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Synthesis of a peroxochromium complex containing the Tp

uole(

uolep/BIodSI MMM

[hydrotris(3,5-diisopropylpyrazolyl)borato] ligand has

been attempted by (i) dehydrative condensation between hydroxochromium complexes and H,0, and (ii) oxidative
addition to a Cr(1n) species. As a result, a diperoxochromium(v) complex, Tp*:Cr(0,),, is obtained by oxidative
dehydrative condensation of the dimeric (dihydroxo)(aquo)chromium(tir) complex, [Tp*=Cr(OH),(OH,)],, with
H,0,, whereas O,-oxidative addition to Cr(ir) species affords Cr(1in) species or dinuclear Tp™:Cr species bridged by
chromate (CrO,) or dichromate ions (Cr,0,). The preparations of the starting complexes and oxidation reactions by

the diperoxo complex are also described.

Introduction

Dioxygen-transition metal adducts play pivotal roles in organic
and biological oxidative transformations as well as O,-trans-
port in living systems.! In our laboratory systematic synthetic
study of dioxygen complexes has been carried out by using
the versatile hydrotrispyrazolylborato ligands (TpR®), facially
coordinating tripodal Nj-donors.*™® As a result, a series of
dioxygen complexes with first- and second-row metals has been
prepared and characterized successfully, and the central
metal has been extended to early transition metal including
vanadium® and chromium.® In a previous paper we reported
synthesis of chlorochromium(i) complexes with the Tp'™
ligand ® and their unique behavior as a reductant; one-electron
transfer to organic substrates associated with formation of
chromium(mm) species causes C-Cl homolysis of organic
chlorides and reductive coupling of benzaldehyde.®

Herein we will describe the results of attempts to prepare a
peroxochromium complex bearing the Tp™: ligand,* a new
member of TpR*M-0, adducts, starting from the Tp™=Cr(i)
precursors.® The reduction feature of the Cr(i) species men-
tioned above prompted us to examine O,-oxidative addition,
which was a promising route to peroxo complexes. Furthermore
hydroxo complexes derived from the chloro complexes were
subjected to dehydrative condensation with H,O,, which was
also recognized as a versatile synthetic method for dioxygen
complexes.” As a result of the present study, a desired peroxo
chromium complex, Tp*Cr"(0,),, was obtained via oxidative
dehydrative condensation of a hydroxochromium(ir) complex
with H,0,. In contrast to oxochromium (Cr=0) species, which
are versatile oxidizing reagents of organic substrates, per-
oxochromium species have not been studied in a systematic
manner,” while intriguing aspects of the chemistry of Cr-O,
adducts were recently revealed by Theopold.®

Results and discussion

Synthesis and characterization of hydroxochromium(ir)
complexes

Hydroxometal complexes (M—OH) are versatile precursors for
coordination complexes, because acidic substrates (H-A)

T Electronic supplementary information (ESI) available: Atomic num-
bering schemes. See http://www.rsc.org/suppdata/dt/b3/b309762¢/
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undergo dehydrative condensation to give products coordinated
by the conjugated base of the acidic substrate (M-OH +
H-A — M-A + H,0).° Typical synthetic methods for hydroxo
complexes involve basic hydrolysis of the corresponding halide.
Treatment of the dinuclear p-chlorochromium(ir) complex 1 ¢
with aqueous NaOH solution in THF or methanol gave the
hydroxo complex 3 as blue crystals after evaporation and
extraction with ether followed by crystallization from pentane
(Scheme 1). Because all Cr(i) species described in this paper
were very sensitive to the air, preparation of the Cr(r) com-
plexes was carried out in a glove box filled with argon. The
hydroxo complex 3 was also obtained from the pyridine adduct
2a upon treatment with aqueous NaOH solution. It is essential
to use aqueous NaOH solution. Otherwise, for example, reac-
tion of 2a with methanolic NaOH solution in MeOH gave the
trinuclear p-methoxo complex, Tp*=Cr(u-OMe),Cr(u-OMe),-
CrTp™," the central chromium atom in which should come
from partial decomposition of the Tp*:Cr fragment.
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The analogous reaction of the pyrazole adduct 2b, however,
caused concomitant deprotonation to give the dinuclear
p-hydroxo-p-pyrazolato complex 4 (Scheme 1). Similar com-
plexes of other first row metals [(u-OH)(u-pz®)(MTp®),] * were
obtained upon hydrolysis of (u-Cl),(MTp®), (in particular, for
complexes bearing a less hindered ligand such as Tp™® and its
4-substituted derivatives), where the bridging pyrazolato ligand
should be formed by partial hydrolysis of the Tp® ligand.
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IR spectra for the hydroxochromium complexes contain vgy
vibrations at 3718 (3) and 3685 cm™' (4), suggesting hydrolysis
of the Cr—Cl functional group in 1 and 2, and the paramagnetic
products are characterized by X-ray crystallography. Molecular
structures of 3 and 4 are shown in Fig. 1 and 2, and selected
structural parameters are summarized in Table 1. The dinuclear
p-hydroxo complex 3 sitting on a centrosymmetric site is found
to be isostructural with the starting complex 1 with the virtu-
ally square-pyramidal coordination geometry. The square-
pyramidal geometry is evident from the 7 value'? being very
close to 0 and the Cr—N(axial) distances are substantially longer
than the Cr—N(equatorial) distances, as was also observed for
the chloro complex 1. The Cr-O separations® fall in the range
of single bond lengths (~1.8 A) and is much longer than the
Cr=0 lengths (~1.6 A) as well. The p-pyrazolato complex 4 is
virtually of C, symmetry with respect to the axis passing
through O1 and the midpoint of the N71-N72 bond. Replace-
ment of one of the two hydroxo ligands in 3 by the rather bulky
pyrazolato bridge causes distortion of the square-pyramidal
geometry as is indicated by the 7 values (~0.3), which are sub-
stantially larger than those for 1 (0.06) but still small (<0.5)
indicating the square-pyramidal geometry. The Cr—N and Cr-O
lengths for 3 and 4 are comparable.

Fig. 1 Molecular structures of 3 (one of two independent molecules:
A series) showing the 30% thermal ellipsoids.

Fig. 2 Molecular structure of 4. Thermal ellipsoids are drawn at the
30% probability level.

The basic property of the hydroxo complex 1 was also
confirmed by dehydrative condensation with acetic acid to
give the u-hydroxo-p-acetato complex, Tp™=Cr(u-OH)((u-OAc)-
CeriPrz.B

Oxidative addition reactions to hydroxochromium(ir) complex 3.
(a) Reaction with organic chloride

In the previous paper we reported that chlorochromium(ir)
complexes including 1 and 2 are readily susceptible to one-
electron oxidative addition of organic halide to give chrom-
ium(im) species.® As a preliminary study, the hydroxo complex 3

was subjected to reaction with the organic chlorides, which were
previously used for the reactivity study of the chloro complexes
1 and 2. Addition of two equivalents (molar ratio) of benzyl
chloride or methylene chloride to 3 gave the air-stable, red
product 5, which was isolated by crystallization from THF-
MeCN (Scheme 2). An IR spectrum of 5 contains a vy band
(3643 cm™ ') together with two B-H vibrations (2551, 2471
cm™") suggesting the presence of two Tp™™ ligands with differ-
ent coordination modes. In a previous paper we reported that
the B-H band was a good indicator for the coordination mode
of Tp® ligands, i.e, in the case of Tp*™ complexes, the B-H
vibration of a x*- and x*coordinated Tp™" ligand appear
above and below 2500 cm™!, respectively.'* The vgy values
observed for 5 fell in the range typical for those for a k- and
«2-Tp™" ligand, respectively. The parent peak observed by an
FD-MS measurement [m/z (M*) = 1121] was consistent with the
formulation of (Tp*™Cr),(OH);(Cl) and the molecular struc-
ture of 5 was confirmed by X-ray crystallography (Fig. 3 and
Table 1).
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Scheme 2

Fig. 3 Molecular structure of 5. Thermal ellipsoids are drawn at the
30% probability level.

The red product 5 has been characterized as the dinuclear
tri(u-hydroxo)chloro complex of chromium(tr) resulting from
one-electron oxidative addition of organic halide. In accord
with the IR result (vgy) the complex contains two Tp™* ligands
of the different coordination geometries. One of the two chrom-
ium centers (Crl) is coordinated by the k3-Tp™* ligand and the
three bridging hydroxo ligands to form the octahedral co-
ordination geometry, whereas the other chromium center (Cr2)
adopts the octahedral geometry coordinated by the x*-Tp™*
ligand in addition to the terminal chloro and the three bridging
hydroxo ligands. In contrast to the square-pyramidal geometry
observed for the Cr(1) species (e.g. 1-4), the Cr(1m) centers in 5
adopt octahedral coordination geometry. It is notable that the
non-coordinated pyrazolyl nitrogen atom (N41) is located at
the distance of hydrogen-bonding interaction with one of the
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Table 1 Selected structural parameters for Tp*=Cr-OH complexes

Complexes 3 (moll) 3 (mol2) 4 (Crl) (Cr2) 5(Crl) (Cr2)
X Ol 02 (0) 0Ol Ol Ol

Y O1* 02* N71 N72 02 02

4 — — — — 03 03
Bond lengths/A

Cr-N11(41) 2.360(3) 2.412(5) 2.353(3) 2.364(3) 2.071(3) —
Cr-N21(51) 2.142(5) 2.153(4) 2.162(4) 2.106(4) 2.072(3) 2.041(3)
Cr-N31(61) 2.142(4) 2.124(4) 2.162(4) 2.165(3) 2.059(3) 2.053(3)
Cr-X 2.021(4) 2.033(4) 2.029(3) 2.038(4) 1.923(3) 1.936(2)
Cr-Y 2.022(3) 1.979(3) 2.083(4) 2.097(3) 1.975(2) 2.004(2)
Cr-Z — — — 1.985(2) 2.008(3)
Bond angles/°

N11(41)-Cr-N21(51) 83.9(1) 81.7(2) 92.3(1) 91.9(1) 87.3(1) —
NI11(41)-Cr-N31(61) 88.1(1) 88.2(2) 80.5(1) 83.9(1) 88.7(1) —
N11(41)-Cr-X 104.4(1) 106.1(2) 110.2(1) 114.0(1) 172.3(1) —
N11(41)-Cr-Y 101.4(1) 105.2(2) 98.9(1) 95.7(1) 94.0(1) —
N11(41)-Cr-Z — — — — 99.0(1) —
N21(51)-Cr-N31(61) 85.4(2) 86.6(1) 98.9(1) 81.0(1) 88.5(1) 87.0(1)
N21(51)-Cr-X 170.9(1) 172.0(2) 157.5(1) 154.1(1) 99.6(1) 91.91(9)
N21(51)-Cr-Y 99.3(2) 100.2(1) 91.4(1) 91.1(1) 177.8(1) 169.92(9)
N21(51)-Cr-Z — — — — 95.8(1) 97.5(1)
N31(61)-Cr-X 98.4(2) 95.2(2) 99.6(1) 102.1(1) 99.0(1) 95.0(1)
N31(61)-Cr-Y 169.8(1) 165.7(2) 175.8(1) 172.1(1) 95.8(1) 93.1(1)
N31(61)-Cr-Z — — — — 171.4(1) 170.17(9)
X-Cr-Y 75.7(2) 76.4(1) 84.5(1) 85.3(1) 79.0(1) 78.04(9)
X-Cr-Z — — — — 76.9(1) 76.1(1)
Y-Cr-Z — — — — 82.2(1) 81.0(1)
Cr-O-Cr 104.3(2) 103.6(1) 121.0(2) — 87.9(1),° 84.63(9), 84.2(1)¢
7/ 0.018 0.105 0.305 0.300 — —
Complexes 10 11 (Crl) (Cr2)*

X ()1 0Ol 0Ol

Y 02 02 02

V4 03 03 03

Bond lengths/A

Cr-N11(41) 2.065(2) 2.067(3) 2.665(4)

Cr-N21(51) 2.099(2) 2.074(3) 2.063(3)

Cr-N31(61) 2.103(2) 2.093(3) 2.040(3)

Cr-X 2.005(2) 1.921(2) 1.960(3)

Cr-Y 1.939(2) 1.984(2) 2.027(2)

Cr-Z 1.927(2) 1.968(3) 1.999(2)

Bond angles/®

NI11(41)-Cr-N21(51) 87.01(8) 87.2(1) —

N11(41)-Cr-N31(61) 87.61(7) 87.0(1) —

NI11(41)-Cr-X 177.74(7) 173.6(1) —

N11(41)-Cr-Y 92.51(8) 92.7(1) —

N11(41)-Cr-Z 92.54(7) 100.9(1) —

N21(51)-Cr-N31(61) 86.48(7) 89.6(1) 86.6(1)

N21(51)-Cr-X 91.34(7) 99.2(1) 91.4(1)

N21(51)-Cr-Y 177.25(7) 174.8(1) 169.9(1)

N21(51)-Cr-Z 91.53(7) 94.5(1) 102.2(1)

N31(61)-Cr- X 90.76(7) 92.7(1) 96.6(1)

N31(61)-Cr-Y 90.80(6) 95.6(1) 91.7(1)

N31(61)-Cr-Z 178.00(7) 171.2(1) 169.3(1)

X-Cr-Y 89.07(7) 80.91(9) 78.93(9)

X-Cr-Z 89.05(7) 79.0(1) 77.4(1)

Y-Cr-Z 91.19(7) 80.3(1) 78.53(9)

Cr-O-Cr — 87.2(1),c 83.70(8)," 84.8(1)¢

7 _ _ _

“Cr2-Cl1: 2.3302(9) A. > Cr2-04: 1.933(3) A. ¢ Cr1-01-Cr2. ¢ Cr1-02-Cr2. ¢ Cr1-03-Cr2.” Ref. 12.

three bridging hydroxo ligands (O1: 2.672(4) A). Such an inter-
action is also supported by the orientation of the lone pair
electrons of N41, which are directed toward O1. Compared to
an alternative isomeric structure with one terminal hydroxo
ligand and two «*-Tp™" ligands, (x3-Tp*:)Cr(OH)(u-OH),-
Cr(i>-Tp™™)(Cl), the actual form may be able to release steric
repulsion between the two bulky Tp'*™ ligands. In accord with
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this consideration, the Cr-O1 distances are substantially
shorter than the Cr-02,3 distances.

The chloro ligand in 5 should result from oxidative addition,
which is supported by detection of diphenylethane by GC-MS
analysis of a reaction mixture obtained from benzyl chloride.
Although the direct oxidative addition product should be
[Tp™=Cr(OH)(C)], (n = 1, 2), the tri(u-hydroxo) complex 5 may



be formed by coupling of the monomeric intermediate,
Tp®:Cr(OH)(CI), with 3 followed by further one-electron oxid-
ation and addition of the OH fragment coming from adventi-
tious water in the reaction mixture.

(b) Attempted O,-oxidative addition to chromium(ir) complexes

The results obtained so far suggested that a peroxo species
might be obtained by O,-oxidative addition to low valent
chromium(1) species 2a and 3. In the case of the vanadium and
manganese systems the hydroxo complexes were converted to
peroxo species via O,-oxidative addition: Tp®=V(O)(OH)-
(OH,) + O, — Tp™V(=0)(0,)(H-pz™");* (u-OH),(MnTp™™),
+ 0, = “(1-0)(u-OH),(MnTp"™2),” — (u-O)(MnTp™),."s
Very recently Theopold reported formation of a new type of a
Cr-0O, adduct, a superoxochromium(i) species [Tp®*MeCr-
(0,7)(pz®*Me_H)]"BARF~, by O,-oxidative addition to a
coordinatively unsaturated Cr(m) species, [Tp®*MeCr(pzBMe-
H)]"BARF" .2

Exposure of an ethereal solution of the chlorochromium(ir)
complex 2a to O, (1 atm) at —78 °C caused immediate color
change from green to pink and, upon warming to room temper-
ature, further color change into brown was observed (Scheme 3).
The resultant residue was characterized as the dichloro-
chromium(1r) complex 6 by comparison of its IR spectrum
with an authentic sample of 6, which was obtained by treat-
ment of 2a with benzyl chloride as reported in the previous
paper.® Although the pink intermediate formed at the low tem-
perature could be a peroxo intermediate, Tp*:Cr(O,)(py)(Cl)
or (u-Oy)[CrTp™=Cl],,'® further characterization could not be
made due to its thermal instability.
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O,-treatment of the hydroxochromium(i) complex 3 also
resulted in immediate color change from blue to brown to give a
low yield mixture, from which several types of single crystals
were obtained by crystallization from pentane (Scheme 3).
X-ray crystallography of single crystals 7-9 ' separated by
hand revealed that they were dinuclear complexes with the
bridging chromato or dichromato ligand(s) as shown in Scheme
3.1 The aquo ligands are in the range of separations for hydro-
gen bonds from the neighboring oxygen-functional groups
[2.470(3), 2.474(3) A (7: from CrOH); 2.820(7) A (9: from
Cr=0)]. Because they can not be prepared in a selective manner
despite many attempts and are characterized only by crystallo-

graphy, details will not be discussed here and the crystallo-
graphic results are included in the ESI. ¥ But it should be noted
that no evidence for formation of peroxo complex could be
detected. The O,-treatment causes (1) oxidation of the
Tp®:Cr(11) centers to Cr(1ir) as observed for the chloro complex
2 and (2) formation of the chromate and dichromate bridges
containing the Cr(vi) centers via partial oxidative degradation
of the Tp™=Cr fragment. The obtained results are in sharp con-
trast to the results reported for the Tp™*™¢ system (see above).?
We also attempted oxygenation of 2 under the conditions simi-
lar to those for the Tp®*M¢ system but could not get any evi-
dence for formation of an O,-adduct. The difference should be
ascribed to the steric effect of the Tp® ligands as typically
observed for [TpRCrCl],.* The Tp*™ complex forms the di-
nuclear, square-pyramidal species with the two p-chloro ligands
(n =2), whereas the Tp®*M¢ derivative gives the four-coordinate
species (n = 1) with so-called cis-divacant structure,® which may
be essential for the O,-coordination. No such a coordination
structure has been observed for the Tp™™ system.

Apart from the peroxo chemistry, in the structures of 7-9
(and 5) the Tp'™Cr(11) moiety serves as a corner block (Scheme
3), which connects three oxygen ligands with the angles close to
the right angle in a cis-fashion. Such behavior is frequently
observed for Tp®M complexes ® and may be utilized as a com-
ponent of supramolecules. Various O-ligands including OH,
and ester residues (carboxylate, CrO,”, Cr,0,*") could be used
as components to be linked.

Thus O,-oxidative addition to the low valent Tp™:Cr(i)
complexes 2a and 3 resulted in one-electron oxidation of the
chromium center to give the Tp*:Cr(i) complexes 6-9.

Synthesis of hydroxochromium(iir) complex 3.
(a) Attempted dehydrative condensation with ROOH

Dehydrative condensation of a hydroxo complex with H,O, is a
useful synthetic method for a peroxo complex developed in our
laboratory and a variety of Tp®M-0O, adducts have been pre-
pared by this method.? Analogous condensation with alkyl
hydroperoxide produced the corresponding alkylperoxo com-
plexes, which are also regarded as key intermediates of oxygen-
ation reactions. Then the hydroxochromium(ir) complex 3 was
subjected to reaction with H,0, and t-BuOOH in hope
of formation of Cr(i)-peroxo species, (u-O,)(CrTp*?), and
Tp™:Cr-OOR.

Addition of an aqueous H,0, solution to an ethereal solu-
tion of 3 at —78 °C gave a brown solution, when the mixture
was gradually warmed to 0 °C. Concentration followed by co-
oling at —30 °C gave the red—brown product 10 (Scheme 4),

/
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which showed IR bands associated with aquo and hydroxo
ligands (3670, 1645 cm™"). Complex 10 was characterized as a
dimeric di(hydroxo)(aquo)chromium(iir) complex as deter-
mined by X-ray crystallography (see below). The original
product should be a five-coordinate Tp™Cr(OH), complex but
the Cr(mr) center takes up one water molecule to attain the
octahedral geometry, the coordination geometry which Cr(1ir)
species prefer. Thus reaction of 3 with H,0, also resulted in
one-electron oxidation to give the trivalent dihydroxo complex
10, which would be susceptible to further dehydrative conden-
sation (see below).

Reaction with +-BuOOH also caused one-electron oxidation
of the Cr center to give the brown product 11 [Tp®:Cr(OH),],-
(H-pz™™), which was found to be a pyrazole-adduct of a form-
ally dehydrated form of 10, [Tp®=Cr(OH),],, as determined by
X-ray crystallography (see below). An IR spectrum of 11
showed the feature (two vgy) similar to that of the chloro com-
plex 5 discussed above. In accord with the dehydrated structure,
the bending band of the aquo ligand observed for 10 (1645
cm™') disappeared but the voy band for the hydroxo ligand
remained. The pyrazole-adduct 11 was converted to the
hydrated form 10 upon treatment with water.

Molecular structures of 10 and 11 determined by X-ray crys-
tallography are shown in Fig. 4 and 5, respectively, and selected
structural parameters are summarized in Table 1. As for the
hydrated form 10, coordination of the «*-Tp™* ligand and three
OH, ligands to the Cr(in) center leads to the octahedral co-
ordination geometry and further hydrogen bonding inter-
actions among the OH, ligands leads to the dimeric structure.
Judging from the O --- O separations, the Ol --- O2* and
Ol --- O3* pairs are connected by hydrogen bonding inter-
actions [O1 - -+ O2*: 2.553(2); Ol --- O3*: 2.616(2) A; others
> 3.0 A]. The mononuclear unit contains four protons, of which
two should be involved in the hydrogen bonds. The remaining
two protons therefore should be attached to the O2 and O3
atoms. These structural features lead to the assignments of the
Ol atom as the aquo ligand, the O2 and O3 atoms as the
hydroxo ligands and, as a whole, complex 10 as the dimeric
(aquo)(dihydroxo)chromium(iir) complex. Accordingly, the
Cr1-Ol(aquo) distance is slightly longer than the Cr1-02,3-
(hydroxo) distances (the differences > 0.06 A). TpRM(OH,),
fragments frequently form this type of hydrogen bonding

N11
N31

Fig. 4 Molecular structure of 10. Thermal ellipsoids are drawn at the
30% probability level. (a) An overview. (b) An expanded view of the
core part.
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Fig. 5 Molecular structure of 11. Thermal ellipsoids are drawn at the
30% probability level.

networks to form a dimeric structure as we recently reported for
the ruthenium system.'® The dehydrated form 11 is character-
ized as an adduct of the pyrazole molecule (H-pz™™), which
should be formed by partial decomposition of the Tp™=
ligand.!! Structural features of the core part are essentially the
same as those of the chloro derivative 5, ie. (1) the two
chromium centers are bridged by the three hydroxo ligands
(01-3), (2) the Tp™™ ligands are coordinated to the chromium
centers in k3 (Crl)- and x*(Cr2)-fashions, and (3) one of them
forms a hydrogen-bonding interaction with the non-
coordinated pyrazolyl nitrogen atom [Cr2 - - - N41: 4.070(4) A;
01 --- N41:2.646(4) A]. The Cr-O1 distances are substantially
shorter than the Cr1-O2 and Cr1-O3 distances as observed for
5 and the Cr-O distance for the terminal hydroxo ligand (Cr2—
04) is comparable to the short Cr—Ol1 distances. Replacement
of the chloro ligand in 5 by the hydroxo ligand (O4) provides an
opportunity to form hydrogen bonding interaction with a pro-
tic substrate, the pyrazole auxiliary. The O4 - -+ N72 [2.642(5)
Aland O3 -+ - N71 separations [2.974(5) A] are in the range for
the distances of hydrogen-bonding interactions.

Diperoxochromium(v) complex 12. (a) Synthesis and
characterization

The dihydroxochromium(1ir) complex 10 obtained by oxidation
of the hydroxochromium(1r) complex 3 contained Cr—OH func-
tional groups, which might undergo dehydrative condensation
with H,0, leading to a peroxo species. Treatment of 10 with
H,0, at =78 °C in the presence of a dehydrating agent
(Na,S0O,) resulted in a color change from blue to red—brown
and from the resultant mixture the green product 12 was iso-
lated after extraction with pentane followed by crystallization
(Scheme 5). Complex 12 was rather thermally unstable and

(0]
N
H202 . //0
10 — TpPreer_ 12
Na2804 \ /O
O
180\
H,'80, 18
10— 7, 'PQCr// 1270,
N32804 18O
18\0/
Scheme 5



gradually decomposed when left at room temperature. The
rather intense IR absorptions observed for 12 at 945 and
888 cm™' (Fig. 6a) fall in the range of O—O vibrations of
peroxometal complexes.! Although such vibrations are,
in principle, IR-inactive, the product 10 is assigned as a
diperoxo complex on the basis of the results of the labeling

experiments.

h

=

(b)

T T
900 800 700
wavenember / cm’™

Fig. 6 IR spectra (vo_o region; KBr pellet) of (a) 12 and (b) 12-"%0,.

In order to confirm the tentatively assigned O-O vibrations
(945, 888 cm™') an '®0,-labeled sample was prepared by treat-
ment of 10 with H,"®0, (Scheme 4) and its IR spectrum is
shown in Fig. 6b. The shift of both of the two vibrations to
lower energies (904, 841 cm™") clearly indicated that the absorp-
tions were associated with an '80 atom. The extent of the shifts
to lower energies [for the vibration at 945 cm™': Av =41 cm ™,
v(*BO-20)/v(**0-%0) = 0.967; for the vibration at 888 cm™': Av
=47 cm™!, v("*0-"%0)/v(**0-"°0) = 0.947] are found to be very
close to the calculated values based on the isotopic shift [v(**0-
30)/v(**0-1%0) = 0.943]. An FD-MS spectrum of 12, however,
did not contain the expected parent peak [m/z = 582 (M")] but
the peaks at m/z = 566 (M* — O), 550 (M* — 20), 536 M* —
30) corresponding to the deoxygenated forms. This result
raised a problem about the proposed structure of 12. Because

[e)
Hp05 m/ \

Vero Vibrations appear around 900 cm™' # and the calculated

isotopic shift (0.957) was virtually the same as that for the O-O
vibration within the experimental error, the result of the label-
ing experiment was not enough to eliminate the structures con-
taining an oxo ligand, Tp*Cr(0,)(=0) 12’ and Tp*":Cr(=0),
12". Although we tried Raman measurements to discriminate
an O-O vibration from a Cr=0 vibration, no definite conclu-
sion was obtained due to the thermal instability of 12. Then we
tried to characterize 12 by chemical processes (Scheme 6). Both
of the M(O,) and M=0O functional groups are known to be
labile with respect to hydrolytic cleavage. Treatment of 12 (12',
12") with H,"0,, therefore, is expected to result in replacement
of the Cr(O,) moiety by the 0O, isotope, whereas that with
H,"0 is expected to cause *O-labeling of the Cr(=0) moiety.
Actually, treatment with H,'30, caused appearance of IR bands
identical to those of 12-%0, (Fig. 6b) and no change was
observed upon treatment with H,'®O. These results clearly
indicate that the obtained product is the diperoxo species 12.2

(0*: 180)
H,'80 H,'80,
treatment possible treatment
structures shifts of
no change
of the two bands
O, O, o?
L0 1 oael0 | e
TpiPI'QCr TpiPrZCr TpiF‘I’ZCr
\> \o| o e
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O, O, o:
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o* 12 (e} (e}
o* 0 o
o o Y Y
Tp'PQCr/ Tp'mCr/ Tp'Pf"’Cr/
N\ A\ X
o* " (e} o
12
Scheme 6

The conversion of the dihydroxochromium(ir) complex 10
into the diperoxochromium(v) complex 12 involves concomi-
tant dehydrative condensation with H,0O, and oxidation of the
metal center, in other words, oxidative dehydrative conden-
sation. Plausible formation mechanisms for 12 are summarized
in Scheme 7. Although the final process should be dehydrative
condensation of the Cr=0 group in 12’ with H,0, to give 12,°
the intermediate 12" could be formed via the processes shown in
Scheme 7. We tried to detect the intermediates by the reaction
with a limited amount of H,0, but merely a mixture of the
unreacted 10 and the oxidized product 12 was obtained. In
order to examine the oxidation process of the Cr-OH group in

) H202
TpP2Cr—0  =-==m-=-t-ans
dehydrative oxidation i
condensation A OHy '
\
OH %
N
o 0-0 bond v / \ Hx02 ) v//O
TpP2Ccr—OH activation TpPr2cr—o0 Tp'P’ZCr\
.\ dehydrative \ 0
10 ¢ OHz 12 o condensation o/
KMnOy4 i
| Hy0p oy, Hz05
no I et > Tp'P’ZCr =0 -
reaction oxidation \ dehydrative
B OH condensation
Scheme 7
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10 leading to the Cr=0O functional group complex 10 was
treated with oxidizing agents such as KMnO, but the hydroxo
complex 10 was recovered unaffected, indicating that the oxid-
ative Cr—-OH — Cr=0 conversion was not a viable process. On
the basis of this result we propose the processes shown in
Scheme 7. Initial dehydrative condensation of the dihydroxo
complex 10 with H,0, should give the monoperoxo intermedi-
ate A, the oxidative O-O bond cleavage process of which should
give the dioxochromium(v) intermediate B. Double dehydrative
condensation of the oxo groups with H,0, finally produces the
diperoxo species 12.

(b) Oxidation reactions with the diperoxochromium(v) species 12

The oxidizing ability of the resultant diperoxo species 12 was
examined. Although the diperoxo complex 12 was definitely
stable when kept at —78 °C, slow decomposition was observed
when left at room temperature (Scheme 8). The resultant com-
plicated mixture contained the dihydroxo complex 10 and the
chromate complexes 7-9 as judged by an IR spectrum of the
mixture. The formation of the Cr(1) species 10 under the inert
atmosphere suggested that the decomposition process involved
a thermally induced disproportionation process.

A
> 10 + chromate complexes (7 - 9)
PPh3
. /O\o > 0=PPh; (65 %)
TpiPrZCr/ —

(0] AN o
12 7 J» 49 %
(o) )J\OE'( ( o)

PhCH,OH
L2 > PhCHO (---# PhCOOH)

Scheme 8

Oxygenation ability of 12 was evidenced by the reaction with
PPh;, which gave O=PPh; in 65% yield. (The yield is based on
the two peroxo ligands in 12. In the case of quantitative form-
ation of O=PPh;, two moles of O=PPh, are formed from one
mole of 12.) Addition of PPh; immediately caused color change
from green to brown to give a mixture of chromium complexes
(7-10) similar to that obtained from spontaneous thermal
decomposition of 12. The oxo transfer reaction should leave
oxo species like 12’ and B, decomposition of which might give a
mixture of the chromium complexes. It is notable that the per-
oxochromium species 12 showed a remarkable oxidation ability,
when compared with the related Tp®M(O,) species of early
transition metals [Tp™=VV(0,)(=0)(pz*=-H),*> Tp*Mn'(O,)-
(pz®-H) '°]; oxygenation of PPh, by such species was very
sluggish. Olefin oxygenation was examined with vinyl ether and
styrene. The reaction with ethyl vinyl ether produced ethyl acet-
ate in 49% yield as determined by GLC analysis, while no oxi-
dized product was detected for styrene by GLC analysis of the
reaction mixture. The effective oxygenation of the electron-rich
vinyl ether confirms electrophilic nature of 12. Finally, benzyl
alcohol was converted to benzaldehyde, which was further con-
verted to benzoic acid.

Conclusions

Synthesis of a peroxochromium complex is examined by dehy-
drative condensation of a hydroxo complex with H,0, and O,-
oxidative addition. The dimeric hydroxochromium(ir) complex,
(u-OH),(CrTp'™™), 3, is obtained by hydrolysis of the corre-
sponding chloride 1. Reaction of 3 with oxygenating agents (O,,
H,0,, and ROOH) and chloroalkanes results in one-electron
oxidation of the metal center to give to a variety of hydroxo-
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chromium(ir) complexes including the «x!-dihydroxo com-
plex, [Tp*=Cr(OH),(OH,)], (10), and p-hydroxo complexes,
(3-Tp*=)Cr(u-OH),Cr(x>-Tp*)(X) [X = CI (5), OH (11)].
Further treatment of 10 with H,O, produces the diperoxo com-
plex, Tp*Cr¥(0,), 12, via oxidative dehydrative condensation
and complex 12 has been characterized by the spectroscopic
methods and the labeling experiments. The diperoxochrom-
ium(v) species 12 exhibits moderate oxygenation activity based
on its electrophilic nature and the oxidizing ability is remark-
ably higher than that of the related Tp*M-0, adducts of early
transition metals (V, Mn), which are sluggish even toward PPh,
(a readily oxidizable substrate), indicating that the oxidation
ability of peroxo species coordinated by the Tp™" ligand is
highly dependent on the kind of the central metal and its
oxidation state.

Experimental

Preparation of 3 and 4 was carried out in a glove box filled with
argon and other experiments were carried out under an argon
atmosphere using standard Schlenk tube technique. CH,Cl,
P,0,), MeOH (Mg(OMe),), MeCN (CaH,), THF, pentane
and hexane (Na—K/benzophenone) were treated with appropri-
ate drying agents, distilled, and stored under argon. IR (meas-
ured as KBr pellets; reported in cm ') and FD-MS spectra were
obtained on a JASCO FT/IR 5300 and JEOL JMS-700
spectrometer, respectively. *’P-NMR spectra were obtained on a
Bruker AC-200 spectrometer. Starting complexes 1 and 2a,b
were prepared according to the procedures reported in our
previous paper.® Other chemicals were used as received without
further purification.

Preparation of [Tp*™Cr(OH)], 3

Upon addition of an aqueous NaOH solution (1.5 M, 5 mL) to
a THF solution (10 mL) of the chloro complex 1 (103 mg, 0.093
mmol) the color of the mixture changed from green to blue.
Then the volatiles were removed under reduced pressure and
the residue was extracted with pentane. Concentration under
reduced pressure followed by cooling at —36 °C gave 3 as blue
crystals (67 mg, 0.063 mmol, 67% yield). Similar reaction of the
pyridine adduct 2a afforded 3 in 64% yield. IR 3718 (vogy), 2540
cm ™! (vgy). Anal. Caled. for Cs,Hy,N,,0,B,Cr,: C, 60.67; H,
8.86; N, 15.73. Found: C, 60.23; H, 8.68; N, 15.04%.

Reaction of 2b with NaOH: formation of Tp*":Cr(n-OH)-
(u-pZiPrZ)Ceriprz 4

To a methanolic solution (20 mL) of 2b (230 mg, 0.326 mmol)
was added an aqueous NaOH solution (1.5 M, 5 mL). Then the
volatiles were removed under reduced pressure and the resi-
due was extracted with pentane. Concentration under reduced
pressure followed by cooling at —36 °C gave 4 as blue crystals
(67 mg, 0.063 mmol, 67% yield). IR 3685 (vog), 2537 cm ™! (vgg).
Despite several attempts an analytically pure sample could not
be obtained.

Reaction of 3 with PhCH,CI: formation of Tp*":Cr(n-OH);,-
CrTp™(Cl) 5

A mixture of 3 (238 mg, 0.223 mmol) and benzyl chloride
(54 mL, 0.469 mmol) dissolved in toluene was stirred for one
week at ambient temperature. Removal of the volatiles followed
by crystallization from THF-MeCN gave 5 as red crystals
(86 mg, 0.076 mmol, 34% yield). IR 3743 (von), 2551 (vgy for
3-Tp™), 2471 cm™' (vgy for ¥*-Tp™™). FD-MS: 1121 (M").
Anal. Caled. for CsHysN;,0,B,CICr,: C, 57.83; H, 8.54; N,
14.99. Found: C, 58.02; H, 8.44; N, 14.65%.

Reaction of 3 with O,

Exposure of an ethereal solution (20 mL) of 3 (188 mg, 0.177
mmol) to O, atmosphere at —78 °C immediately caused color



change from blue to brown. After the mixture was stirred for 4
h the volatiles were evaporated and the residue was crystallized
from pentane to give a mixture of products, which could not be
further separated. Single crystals were picked up by hands and
subjected to X-ray crystallography.

Reaction of 3 with H,O,: formation of Tp*:Cr(OH),(OH,) 10

An ethereal solution (16 mL) containing 3 (152 mg, 0.132
mmol) and a spoonful of Na,SO, (a dehydrating agent) was
cooled at —78 °C. Then an aqueous H,0O, solution (30%, 15 pL)
was added to the mixture. The mixture was gradually warmed
to 0 °C, when the color of the mixture changed from blue to
red—brown. Filtration followed by cooling at —30 °C gave 10 as
red crystals (66 mg, 0.116 mmol, 41% yield). IR 3668 (vog),
2540 (vgy), 1645 cm™' (Jop,). FD-MS: 1139 (M* for 10,). Anal.
Calcd. for C,;H,N,O;BCr: C, 56.94; H, 8.85; N, 14.76. Found:
C, 57.08; H, 8.52; N, 14.48%.

Reaction of 3 with Bu“OOH: formation of [Tp*:Cr(OH),], 11

An ethereal solution (20 mL) containing 3 (196 mg, 0.183
mmol) and a spoonful of Na,SO, (a dehydrating agent) was
cooled at —78 °C. Then Bu'OOH (70% Bu’OOBu’ solution,
47 pL, 0.38 mmol)) was added to the mixture. Work up as
described for 10 gave a trace amount of single crystals of 11. IR
3656 (vop), 2545 (vgy for «3-Tp*™), 2484 cm™' (vgy for x*-
TpiPrz).

Reaction of 10 with H,0,: synthesis of Tp*Cr(O,), 12

An ethereal solution (20 mL) containing 10 (333 mg, 0.585
mmol) and a spoonful of Na,SO, (a dehydrating agent)
was cooled at —78 °C. Then an aqueous H,O, solution (30%,
2.2 mL, 14 mmol) was added to the mixture. The mixture was
gradually warmed to 0 °C, when the color of the mixture
changed from blue to red—brown. Filtration followed by cooling
at —30 °C gave 12 as green solid (93 mg, 0.16 mmol, 27% yield).
IR 3668 (Vog), 2552 (vgg), 945, 888 cm ™! (o). Anal. Calcd. for
CHNcOBCr: C, 55.76; H, 7.97; N, 14.46. Found: C, 55.81;
H, 8.07; N, 14.16. Treatment with H,"®0, gave the labeled
compound Tp*:Cr(**0,), 12-0,.

Isotope exchange reactions of 12

To an ethereal solution (5 mL) of 12 (ca. 15 mg, 0.03 mmol)
cooled at 0 °C was added aqueous H,'®0, solution (0.7 M,
0.5 mL, 0.35 mmol) or H,"®0O (0.2 mL) and the resultant mix-
ture was stirred for 20 min at the same temperature. Removal of
the aqueous layer and drying with Na,SO, followed by evapor-
ation under reduced pressure gave green solid, which was
analyzed by IR and FD-MS.

Spontaneous decomposition of 12

An ethereal solution (40 mL) of 12 (507 mg, 0.87 mmol) pre-
pared at 0 °C was stirred at ambient temperature. The color of
the solution changed from green to brown and stirring was con-
tinued for 4 h. Chromatographic separation (alumina) of the
mixture gave small amounts of 8 (eluted with ethyl acetate) and
10 (eluted with methanol), which were identified by IR.

Oxidation of organic compounds

To a toluene solution of 12 cooled at —78 °C was added an
organic substrate and the resultant mixture was gradually
warmed to room temperature. Organic products were analyzed
by GLC and GC-MS. In the case of the PPh; oxidation the
yield of O=PPh, was also checked by *'P-NMR.

X-ray crystallography

Crystallographic data are summarized in Table 2. Single crys-
tals of 3 (pentane), 4 (MeCN), 5 (THF-MeCN), 7 (pentane), 9

Table 2 Crystallographic data

11-H-pz™™

10-2pentane

9-4pentane

7-3pentane

3-2pentane 4-2MeCN

Complex

Ce3H12N,0,-B,Cr,

1255.28
Triclinic

C,,H,,N,0,BCr

713.84

1791.62
Monoclinic

C74H 4N ,046-B,Crg
P2,/n

1437.50
Triclinic

CooH 134N ,04B,Cry

CsHosN,03B,-CICr,

1121.49
Triclinic

P1

Ce7H ;14N sOB,—Cr,

1285.36
Triclinic

CosH 113N 1,0,B,Cr,

1213.33
Triclinic

Pl

Formula

Formula weight
Crystal system
Space group

alA
bIA
/A

Pl

15.6053(9)
16.611(1)

Monoclinic

P2,/n
13.1187(2)

23.9459(8)
13.5935(4)

90

11.7618(4)
16.9666(3)
24.6837(4)

90

16.588(2)
18.845(2)
13.537(2)
103.522(4)
100.57(1)
90.225(6)
4039.7(8)

Pl

13.621(1)
20.116(2)

P1

14.7188(3)
21.615(1)

13.813(1)
22.974(1)

14.3911(9)
99.328(2)
97.619(3)
84.569(5)
3638.4(4)

12.0553(8)
97.853(6)
97.743(5)
75.816(2)
3154.8(4)

2

13.4270(8)
97.520(6)

13.0204(4)
101.495(4)
114.731(2)
85.944(4)
3677.3(3)

2

al®
pr
o°

92.537(1)

90

103.783(3)

90

102.367(3)
108.213(4)
3872.4(4)

2

0.350
0.0719
0.1883

4266.1(2)
0.307
0.0760
0.2406

4784.0(2)
0.719
0.0895
0.2583

0.452
0.0878
0.2410

0.435
0.0638
0.1755

0.329
0.0752
0.1999

0.342
0.0943
0.2356

VIA3

VA

a/mm™!

R, [1>20(])]
wR, (for all data)
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(pentane), 10 (pentane), 11 (ether) were obtained by recrystal-
lization from the solvent systems shown in the parentheses and
mounted on glass fibers.

Diffraction measurements were made on a Rigaku RAXIS
IV imaging plate area detector with Mo Ko radiation (4 =
0.71069 A) at —60 °C. Indexing was performed from two
oscillation images, which were exposed for 5 min. The crystal-
to-detector distance was 110 mm (20,,,, = 55°). Neutral scatter-
ing factors were obtained from the standard source. In the
reduction of data, Lorentz and polarization corrections and
empirical absorption corrections were made.** Crystallographic
data and results of structure refinements are listed in Table 2.

The structural analysis was performed on an IRIS O2 com-
puter using teXsan structure solving program system obtained
from the Rigaku Corp., Tokyo, Japan.?> Neutral scattering
factors were obtained from the standard source.”

The structures were solved by a combination of the direct
methods (SHELXS-86% or SIR92)?* and Fourier synthesis
(DIRDIF94).% Least-squares refinements were carried out
using SHELX1.-97% (refined on F?) linked to teXsan. Unless
otherwise stated all non-hydrogen atoms were refined aniso-
tropically and methyl hydrogen atoms of the Tp™" ligand
were refined using riding models and other hydrogen atoms
were fixed at the calculated positions. Details of the refinements
were as follows. 3: OH hydrogen atoms were found by difference
Fourier synthesis and fixed. Hydrogen atoms attached to one of
the two pentane solvate with large B values are not included
in the refinement. 4: The MeCN solvates were refined iso-
tropically. 5: The OH hydrogen atoms were refined isotropically.
7: During the refinement it was found that the CrO, bridge was
disordered on two sites; one between O1 and O4 and the other
between O2 and OS5. The occupancy was refined to be Cr30708
: Cr3AO7AO8A = 0.81 : 0.19. The minor components for the
O1 and O4 moieties could not be located due to the low occu-
pancy and therefore were not included in the refinement. The
OH hydrogen atoms were fixed and the OH hydrogen atom
associated with the O2 - -+ OS5 bridge was not included due to
the disorder problem. 9: pentane solvates were refined iso-
tropically and hydrogen atoms attached to the pentane solvate
and the aquo ligand were not included in the refinement. 10:
The OH hydrogen atoms initially refined isotropically were
fixed at the final stage of the refinement because of their rather
large shift/error values. 11: The disordered C76 atoms was
refined taking into account minor component (C76 : C76A =
0.6 : 0.4) and hydrogen atoms attached to the disordered part
were not included in the refinement. The OH and NH atoms
initially refined isotropically were fixed at the final stage of the
refinement because of their rather large shift/error values.

CCDC reference numbers 217496-217502.

See http://www.rsc.org/suppdata/dt/b3/b309762¢/ for crystal-
lographic data in CIF or other electronic format.
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