z 1 3es 367 3 1 812 83 4 T 2619 2855 1 1 0 1576 1752
1927 190C 2 2 lowe {C30 3 2 0¥ siz 4 b sl7 ey T2 1o4s3 493
se1 8i5 2 3 s»s sl 551738 1747 4 & 503 4137 3 2 917 93%
1976 1904 2 & 23k7 2220 3 4 13%2 1372 4 3 478 46D e 31182 1178
921 9513 2 5 1608 1514 3 5 1239 1198 w W 8l2 5eg s c K = Lieaes
853 619 2 b 42l 389 3 6 574 554 4 5 187 52 o | o 453 W33
4T3 497 2 7 255 23 37 el 317« & 1e2d 1395 o 2 1 w23 w7
458 553 2 8 53 517 3 & 125 83 & T 1wz 517 0 3 2 w53 508
297 324 2 9 787 Tle 3 3 =23 622 4 8 1147 1681 9 & 31119 117e
985 1055 210 144e 1366 3 1C 296 333 “© 32 251 a8 4 1013 987
T4 8RSz 1L 2943 1028 5 0 2825 2795 & D 9717 871 & 6 5 472 weo
«ii W17 & 9 329 328 5 i 1070 ilek 6 1 475 Sls & 7 ¢ 2035 2170
651 672« 1 1805 1809 5 2 g0 979 6 2 ¥4 193 < 8 1 1se
1229 1192 4 2 190% 1328 & 3 1150 1212 & 3 iSCe 1326 2 D 2 724 ki
1236 1227 4 3 483 526 5 4 583 9ca b 6 586 639 2 1 3637 13e
2176 2183 & 4 2318 2295 5 5 950 865 6 5 slu 63 2z 2 4 632 626
1cca 981 & 5 7le 68 5 b s34 879 6 6 806 8% 2 3 3 51y sis
575 81 4 6 381 368 5 1 696 709 & T 365 w0 4 116 sy
672 852 4 7 1061 1380 ¢ & &0k 352 B C 1660 letd 2 5 wek s 13emen
132 254 &8 ;93 166 5 9 i1l &3 8 356 289z b o 151 78
358 361 4§ 493 513 7 ¢ 1070 1973 B 2 w3l uag 2 7 Lo1se 182
922 962 & 10 1314 1283 7 I 5.1 599 K Gever

Cruickshank’s criterion' that wA? be independent of
the magnitude of | 7| up to |F,| = 80, which includes
519 of the 534 reflections.

A final difference Fourier map had as its largest
feature one peak about one-third the height of the
average peak due to a nitrogen atom on the previous
electron density map. No attempt was made to
locate hydrogen atoms. The observed and final
calculated structure amplitudes are listed in Table I.
For two reflections, 774 and 390, the measured values
are evidently grossly incorrect. Unfortunately, this
escaped notice until refinement had been completed as
described.

Results

The atomic positional parameters and temperature
parameters are listed in Tables II and III. Bond
lengths, intramolecular angles, and nonbonded contacts
for the MoyClg*~ ion are given in Table IV. The atom-
numbering scheme is specified in Figure 1. Table V
lists all intermolecular nonbonded contacts less than
4.00A.

Discussion

The crystal structure is built from the four entities
NH,*, Cl-, HyO, and MosClg?—. The planes at 0, v, 2
and 1/,, ¥, 3, which are crystallographic mirror planes,
contain the Mo atoms and four of the eight Cl atoms of
each Mo,Cly*™ ion as well as the oxygen atoms of the
water molecules, the nitrogen atoms of one-fifth of the
ammonium ions, and all of the Cl— ions which are not
part of Mo,Cls*~ groups. The arrangement within
each of the two sets of planes is identical; the relation-
ship of the contents of the 0, ¥, z planes to that of the
/s, v, 2 planes is specified by the C-centering transla-
tion. Figure 2a shows the arrangement in the 0, ¥, 2
plane. Interleaving the mirror planes, there are
crinkled sheets made up of the rest of the ammonium

(18) D). W. J. Cruickshank in “Computing Methods in Crystallography.”
J. 8. Rollett, Ed., Pergamon Press, Inc., New York, N. Y., 1965, p 113,
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TABLE IV
D1MENSIONS® OF THE Mo;Clsd~ IoN

A. Bond Lengths, A

Mo(1)-Mo(2) 2.150 (5)
Mo(1)-Cl(1) 2.486 (9)
Mo(1)-Cl1(2) 2.467 (7)
Mo(1)-CI(3) 2.415(13)
Mo(2)-Cl{4) 2.490 (10)
Mo(2)-Cl(5) 2.487 (7)
Mo(2)-ClL(6) 2.483 (16)
Mean 2,473 0.02
B. Bond Angles, Deg
CI(1)-Mo(1)-Cl1(2) 85.0(2)
Cl{(2)-Mo(1)-C1(3) 87.9(3)
Cl(4)-Mo(2)~Cl(5) 86.8(2)
CL(5)-Mo(2)-Cl1(6) 85.4(3)
Mean 86.3 1.1
C1(1)-Mo(1)-CI(3) 149.0 (4)
CL(2)~Mo(1)-Cl(2)’ 153.2 (4)
Cl{4)-Mo(2)-Cl(6) 147.7 (5)
CL(5)-Mo(2)-C1(5)’ 151.9 (3)
Mean 150.5+ 2.1
Mo(1)~-Mo(2)-Cl(4) 106.3 (3)
Mo(1)~-Mo(2)-Cl(5) 104.0(2)
Mo(1)~-Mo(2)-Cl(6) 106.0 (4)
Mo(2)-Mo(1)-Cl(1) 107.3 (2)
Mo(2)-Mo(1)-Cl(2) 103.4 (2)
Mo(2)~-Mo(1)-CI(3) 103.7 (3)
Mean 104.8 1.3

C. Cl--:Cl Contacts, &
CL(1)-CL(2) 3.35(1)

Cl1(2)~C1(3) 3.39 (1)
Cl1(4)-Cl(5) 3.42 (1)
Cl(5)-Cl(6) 3.37(1)
Mean 3.38 £ 0.02
Cl1(1)-Cl(6) 3.57(2)
C1(2)-C1(5) 3.32(2)
Cl1(3)-Cl(4) 3.42 (2)

Mean 3.43+0.09

D. Cl...Cl---Cl Angles
The 24 such angles range from 87.2 to 93.2°,
with a mean value of 90.0°

o Numbers in parentheses are estimated standard deviations
occurring in the last significant figure. Numbers following the
=+ sign are mean deviations from the mean.

ions. The nitrogen atoms of these NH,* ions lie near
but not in the planes at !/4, ¥, z and 3/, ¥, 2. They are
relatively far from one another (N- - -N distances in the
range 3.84-4.32 A) and so placed as to have optimal
Coulombic interaction with the Mo,Clg*— and Cl— ions.
Figure 2b shows the arrangement of the N atoms.
The crystal structure is a neat and compact one in
which the NH,*, Cl-, and H;O entities beyond those
required in the formula (NH,),Mo,Cl; evidently play an
effective role.

The Mo,Cls*~ ion itself, I, has symmetry and di-
mensions essentially identical with those previously
observed, as shown in Table VI. The crystallographic
mirror plane passing through it assures that the rota-
tional configuration about the Mo—Mo axis is rigorously
eclipsed. The virtual symmetry, as in previous cases,
is D4h.

In this crystal structure the Mo;Cls*~ ion has neigh-
boring Cl atoms along both extensions of the Mo-Mo
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TABLE V
NONBONDED INTERMOLECULAR CONTACTS (A) LEss THAN 4 A

Mo(l) to: Cl(6) 0, =y, =12 + 2) 3.52
Mo(2) to: CI(T) 0, v, 2) 3.54
CI(1) to: CIB) (0,1 — 1y, —1/s + 2) 3.90
CUB) (0, —y, —1/s + 2) 3.80
N(1) 0, v, 2) 3.66
N(3) (~x%,1— 9y, —1/2+ 2) 3.36
Cl(2) to: ClL(6) ©, -y, =1/2+ 2) 3.81
N(3) (&, —y, ~Y/s + 2) 3.29
C1(3) to: CI(1) 0,1 — 9 Y24 2) 3.90
CUB) (0, —y, —1/s + 2) 3.63
o) 0,1 =12+ 2) 3.48
N(1) 0,1 -9+ 2) 3.99
Cl{4) to: CI(7) {0, v, z) 3.80
0(1) 0,1 — 9,2 + 3) 3.48
N(1) ©, », 2) 3.70
N(2) (x, v, 2) 3.64
CI(5) to: CUT) (O, 2) 3.80
N(2) (x, v, 2) 3.27
N(3) (%, ¥, 8) 3.40
C1(6) to: Cl(7) 0, v, 2) 3.63
N(@3) (x, v, 2) 3.40
CI(7) to: O(1) ©, v, 2) 2.78
N 0,1 — 9,2+ 2) 3.51
N(2) (x, 9, 2) 3.40
N(@3) (x, v, 2) 3.27
0O(1) to: N(1) 0, v, 2) 2.76
N@)  (xy,2) 3.16
N(1) to: N(2) (%, v, 2) 3.84
(]

Cié

Cit

Ccl4

Ci2
Ci3

Figure 1.—A projection of the Mo,Cls*~ ion on the (100) plane,
showing the atom-numbering scheme. All atoms lie in the
symmetry plane except atoms C1(2) and C1(5).

axis. One of these is the extra Cl— ion, which lies 3.54
A from one Mo atom; the other is a chlorine atom of
another Mo,Cls*— ion, which lies 3.53 A from the other
Mo atom. In each case the chlorine atom which
approaches a molybdenum atom makes normal contacts
with the four chlorine atoms which are bound to that
molybdenum atom. Considering the Mo-:-Cl dis-
tances and the other interatomic contacts involved, it is
clear that no significant axial Mo—Cl bonds are formed
and the Mo,Cls*~ ion has a well-defined identity in this
substance.

Finally, we may remark on the stoichiometry of the
compound. This, of course, can be derived directly
and solely from the crystal structure, and it is, in-
dubitably, (NH,);Mo0,Cly-H,0. The previously re-
ported formula, (NH4);MosClis: HO, when converted
to a basis of two molybdenum atoms, becomes
(NH4)12/M0:Clgs/, - 2/sH.0.  The differences, obviously,
are small. In fact, the actual differences in analytical
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Figure 2.-——(a) The 0, v, 2 plane; selected nonbonded contacts are indicated. (b) The Claud N atoms near the !/,, v, z plane; decimal
numbers indicate distances above and below the plane as fractional y values.
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TaBLE VI

SYMMETRY AND DIMENSIONS OF THE M0;Cls*~ ION IN THREE DIFFERENT CRYSTALS®

In KsMo:Cls-2H.0?

Crystallographic symmetry 2/m-Csn
Virtual symmetry Duy

Mo-Mo dist, A 2.139 (4)
Mo—Cl dist (range), A 2.44-2.46
Mean Mo-Cl dist, A 2.45 (2)
Mo—-Mo-Cl angles (range), deg 104.5-105.8
Mean Mo-Mo-Cl angle, deg 105.1(7)
Mean Cl- -+ (Mo)- - -Cl dist, A 3.35(2)
Mean Cl---Cl dist, & 3.41+0.05

In (enH:z)2Mo2Cls- 2H:O In (NHgs)sMozCls- HyO

1-¢4 m-Cs
Dun Dun
2,134 (1) 2.150 (5)
2.442-2 460 2.415-2.490
2.451 (5) 2.47 4 0.02
104 .58-105.48 103.4-107.3
105.1 0.4 104.841.3
3.35+0.02 3.38=+ 0.02
3.41 4+ 0.01 3.43 % 0.09

¢ Numbers in parentheses are estimated standard deviations (esd’s) of either individual or mean values; uncertainty intervals (&)

are mean deviations from the average, where these are large enough to make the esd meaningless.

b Owing to disorder in this case, the

quoted esd’s are triple those actually calculated in the hope of not seriously underestimating the true uncertainties.

percentages are so small as to make the two formulas
indistinguishable in practice. Table VII gives the
theoretical figures for the two formulas and the per-
centages actually found.

TABLE VII
ANALvYTICAL FIGURES
Caled for Caled for
(NH4)7MosClis+ (NH¢)sMosCls+
Element H:0, % H:0, % Found, %
N 10.99 11.31 10.6¢
H 3.39 3.58 3.62¢
Mo 32.23 31.00 31.6°
Cl 51.61 51.54 51.4¢°
(0] 1.79 2.58

¢ Microanalytical determinations by Galbraith Microanalytical
Laboratories, Knoxville, Tenn. ? Gravimetric as PbMoOy;
average of four determinations. ¢ Gravimetric as AgCl; average
of four determinations.

It is evident that the differences in calculated analyses
for N and H are at best marginal, while for Cl there is no
significant difference. There is a substantial difference
for oxygen, but lack of convenient and generally
satisfactory methods of analysis coupled with the
possibility of variation in water content depending on
drying conditions, humidity, and temperature nullifies
the usefulness of this, For molybdenum, there is a
difference of 1.239,, which is in principle, perhaps,
exploitable. In our hands, however, no distinction
could be drawn. Four analyses all give results lying
between the two calculated values and averaging to a
figure which is precisely their mean. Thus, the decisive
means of establishing the identity of this compound as
well as revealing its structure turns out to be the X-ray
crystallographic study.
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Synthetic procedures for preparing various low-valent molybdenum compounds containing Mo-Mo bonds from Mos(O.C-
CHa)y are discussed. Explicit experimental details are given for the compounds KiMo.Cls:2H;0, K:Mo0,Clg, KzMo,Cl;-
2H,0, and RbyMo;Cly:2H;O. The last three have not yet been structurally characterized, and the last two are new com-

pounds.

All compounds are obtained by treatment of Moy (O.CCHjy)y with aqueous hydrochloric acid. The particular

compotund obtained depends on the exact conditions of temperature, acid concentration, and the cation used. All compounds
were obtained in crystalline form, and in most though, unfortunately, not all cases crystals were large enough and otherwise

suitable for single-crystal X-ray structure studies.

Introduction

The compound dimolybdenum tetraacetate®* pro-
vides an excellent starting material for the preparation
of halo complexes of molybdenum in oxidation states IT
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