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Concluding Remarks 
This study documents the existence of a previously unknown 

class of compounds that are unique in several respects. First, and 
most importantly, they constitute the only members of an 
M2C14(LL)2 general class of compounds, in which there is an 
overall eclipsed conformation with two trans bidentate ligands 
(LL) that are anions of a substituted hydroxypyridine. We are 
working to extend this class of compounds to include examples 
with other transition metals. Secondly, they are the first reported 
examples in diosmium chemistry of an O S ~ C ~ ~ ( L L ) ~  structural 
type. Finally, 1 and 2 are the first diosmium compounds that 
contain a neutral donor molecule as an axial ligand. Previous 
compounds have always possessed either one or two halides in the 
axial positions. The investigation of the reactivity of Os2C14- 
( ~ h p ) ~ ( L )  (L = py, HzO) is currently under way. These com- 

plexes, in which the Os-Os bond is supported by trans bridging 
ligands, may provide us with the opportunity to study substitution 
reactions that might otherwise (e.g., for the Os2ClS2- ion) result 
in disruption of the dimetal unit. 
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A series of oxomolybdenum(V) complexes with the hydrotripyrazolylborate (HB(pz)<) ligand has been synthesized and char- 
acterized. HB(pz),MoOCI2 (1) was prepared by the reaction of O2 with HB(pz),MoCIS. A pair of (HB(~Z),M~OCI)~O geometric 
isomers (2a, Zb) and ( H B ( ~ ~ ) , ) ~ M O ~ O ~ ( ~ - O ) ~  (3) were obtained from the reaction of M&15 and KHB(pz), in dilute HCI. A 
Mo(V) tetramer, MO~(HB(~~),)~(O)~(~-O)~(~-OM~)~(HOM~)~ (4), was synthesized from the reaction of 3 with MeOH. Com- 
pounds 1, Za, 2b, and 4 were structurally characterized by X-ray diffraction. The unit cell parameters are as follows: for 1, a 
= 15.273 (2) A, b = 7.698 (1) A, c = 13.442 (2) A, @ = 108.84 (1)O, V =  1495.9 (6) A), Z = 4, Cc; for Za, a = 16.140 (5) A, 
b = 11.163 (2) A, c = 17.337 (4) A, @ = 116.18 (2)O, V =  2803 (1) A,, Z = 4, n l / c ;  for 2b, o = 7.763 (4) A, b = 13.128 (4) 
A, c = 14.823 (4) A, j3 = 96.61 (3)', V =  1501 (2) A,, 2 = 2, n , / c ;  for 4, o = 14.763 (6) A, b = 8.965 (3) A, c = 14.076 (4) 
A, j3 = 104.25 (3)O, V = 1806 (2) A,, Z = 2, n 1 / c .  Compounds 28 and 2b, which are geometric isomers, have the structures 
typical of M%O?+ dimers with linear M&Mo bridges. Compounds 2a and 2b provide the first example of M A  distortional 
isomers with a d' electronic configuration: the M m x o  distance in 2a is 1.670 (4) A while the corresponding distance in 2b is 
1.779 (6) A. The yellow-brown colors of 2a and 2b with intense bands at 21 645 cm-I indicate that the previous interpretations 
of the electronic spectra of MO~O,~' complexes must be reevaluated. The chemical and crystallographic characterization of 4 
indicated that it is a Mo(V) tetramer with a zigzag chain of four Mo atoms. The importance of correctly distinguishing between 
a coordinated alkoxide and a coordinated alcohol has been demonstrated in the structure of 4 and by the reformulation of two 
Mo(V) tetramers that had been previously reported in the literature as mixed-valence complexes. 

Introduction 
Molybdenum serves an important role in certain metalloproteins 

and in heterogeneous catalysts. In both cases sulfur and oxygen 
ligands are particularly important. The biochemistry of the 
molybdenum-containing enzymesZ has provided much of the in- 
spiration for the extensive development in the coordination 
chemistry of molybdenum with sulfur and oxygen ligands.34 
More recently, the widespread industrial use of molybdenum oxides 
and molybdenum sulfides as oxidation and hydroprocessing 
 catalyst^',^ has also begun to suggest research problems in mo- 
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lybdenum coordination c h e m i ~ t r y . ~  One of our research goals 
has been to synthesize molybdenum cluster complexes with oxygen 
and sulfur donor ligands that would contain structural features 
found in the solid-state molybdenum oxides and sulfides. This 
paper describes some of our efforts in this area. In this, and our 
related publications,"'-'* we have been making use of the tridentate 
polypyrazolylborate ligand to control three of the coordination 
sites of the molybdenum center. 
Experimental Section 

All organic solvents were dried by standard procedures. Unless oth- 
erwise noted, reactions were carried out under a nitrogen atmosphere by 
using Schlenk glassware and vacuum-line procedures. 'H NMR spectra 
were obtained with a Varian HFT-80 spectrometer. 

H B ( ~ Z ) ~ M ~ O C ~ ~  (1). H B ( ~ ~ ) , M O C I , ~ ~  (1.0 g, 2.4 mmol) was dis- 
solved in dry CH2C12 (90 mL); dioxygen (27 mL, 1.2 mmol) was added, 
and the reaction was stirred for several hours. After filtration to remove 
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Table I. Crystallographic Data for X-ray Diffraction Studies 

- - .  ._ 
395.9 

formula 
fw 
a, A 
b, 8, 
c, A 

Z 
space group 
cryst size, mm 
density (calcd), g cm-’ 
density (measd), g cm-’ 
temp, f 3  “C 
radiation (A, A) 
monochromator 
scan mode 
max 28, deg 
abs coeff, cm-’ 
reflcns measd 
no. of reflcns measd 
no. of data used (lFOl2 > 3alFoI2) 
final no. of variables 
final R 
final Rw 
esd of unit wt observn 

15.273 (2) 
7.698 (1) 
13.442’ (i) 
108.84 (1) 
1495.9 (6) 
4 
c c  
0.63 X 0.32 X 0.17 
1.756 

23 
Cu (1.541 84) 

8-28 
78 
108.4 
+h,+k, f l  
1764 
1273 
179 
0.049 
0.066 
1.507 

16.140 (5) 
11.163 (2) 
17.337 (4) 
116.18 (2) 
2803 (1) 
4 

0.5 X 0.3 X 0.2 
1.746 
1.75 
23 
Mo (0.71073) 
graphite 
8-28 
46 
11.15 
+h,+k,f l 
4304 
2846 
352 
0.037 
0.050 
1.189 

P21/C 

7.763 (4) 
13.128 (4) 
14.823 (4) 
96.61 (3) 
1501 (2) 
2 
P21/C 
0.25 X 0.25 X 0.45 
1.63 
1.63 
23 
Mo (0.71073) 
graphite 
8-28 
45 
10.41 
+h,+k,&l 
2253 
1134 
178 
0.046 
0.059 
1.230 

14.763 (6) 
8.965 (3) 
14.076 (4) 
104.25 (3) 
1806 (2) 
2 
P2dC 
0.5 X 0.35 X 0.25 
1.957 
1.90 
23 
Mo (0.71073) 
graphite 

56 
14.07 
+ h , + k , f l  
4800 
3151 
204 
0.038 
0.048 
1.117 

8-28 

a yellow precipitate, the solvent was removed from the filtrate. The 
residue was washed with hexane and dried under vacuum to yield the 
product as a green powder (66% yield). The product may be recrys- 
tallized from hot toluene; however, the green powder was pure enough 
for use in further synthesis. Electronic spectrum: (CH2CI,) 670 nm (e 
= 44 M-I cm-I), 460 nm e = 45) (sh), 350 nm (e = 3100) (sh), 272 nm 
(e = 7800). 

HB(3,5-Me2pz)3MoOC12. This compound was prepared in the same 
manner as H B ( ~ Z ) ~ M O O C I ~  and was recrystallized from chlorobenzene. 
Electronic spectrum: (CH2C12) 690 nm (e  = 58), 450 nm (sh), 340 nm 
(c = 1800) (sh), 280 nm ( e  = 7900) (sh). 

(HB(pz),M00Cl)~0, “C2 Dimer” (2a). A solution of KHB(pz)’ (5.04 
g, 20 mmol) in 12 mL of water at 0 OC was added under N2 to a 
MoOClS2- solution at 0 OC prepared by dissolving MoCIS (1.35 g, 5.0 
mmol) in 12 mL of 3 M HC1. The mixture was stirred for 5-10 min with 
the temperature maintained at 0 OC. The pH was adjusted to 2-3 by 
adding 6 M NaOH in air. The yellow-brown precipitate that formed was 
filtered off in air and washed with H20 .  C H 3 0 H  (70 mL) was added 
to the filtrate; the solution was degassed and allowed to stand under N2 
for about 1 week until green-black crystals formed (yield 10%). ‘H 
NMR 6 (CDCI,): ring 3,5-positions, 7.46 (1 H, d), 7.57 (1 H, d), 7.69 
(1 H,d),  8.18 (1 H,d),  8.42 (2 H, m);ring4-position, 5.7 (1 H, t), 6.18 
(1 H, t), 6.32 (1 H, t). Mass spectrum: found, m / e  737; calcd, m/e 737. 
Electronic spectrum: (CH2C12) 698 nm (e 485), 460 nm ( e  9000), 350 
nm (e 590) (sh), 270 nm (e  9200); (KBr) ca. 690 nm (sh), 470 nm 
(intense). IR (Nujol mull): 966 cm-I (M-0). 

(HB(~Z)~MOOCI)~O,  “C, Dimer” (2b). H 2 0  (40 mL) was added to 
a CH2C12 (150 mL) solution of H B ( ~ Z ) ~ M O C I ~ ’ ~  (3.24 g, 7.8 mmol) in 
air. The stirred reaction mixture was heated on a hot plate for 2 days 
during which time the mixture turned brown. The CH2C12 layer was 
drawn off and dried with Na2S04. The CH2C12 was removed and the 
brown residue dissolved in warm CH’CN. The resulting solution was 
allowed to crystallize by slow evaporation in air, yielding dark crystals 
that were suitable for study by X-ray diffraction (yield 50%). This 
compound was also prepared from the M~Cl~ /KHB(pz)~ /d i lu t e  HCI 
reaction (see the preparation of 2a above) when the reaction was done 
at one-tenth scale and the reaction mixture was allowed to warm to room 
temperature. The crude precipitate was washed with a small amount of 
CH’OH and then dissolved in CH’CN. Evaporation of the CH3CN 
filtrate in air gave beautiful crystals of 2b in 60% yield. IH NMR 
spectrum d (CDC13): ring 3,5-positions, 7.64 (1 H, d), 7.78 (1 H, d), 7.81 
(1 H, d), 8.13 (1 H, d), 8.46 (1 H, d), 8.70 (1 H, d); ring 4-position, 6.27 
(1 H, t), 6.41 (1 H, t), 6.44 (1 H, t). Mass spectrum: found, m / e  737; 
calcd, 737. Electronic spectrum: (CH2C12) 676 nm (e = 496), 460 nm 
(e = 9350), 350 nm (e  = 690) (sh), 245 nm (e  = 9300) (sh). IR (Nujol 
mull): 960 cm-l (M-0). 

( H B ( ~ Z ) ~ ) ~ M O ~ ( O ) ~ ( ~ - O ) ~  (3). This compound was prepared in a 
manner similar to that described for Za, but the reaction mixture was 
allowed to warm to room temperature. The precipitate that formed at 
pH -2 was washed with H20 .  The precipitate was washed further with 
25 mL of CH’OH and dried under vacuum. The bright yellow powder, 

which was obtained in 30% yield, can be recrystallized from CHCI’. 
Mass spectrum: found, m / e  682; calcd, m/e 682. Electronic spectrum: 
(CH2C12) 310 nm ( e  = 3320) (sh), 244 nm (e = ca. 7000) (sh). 
Mo~(HB(~z),)~(O)~(~-O)~(~-OM~)~(HOM~)~ (4). When the crude 

filter cake of 3 was treated with methanol, platelike orange-red crystals 
of the product formed from the mixture after 2 days. The reaction 
reached completion after 3-4 weeks, resulting in crystals that were of 
sufficient size for an X-ray crystal structure determination. ‘H NMR 
spectrum (Me2SO-d6) ring 3,5-positions, 8.07 (4 H,  d), 7.80 (2 H, d); 
ring 4-position, 6.35 (3 H, m), OCH3 3.30 (3 H, s), HOMe 4.05 (1 H, 

X-ray Structure Determination. Compounds 1, 2a, 2b, and 4 were 
characterized by single-crystal X-ray diffraction studies. Suitable crystals 
of these compounds were mounted on glass fibers and examined on an 
Enraf-Nonius CAD4A automated diffractometer under control of a PDP 
11/45 computer. The unit cells and space groups were determined, data 
sets were collected, and the structures were solved and refined by using 
the programs of the Enraf-Nonius structure determination library. 
Lattice parameters were derived from a least-squares fit of the setting 
angles of 25 of the strongest high-angle reflections. Other pertinent 
crystal data for the individual coppounds are given in Table I. Atomic 
scattering factors were calculated by standard  procedure^.^^ Anomalous 
dispersion corrections were applied to all non-hydrogen atoms.48 All of 
the structures were solved by Patterson methods, followed by cycles of 
refinement and difference Fourier methods. Full-matrix least-squares 
refinements minimized the function Cw(lFoI - IFcI)2 where w = l/c?(F0). 

HB(~Z)~MOOCI~ (1). Data for this crystal were collected by using Cu 
radiation. The intensities of the reflections were corrected for absorption. 
The systematic absences were consistent with either space group C2/c 
or Cc. The structure was successfully refined with the latter space group. 
Since the top three peaks of the first difference Fourier map indicated 
three nearly equivalent atoms in the primary coordination sphere of 
molybdenum, the molecule was suspected of containing a disorder of the 
chloride and oxo ligands. Three chlorine atoms were refined with a 
multiplicity of 0.666. After all of the atomic positions of the H B ( ~ Z ) ~  
ligand were located and refined, the multiplicites of the “chlorine” atoms 
were refined, indicating an unequal distribution over the three positions 
(0.88,0.86,0.71). The sum of the refined multiplicites was 2.45, which 
is equivalent to the total number of electrons in two chlorines and one 
oxygen atom. The position containing the lowest chlorine multiplicity 
(0.71) also displayed the shortest bond distance from Mo (2.07 %.) and 
hence was considered to be the site containing the greatest percentage 
of oxygen character. However, a model using positions calculated for 
partial oxygen and chlorine atoms at reasonable distances from the metal 
could not be successfully refined. The two partial atoms converged to 
an equilibrium distance of 2.090 A from the Mo and could not be 
maintained as separable atoms. Final least-squares refinement was 
carried out by using three chlorine atoms with multiplicities 0.88, 0.86, 
and 0.71, all non-hydrogen atoms with anisotropic thermal parameters. 
Calculated positions of the hydrogen atoms were included in the structure 

q (J  = 7 Hz)), HOCH’ 3.17 (3 H d (J = 7 Hz). 

R = CllFol - l ~ c 1 1 / x l ~ o l ~  and Rw = ( x W ( l F 0 l  - I~c1)2/CwI~o12)”2. 
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Table 11. Positional Parameters for H B ( ~ Z ) ~ M O O C I ~  (1) 
atom X Y Z 

MO -0.2500 (0) 0.0195 (1) -0.2500 (0) 
CI 1 -0.3350 (2) -0.0928 (6) -0.4102 (3) 
c12 -0.3222 (3) 0.2715 (6) -0.2742 (3) 
C13 -0.3229 (4) -0.1036 (8) -0.1643 (4) 
N1 -0.1465 (5) 0.122 (1) -0.1136 (6) 
N2 -0.1506 (6) -0.194 ( I )  -0.2240 (7) 
N3 -0.1498 ( 5 )  0.124 (1) -0.3259 (6) 
N11 -0.0528 (6) 0.109 ( I )  -0.0957 (6) 
N21 -0.0574 ( 5 )  -0.172 (1) -0.1898 (6) 
N31 -0.0582 ( 5 )  0.109 (1) -0.2822 (6) 
C11 -0.0095 (8) 0.191 (2) -0.0074 (9) 
C12 -0.0673 (10) 0.258 (2) 0.0359 (8) 
C13 -0.1540 (7) 0.213 (2) -0.0327 (8) 
C21 -0.0157 (7) -0.325 ( I )  -0.1740 (8) 
C22 -0.0828 (10) -0.451 ( I )  -0.1999 (9) 
C23 -0.1679 (9) -0.366 (1) -0.2300 (9) 
C31 -0.0173 (7) 0.179 ( I )  -0.3452 (8) 
C32 -0.0804 (8) 0.251 (2) -0.4299 (8) 
C33 -0.1646 (8) 0.208 (2) -0.4170 (9) 
B -0.0172 (8) 0.012 ( I )  -0.1765 (9) 

Table 111. Positional Parameters for [HB(pz),M00C1]~0 ( 2 4  

atom X Y z 

Mol 0.14044 (3) 0.07799 (4) 0.16323 (3) 
Mo2 
CI 1 
c12 
0 1  
0 2  
0 3  
NI  
N 2  
N 3  
N4 
N5 
N6 
N11 
N21 
N3 1 
N4 1 
N51 
N6 1 
CI  1 
c 1 2  
C13 
c 2  1 
c 2 2  
C23 
C3 1 
C32 
c 3 3  
C4 1 
C42 
c 4 3  
C5 1 
C52 
c 5 3  
C6 1 
C62 
C63 
B1 
B2 

0.34306 (2) 
0.1680 ( I )  
0.2964 (1) 
0.0524 (2) 
0.4304 (2) 
0.2434 (2) 
0.1339 (3) 
0.0492 (3) 
0.2419 (3) 
0.3672 (3) 
0.4306 (3) 
0.2482 (3) 
0.1209 (3) 
0.0515 (3) 
0.2209 (3) 
0.3840 (3) 
0.4460 (3) 
0.2794 (3) 
0.1131 (4) 
0.1229 (4) 
0.1348 (4) 

-0.0169 (4) 
-0.0644 (4) 
-0.0218 (4) 

0.2927 (5) 
0.3620 (4) 
0.3276 (4) 
0.3906 (4) 
0.3796 (5) 
0.3649 (4) 
0.5155 (5) 
0.5468 (5) 
0.4914 (4) 
0.2102 (4) 
0.1328 (4) 
0.1595 (4) 
0.1239 ( 5 )  
0.3781 ( 5 )  

-0.11724 (5) 

-0.2461 (2) 

-0.0416 (4) 
-0.0198 (4) 

0.1540 (4) 
0.2241 (4) 
0.2376 (4) 

-0.0384 (5) 
-0.2649 (4) 
-0.2270 (5) 

0.0520 (2) 

-0.0134 (4) 

0.2732 (5) 
0.3343 (4) 
0.3477 (5) 

-0.1035 ( 5 )  
-0.2877 (5) 
-0.2711 (5) 

0.2915 (7) 
0.1829 (7) 
0.0997 (6) 
0.4000 (6) 
0.3364 (6) 
0.2253 (6) 
0.4204 (7) 
0.3577 (7) 
0.2446 (7) 

-0.0300 (7) 
0.0854 (7) 
0.0774 (6) 

-0.3674 (7) 
-0.3960 (7) 
-0.3317 (6) 
-0.3243 (6) 
-0.3181 (6) 
-0.2565 (6) 

0.3656 ( 7 )  
-0.2390 (8) 

0.28309 (3) 
0.04230 (9) 
0.16302 (10) 
0.1471 (2) 
0.2791 (2) 
0.2265 (2) 
0.2749 (3) 
0.0923 (3) 
0.1998 (3) 
0.4053 (3) 
0.3561 (3) 
0.3250 (3) 
0.2825 (3) 
0.1283 (3) 
0.2192 (3) 
0.4767 (3) 
0.4382 (3) 
0.4055 (3) 
0.3560 (4) 
0.3965 (4) 
0.3432 (4) 
0.0712 (4) 

-0.0025 (4) 
0.0137 (4) 
0.2392 ( 5 )  
0.2327 (5) 
0.2085 (4) 
0.5403 (4) 
0.5103 (4) 
0.4249 (4) 
0.4730 ( 5 )  
0.4142 (5) 
0.3409 (4) 
0.4157 (4) 
0.3389 (4) 
0.2828 (4) 
0.2171 (5) 
0.4736 (4) 

factor calculations but were not refined. The final coordinates for the 
non-hydrogen atoms are listed in Table 11. Refinement of the enan- 
tiomorph resulted in higher values of R and R,. 

In an attempt to obtain a more satisfying result, the crystal structure 
of HB(3,5-Me2pz),MoOC12 was investigated. This compound crystallizes 
from toluene solution in the monoclinic space group P2, with a = 8.878 
(2) A, b = 18.650 (4) A, c = 8.045 (4) A, B = 100.84 (3)O, V = 1308 
(1) A3, and Z = 2. The results of the structure determination were 
unfortunately quite similar to those described for 1. 

[HB(~Z)~MOOCI],O (2a). This structure was solved and refined in a 
straightforward manner. The positions of all 20 hydrogen atoms were 
clearly revealed in a difference Fourier map. The hydrogen positions 
were fixed, and all hydrogen atoms were assigned an isotropic tempera- 

Table IV. Positional Parameters for IHB(Pz),MoOCIl ,O (2b) 

atom X Y Z 

Mol 0.4461 (1) 0.09753 (7) 0.08346 (6) 
c11 0.1652 (4) 0.1177 (2) 0.0107 (2) 
0 2  0.5457 (8) 0.2089 ( 5 )  0.0449 (4) 

0.1771 (6) N1 0.677 ( I )  0.0652 (6) 
0.1754 (6) 0.2000 ( 5 )  N2 

N3 0.354 (1) -0.0352 (6) 0.1644 (6) 
N11 0.672 (1) 0.0500 (6) 0.2680 (6) 
N21 0.401 (1) 0.1459 (6) 0.2866 (6) 

C11 0.838 (2) 0.0423 (9) 0.3096 (8) 
C12 0.948 ( I )  0.0534 (8) 0.2451 (9) 
C13 0.845 ( I )  0.0664 (8) 0.1651 (8) 
C21 0.340 (1) 0.2136 (9) 0.3424 (8) 
C22 0.254 (1) 0.2906 (9) 0.2930 (8) 
C23 0.271 ( I )  0.2626 (8) 0.2024 (7) 

01 0.5000 (0) 0.0000 (0) 0.0000 ( 0 )  

0.360 (1) 

N31 0.390 ( I )  -0.0405 (6) 0.2575 (6) 

C31 0.321 (1) -0.1267 (8) 0.2886 (8) 
C32 0.238 (1) -0.1758 (8) 0.2131 (9) 
C33 0.261 (1) -0.1174 (7) 0.1397 (8) 
B 0.498 (2) 0.045 ( I )  0.3090 (9) 

Mol 
Mo2 
01 
0 2  
0 3  
0 4  
0 5  
0 6  
N1 
N2 
N 3  
NI  1 
N21 
N3 1 
CI 1 
c 1 2  
C13 
c 2  1 
c 2 2  
C23 
C3 1 
C32 
c 3 3  
C1 
c 2  
B 

0.76482 (2) 
0.92268 (2) 
0.7116 (2) 
0.8858 (2) 
0.8205 (2) 
0.9040 (2) 
1.0654 (2) 
0.9912 (2) 
0.7796 (2) 
0.7097 (2) 
0.6333 (2) 
0.7097 (3) 
0.6441 (3) 
0.5792 (2) 
0.7287 (4) 
0.8116 (4) 
0.8413 (3) 
0.6213 (4) 
0.6709 (4) 
0.7249 (4) 
0.5034 (3) 
0.5083 (3) 
0.5907 (3) 
1.0986 (4) 
0.9498 (3) 
0.6192 (3) 

0.43867 (4) 
0.37578 (4) 
0.2726 (4) 
0.4012 (4) 
0.4896 (4) 
0.1973 (4) 
0.2941 (4) 
0.4303 (3) 
0.6924 (4) 
0.4553 (4) 
0.5440 (5) 
0.7699 (4) 
0.5584 ( 5 )  
0.6284 ( 5 )  
0.9149 (6) 
0.9358 (6) 
0.7939 (5) 
0.5371 (7) 
0.4184 (7) 
0.3712 (6) 
0.6740 (7) 
0.6177 (7) 
0.5372 (7) 
0.1444 (7) 
0.3889 (6) 
0.6889 (7) 

0.31365 (2) 
0.42891 (2) 
0.3128 (2) 
0.2880 (2) 
0.4510 (2) 
0.4547 (3) 
0.4199 (2) 
0.5724 (2) 
0.2834 (3) 
0.1546 (3) 
0.3285 (3) 
0.2223 (3) 
0.1123 (3) 
0.2570 (3) 
0.2308 (4) 
0.2964 (4) 
0.3273 (3) 
0.0153 (4) 

-0.0059 (4) 
0.0826 (4) 
0.2871 (4) 
0.3776 (4) 
0.4014 (4) 
0.4168 (4) 
0.6500 (3) 
0.1723 (4) 

ture of 6 A3. Final refinement gave R and R,  equal to 0.037 and 0.050, 
respectively. Final atomic parameters are given in Table 111. 

[HB(~z),MoOCI]~O (2b). The experimentally determined density for 
2b was in excellent agreement with the calculated density. Similar good 
agreement between the measured and calculated densities was also ob- 
served for 2a. The difference in the densities of 2a and 2b explains the 
slight but significant differences in unit cell volume per dimer in the 
isomeric compounds. Since this structure contained an unusually long 
Mo=O bond length, a second data set was collected on a new crystal 
taken from a different synthetic batch of crystals. The refined position 
of the atoms for this second structure determination gave bond distances 
and angles in close agreement with the first structure. The atomic pa- 
rameters from the first structure are given in Table IV. 

M O ~ ( H B ( ~ Z ) ~ ) ~ ( O ) ~ ( ~ - O ) ~ ( ~ ~ - O C H , ) , ( H O C H ~ ) ~  (4). The structure 
was solved by normal Patterson and Fourier methods. All non-hydrogen 
atoms were refined anisotropically, and a difference Fourier map then 
revealed the location of all 17 hydrogen atoms. Subsequent refinement 
cycles included positional and anisotropic thermal parameters for non- 
hydrogen atoms and positional and isotropic thermal parameters for the 
H atoms. The position of H2 was redetermined from a difference Fourier 
map and its position and isotropic temperature factor was fixed in the 
two final cycles of full-matrix least-squares refinement. The position of 
H2 could be refined; however, the position obtained from the difference 
map was slightly more reasonable. The atomic positional parameters are 
given in Table V. 
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Figure 1. oRTEP diagram of [ H B ( ~ z ) ~ M o O C I ~ ]  (1). 

Table VI. Selected Bond Distances (A) and Angles (deg) for 
HB(PZ)~MOOCI~ (1)’ 

Mo-C11 2.294 (3) Mo-N1 2.149 (7) 
Mo-C12 2.203 (4) Mo-N2 2.190 (9) 
Mo-C13 2.072 ( 5 )  Mo-N3 2.244 (7) 

C13-Mo-CIl 96.1 (2) CIl-Mo-N3 88.3 (2) 
C13-Mo-CI2 98.7 (2) C12-Mo-Nl 89.8 (2) 
C13-Mo-Nl 94.2 (2) CI2-Mo-N2 166.9 (2) 
C13-MwN2 92.1 (3) Cl2-Mo-N3 90.0 (2) 
C13-Mo-N3 169.8 (3) Nl-Mo-N2 82.0 (3) 
CIl-Mo-Cl2 95.1 (2) N l -MwN3 80.5 (3) 
C11-Mo-N1 167.8 (2) N2-Mo-N3 78.6 (3) 
CIl-Mo-N2 91.1 (2) 

In the disordered HB(pz),MoOC12 molecule the ligand with the 
largest 0 multiplicity is C13. 

Results and Discussion 
Synthesis and Characterization. Monomers. HB(3,5- 

Me2pz),MoOC12 was obtained, a number of years ago, by Tro- 
fimenko by alumina treatment of the uncharacterized red solution 
that he obtained from the reaction of [HB(3,5-Me,p~),Mo(C0)~]- 
with thionyl ch10ride.l~ The red solution has since been char- 
acterized as containing HB(3,5-Me2pz),MoC13,’0 and it was found 
that the oxidation of this compound with dioxygen gave a good 
yield of the yellow-green crystalline complex HB( 3,5- 
Me2pz)3MoOC12. H B ( ~ z ) ~ M ~ O C ~ ~  (1) was made in an analogous 
manner. These monomers are paramagnetic, as expected for a 
dl system. 

The X-ray crystal 
structure (Figure 1, Table VI) revealed that the molecule was 
disordered by a noncrystallographically imposed pseudo-C3 axis 
passing through the molybdenum and boron atoms. No refinement 
of individual position or occupancy of the oxygen and the chlorine 
atoms was successful; it was necessary to settle for a model in 
which three ligands were each hybrid atoms. Although one of 
the three Mo-O(C1) bond distances is distinctly shorter than the 
other two, indicating the greatest percent occupancy of the oxygen, 
all of the observed Mo-O(C1) distances (2.294 (3), 2.203 (4), 
2.072 ( 5 )  A) tend toward the mean of the Mo-Cl and M d ,  bond 
lengths found in the dimers 2a and 2b and in the HB(pz),TcOCl, 
monomer.” The three distinct Mo-O(C1) bond lengths and the 
multiplicity refinement of the three “chlorine” atoms suggest an 
unequal distribution of occupancy by oxygen over the three sites 
(23% (Cll), 27% (C12), 50% (C13)). The differences in the Mo-N 
bond distances in 1 reflect the disorder of the trans-effecting oxo 
ligand. The shortest Mo-N distance (Mo-N1 = 2.149 A) is trans 

X-ray Structure of HB(~z)~MoOCI~ .  

(13) Trofimenko, S. Inorg. Chem. 1971, 10, 504. 
(14) Garner, C. D.; Howlader, N. C.; Mabbs, F. E.; McPhail, A. T.; Onan, 

K. D. J .  Chem. SOC., Dalton Trans. 1978, 1848 and references therein. 
Hill, L. H.; Howlader, N. C.; Mabbs, F. E.; Hursthouse, M. B.; Malik, 
K. M. A. J .  Chem. SOC., Dalton Trans. 1980, 1475. 

(15) Thomas, R. W.; Estes, G. W.; Elder, R. C.; Deutsch, E. J .  Am. Chem. 
SOC. 1979, 101, 4581. 
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Fipre 2. ORTEP diagram of [HB(pz),M00C1]~0 (2a). 

to the longest Mo-Cl bond. The Mo-N3 bond, which is opposite 
the O(C13) position, which has the greatest oxo character, has 
the longest distance (2.244 (7) A). The usually strong trans effect 
is somewhat masked in 1 by the threefold disorder. The crystal 
structure of HB(3,5-Me2pz),MoOC12 was also attempted, a similar 
disorder was found to be present in this compound. 

A disorder similar to that found in HB(pz),MoOC12 has also 
been observed in M o O C ~ , ( P P ~ , O ) ~ ,  WOC13(PPh30)2, and 
WSC13(PPh,0)2 by Garner, Mabbs, and co-worker~.’~ These 
authors have noted that this tendency to disorder is often seen 
in molecules containing a combination of larger bulky ligands with 
smaller, more equal, oxygen and chlorine ligands where the 
molecules are held together only by weak van der Waals forces. 
There is no such disorder in the structure of the closely related 
HB(pz),TcOCl,; the larger trans effect of the T c = O  bond is 
apparently sufficient to remove the threefold disorder in the 
H B ( ~ z ) ~  ligand.I5 

Dimers. MO~O~(HB(PZ) , )~  (3) was the major product obtained 
from the reaction of KHB(pz), with solutions of [MoOC15]*- in 
aqueous HCl solution (pH -2) according to a modification of 
a synthetic procedure developed by Melby for similar 
complexes.16 This bright yellow compound has been characterized 
by its ‘H NMR,  IR, and mass spectra. The IR spectrum of 3 
possesses bands characteristic of the terminal (960 cm-I) and 
bridging oxo’s (750, 733, and 460 cm-’). Compound 3 is easily 
converted to the mono p-oxo-bridged species 2a with HC1, which 
is a characteristic reaction of M02042+ complexe~.~  

The two geometrical isomers of [HB(pz),M00C1]~0, 2a (10% 
yield) and 2b (60% yield), are obtained from the same reaction 
of K H B ( ~ z ) ~  and MoCl, in dilute HC1. Isomer 2b may also be 
obtained by treating HB(pz),MoCl, with water in air (50% yield). 
The electronic spectrum of 2a follows Beer’s law, which indicates 
that it does not take part in the disproportionation reaction 
(M02034+ =  MOO^^' + Moo2+) that is common for several 
Mo20?+ complexes.’’ The peak positions and relative intensities 
of a solid-state spectrum of 2a in a KBr pellet are similar to the 
solution spectra, indicating that the complex is stable in solution. 
The electronic spectrum of 2a in CH2C12 or THF shows transitions 
at 698 nm (e = 485), 462 nm (e = 9000), 350 nm (sh), (e = 600), 
and 270 nm (sh) (e = 9000). The electronic absorption spectrum 
of 2b has the same intense 462-nm band as that of 2a; however, 
the lowest energy band is shifted to 676 nm. The ‘H NMR spectra 
of 2a and 2b are different; however, when 2a remains in solution 
(CDCI,) for more than 30 min, the spectrum obtained is a com- 
bination of 2a and 2b. Under the same conditions there is no 
change in the spectrum of 2b. 

X-ray Structures of the [HB(pz),MoOC1I20 Geometric Isomers. 
Figure 2 shows a perspective view of dimer 2a with the labeling 
scheme; interatomic distances and angles of the metal-ligand 
coordination are given in Table VII. The dimer possesses no 
crystallographically imposed symmetry, but it has an approximate 
C2 axis and will be referred to as the “C2 dimer” to distinguish 
it from its geometrical isomer, 2b. The crystal structure displays 

(16) Melby, L. R. Inorg. Chem. 1969, 8, 349. 
(17) (a) Newton, W. E.; Corbin, J. L.; Bravard, D. C.; Searles, J. E.; 

McDonald, J. W. Inorg. Chem. 1974, 13, 1100. (b) Chen, G. J.-J.; 
McDonald, J. W.; Newton, W. E. Inorg. Chem. 1976, 15, 2612. 
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Table VII. Selected Distances (A) and Angles (deg) for 
[HB(~Z)~MOOCI]  20 (2a) 

Lincoln and Koch 

Mol-C1 1 
M02-Cl2 
Mol-01 
Mo2-02 
Mol-03 

Mol-Nl 
Mo2-03 

Mol-03-Mo2 
01-Mol-03 
02-M02-03 
01-Mol -CI 1 
02-Mo2-CI2 
01-Mol-Nl 
02-M02-N4 
01-Mol-N 1 
02-M02-N5 
Ol-Mol-N3 
02-M02-N6 
CI 1-Mol-N 1 
C12-M02-N4 
CI l-Mol-N2 
C12-M02-N5 
CI 1 -Mol-N3 

2.346 (2) 
2.364 (2) 
1.670 (4) 
1.671 (4) 
1.883 (4) 
1.829 (4) 
2.158 (4) 

177.3 (2) 

103.7 (2) 
104.9 (2) 
102.6 (2) 
90.9 (2) 
92.6 (2) 
92.9 (2) 
93.6 (2) 

164.7 (2) 
165.4 (2) 
162.6 (1) 
163.6 (1) 
86.3 (1) 
85.6 (2) 
87.1 (1) 

102.2 (2) 
C12-M02-N6 
03-Mol-N 1 
03-M02-N4 
03-Mol-N2 
03-M02-N5 
03-Mol-N3 
03-M02-N6 
03-Mo 1-C11 
03-M02-C12 
Nl-Mol-N2 
N4-Mo2-N5 
Nl-Mol-N3 
N4-Mo2-N6 
N2-Mol -N3 
N5-Mo2-N6 

2.164 (5) 
2.178 (5) 
2.176 (5) 
2.311 (5) 
2.315 (5) 
3.710 (1) 

87.5 (1) 

91.1 (2) 
165.0 (2) 
162.7 (2) 
87.2 (1) 
86.3 (2) 
89.0 (1) 
91.5 (1) 
85.6 (2) 
87.0 (2) 
76.1 (2) 
76.5 (2) 
78.4 (2) 
76.5 (2) 

94.9 (2) 

Table VIII. Selected Distances (A) and Angles (deg) for 
[HB(~z),MoOCI] 2 0  (2b) 

Mo-C1 
M e 0 2  
Mo-0 1 
Mo-N 1 

Mo-01-Mo' 
02-Mo-01 
02-Mo-Cl 
02-Mo-Nl 
02-M0-N2 
02-M0-N3 
CI-Mo-N 1 
CI-Mo-N~ 

2.334 (3) 
1.779 (6) 
1.861 (1) 
2.179 (8) 

180.0 
102.3 (2) 
100.1 (2) 
90.5 (3) 
93.1 (3) 

166.6 (3) 
166.6 (2) 
87.5 (2) 

Mo-N2 
Mo-N3 
Mo-Mo' 

Cl-MwN3 
01-Mo-N 1 
Ol-Mo-N2 
O l - M e N 3  
0 1 -Mo-Cl 
NI-Mo-N~ 
NI-MO-N~ 
N2-Mo-N3 

2.178 (7) 
2.277 (8) 
3.722 (1) 

89.8 (2) 
93.3 (2) 

164.4 (2) 
86.1 (2) 
92.29 (8) 
83.8 (3) 
78.5 (3) 
78.3 (3) 

the well-known Mo2034+ bridging structure found in many earlier 
structures.I* The present structure is distinctive in two ways. In 
the previous structures where the terminal oxo ligands are trans 
to one another, this relationship has been rigorous due to a center 
of symmetry that is crystallographically imposed. The structure 
of 2a contains a nearly linear M&Mo bridge (177.3 (2)') with 
trans oxo ligands but no center of symmetry. The second dis- 
tinctive facet is the observed value of 13.5' for the dihedral angle 
between the two planes defined by the Mo(O,)Ob atoms. The 
largest value previously reported is 4.5' (in a structure containing 
cis oxo ligands).I8" Compound 2a is diamagnetic in the solid state 
and in solution (as indicated by sharp unshifted resonances in the 
N M R  spectrum). No ESR spectrum was observed at  room 

(18) (a) Blake, A. B.; Cotton, F. A,; Wood, J. S. J .  Am. Chem. SOC. 1964, 
86, 3024. (b) Knox, J. R.; Prout, C. K. Acta Crysrallogr., Secr. B 
Struct. Crysrallogr. Cryst. Chem. 1969, BZ5, 2281. (c) Ricard, L.; 
Pstknne, J.; Karagiannidis, P.; Toledano, P.; Fisher, J.; Mitschler, A,; 
Weiss, R. J. Coord. Chem. 1974, 3, 271. (d) Aliev, Z. G.; Atovmyan, 
L. 0.; Trachev, V. V. J. Srrucr. Chem. (Engl. Transl.) 1975, 16, 646. 
(e) Zubieta, J. A.; Maniloff, G. B. Inorg. Nucl. Chem. Lett. 1976,12, 
121. (0 Glowiak, T.; Rudolf, M. F.; Sabat, M.; Jezowska-Trzebia- 
towska, B. J.  Less-Common Mer. 1977, 54, 35. (g) Tsao, Y.-Y. P.; 
Fritchie, C. J.; Levy, H. A. J. Am. Chem. SOC. 1978, 100, 4089. (h) 
Cotton, F. A.; Fanwick, P. E.; Fitch, J. W. Inorg. Chem. 1978, 17, 3254. 
(i) Garner, C. D.; Howlader, N. C.; Mabbs, F. E.; McPhail, A. T.; 
Onan, K. D. J. Chem. SOC., Dalton Trans. 1979, 962. (j) Prout, K.; 
Couldwell, C. Acta Crysrallogr., Sect. B Struct. Crystallogr. Crysr. 
Chem. 1980, 836, 1481. (k) Hyde, J. R.; Zubieta, J. Cryst. Srruct. 
Commun. 1982, 11, 929. (I) Kamenar, B.; Korpar-Colig, B.; PenaviE, 
M. Crysr. Sfrpcf. Commun. 1982,11, 1583. (m) Kamenar, B.; PenaviE, 
M.; Korpar-Colig, B.; MarkoviE, B. Inorg. Chim. Acta 1982, 65, L245. 
(n) Dahlstrom, P. L.; Hyde, J. R.; Vella, P. A.; Zubieta, J. Inorg. Chem. 
1982, 21,927. (0) Bino, A.; Cohen, S.; Tsimering, L. Inorg. Chim. Acra 
1983, 77, L79. 
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Figure 3. ORTEP diagram of [HB(~Z)~MOOCI],O (2b) 

temperature or a t  77 K. The diamagnetism of 2a is consistent 
with the analysis of Cotton,lBa who pointed out that there could 
be significant deviation from planarity in the M%O?+ unit without 
affecting the coupling of the Mo(V) d' electrons through the oxo 
three-center bond. The observed bond distances in 2a are similar 
to those reported for the other Mo2034+ complexes:18 the short 
Mo-0, distances (1.670 (4) and 1.671 (4) A) and the structural 
trans effect experienced by the ligands trans to the oxo group 
(Mol-N3 = 2.31 1 (5) A and Mol-N6 = 2.315 (5) 8, vs. the four 
Mo-N,,, distances of 2.158-2.178 A). The difference in the 
distances Mol-03 (1.883 (4) A) and Mo2-03 (1.829 (4) A) is 
13a, which may indicate this asymmetry in the M&Mo bridge 
is real. Other crystallographically significant distortions in the 
coordination sphere of the HB(pz)3Mo0,C1(0b) unit are found 
in isomer 2b. 

The X-ray structure determination of 2b (Figure 3, Table VIII) 
revealed it to be a geometrical isomer of 2a. Compound 2b has 
a crystallographically imposed center of symmetry (i.e. the C, 
dimer); the oxo groups as well as the other ligands are trans to 
one another. The center of symmetry also requires that the 
dihedral angle between the two Mo(O,)Ob planes be equal to 0'. 
A rotation about the Mo-0-Mo unit does not interconvert the 
isomers; the interconversion of 2a and 2b requires a bond-breaking 
mechanism. A striking structural difference between the two 
isomers is that the Ci dimer, 2b, contains a Mo-0, bond length 
of 1.779 (6) A. This distance is substantially longer than the 
corresponding Mo-0, length of 1.671 (4) 8, found in isomer 2a 
and is outside the range of 1.61-1.74 A found in other structures 
containing M o V = O  g r o ~ p s . ~ * ~ , ~ * ~ ~ ~ ' ~  No other metrical value in 
the structure can be considered unusual. The Mo-N3 bond, which 
is trans to the terminal oxo ligand, is 2.277 (8) 8, in 2b and 2.313 
A in 2a. Thus, the trans nitrogen experiences a greater trans effect 
in isomer 2a, which possesses the shorter Mo-0,, as would be 
expected. The other Mo-ligand distances are comparable in the 
two isomers; the M d b  distance (1.861 (1) A) is not significantly 
different from the average Mo-Ob distance in 2a. 

The explanation for the long oxo bond distance is not the result 
of intermolecular forces. There is no evidence for a hydrogen- 
bonding interaction with this oxygen; moreover, none of the hy- 
drogens of the pyrazolylborate ligands can be considered likely 
to hydrogen bond to the oxo group since they are bonded only 
to carbon and boron atoms. A unit cell diagram of 2b (supple- 
mentary material) does not reveal any obvious packing strains. 
The closest intermolecular distances between the terminal oxygen 
atoms in 2b and H31 and H21 from an adjacent molecule are 2.55 
and 2.65 A, respectively. The long metal-metal distance resulting 
from the linear oxo bridge also rules out any steric interactions 
of the two monomers across the bridge. 

The importance of the nonbonded repulsions between donor 
atoms as a determining factor in the irregular stereochemistry 
of oxomolybdenum compounds has been previously recognized.*O 

(19) Earlier reports of a Mo-0, bond length of 1.78 (7) 8, for [Ph,As]- 
[MoOBr4(H20)] were proved to be incorrect by a more precise structure 
determination: Bino, A.; Cotton, F. A. Inorg. Chem. 1979, 18, 2710. 
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Figure 4. Structure diagrams that compare the L-Mo-L bond angles and the ligand-ligand nonbonding distances in 2a and Zb. 

The repulsion between the multiply bonded oxo ligand and its cis 
ligands results in the Ot-Mo-Ld, angles being in general greater 
than 90’. The resultant nonbonded repulsion between these cis 
ligands and the ligand trans to the oxo causes the increase in the 
M-b,,, bond length. Figure 4 schematically compares the lig- 
and-ligand distances and their effect on the L-M-L angles in 2b 
and 2a. The [HB(~z)~MoOCI] ,O dimers are composed of two 
highly strained distorted octahedra, with the HB(p& tridentate 
ligand imposing its own geometric constraints in addition to that 
resulting from the dominant molybdenum-xo bond. Adjustment 
of ligand-Meligand angles and the M A ,  bond length to achieve 
a balance of ligand-ligand repulsive forces and metal-ligand 
bonding forces apparently allows two stable isomers with differing 
Mo-O, bond lengths. The interligand distances between 0, and 
three of its four cis ligands (N2, Ob, and N1) increase in going 
from 2a to 2b (Le. as the Mo-0, bond distance increases). Al- 
though the O,-Cl distance is slightly shorter in 2b, the O,-Mo-Cl 
angle has become significantly less distorted from 90° in 2b. All 
these changes are small (and barely crystallographically signif- 
icant); however, they indicate that the increase in the M e O ,  
distance in 2b may result from an attempt to decrease the non- 
bonded repulsions with its cis ligands. In a manner consistent with 
the structural results, the M W  stretch in the IR spectrum of 
2a (966 cm-I) is found at higher energy than the corresponding 
peak in 2b (960 cm-’). A detailed study of the vibration spectra 
of compounds 2a and 2b and also of 1 is in progress in an attempt 
to further monitor the changes in the metal-ligand bonding in 
these compounds.21 

Analogies to the structural phenomena observed in 2a and 2b 
can be found in a series of MoIV=O complexes and isoelectronic 
ReV=N complexes. Chatt et al. synthesized a series of Mo(1V) 
oxo complexes of the type MoOX2L3 (X = halide or pseudohalide; 
L = tertiary phosphine), some of which were blue and some of 
which were green.22 Initially, the blue and green forms were 
thought to have different arrangements of the halide atoms; 

F)  Yamanouchi, K.; Enemark, J. H. Proceedings of the Climax Third 
International Conference on the Chemistry and Uses of Molybdenum; 
Barry, H. F., Mitchell, P. C. H., Eds.; Climax Molybdenum: Ann 
Arbor, MI, 1979; pp 24-27. 

(21) Lincoln, S., to be submitted for publication. 
(22) Butcher, A. V.; Chatt, J. J .  Chem. SOC. A 1970, 2652. 

however, X-ray crystal studies of MoOClz(Et2PPh), (green) and 
M O O C ~ ~ ( M ~ ~ P P ~ ) ~  (blue) showed both to possess the same basic 
arrangement of the liga11ds.2~ However, the green isomer displays 
a long Mc-oxo bond (1.802 (1 1) A) while the blue form possesses 
a short Mo-O bond length of 1.676 (7) A. More recently, the 
green isomer of M C O C ~ ~ ( M % P P ~ ) ~  was structurally characterized 
and found to have a long M A  bond of 1.80 (2) Completely 
analogous observations have been found for the rhenium com- 
pound: ReNC12(M%PPh)3 has an anomalously long Re-N bond 
length (1.788 (1 1) A) while the Re-N distance (1.660 (8) A) in 
ReNC12(Et2PPh)3 lies in the normal range. Chatt recommended 
the term “distortional isomers” for this ~ h e n o m e n o n . ~ ~  Another 
example of such isomers has been found in two crystalline forms 
of [MoO(OH,)(CN),]~-.~~ The observation of this phenomenon 
in compounds 2a and 2b extends this unusual type of isomerism 
to a d’ Mo(V) metal center; the previous examples have been found 
in dZ (Mo(1V) and Re(V)27) metal complexes. The monomeric 
units of dimers 2a and 2b (Le. (HB(pz)3Mo(0,)(C1)(Ob-)) can 
be described as distortional isomers of one another. In addition 
to their distortional differences, 2a and 2b are true geometric 
isomers. Although there is no completely satisfying explanation 
for the existence of distortional isomers, their occurrence is be- 
coming more common. 

Electronic Spectra of 2a and 2b. The electronic spectra of the 
linear bridged [ H B ( p ~ ) ~ M o 0 C 1 ] ~ 0  dimers 2a and 2b are unique 
among those reported for Mo203,+ complexes of known structure 
in that they do not possess a 19 OOO-cm-’ band and are not purple. 
In the past, the intense band at ca. 19000 cm-’ and the associated 

(23) (a) Chatt, J.; ManojloviE-Muir, L.; Muir, K. W. J .  Chem. SOC., Chem. 
Commun. 1971, 655. (b) ManojloviE-Muir, L.; Muir, K. W. J .  Chem. 
Soc., Dalton Trans. 1972,686. (c) ManojloviE-Muir, L. J .  Chem. Soc. 
A 1971, 2796. 

(24) Haymore, B. L.; Gcddard, W. A., 111; Allison, J. N. Proc. Int. Conf. 
Coord. Chem., 23rd 1984, 535 .  

(25) (a) Corfield, P. W. R.; Doedens, R. J.; Ibers, J. A. Inorg. Chem. 1967, 
6, 197. (b) Forsellini, E.; Casellato, U.; Graziani, R.; Magon, L. Acra 
Crystallogr., Sect. B Struct. Crystallogr. Cryst. Chem. 1982, 838, 
3081. 

(26) Wieghardt, K.; Backes-Dahmann, G.; Holzbach, W.; Swiridoff, W. J.; 
Weiss, J. Z .  Anorg. Allg. Chem. 1983, 499, 44. 

(27) Dilworth, J. R.; Dahlstrom, P. L.; Hyde, J. R.; Zubieta, J.  Inorg. Chim. 
Acra 1983, 71, 21. 
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Figure 5. ORTEP diagram of [Mo~(HB(~z),)~(O)~(~O)~(~OCH~)~- 
(CH,OH)J (4). The hydrogen atoms of the HB(pz), ligand have been 
omitted. 

deep (usually purple) color have been considered to be charac- 
teristic of a linear (Mo----O)--O-(Mo=O) bridged dimer, and 
in fact, compounds lacking this band were deemed suspect.28 The 
apparent lack of ligand dependence on the position of this band 
led to its suggested assignment as a transition involving the 
Mc-0-Mo bridging unit.28 Complexes 2a and 2b are yellow- 
brown in solution with an intense band at  21 645 cm-’. It now 
appears that the rigid criterion of a ca. 19000-cm-’ band in 
Mo2034+ complexes may have been established for a set of com- 
pounds with too small a variation of donor ligands. The Mo20$+ 
compounds that have been the most extensively studied have sulfur 
ligands. In any case the existence of complexes 2a and 2b shows 
the danger of using the 19000-~m-~ band as a criterion for a linear 
oxo-bridged Mo20$+ complex and reveals the band in this region 
to be more ligand-dependent than was previously suspected. In 
contrast to the intense study of oxo Mo(V) monomers,29 the 
electronic structure and electronic spectra of Mo2034+ complexes 
have not been adequately studied. 

Mo4 Tetramer. Further evidence of the well-known tendency 
of Mo(V) to dimerize and polymerize is seen in the formation of 

Compound 4 is obtained from the treatment of ( H B ( P Z ) ~ ) ~ M O ~ O ~  
(3) with methanol. Figure 5 shows a perspective view of 4 obtained 
by an X-ray crystallographic study; selected bond distances and 
angles are listed in Table IX. The basic structure of the mo- 
lybdenums and their ligating oxygen and nitrogen atoms can be 
envisioned as an oligomer of four MX6 octahedra joined together 
by edge sharing. It is a fragment of the zigzag chain structure 
found in many MX4 solid-state structures such as ZrC1, and 
monoclinic M O O C I ~ . ~ ~  In the idealized zigzag chain 

the tetramer Mo4(HB(Pz)3)2(o)4(C1-0)4(C1-~H3)2(H~H3)2 (4). 

the metal atoms are coplanar and the M-M-M angles are 120’; 
in 4 the Mol-Mo2-Mo2’ angle is 126.55 (2)’. 

The centrosymmetric structure is best described as a dimer of 
dimers with the Mol-Mo2 units being connected by two bridging 
methoxides. The Mol-Mo2 units have the typical M O ( V ) ~ O ~ ~ +  

(28) Reference 3, p 77. 
(29) Winkler, J. R.; Gray, H. B. Comments Inorg. Chem. 1981, 1, 257. 
(30) Cotton, F. A,; Wilkinson, G. Advanced Inorganic Chemistry; Wiley: 

New York, 1980. 

Mol-Mo2 
Mol-01 
Mol-02 
Mol-03 
Mol-Nl 
Mol-N2 
Mol-N3 
M02-Mo2’ 
Mo2-02 
Mo2-03 

01-Mol-02 
0 1 -Mo 1-03 
01-Mol-Nl 
01-MO 1-N2 
0 1-MO 1-N3 
0 l-Mol-Mo2 
02-Mol-03 
02-Mol-Nl 
02-M01-N2 
02-Mol-N3 
03-Mol-Nl 
03-M0l-N2 
03-Mo 1-N3 
N 1 -Mo 1 -N2 
N l-Mol-N3 
Nl-Mol-MoZ 
N2-Mol-N3 
MO 1 -Mo2-M02 
Mol-Mo2-04 
MO 1 -Mo2-06’ 
04-Mo2-02 
04-Mo2-03 
04-Mo2-05 
04-Mo2-06 

2.553 (1) 
1.682 (3) 
1.937 (3) 
1.960 (3) 
2.335 (4) 
2.191 (4) 
2.215 (4) 

1.937 (3) 
1.909 (3) 

107.2 (1) 
107.2 (1) 
157.8 (1) 
89.9 (2) 
87.7 (2) 
99.3 (1) 
94.4 (1) 
90.2 (1) 
87.0 (1) 

164.1 (1) 
85.3 (1) 

162.3 (1) 
88.4 (1) 
77.0 (1) 
74.0 (1) 

102.69 (8) 
87.4 (1) 

126.55 (2) 
100.1 (1) 
105.33 (7) 
108.3 (2) 
107.2 (2) 
84.7 (2) 
94.6 (1) 

3.454 (1) 

Mo2-04 
Mo2-05 
Mo2-06 
Mo2-06’ 
05-C1 
06-C2 
03-05‘ 
H2-05 
H2-03‘ 

1.678 (3) 
2.264 (3) 
2.082 (3) 
2.156 (3) 
1.432 (7) 
1.426 (5) 
2.896 (5) 
0.86 
2.2 

04-Mo2-06’ 
02-Mo2-03 
02-M02-05 
02-M02-L6 
02-Mo2-06’ 
03-Mo2-05 
03-Mo2-06 
03-Mo2-06’ 
05-Mo2-06 
05-Mo2-06’ 
06-Mo2-06’ 
M02’-Mo2-03 
Mo2’-Mo2-05 
M01-02-Mo2 
Mol-03-Mo2 

154.0 (0) 
94.0 (1) 
90.7 (1) 

155.9 (1) 
85.1 (1) 

165.0 (1) 
86.1 (1) 
93.5 (1) 
83.9 (1) 
72.6 (1) 
70.9 (1) 
89.82 (9) 
75.48 (9) 
82.5 (1) 
82.6 (1) 

Mo2-05-C1 129.4 (4) 
M02-05-H2 128.9 
Mo2-05-03’ 98.8 (1) 

C1-05-H2 96.0 
C1-05-03’ 119.7 (3) 
05-H2-03’ 138.4 

core found in many bis(p-oxo)-bridged Mo(V)  dimer^.^.^,^' The 
distances within the Moz042+ units of 4 are typical: the terminal 
oxo bond lengths are 1.680,” A, the average Mo-Ob distance is 
1.936 A, and Mo-N1, which is trans to the oxo group, is longer 
than the two cis Mo-N bonds. The bonding between Mo2 and 
Mo2’ is not as familiar since each of the bridging methoxides is 
trans to a single terminal oxo group, which gives a slightly un- 
symmetric bridging arrangement with Mo2-06 = 2.082 (3) 8, 
and Mo2-06’ = 2.156 (3) A. A similar unsymmetric bridging 
arrangement due to the trans effect of a Mo(V) terminal oxo group 
has been observed in the polymeric complex [MoOC13],, which 
has a zigzag chain of Mo(V) atoms linked by bridging chlorine 
atoms (Mo-Clb = 2.44 (2) and 2.78 (2) A).32 Some precedents 
are provided by the large number of dialkoxide-bridged dimers 
that have been described by Chisholm and  other^.^^,^^ A similar 
structural unit is also present as part of the structures of a series 
of molybdenum tetramers that will be discussed in the following 
section .35-37 

The formal oxidation number of the molybdenum in 4 is +5 
with a total of four electrons available for metal-metal bonding 
(one dv electron on each Mo when M o l 4 1  is taken as the z axis). 
The tetramer possessed alternating short (2.553 (1) A), long (3.454 
(1) A), short (2.553 (1) A) metal-metal distances in the zigzag 
M o ~  chain. The short Mol-Mo2 distance reveals the presence 
of a Mo-Mo single bond between Mol-Mo2 and Mol’-Mo2’ in 
each of the M2O4 units. This metal-metal bond is the result of 
direct overlap of the d, orbitals on Mol and Mo2, forming a 
two-electron covalent bond as is found in all known diamagnetic 

(31) Cotton, F. A.; Morehouse, S. M. Inorg. Chem. 1965, 4, 1377. 
(32) Drew, M. G. B.; Tomkins, I. B. J. Chem. SOC. A 1970, 22. 
(33) Chisholm, M. H. Polyhedron 1983, 2, 681 and references therein. 
(34) Chisholm, M. H. Transition Met. Chem. (Weinheim, Ger.) 1978.3, 321 

and references therein. 
(35) Beaver, J. A,; Drew, M. G. B. J. Chem. SOC., Dalton Trans. 1973, 1376. 
(36) Belicchi, M. F.; Fava, G. G.; Pelizzi, C. J. Chem. SOC., Dalton Trans. 

1983, 65. 
(37) Chisholm, M. H.; Huffman, J. C.; Kirkpatrick, C. C.; Leonelli, J.; 

Folting, K. J. Am. Chem. SOC. 1981, 103, 6093. 
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M02042+ dimers. The long Mo2-Mo2’ distance of 3.454 (1) 8, 
precludes metal-metal bonding between the M o ~ O ~ ~ +  halves of 
the tetramer; similar distances have been reported for dialk- 
oxide-bridged dimers with metal-metal bond orders of 0.33J4 

The terminal ligand on Mo2 and Mo2’ has been identified as 
a methanol rather than a methoxide by crystallographic and 
chemical evidence; this is critical since it establishes 4 as a Mo(V) 
tetramer rather than a mixed-valence (2Mo(V),2Mo(VI)) cluster. 
The long bond length of 2.264 (3) A for Mo2-05 reveals this 
ligand to be a methanol since the distance is far outside the range 
for terminal alkoxide ligands bound to Mo(V) (1.808-1.98 A).33v34 
Moreover, the literature of Mo(V) complexes shows that terminal 
alkoxide groups have shorter bonding distances to the metal than 
bridging alkoxides when they are in the presence of comparable 
trans  ligand^.^^,^^,^^ An assignment of 0 5  as a methoxide would 
contradict this generalization. A search of an electron difference 
map during the solution of the crystal structure revealed the 
location of the methanolic hydroxyl hydrogen H2. This hydrogen 
is involved in a hydrogen bond with O;, as evidenced by the short 
H2-03’ distance of 2.2 A. A structural effect of the hydrogen 
bond is the observed tilting of the 05’ atom toward 0 3 ;  the angle 
Mo2-M02‘-05‘ (75.48 (9)’) is quite acute. Quite similar hy- 
drogen bonding has been reported in the complexes Ti2(OPh)s- 
(HOPh)2 and W2C14(0CH3)4(HOCH3),.39~40 

The crystallographic identification of CH30H as the terminal 
ligand on Mo2 is corroborated by chemical evidence. The mass 
spectrum of 4 reveals a slow continuous emission of methanol from 
room temperature to 60 OC. ‘H N M R  spectra of 4 in acetone-d6 
and Me2SO-d6 gave resonances for the methanolic proton. The 
neutral C H 3 0 H  ligand determines 4 to be a Mo(V) tetramer 
rather than a mixed-valence complex, which would be expected 
to be paramagnetic; 4 is clearly diamagnetic as revealed by its 
N M R  spectra and magnetic susceptibility measurements. 

In view of the known trans-labilizing effect of terminal oxo 
groups in Mo(V) complexes, the unsymmetric methoxide bridge 
structure of 4 with each of the bridging methoxides trans to a single 
terminal oxo group suggests the following possible retrosynthetic 
mechanism of formation of the tetramer 4 from Mo204(HB(pz)J2 
(3). The tetramer may be formed by dimerization of two HB- 
( P Z ) ~ M O ~ O ~ L ~  units (L = C H 3 0 H  or CH30-). Displacement 
of the L ligand trans to the terminal oxo followed by dimerization 
leads to the formation of 4 rather than to the isomeric linear 
tetramer. The mild conditions (methanol, room temperature) 
needed for the transformation of 3 into 4 indicate the general 
instability of 3. Although 3 was not crystallographically char- 
acterized, its spectroscopic properties are completely consistent 
with a c ~ s - M o ~ O ~ ~ ’  structure. The steric clash between the cis 
axial pyrazole rings is likely responsible for the ready loss of a 
tridentate ligand to give the H B ( P z ) ~ M o ~ O ~ L ~  intermediate. 

The zigzag arrangement of molybdenum atoms in 4 is a more 
open structure than those of the M o ~  tetramers previously reported. 
The tridentate H B ( ~ z ) ~  ligands evidently prevent 4 from collapsing 
into the more closely packed Ti4(OR)1641 structure found in some 
earlier M o ~  or the (M&)404 cubane structure found 
in one example.42 The polypyrazolylborate ligand also caps off 
the structure of 4, preventing further polymerization such as that 
found in M o ~ O ~ ~ ( O - ~ - P ~ ) ~ ~  and [ M 0 0 ~ ( 0 - i - P r ) ~ ] , , . ~ ~ ~  The M o ~  
zigzag structure in 4 is related to the structure of the central M o ~  
unit in M 0 ~ 0 ~ ~ ( 0 - i - P r ) ~ ~ ;  the differences in the structures of the 
M o ~  units result from the difference in the coordination numbers 
of the molybdenums. The structural analogies between 4 and a 

Kamenar, B.; PenaviE, M. J. Chem. Soc., Dalton Trans. 1977, 356. 
Svetich, G. W.; Voge, A. A. Acta Crystallogr., Sect. B Struct. Crys- 
tallogr. Cryst. Chem. 1972, B28, 1760. 
Anderson, L. B.; Cotton, F. A.; DeMarco, D.; Fang, A.; Ilsely, W. H.; 
Kolthammer. B. W. S.; Walton, R. A. J .  Am. Chem. Soc. 1981. 103. 
5078. 
Ibers, J. A. Nature (London) 1963, 197, 686. 
Mattes, R.; Miihlsiepen, K. Z. Naturforsch., B Anorg. Chem. Org. 
Chem. 1980, 356, 265. 
(a) Chisholm, M. H.; Folting, K.; Huffman, J. C.; Kirkpatrick, C. C. 
Inorg. Chem. 1984, 23, 1021. (b) Darensbourg, D. J.; Gray, R. L.; 
Delord, T. Inorg. Chim. Acta 1985, 98, L39. 
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Figure 6. ORTEP diagram of 5 using the original coordinates from ref 35. 
The propanolic hydrogens have been drawn in the positions where they 
should occur on the basis of the close structural analogy to 4. 

Table X. Selected Distances (A) and Angles (deg) for 
Mo~O~CI~(O-~-P~)~(HOP~)~ (5) 

Mol-Mo2 2.669 (2) M02-Mol’ 3.43 
Mo2-04 2.13 (1) Mol-02’ 2.05 (1) 
Mo2-03 1.98 (1) Mol-03 1.98 (1) 
04-Cl1‘ 3.00 

Mol’-Mo2-04 81.5 M02-Mol’-C11’ 86.5 
C40-04-Cl l' 123.2 M02-04-C40 126 

Mo2-04411’ 103.4 

Table XI. Selected Distances (A) and Angles (deg) for 
[Mo40&1,(0Et)2(HOEt)J2- (6) 

Mol-Mo2 2.587 (3) Mol-Mo2’ 3.444 (3) 
Mol-06 2.23 (2) Mo2-02 2.12 (1) 
Mol-02’ 2.13 (2) 06-C12’ 3.08 

M01’-06’-C18’ 126.0 C18’-06’-CI2 117.5 
Mol’-M02-C12 87.5 Mo2-M01’-06’ 82.1 

M01’-06’-C12 10 1 .O 

recently reported cyclic Mo(V) octamer should also be noted.43b 
Reformulation of Mixed-Valence (2Mo(V),2Mo(VI)) Tetram- 

ers. During the structural analysis of 4, we realized that the 
published results of the X-ray structure of the purported mixed- 
valence tetramer [M0406C14(0-n-Pr)6] (5. Figure 6), had been 
m i ~ i n t e r p r e t e d . ~ ~  This compound should be formulated as 
[MO~O~C~~(O-~-P~)~(HOP~)~]. Shortly after the communication 
of this conclusion appeared in print,” the structural study of a 
related complex, [M0,,0&1~(0Et)~]~- (6), was p~blished.’~ Again, 
on the basis of published structural parameters, this compound 
should be reformulated as a Mo(V) tetrameric cluster (Figure 
7). The only major difference between 5 and 6 is the replacement 
of two bridging alkoxides in 5 with two bridging oxides in 6 this 
substitution results in the difference of two units of negative charge 
between the two compounds. The structural effects of the alk- 
oxide/oxide change are completely consistent with and enhance 
our arguments proposing the new formulations of 5 and 6. 

The Mo-(OR), distances assigned to the terminal alkoxide in 
5 (Mo2-04 = 2.13 (1) %I) and in 6 (Mol-06 = 2.23 (2) A) are 
outside the observed range for terminal alkoxides in other mo- 
lybdenum c o m p l e x e ~ . ~ ~ , ~ ~  The distances are also longer than some 
Mo-(OR), distances in these molecules. The inconsistency in these 
parameters is removed if the terminal alkoxides are really terminal 
alcohols. Compound 5 becomes [Mo.,O~C~,(O-~-P~)~(HOP~)~],  
and 6 is really [MO~O~C~~(OE~)~(HOE~)~]~-. These two clusters 
are, therefore, Mo(V) tetramers and are structurally related to 
Mo408(py),(O-i-Pr), (7, which was reported by Chi~holm.~’ This 
last cluster does, in fact, contain terminal alkoxides with a Mo-O 
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d 
Figure 7. ORTEP diagram of 6 using the original coordinates from ref 36. 
The ethanolic hydrogens have been drawn in the positions where they are 
likely to occur. 

distance of 1.945 (3)  A. The discrepancy in the Mo-(HOR), 
distances in 5 and 6 results from their different trans-effecting 
ligands: a poxide in 6 and a p-alkoxide in 5. The Mo-(HOEt), 
distance in 6 approaches the Mo-(HOCH3), distance in 4 since 
both have similar trans ligands. 

The other structural features of 5 (Table X) and 6 (Table XI) 
are also consistent with their formulation as Mo(V) tetramers. 
The Mo406 cores and the terminal oxo ligands in 6 and 7 are 
equivalent; the two clusters differ only in their terminal ligands. 
These clusters result from the dimerization of two M o ~ O ~ ~ +  units. 
The Mo-Mo single-bond distances in these units do not sub- 
stantially change upon their condensation into the tetrameric 
clusters. The increase in this Mo-Mo distance to 2.67 A in 5 
results from its mixed oxidealkoxide bridge rather than from the 
reduced bond order of that would be expected for a Mo- 
(V)-Mo(V1) metal-metal bond. The observed distance is as one 
would expect: halfway between the distances found for the 
Mo(V)-Mo(V) dimers with two and with two alkoxide 
 bridge^.^**^^ Although the alcohol protons were obviously not 
located in the X-ray structure determinations of 5 and 6, their 
positions can be confidently predicted from the geometry of the 
adjacent atoms. With analogy to 4, these protons are likely 
engaged in hydrogen bonds with the cis axial chlorides above and 

(44) Kamenar, B.; Korpar-eolig, B.; PenaviE, M. J .  Chem. Soc., Dalton 
Trans. 1981, 311. 

(45) Chisholm, M. H.; Kirkpatrick, C. C.; Huffman, J.  C. Inorg. Chem. 
1981, 20, 871. 

parallel to the Mc-Mo vector. A structural analogy to this type 
of hydrogen bonding can be found in a recently reported Ni cluster 
complex.46 Finally, although 5 and 6 are not mixed-valence 
clusters as originally described, it is considered likely that they 
should undergo oxidation and reduction reactions since examples 
of Ti4(OR)16 type clusters are known for a number of different 
d" cluster electronic  configuration^.^' 
Summary 

The chemistry presented in this paper (summarized in Scheme 
I) is a further demonstration of the propensity of molybdenum 
in the +5 oxidation state to hydrolyze with the formation of dimers 
and oligomers. Compounds 1-3 provide one of the few complete 
sets of well-characterized Mo(V) complexes with the same ligand 
that includes a Moo3+ monomer and Mo2034+ and M o ~ O ~ ~ +  
dimers. These complexes can be easily interconverted; a detailed 
study of the interconversions will be the subject of a later report.21 
The geometric isomers 2a and 2b also provide the first example 
of distortion isomers of Mo=O complexes with a d1 electronic 
c ~ n f i g u r a t i o n . ~ ~  The observed electronic spectra of 2a and 2b 
also indicate that previous interpretations of the electronic spectra 
of M02034+ complexes must be reevaluated. Finally, the im- 
portance of correctly distinguishing between a coordinated alkoxide 
and a coordinated alcohol has been demonstrated by the structural 
characterization of the Mo(V) tetramer 4 and by the reformulation 
of two Mo(V) tetramers that had been previously reported in the 
literature as mixed-valence complexes. 
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