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The syntheses and crystallographic characterization of the linear trinuclear complgu[VIBP}]CIO, and the
monomeric precursors [MoO(TPP)(OG)D and [MoO(TPP)(OH)]CIO, are described. The crystallographic
analyses of [MoO(TPP)(OCK)] and [MoO(TPP)(OH)]CIO,4 show that these similar complexes are typical
oxomolybdenum(\V)-porphyrin complexes whose only significant structural differences are related to their
respective axial ligands. [M@4(TPP)}]CIO, is obtained by the controlled hydrolysis of [MoO(TPP)(Og)Jr

by the direct reaction of [MoO(TPP)(OCH) with {[MoO(TPP)LO}. This hydrolysis product contains the novel
[Mo30O4(TPPY]™ ion, which has an unprecedented linear{flo—O—Mo—0O—Mo=0]"" unit and three nearly
parallel 24-atom porphyrin mean planes. The central porphyrin is found to be rotaté28.39.7 with respect

to the two terminal porphyrin ligands, which are nearly eclipsed (twist angl€)0.#e formation of [M@Os-
(TPPY]CIO, instead of theu-hydroxo-bridged binuclear complexes obtained from the hydrolysis of analogous
mononuclear metalloporphyrin complexes is rationalized on the basis of the greateeptor ability of Mo(V).
Crystal data for [MoO(TPP)(OCIgr0.9CHCl,: a = 11.437(2) A b = 13.567(6) A,c = 13.764(4) A,a =
89.15(1), f = 108.86(1), y = 103.96(2j, triclinic, space groupfPl, Z = 2, T = 293(2) K. Crystal data for
[MoO(TPP)(OH)ClO41.5GHg: a= 13.2138(7) Abp = 13.5959(12) Ac = 14.6676(11) Ag = 74.292(8, 8

= 69.114(8Y, y = 69.030(5}, triclinic, space groufPl, Z = 2, T = 127(2) K. Crystal data for [MgD4(TPP}]-
ClO4CeH14:3.4CHCl,4H,0: a= 26.428(6) A = 18.683(6) Ac = 28.692(4) A8 = 113.98(2}, monoclinic,
space groupgP2i/c, Z =4, T = 127(2) K.

Introduction molybdenum(V) porphyrin derivatives, we prepared the complex
[MoO(TPP)(OCIQ)] and attempted to utilize it as a precursor
for the preparation of a hydroxo-bridged molybdenum porphyrin
complex. Unexpectedly, we instead obtained the novel trinuclear
complex{[MoO(TPP)][O-Mo(TPP)-O][MoO(TPP}CIO,, in
which the three molybdenusporphyrin units are arranged in
a linear fashion, linked by two single-oxo bridges. In this
aper, we report the synthesis and X-ray structure of the
rinuclear specie§[MoO(TPP)][O—Mo(TPP)-O][MoO(TPP)} -

The study of oxo- and hydroxo-bridged multinuclear metal
complexes continues to attract the attention of numerous
research groups with widely divergent interests. Since such
species are present in iron-containing enzymes and metallopro
teins such as ribonucleotide reductased ferriti? and in
various manganese-containing enzyrhbeminorganic chemists
have been motivated to synthesize and characterize a vast arra

of multinuclear complexes in attempts to understand the
structures and reactivity of these metalloproteins. ClO, (hereafter denoted as [MO4(TPP}|CIOy), the related

We have previously reported the synthesis and characteriza—rnonomeric species [MoO(TPP)(OG)R and the aquo deriva-

tion of the binucleap-hydroxo-bridged porphyrin derivatives 1€ [MoO(TPP)(OH)ICIO..
{[Fe(OEP)}(OH)} ClO4,* {IMN(OEP)L(OH)} ClO4,5 and{ [Mn-
(TPP)L(OH)} ClO4.57 In the iron case, tha-hydroxo-bridged
complex was obtained directly by protonation of the corre-  General Information. Hexanes, CHG| CH,Clz, potassium hydrox-
spondingu-oxo-bridged species, while the analogous manganeseid_e: decahydronaphthalene, and benzaldehyde were purchased_ from
complexes were obtained by the controlled hydrolysis of Fisher. Pyrrole and Mo(C@yvere purchased from Aldrich. Perchloric

monomeric precursors. In an effort to extend this chemistry to acid was purchased from GFS Chemlcal._ Solvents used for synthesn_s
and chromatography were used as received. For spectrophotometric

measurements, GBI, was distilled from Cakl H,TPP and{[MoO-

Experimental Section
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Table 1. Crystallographic Details for [MoO(TPP)(OCKD, [MoO(TPP)(OH)]CIO,, and [MaO4(TPP}]CIO,

molecule [MoO(TPP)(OCIQ)]-0.9CHCl, [MoO(TPP)(OH)]ICIO41.5CHs [M0304(TPPY]CIO4CeHiass  [M0304(TPP)Y|CIO4
3.4CHCl,+4H,0

formula MOC;4H23N405C|'0.9C|'bC|2 MOC44H30N406C|'1.5C7H3 MO3C132H34N1203C|'CGH14‘
3.4CHCl,+4H,0

fw, amu 900.53 980.31 2733.83

a A 11.437(2) 13.2138(7) 26.428(6) 26.893(5)

b, A 13.537(6) 13.5959(12) 18.683(6) 18.828(8)

c, A 13.764(4) 14.6676(11) 28.692(4) 28.898(4)

o, deg 89.15(1) 74.292(8)

B, deg 108.86(1) 69.114(8) 113.98(2) 114.500(14)

y, deg 103.96(2) 69.030(5)

V, A3 1952.4(11) 2267.7(3) 12 944(5) 13315

space group P1 P1 P2:/c P2i/c

2 2 4 4

D., glcn? 1.532 1.436 1.403

w, mmt 0.581 0.406 0.513 0.54

abs correction DIFABS none none none

radiation ¢, A) Mo Ko (0.710 73)

temp, K 293(2) 127(2) 127(2) 130(2)

Rindices | > 20(1)]
Rindices (all data)

R1=0.0426, wR2=0.1082
R%* 0.0496, wR2=0.1124

R1= 0.0488, wR2= 0.1087
R1=0.0597, wR2= 0.1145

R1= 0.0889, wR2=0.1878
R1=0.1710, wR2= 0.2524

the following procedures in dealing with systems containing perchlorate program*® For [MoO(TPP)(OCIQ)], at the final stages of analysis, a

ions, they can detonate spontaneously. Such systems should be handleahodified version of the absorption correction program DIFABS was
only in milligram quantities and should never be heated abov&C30 applied**>Unless otherwise noted, all hydrogen atoms in the structures
Additional safety precautions are also warrartfed. were idealized with the standard SHELXL-93 idealization methods.

[MoO(TPP)(OCIO3)] and [MoO(TPP)(OH »)]CIO 4. [MoO(TPP)- Complete details of the data collections and structures are provided in
(OCH,CHs)] (120 mg, 0.155 mmol) was dissolved in 50 mL of gH  the Supporting Information.
Cl,, and the resulting solution was vigorously washed with two 100- [MoO(TPP)(OCIO3)]. The perchlorato ligand was found to be
mL portions of 3% aqueous HCln a separatory funnel. The resulting ~ disordered over two positions which differed only in the positions of
CH.ClI, solution was dried with MgS§) filtered, and concentrated to ~ the chlorine atom and one of the three unligated oxygen atoms (the
~10 mL under vacuum. The remaining solution was transferred to test two positions are thus defined by Cl(1a), O(2), O(3), O(4), O(5a) and
tubes and layered with hexanes. Dark green single crystals were Cl(1b), O(2), O(3), O(4), O(5b)). The occupancies for the two positions
obtained after-4 days. IR (KBr): »(ClO,) 1143 (strong), 1121 (strong),  were initially estimated from least-squares refinements and fixed at
636 (weak) cm?; »(Mo=0) 977 cnt? (strong). UV/vis (CHCL,): Amax 0.9 and 0.1, respectively. The @&l solvate site was determined to
(e, M~ cm™) 341 (4.0x 10%, 375 (sh) (3.3x 10%, 482 (3.6x 107, be partially occupied and disordered with respect to one of the two
605 (7.7x 10°), 655 (6.3x 10°% nm. Recrystallization of [MoO(TPP)- chlorine atoms (conformations CI2L—Cl(3a) and Cl(2)-C—ClI(3b)),
(OCIGg)] from toluene led to the formation of [MoO(TPP)(GHCIO,, with occupancies fixed at 0.9 for C and CI(2), 0.8 for Cl(3a), and 0.1
which had spectral features indistinguishable from those of [MoO(TPP)- for CI(3b).
(OCIGs)]. [MoO(TPP)(OH)]CIO 4. The two hydrogen atoms of the aquo

[Mo304(TPP)]CIO 4. Method 1. [MoO(TPP)(OCIQ)] (50 mg, 0.061 ligand (H(a) and H(b)) were located during solution of the structure
mmol) was dissolved in 50 mL of Ci€l,, and the resulting solution and allowed to refine isotropically. One toluene solvent molecule was
was washed vigorously with two 250-mL portions of deionized water. found with full site occupancy and no disorder; the other was centered
The resulting CHCI, solution was dried with MgSg) filtered, and on an inversion center and found to be disordered with respect to the
concentrated to~8 mL under vacuum. The remaining solution was orientation of the methyl group. The atoms of this group (C(t8), H(t8a),

transferred to test tubes and layered with hexanes. Large black platelikeH(t8b), and H(t8c)) were refined with an occupancy factor of 0.5 (the
single crystals were obtained afte# days. other positions of these atoms in the crystal are generated by inversion).

Method 2. [MoO(TPP)(OCIQ)] (8.3 mg, 0.010 mmol) anf[MoO- [Mo304(TPP)]CIO.. Because of the large size of the unit cell, it
(TPP)LO} (14.7 mg, 0.010 mmol) were added to a test tube and Was necessary to collect data at a larger detector-to-crystal distance
dissolved in~4 mL of CH,Cl,. The resulting solution was layered with  than normal. Accordingly, two different detector settings, with requisite
hexanes. Large black platelike single crystals were obtained-after ~ adjustments in X-ray power, were employed in order to collect sufficient
days. IR (KBr): »(ClOs) 1122 cnt? (strong);v(Mo—O0) 618, 568 cm® data for a satisfactory structure solution and refinement. A scale factor
(strong). UV/vis (CHCL): Amax (6, M~ cmrY) 352 (1.4x 10F), 420 was applied to the low-angle data to account for the difference in applied
(1.1 x 10°), 450 (sh) (9.1x 10%), 648 (1.4x 10%) nm. power. The data recorded at both settings were merged into a single

X-ray Structure Determinations. A brief summary of crystal data data set prior to solution and refinement of the structure. Data out to

and data collection parameters for all structures reported herein is givena 0 limit o_f 31'8_ were n'weasu.red. .
in Table 1. Suitable crystals of [MoO(TPP)(OGJD[MoO(TPP)(OH)]- Extensive disorder involving the perchlorate ion and solvx_ent
ClO,, and [MaO«(TPPYJCIO, were examined on an Enraf-Nonius molecules was observed. The perchlorate ion was found to partially
FAST area-detector diffractometer with a Mo rotating anode source (
=0.710 73 A). Our detailed methods and procedures for small-molecule (13) Programs used in this study included SHELXS-86 (Sheldrick, G. M.
X-ray data collection with the FAST system have been described éCt'\aA %ry'itggf)gcr-rﬁ;c”té gAr9i?10p¢e4§a$i70)8)_525(}'—13533 nﬁfg%g{ﬁ'fr’,s
i 12 ihili - ML J. . ) )
preVIOU_SIy. The possibility O.f crystal decay was excluded by of ORTEP (Johnson, C. KORTEP: A Fortran Thermal-Ellipsoid
comparison of a common portion of data collected after each Sweep Plot Program For Crystal Structure lllustration®©ak Ridge National
during data collection. Data were corrected for Lorentz and polarization Laboratory: Oak Ridge, TN, 1970). Scattering factors were take from
factors. All structures were solved by direct methods with the SHELXS- the following: International Tables for CrystallographyVilson, A.
86 program and were refined againg? with the SHELXL-93 J. C., Eds.; Kluwer Academic Publishers: Dordrecht, 1992; Vol. C.
(14) The process is based on an adaptation of the DIFABSfogiarea
detector geometry by A. |. Karaulov, School of Chemistry and Applied

(11) Wolsey, W. CJ. Chem. Educl1973 50, A335. Chem. Eng. News
1983 61 (Dec 5), 4;1963 41 (July 8), 47.
(12) Scheidt, W. R.; Turowska-Tyrk, Inorg. Chem.1994 33, 1314.

Chemistry, University of Wales College of Cardiff, Cardiff CF1 3TB,
U.K. Personal communication.
(15) Walker, N. P.; Stuart, DActa Crystallogr., Sect. A983 A39, 158.
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occupy two distinct positions whose total occupancy was constrained
to be 1. The first perchlorate ion position (Cl(1), O(5), O(6), O(7),
0(8)) was found together with residual electron density assigned as
two water molecules (O(w2) and O(w3)). The constraint that the
occupancy sum for the three molecules be equal to 1 was applied, and
the resulting occupancies for Cj{Q O(w2), and O(w3) were determined

to be 0.491(5), 0.378(18), and 0.131(16), respectively. The second
perchlorate ion position (CI(2), O(9), O(10), O(11), O(12)) was also
found together with residual electron density assigned as two water
molecules (O(w4) and O(w5)), but in this case the constraints applied
were that the sum of the occupancy factors for £1@nd O(w4) be
equal to 1 and that the occupancy factors for O(w4) and O(w5) be
equal to each other. This yielded occupancies for,Cl@(w4), and
O(w5) of 0.509(5), 0.491(5), and 0.491(5), respectively. An additional
partially occupied water molecule independent of any other counterion

c(14)
(2

)
®

c(15)

Hamstra et al.

or solvent sites (O(w1)) was found with an occupancy factor of 0.118- Figure 1. ORTEP diagram of [MoO(TPP)(OCH). Thermal ellipsoids

(19).

Six CH,Cl, solvate sites were found, all of which exhibited disorder
and/or partial site occupancy. The first @, site was partially
occupied and disordered between two geometries (CH3&3)—Cl-

are drawn at the 40% probability level. A complete numbering scheme
for the complex is shown.

Table 2. Selected Bond Lengths (A) and Angles (deg) for
[MoO(TPP)(OCIQ)] and [MoO(TPP)(OH)]*

(4a) and CI(3b)-C(8)—Cl(4b)). The occupancy of the GBI, molecule

was fixed at 0.8, and the occupancy factors for the two geometries [MoO(TPP)(OCIQ)] [MoO(TPP)(OH)]*
were determined to be 0.510(11) and 0.290(11), respectively. The

second CKLCI; site exhibited a full CHCI, molecule with three distinct mg:g(;) %g?g(g) mggg) %gg?(g)
positions of the carbon atom (C(9a), C(9b), and C(9c)) and four distinct Mo—N((l)) 2.081((2)) Mo—N((l)) 2-088((2))
chlorine atom positions (Cl(5a), Cl(5b), Cl(6a), and CI(6b)). This Mo—N(2) 2'076(2) Mo-N(2) 2.081(2)
resulted in three geometries for the &H, molecule (Cl(5a)C(9a)- Mo—N(3) 2:084(2) Mo-N(3) 2:088(2)
Cl(6a), Cl(5a)-C(9b)-ClI(5b), and CI(5b)C(9c)-Cl(6b)), with oc- Mo—N(4) 2.075(2) Me-N(4) 2.082(2)

cupancies of 0.410(6), 0.334(9), and 0.256(7), respectively. The third

CH.ClI, site contained two geometries (CI{7¢(10)-Cl(8a) and CI- 88;:”2:“23 13322((?)0) %%;mg:“gg 183:32((3))
(7)—C(10)—Cl(8b)) and additional electron density that was modeled O(1)-Mo—N(3) 99:78(10) O(1yMo—N(3) 99:69(9)
as water molecules O(_WG), o(w7), a_nd O(w8). The occupancy of the 0(1)-Mo—N(4) 99.81(10) O(1yMo—N(4) 100.46(9)
CH.Cl, molecule was fixed at 0.4 (with occupancy factor; of 0.3 and O(1)-Mo—0(2) 178.49(8) O(1yMo—0(2) 179.20(9)
0.1 for CI(8a) and CI(8b), respectively), and the occupancies of O(w6), N(1)-Mo—0(2) 81.34(7) N(13Mo—0(2) 79.90(8)
O(w7), and O(w8) were fixed at 0.6, 0.2, and 0.4. The fourth and fifth  N(2)-Mo—0(2) 80.48(8) N(2>-Mo—0(2) 79.58(8)
CHCl, sites were ordered but partially occupied; occupancy factors N(3)—Mo—0(2) 79.22(8) N(3yXMo—0(2) 81.03(8)
determined for CI(9)C(11)-CI(10) and CI(11}-C(12)-CI(12) were N(4)—Mo—0(2) 79.04(8) N(4y-Mo—0(2) 79.89(8)
refined to be 0.359(6) and 0.425(7), respectively. The sixth site N(1)—-Mo—N(2) 88.62(8) N(13Mo—N(2) 88.47(8)
contained an ordered GBI, molecule and residual electron density ~ N(1)-Mo—N(3)  160.56(8) N(1yMo—N(3)  160.92(8)
modeled as two water molecules O(w9) and O(w10). The total N(1)—Mo—N(4) 88.62(8) N(1)-Mo—N(4) 88.47(8)
occupancy of the site was constrained to equal 1 (for a model in which N(2~Mo—N(3)  88.25(8)  N(2yMo—N(3)  88.21(8)
either a CHCI, molecule or the two water molecules were present), mgg:mg:mgg 13383((3)) “g;:mg:“gg 12221((2))

and the occupancy factors for the water molecules were constrained to

be equal. The resulting occupancies for CH, O(w9), and O(w10) o ]
were 0.420(7), 0.580(7), and 0.580(7), respectively. 1.658(2) A, which is typical for oxomolybdenum complexXés.

A hexane molecule was also found in the lattice. The six carbon The monodentate perchlorato ligand is weakly bound at a
atoms were found to be disordered over seven positions (C(1) throughdistance of 2.379(2) A from the Mo(V) ion and is nearly directly
C(7)), with positions C(2) through C(6) fully occupied, yielding two  opposite the oxo group, yielding ansdlo—0O angle of 178.49-
geometries whose occupancy factors were determined to be 0.30(2)(2)°. The average MeN, bond distance is 2.079(4) A and is
(geometry C(1) to C(6)) and 0.70(2) (geometry C(2) to C(7)). In the  ajso consistent with prior structural determinations for MefV)
refinement of [M@O4(TPP)}]CIO4 no hydrogen atoms were included porphyrin complexe&17Figure 2a illustrates the displacements
for any of the solvent molecules except for two hydrqgens each on the of the molybdenum atom and the porphyrin atoms from the
methylene carbons C(3), C(4), and C(5) of the disordered hexane ]

mean plane defined by the 24 atoms of the macrocycle. The

molecule. . .
Crystals of [MaO4(TPP}]CIO, utilized in the diffraction experiment Mo(V) atom is displaced 0.44 A from the mean 24-atom

that led to a successful structure refinement were prepared by methodP0rPhyrin plane toward the oxo ligand. The distortion of the
1. A second crystalline specimen prepared by method 2 was also POrphyrin ring from planarity is best described as a saddled
examined and gave unit cell parameters similar to those of the crystal conformation, although a significant doming in the direction of
obtained by method 1. Solution of the structure revealed the presencethe oxo ligand also appears to be present. Such saddling
of the [Mo;O4(TPPY]* unit; however, extensive solvent disorder distortions have been observed occasionalip@setetraarylpor-
precluded a completely satisfactory refinement. Table 1 provides only phyrin complexed® There are no significant interactions
the collection and unit cell parameters for this specimen; these datapetween the symmetry-related molecules of [MoO(TPP)(O-
are included only to illustrate that both synthetic methods produce ClO3)] in the lattice, or between molecules of [MoO(TPP)-
[M0sOLTPPHCIO.. (OCIOs)] and lattice solvent.

Molecular Structure of [MoO(TPP)(OH )]ClO4. Two
[MoO(TPP)(OH)]* ions and their perchlorate counterions are

Results

Molecular Structure of [MoO(TPP)(OCIO 3)]. The structure
of [MoO(TPP)(OCIQ)] is shown in Figure 1. Table 2 lists
selected bond lengths and angles for [MoO(TPP)(Q¥lénd
[MoO(TPP)(OH)]*. The molybdenumoxo bond distance is

(16) Diebold, T.; Cheuvrier, B.; Weiss, Raorg. Chem.1979 18, 1193.
(17) Johnson, J. F.; Scheidt, W. Rorg. Chem.1978 17, 1280.
(18) Scheidt, W. R.; Lee, Y. Btruct. Bondingl987, 64, 1.
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Figure 2. (a) Diagram illustrating perpendicular displacements of atoms
(in units of 0.01 A) of [MoO(TPP)(OCIg)] from the mean plane

defined by the 24 atoms of the porphyrin ring. A positive number
indicates a displacement toward the oxo ligand. (b) Diagram illustrating
perpendicular displacements of atoms (in units of 0.01 A) of [MoO-
(TPP)(OR)]* from the mean plane defined by the 24 atoms of the
porphyrin ring. A positive number indicates a displacement toward the

oxo ligand.

Figure 3. ORTEP diagram of two inversion-related [MoO(TPP)-

(OHy)]" ions and their accompanying perchlorate counterions, illustrat-
ing intermolecular interactions. Thermal ellipsoids are drawn at the
50% probability level. The molybdenum atom, axial ligands, and a

Inorganic Chemistry, Vol. 38, No. 15, 1998557

Figure 4. ORTEP diagram of [MgD4(TPP}]*. Thermal ellipsoids are
drawn at the 50% probability level. The molybdenum atoms and oxo
ligands are labeled.

2.301(2) A from the Mo(V) ion, and again the weakly bound
axial ligand is nearly directly opposite the oxo group£&o—0O
angle= 179.20(9}). The average MeN, bond distance in this
complex is 2.085(3) A, which is only very slightly longer than
the corresponding distance in [MoO(TPP)(OgJOFigure 2b
illustrates the displacements of the molybdenum atom and the
porphyrin atoms from the 24-atom porphyrin mean plane. The
Mo(V) atom is displaced 0.47 A from the mean 24-atom
porphyrin plane toward the oxo ligand. Again a saddled
conformation most closely describes the ring distortion, and
there is also some slight doming of the ring toward the oxo
ligand as well.

In the crystal, the two perchlorate counterions are found
within a cavity formed by two inversion-related [MoO(TPP)-
(OHp)]* cations, and each anion bridges the two complexes via
weak hydrogen bonds to the aquo ligands, as evidenced by the
H(aquo)--O(perchlorate) distances of 2.02 and 2.04 A and
O(aquo)-+O(perchlorate) distances of 2.765 and 2.768 A.

Molecular Structure of [Mo 304(TPP)3]CIO 4. The structure
of the [MosO4(TPPY]* cation is shown in Figure 4. Table 3
lists selected bond lengths and angles for {@gTPP)Y]*. In
this complex, the numbering scheme for each porphyrin ligand
is the same; the indices “1”, “2”, and “3” preceding the atom
labels distinguish corresponding atoms of each crystallographi-
cally distinct ring, and the rings are numbered consecutively
so that rings “1” and “3” are at the ends of the molecule and
ring “2” is in the middle of the molecule.

The complex consists of a chain of three molybdoporphyrin
units linked by two singlei-oxo bridges and terminated on each
end by a multiply bound oxo ligand. The resulting=®lo—
O—Mo—0—Mo=O0 chain is essentially linear, with-eMo—0O
angles of 178.0(2) 178.9(2}, and 178.2(2) and Mo—O—Mo
angles of 178.7(2)and 179.6(2). The identical terminal Mer
O bond lengths of 1.686(3) and 1.686(4) A are slightly longer
than the Me=0O distances in [MoO(TPP)(OCHK)J and [MoO-
(TPP)(OH)1T, but remain within the range of values expected
for complexes of this typ# The bridging Me-O distances fall

perchlorate counterion are labeled:; the labeling scheme for the porphyrininto two groups; those involving the two peripheral molybdenum

ligand follows that described for [MoO(TPP)(OG)Pin Figure 1.

shown in Figure 3. The molybdenunoxo bond distance is

atoms average 2.100(11) A, while the two bonds from the central
molybdenum are markedly shorter, averaging 1.821(7) A. The
average Me-N, bond distances for the two terminal porphyrin

1.658(2) A, which is identical to that observed for [MoO(TPP)- units are 2.088(2) and 2.091(7) A, and the average-Mg
(OCIOy)]. The ligated water molecule is found at a distance of distance for the central porphyrin is 2.096(8) A.
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Table 3. Selected Bond Lengths (A) and Angles (deg) for P@«(TPP)]CIO,

Mo(1)—O(1) 1.686(3) Mo(2)-0(2) 1.828(3) Mo(3)-O(4) 1.686(4)

Mo(1)—0(2) 2.093(3) Mo(2)-0(3) 1.814(3) Mo(3)-0(3) 2.120(3)

Mo(l)—1N(1) 2.089(4) Mo(2)-2N(1) 2.091(4) Mo(3)-3N(1) 2.091(5)

Mo(1)—1N(2) 2.090(5) Mo(2)-2N(2) 2.108(5) Mo(3)-3N(2) 2.100(5)

Mo(1)—1N(3) 2.086(4) Mo(2)-2N(3) 2.094(4) Mo(3)-3N(3) 2.088(4)

Mo(1)—1N(4) 2.088(5) Mo(2)-2N(4) 2.093(5) Mo(3)-3N(4) 2.084(5)
O(1)~Mo(1)—1N(1) 94.2(2) O(2)-Mo(2)—2N(1) 89.8(2) O(4)Mo(3)-3N(1) 95.3(2)
O(1)-Mo(1)-1N(2) 95.9(2) O(2Mo(2)—2N(2) 89.7(2) O(4¥Mo(3)-3N(2) 95.6(2)
O(1)-Mo(1)-1N(3) 95.9(2) 0(2)Mo(2)—2N(3) 89.8(2) O(4)yMo(3)-3N(3) 95.2(2)
O(1)-Mo(1)—1N(4) 93.5(2) O(2)-Mo(2)—2N(4) 90.9(2) O(4)Mo(3)-3N(4) 96.5(2)
O(1)-Mo(1)—0(2) 178.0(2) 0(2) Mo(2)—0(3) 178.2(2) O(4) Mo(3)—0(3) 178.9(2)
IN(1)-Mo(1)—0(2) 84.80(14) 2N(BMo(2)-0(3) 91.3(2) 3N(1)}Mo(3)-0(3) 84.0(2)
IN(2)-Mo(1)—0(2) 85.7(2) 2N(2)-Mo(2)-0(3) 88.8(2) 3N(2)-Mo(3)-0(3) 83.7(2)
IN(3)-Mo(1)—0(2) 85.1(2) 2N(3)Mo(2)-0(3) 89.7(2) 3N(3)}Mo(3)-0(3) 85.5(2)
IN(4)-Mo(1)—0(2) 84.8(2) 2N(4)Mo(2)-0(3) 90.6(2) 3N(4)Mo(3)-0(3) 84.3(2)
IN(1)-Mo(1)—1N(2) 89.9(2) 2N(1)Mo(2)—2N(2) 90.2(2) 3N(1)}Mo(3)-3N(2) 89.8(2)
IN(1)-Mo(1)—1N(3) 169.9(2) 2N(1y Mo(2)—2N(3) 179.0(2) 3N(1) Mo(3)—3N(3) 169.4(2)
IN(1)-Mo(1)—1N(4) 89.7(2) 2N(1)Mo(2)—2N(4) 89.6(2) 3N(L)}Mo(3)—3N(4) 89.3(2)
IN(2)~Mo(1)—1N(3) 89.1(2) 2N(2)-Mo(2)—2N(3) 89.9(2) 3N(2)-Mo(3)-3N(3) 89.5(2)
IN(2)~Mo(1)—1N(4) 170.6(2) 2N(2) Mo(2)—2N(4) 179.4(2) 3N(2)}Mo(3)—3N(4) 168.0(2)
IN(3)~Mo(1)—1N(4) 89.6(2) 2N(3)Mo(2)—2N(4) 90.3(2) 3N(3)Mo(3)—3N(4) 89.3(2)
Mo(1)—0(2)~Mo(2) 178.7(2) Mo(2)-0(3)-Mo(3) 179.6(2)

The displacements of the molybdenum and porphyrin atoms significant difference in the two is in the bond length to the
from the 24-atom mean plane are depicted in Figure 5. The sixth ligand, where the MeO bond length in [MoO(TPP)-
displacements of the molybdenum atoms from the porphyrin (OCIO3)] is nearly 0.08 A longer than in [MoO(TPP)(Q}+.
mean planes differ significantly within the [MO4(TPP)]* ion. The Mo—O(OCIQs) bond length of 2.379(2) A in [MoO(TPP)-
In the two peripheral porphyrin units, the displacements are 0.08 (OCIQz3)] is indicative of a very weak interaction between the
and 0.14 A toward the terminal oxo ligands; the internal Mo(V) ion and the perchlorato ligand. Surprisingly, this distance
molybdenum atom is more nearly centered within its porphyrin is far shorter than the MeCl distance of 2.494(3) A reported
ring, being displaced only 0.02 A from the 24-atom mean for [MoO(TPP)CI]® The Mo—O bond length of 2.301(2) A in
porphyrin plane. The conformations of the three porphyrin rings [MoO(TPP)(OH)] ™ is slightly longer than that observed in the
in [Mo304(TPP)] " are described best as saddled, with the two analogous imido complex [Me(NCHs)(TPP)(OH)]* (2.268-
terminal porphyrins (shown in a and c) exhibiting slight reverse (5) A).20
doming away from the center of the complex and toward the  [MoO(TPP)(OCIQ)] and [MoO(TPP)(OH)]* also exhibit
0X0 Iigand, while the central porphyrin is very nearly anideally gjmjlar doming and saddling distortions of the porphyrin
Dzg-distorted saddled conformation. macrocycles. This conformational combination has previously

As Figure 4 indicates, the three porphyrin rings in j@g- been noted for [MYO(TPP)] and [Me=(NCHs)(TPP)-
(TPPY]* are nearly parallel. The angles between the central (OH,)]*.1620 |t appears that the doming of the porphyrin is

porphyrin plane and the two terminal porphyrin planes are’1.42 ¢5sed by the displacement of the Mo atom toward the oxo
and 0.84, and the angle between the two terminal porphyrin |iganq  which creates a tiling of the pyrrole rings upon the
planes is 1.82 The central porphyrin plane is also essentially - 5 mation of molybdenumnitrogen bonds. The reason for the
equidistant between the two terminal planes, with interplanar goqqling distortions in [MoO(TPP)(OCK) and [MoO(TPP)-
separations of 3.82 and 3.81 A calculated for the dlsta.nces(OHZ)r is less clear, but these distortions may be a result of
between the central plane and the two terminal planes; the 5, effort to decrease the steric crowding with the peripheral

distance between the two peripheral planes is 7.63 A (as W°U|dpheny| groups. In [MoO(TPP)(OCHJ], the angles between the
be expected given the virtually parallel orientations of the three ¢ phenyl rings and the mean porphyrin plane are 4&8.7

planes). Figure 6 provides a view of [MO4(TPP)}]™ looking 66.%, and 67.5 (avera . 5
. X ; 9, . ge 607, and in [MoO(TPP)(Oh)]
down the G=-Mo—O—-Mo—O—Mo=0 axis. The central ring e angles are 61°862.0, 62.8, and 64.3 (average 62°.
IS tW'StFTd about this axis 29.3vith respect to one terminal These angles are slightly smaller than the corresponding angles
porphyrln and 29.7 with respect to.the othgr, and the two ;. o <o ddled complex [MYO(TPP)] (average 672516
terminal porphyrins are virtually eclipsed (twist angle 0)44 While the structure of [MeDTPP)]* is unprecedented

Discussion among metalloporphyrin complexes, its structural properties are
readily understood when it is compared to analogous mono-
nuclear and binuclear complexes. The 1.686(4) A termina=Mo

O bonds in [MaO4(TPP)]* are slightly longer than the Me

O bonds in [MoO(TPP)(OCIg) and [MoO(TPP)(OHK)]™, but
somewhat shorter than the corresponding -emmlybdenum
bonds in{[MoO(TPP)}O} (1.707(3) and 1.704(4) A for two
distinct crystalline form&-2) and{[MoO(OEP)}LO} (1.721(6)
A).22 The bridging molybdenumoxo bond lengths involving

The new complexes presented herein provide structural data
that yield insight into the factors that influence the structure of
oxomolybdenum-porphyrin complexes and allow us an op-
portunity to place the existing structural data for such complexes
into a coherent framework.

The coordination environments of the molybdenum atom in
[MoO(TPP)(OCIQ)] and [MoO(TPP)(OH)]* are quite similar.
Each has an identical MeO bond length of 1.658(2) A, each
exhibits a displaceme}r;\t of the Mo atom from the four-atom (19) Ladon, H.. Ment - Chim. Actal978 31 L393
nitrogen plane of 0.36 A, and the average bond lengths edon, 1., vientzen, Bnorg. &him. AC ' :
of 2.079(4) A for [MoO(TPP)(OCIQ)] an:ﬂgp.OSSG) R for (20) 5'1%133 C.; Rees, W. S,, Jr.; Goedken, V.lhorg. Chem.1995 34,
[MoO(TPP)(OH)]* are almost identical as well. The only (21) Cheng, B.; Scheidt, W. Ricta Crystallogr., Sect. @996 52, 832.
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Figure 6. ORTEP diagram of [MgO4(TPP)]" viewed down the
molybdenum-oxygen axis. Thermal ellipsoids are drawn at the 50%
probability level. Porphyrin ring “1” (hollow bonds) is labeled
completely; the prefix “1” is omitted from the labels for the carbon
atoms. The nitrogen atoms of porphyrin ring “2” are labeled. The
numbering of carbon atoms in rings “2” and “3” (solid bonds) follows
the convention designated for the atoms in ring “1".

completely accurate, as thebonding in [MgO4(TPP)]* is
apparently more delocalized than is suggested by such a
formulation. Thiszt bonding is also responsible for the very
similar bond lengths of 1.814(3) and 1.828(3) A from thexo
ligands to the central molybdenun atom. The nearly equal
distances indicate that neither oxo ligand exerts a greater trans
influence than the other. Interestingly, the molybderum
bridging oxo distances found fd{MoO(TPP)LO} (1.936(3)
A)17.21 and { [MoO(OEP)RO} (1.951(1) A¥? are close to the
average for the analogous M@ distances in [MgO4(TPP)]™
(1.964 A).

[M0o304(TPPY]™ and {[MoO(TPP)}LO} both have a nearly
linear oxyger-molybdenum axis running through the center
of the molecule. For [MgO4(TPP)]" the average ©Mo—0
angle is 178.4(4) while for {[MoO(TPP)pO} O—Mo—O
angles of 178.2(2)and 176.8(6) (average) have been deter-
mined!”2! The average MeO—Mo angle is 179.2(5) in
[Mo304(TPPY]*, and the Me-O—Mo angle in {[MoO-
(TPP)RO} has been reported as r8and 178.5(2).1721 The
corresponding angles §i{MoO(OEP)}O} are all constrained

Figure 5. Diagram illustrating perpendicular displacements of atoms by symmetry to be 180%2

(in units of 0.01 A) of [MaO4(TPP)]* from the mean planes defined
by the 24 atoms of each porphyrin ring. For diagrams a and c, positive
numbers indicate a displacement toward the terminal oxo ligand; for

The arrangements of the porphyrin rings with respect to each
other in [MaO4(TPP)]™ are also quite similar to that observed

diagram b, a positive number indicates a displacement toward the third for {{[MoO(TPP)EC} . In {[MoO(TPP)LO}, the two porphyrin

porphyrin ring, depicted in diagram c.

rings are parallel! In [MosO4(TPP)Y]*, the angles between
adjacent porphyrin planes are 0°8&hd 1.42. The interplanar

the peripheral porphyrin units measure 2.100(11) A and are 0.2distances in [MgO4(TPP}]* are 3.82 and 3.81 A, which are
A or more shorter than the axial ligand distances in [MoO- just slightly smaller than the 3.85 A distance found [MoO-

(TPP)(OCIQ)] and [MoO(TPP)(OH)]". If one considers

(TPP)EO} 1721 but much larger than the 3.54 A distance seen

[MosO4(TPP)]* as a complex analogous to these mononuclear in {[MoO(OEP)}O} ,?2in which the ethyl groups are all directed

complexes, thefi[MoO(TPP)LO} is its axial ligand, and this

away from the center of the molecule, allowing a closer

suggests that a bridging oxo is a better ligand to oxomolybde- porphyrin—porphyrin approach than is possible for the more

num(V) than CIQ~ or water. This is due to the-donor ability
of the oxo ligand; in fact, ther-donor ability of theu-oxo
ligands in [MaO4(TPP)]* is such that the description of the
complex as{[MoO(TPP)}L0} ligated to [MoO(TPP)f is not

(22) Kim, K.; Sparapany, J. W.; Ibers, J. Acta Crystallogr., Sect. €987,
76.

43, 20

bulky {[MoO(TPP)LO}. The porphyrin rings within [MgO,4-
(TPP)]™ and{[MoO(TPP)}L0} are twisted with respect to each
other by similar amounts; the twist angles are 2%8d 29.7
between adjacent porphyrins in [M@y(TPP)]* and 30.4 and
28.6 in the two structures of[MoO(TPP)}LO} 1721 The rings

in {[MoO(OEP)}LO} are somewhat more eclipsed (twist angle:
22.3).22
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Table 4. Coordination Environments for Several Madetraarylporphyrin Complexés

complex Ao, AP Mo—Ax, A Mo=0, A Mo—Np, Ac ref
[MoVO(TTP)] 0.64 1.656(6) 2.110(6) 16
[MoVN(TMP)] 0.55 1.630(4) 2.125(7) 23
[MoVO(TPP)CI| 0.39 2.494(3) 1.714(3) 2.118(3) 19
[MoVO(TPP)(OCIQ)] 0.36 2.379(2) 1.658(2) 2.079(4) this work
[MoVO(TPP)(OH)] 0.36 2.301(2) 1.658(2) 2.085(3) this work
[MoV(NCHs)(TPP)(OH)] 0.33 2.268(5) 1.689(6) 2.097(6) 20
[MoVO(TPP)(NCS)] 0.28 2.257(4) 1.673(3) 2.086(6) 24
[MoV20u(TPPY]* © 0.20 2.107(14) 1.686(4) 2.090(4) this work
[MoVO(TPP)F] 0.16 1.967(9) 1.677(12) 2.089(3) 24
{[MoVO(TPP)}O} 0.09 1.936(3) 1.707(3) 2.094(3) 17
{[MoVO(TPP)}O} 0.09 1.936(16) 1.704(4) 2.096(6) 21
[MoVa04(TPPY]* f 0.00 1.821(7) 2.097(7) this work

aNumbers in parentheses are the standard uncertaibfiésplacement of the Mo atom from the mean four-atom porphyrin nitrogen plane.
¢ Average value of reported MeN, bond lengths? Mo=N distance® Numbers given are the average values for both terminal molybdoporphyrin
units.” Numbers given are the average values for the central molybdoporphyrin unit.

The close approach of three porphyrin rings and the different is reasonably explained in terms of their relative nucleophilici-
coordination environments in [M@4(TPP)Y]* result in con- ties. The long Me-Cl distance of 2.494(3) A reported for [MoO-
formations of the porphyrin rings in [M®4(TPP)]* that differ (TPP)CI], however, does not seem consistent with the structures
somewhat from those seen in [MoO(TPP)(Og)l@and [MoO- of the other complexes, even when the larger size of chloride
(TPP)(OH)]*. While the two terminal porphyrin rings in  as compared to fluoride or the other relevant donor atoms is
[Mo3O4(TPPY]* both exhibit the combination of doming and taken into accourt
saddling seen in [MoO(TPP)(OC#)and [MoO(TPP)(OH)]*, In contrast to the values of the displacement of the Mo atom
there is a difference in that the doming is toward the terminal from the porphyrin plane, the MeO bond lengths show much
oxo ligand in the mononuclear complexes, but away from the |ess variation (Table 4). Given the extensivbonding between
terminal oxo ligand for the rings in [M®4(TPPY|*. This the terminal oxo ligand and molybdenum, this is not particularly
reversal of the doming in [M@4(TPP)] " is likely caused by syrprising. Still, there does appear to be a weak correlation
steric repulsion of the bulky phenyl groups of adjacent porphy- petween the bond lengths of the two axial ligands, in that a
rins, and the location of the Mo atom closer to the porphyrin gecrease in the distance between molybdenum and the weakly
plane makes this conformation somewhat more energetically hound axial ligand is generally accompanied by an increase in
favorable. A similar “reverse” doming is also seen{[MoO-  the Mo=0 bond length ([MoO(TPP)CI] is a notable exception
(TPP)LO).1"?As mentioned above, the central porphyrin fing ¢ this trend). The increase of MeD bond lengths in the order
in [Mo3O4(TPP)] " is not domed, but is saddled (as are the other [MoO(TPP)(OH)]* < [M03O4(TPPY* < {[MoO(TPP)}O}
two porphyrins). The phenyl rings are more nearly coplanar with i hrobably indicative of the extent of bonding between the
the pqrphyrin mean plane for all three rings in [Ma(TPP)Y]* bridging oxo ligand and Mo for [MgD4(TPP)]* and{[MoO-
than in [MoO(TPP)(OCI@)] and [MoO(TPP)(OH)]"; the (TPP)LO}, as strongerr bonding between the bridging oxo
average phenyl ringporphyrin dihedral angles are 56.and ligand and the empty,gand d, orbitals of Mo(V) should

51.8 for the two terminal porphyrin units and 50.1or the produce a weakening of the bond between molybdenum and
internal porphyrin. These angles are similar to the average ihe terminal oxo ligand.

phenyl ring-porphyrin angle in{[MoO(TPP)LO} of 56.4.17
The angles between closest phenyl rings on adjacent porphyrinﬁiS
in [Mo3O4(TPPY]" are close to perpendicular with average
phenykphenyl angles of 78%and 82.3. Near perpendicular

The Mo—N, bond lengths for the six-coordinate complexes
ted in Table 4 show very little difference among these
compounds (with the exception of [MoO(TPP)CI]). Since the

. | ; o i . two five-coordinate complexes [MoO(TTP)] and [MoN(TMP)]
orientations of adjacent phenyl groups in single-atom-bridged have the greatest displacements of the Mo atom from the four-

porphyrin dimers have been noted previously; it has been shownatom orphvrin nitrogen olane and have Ms. bond lenaths
that perpendicular orientations are favored in complexes where™. . porphy gen p . - P 9
ignificantly longer than the six-coordinate complexes, one

;hn?arl)lr;??ztlerrlggisrresg;;ﬁgg more closely together because o might expect that the closer proximity of Mo to the porphyrin

. o . nitrogen plane would produce increasingly shorter -Ni
Table 432%lists parameters for the coordination environments gen p P gy

¢ | bdenurrtet | hvri | A bonds within the series of complexes. This is not observed; if
of several oxomolybdenufrielraarylporpnyrin COMpIEXes. a correlation exists, it indicates that a closer approach by Mo
clear correlation exists between the length of the molybdenum

ial ligand bond t o th lioand and the displ ttoward the nitrogen plane leads to a slight increase in the- Mo
axial figand bond trans 1o the oxo figand and the displacemen Np bond length. Thus it appears that the shortening of bonds
of the molybdenum atom from the four nitrogen atom plane

. . that would be produced by closer proximity of the Mo atom to
Eowna]lrtil ::)hde gxalﬁa\?d' 'Ir;]ralrllsrlldgian:ds tl:;;\t rf]?rm fstr;]ort('\a/lr bo?dns; the porphyrin plane is offset by an increase in the size of the
O molybdenum have S a. er displacements ot the Mo alom ¢ of the porphyrin macrocycle as it expands to accommodate
out of the porphyrin plane; ligands that are weakly bound to
. the Mo atom.
molybdenum lead to larger out-of-plane displacements. For the . L L
mononuclear oxomolybdenurporphyrin complexes, the axial While the [Mo;O,(TPP)]™ ion has structural characteristics
bond lengths decrease in the order Gi CIO,~ > H,O > consistent with what might be expected for such a complex
NCS™ > F~. The trend for the latter four ligands in this series based on comparisons with analogous complexes, the interesting
question of why [M@O4TPP}]* should form at all is not
- - i definitively addressed by these data. Why is B@g(TPP)]*
@ gllrgi.l C: Rees, W. S, Jr; Goedken, V.Ihorg. Chem.1994 33, formed upon shaking a Gl solution of [MoO(TPP)(OCI@)]
(24) Imamura, T.; Furusaki, ABull. Chem. Soc. Jpri99Q 63, 2726. with water, when the same procedure carried out with analogous
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manganese complexes yielddydroxo-bridged [Mn(OEP)L-

(OH)CIO4 and {[Mn(TPP)L(OH)}CIO4”® This difference
appears to reflect the relativebonding abilities of Mo(V) and
Mn(lll). Whereas Mo(V) has emptysgand d, orbitals able to

act asr acceptors, facilitating strong overlap between the metal-

and ligand-based-bonding orbitals, high-spin Mn(lll) has half-
filled dy, and g, orbitals and is therefore a pooreracceptor.
Bridging oxo ligands inu-oxo-bridged Mn (or Fe) dimers are
then likely more basic due to this diminishedonding by the

Inorganic Chemistry, Vol. 38, No. 15, 1998561

(TPPY]* are reported. The X-ray structures of [MoO(TPP)-
(OCI0s)] and [MoO(TPP)(OH)]™ are shown to be typical for
six-coordinate Mo(V) porphyrin complexes, and the novel
[Mo304(TPPY]™ ion is shown to be a linear complex which
may be considered as a structurally similar higher oligomer of
the previously characterized linegroxo-bridged binuclear
complex{[MoO(TPP)LO}.
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complexes may be less easily protonated and less stable, but

may more easily form trinuclear species such as {®o
(TPPY]™ that are stabilized by the extensiwdoonding involving
terminal and bridging oxo ligands. The formation of [Ma-
(TPPX]™ by the reaction of equimolar amounts of [MoO(TPP)-
(OCI0s)] and{[MoO(TPP)LO} or by controlled hydrolysis of
[MoO(TPP)(OCIQ)] is consistent with the idea that extensive
o bonding interactions promote formation of the trinuclear
specie$>26 Studies of the formation and stability of [MO-
(TPPY] " in solution have been undertak&h.

Summary. The syntheses of the molybdoporphyrin com-
plexes [MoO(TPP)(OCIg)], [MoO(TPP)(OH)]*, and [MaOu-
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Internet at http://pubs.acs.org.
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