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ABSTRACT

The coordination chemistry of chromium, iron, and osmium with bis-hydroxy-
benzamido chelating ligands was investigated. Two types of complexes were ob-
tained on reacting CrCls-6H,0 with 1,2-bis(3,5-dichloro-2-hydroxybenzamido)-
ethane ((H), CHBA-Et). A neutral dimeric complex, in which two chelates bridge
two metal centers, was discovered and characterized by X-ray crystallography.
This is the first molecule in which both forms of monodentate organic amide co-
ordination (i.e., O-bound and N-bound coordination) have been found. The N-
bound amide was shown to be a better #-donor. This is the first well-characterized
example of N-coordination to chromium(III).

A second complex, which is a precursor to the neutral dimer, has not been
fully characterized. It may also be dimeric. Similar complexes, with different bis-
hydroxybenzamido ligands, have been examined. Iron(III) species, synthesized
from these ligands and FeClg, appear to be analogous to the latter chromium(III)
compounds.

X-ray crystallographic studies have complemented investigations into the
coordination chemistry of these bis-hydroxybenzamido ligands with several tran-
sition metals. In addition to the dimeric chromium(III) complex, in which the
ligand bridges two metal centers, many osmium(IV) complexes were found with
the bis-hydroxybenzamido ligands coordinated to one metal center as a planar
tetradentate tetraanion. These structures exhibited the first examples of bonds
between osmium(IV) and an N-coordinated organic amide ligand and a phenox-
ide ligand. One such complex, a p-oxo dimer, was found with potassium ions in
unusually low coordination environments (i.e., four- and five-coordinate). Ox-
idation of trans-Os(CHBA-Et)(py). subsequently resulted in crystals of a new
complex with a hydroxy and a methoxy group on the ethylene unit bridging the
amide nitrogen atoms of the chelated ligand. The bond distances and angles
for this molecule are very similar to those of its precursor, trans-Os(CHBA-

Et)(py)2. The ligand, (H),CHBA-Et, was found to cocrystallize with pyridinium
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chloride. This structure has provided a benchmark for comparison with com-
plexed chelates; few significant differences were observed.
The fusion of 2,3-bis(2-hydroxy-benzamido)-2,3-butane with (NH,),OsClg

(T>300°C) resulted in the formation of an osmium(IV)-imidazoline complex.

Also examined was the organometallic chemistry of osmium tetraoxide. Ox-
idation of low valent carbonyl complexes with the quinuclidine adduct of osmium
tetraoxide resulted in attack of both the low valent metal and a carbonyl ligand
with the formation of y-CO, mixed-valent complexes. The surprising stability of
this new type of CO; complex is kinetic in origin as demonstrated by the chem-
istry of a series of compounds. Decomposition with loss of CO; was observed
for more labile metal complexes. In the absence of nitrogenous bases, oxidation
of Ru(CO)s(PPhg), with osmium tetranxide resulted in the formation of what
is believed to be a tetranuclear complex. The low valent metal center and a
coordinated carbonyl ligand were oxidized.

One other mode of reactivity was discovered. Oxidative addition of osmium
tetraoxide to Pt(PPhs),(C2oH,) displaced the ethylene ligand with the formation
of a p-oxo bridged tetranuclear complex. These and other potential modes of

OsOy reactivity with organometallic and inorganic complexes are discussed.
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Chapter 1
Studies on the Coordination of Bis-hydroxybenzamido

Chelating Ligations to Chromium, Iron, and Osmium.



2

Introduction
Studies on the oxidation of organic and inorganic compounds have been
an area of considerable interest since the nineteenth century.! Today, oxidation
chemistry encompasses a wide spectrum of research ranging from electrochem-
istry and redox reactions of metal ions to stoichiometric and catalytic oxidative
transformations of organic functional groups. Our work has focused on two as-
pects of oxidation chemistry:

o investigating ligand systems that have the potential to stabilize transition
metals in the higher oxidation states, to ultimately design improved oxidants
for organic synthesis, and

o characterizing the reactivity of classical oxidants, such as osmium tetraoxide,
with low valent organometallic complexes.

The development of new oxidants for organic synthesis and the modifica-
tion of known reagents has traditionally been a rather empirical process due to
the complex nature of most metal-based organic oxidations.? However, at our
present level of understanding other strategies are possible. In many metal-
oxidant /organic-substrate systems, the participation of more than one active
species in the overall oxidation has been documented.® This generally results
in poor chemoselectivity due to the differing reactivity of each active oxidant.
The challenge is to learn how to control these specific reactions — to be able to
transform multicomponent oxidations into single component oxidations, which
are usually very chemoselective.*

The oxidation of secondary alcohols with chromic acid is a well-studied

example.> The mechanism of this reaction is now thought to involve four main

stages:
Cr(VI) + R;,CHOH — Cr(IV)+R,CO (Stage 1)
2Cr(IV) + 2Ry CHOH — 2Cr(Ill) + 2[R, COH]" (Stage 2)
2Cr(VI) + 2|R,COH]* — 2Cr(V) + 2R, CO (Stage 3)

2Cr(V) — Cr(VI) + Cr(IV) (Stage 4).
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Here the initial reaction (Stage 1) is complicated by the additional reactivity of
a transient chromium(IV) species. The organic radicals formed in Stage 2 of this
oxidation often undergo rearrangement reactions. Thus, when these rearrange-
ments are faster that oxidation of the radical species, additional products are
observed. As predicted by the stoichiometry, up to 66% of the alcohol can be

converted into products other than the ketone.

The effect of multicomponent oxidants on the chemoselectivity was illus-
trated by a classic study. To probe the multicomponent nature of the chromium(VI)
oxidation of secondary alcohols, Rotek carried out several experiments with cy-
clobutanol and phenyl-t-butylcarbinol in which he was able to quench either the
oxidations by chromium(IV) or by chromium(VI). Under the usual conditions,
the chromic acid oxidations of these alcohols resulted in the formation of several
products, cyclobutanone and 4-hydroxybutanal or pivalophenone, benzaldehyde,

and f-butanol, respectively.

OH
P /o

+ CrO,(OH), —=» + HOCH,CH,CH,CHO (1)

OH

PhAK + CrO,(OH), — ph + PhCHO + }—OH (2)
H

Addition of vanadyl perchlorate, which has been shown to rapidly reduce chrom-
jum(VI) to chromium(V) and (more slowly) chromium(V) to chromium(IV),°
allowed the organic oxidation to occur solely with chromium(IV); in the chromic
acid/cyclobutanol system, the only oxidation product isolated was the cleavage
product, 4-hydroxybutanal. Conversely, addition of cerium(III) to the chromic
acid/alcohol system quenched the reactivity of chromium(IV) by a rapid dispro-

portionation reaction of chromium(IV) to chromium(VI) and chromium(III).” In
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the presence of cerium ion phenyl-i-butylcarbinol was oxidized with the forma-
tion of only a minimal amount (5%) of the cleavage products, benzaldehyde and
t-butanol. The lesson from this system is that while the overall oxidations by
chromic acid exhibit poor selectivity, each chromium component appears to be
very chemoselective. The multiple products observed, therefore, result from the
superposition of a number of chemoselective reactions, each producing a specific

oxidized compound.

We believe the way to produce chemoselective metal-oxo oxidizing agents is
to design systems in which it is possible to control oxidation state changes at the
metal. Our approach has been to provide a well-defined coordination sphere at
the transition metal center. To accomplish this goal, studies have been initiated
utilizing chelating ligands that have the potential to:

e form high oxidized and highly oxidizing transition metal complexes, and

o form intermediate oxidation state reduced species, designed to be stable to
further reduction.

Shown in Scheme 1.1 is a schematic reaction for an oxo transfer oxidation in-
volving the proposed transition metal complexes of a tetradentate tetraanion.
The chelating ligand serves to stabilize the higher valent species by providing a
coordination sphere of negatively charged contact atoms and it preserves the in-
tegrity of the inorganic compounds due to the chelate effect. The main advantage
is that the oxidation is limited to one oxidizing species, since the redox reactions
are matched, i.e., a straightforward net transfer of two electrons. The suppres-
sion of side reactions should lead to improved yields.* The possibility exists for
both stoichiometric reactions or catalytic regeneration of the high valent complex
using co-oxidants, e.g., iodosylbenzene,® which might make reagents of this kind

attractive for both small-scale and large-scale applications.

Suitable chelating ligands, #.e., those that stabilize high valent transition
metals, are rare.® Most known high oxidation state compounds contain hard
monodentate donors such as F~, C1=, Br~, 072, N3, and O;Q. New multi-

dentate ligands will most likely have to mimic them, incorporating hard donor



Scheme 1.1. Proposed organic oxo transfer reaction involving potential high

valent mono-oxo complexes.
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atoms in the contact positions. Considering the general geometric requirements
of chelates, the binding sites are therefore limited to oxygen and nitrogen atoms.
Proposed features for the design of these chelating ligands are outlined below;
some have been experimentally verified:

1. High negative charge. — The ligands should be multianionic to counter
the high positive charge of the metal in the higher oxidation states.

2. Insensitivity to oxidation. — The ligands must be able to withstand
the strongly oxidizing conditions to prevent decomposition of the coiaplexes and
degradation of the ligand framework.

3. Superior chelating properties. — The ligands should form favorable
(five- or six-membered) metallacycles upon chelation and should be resilient to
hydrolysis.

4. Coordinative unsaturation. — The complexes should have available sites
for chemistry to occur, allowing for prior coordination of the organic substrate
to the metal, if necessary.

5. Potential for adaptation. — The ligands should be easily modified s> that
the oxidizing power of the derivative complexes can be attenuated. Incorporation
of steric bulk or chirality to affect shape selective or asymmetric oxidations should
also be possible.

6. Economical syntheses. — To be practical reagents for organic synthesis,
these ligands should be easily produced from readily available starting materials
in high yield.

Several chelating ligand systems have been proposed and/or shown to stabi-
lize high valent chromium, manganese and iron; they include porphyrin and cor-
role derivatives and the salen ligand.* Upon complexation these planar chelates
are di- and trianionic and tetradentate. Complexes are known to accommodate
the oxo and, in one instance, the nitrido ligand in an axial site (Figure 1.1). The
sensitivity of these chelating ligands to oxidation is variable. For instance, in the
absence of oxidizable substrates oxidation of Fe(TPP)Cl and Fe(TTP)Cl’L with
iodosylbenzene leads to rapid degradation of the porphyrin.!® Oxidation of Cr(II)
and Cr(III) porphyrinato complexes!! yields characterizable Cr(IV) and Cr(V)

* salen = N,N-(ethylene)bis(salicylidenimine).
? TPP = dianion of tetraphenylporphyrin; TTP = dianion of tetra-o-tolvlpor-
phyrin.
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complexes; however, their catalytic activity with iodosylbenzene in oxidations of
organic substates (e.g., alkenes) is shortlived. In general, these ligands are not
well protected from oxidative degradation.

The characterization of high valent transition metal complexes has been
difficult. Structures have often been proposed by implication from their re-
activity, i.e., studies on the oxidation of alkanes, alkenes, arenes, etc. Such
characterizations are far from being totally satisfactory. Controversy and un-
certainty surround most of these studies due, in part, to limited spectroscopic
techniques and to the fact that few high valent complexes have been isolated.
Many of these complexes are stable only at reduced temperature (—80°C) and /or
in solution. This is especially true for purported iron(IV)- and iron(V)-oxo
complexes. (TmTP)FeOOFe(TmTP)i is known to form a new complex, {FeO-
(TmTP)(Melm) }«, upon addition of a stoichiometric amount of N-methylimidazole
(MeIm) at —80°C.'2 Magnetic susceptibility measurements and its paramagnetic
behavior suggest it is a monomeric iron(IV)-oxo complex, viz., FeO(TmTP)(Melm),
but its full acceptance as an oxo complex must await definitive spectroscopic ev-
idence. There are examples of well-characterized compounds. A polymeric com-
plex, catena-(pu-oxo)(hemiporphyrazinato)iron(IV), with alternating p-oxo lig-
ands between the iron centers has recently been characterized by X-ray crystallog-
raphy.!® Characterized manganese compounds include: Mn(TPP)(OMe),, {Mn-
(TPP)X},0 (X = Ny, OCN~), MuN(TpMPP), and two as yet not definitively
characterized complexes incorporating iodosyl ligands: {Mn(TPP)Y(OIPh)},0
(Y = CI7, Br™), and Mn(TPP)(OI(OAc)Ph), .*!*

Compounds of high valent chromium have been isolated as well; all are
oxo compounds. Treatment of Cr(TPP)Cl with iodosylbenzene produces the
chromium(V) compound, CrO(TPP)Cl, which decomposes on standing to Cr-

O(TPP); this molecule has been structurally characterized.!! A similar corrole

¥ TmTP = dianion of meso-tetra-m-tolylporphyrin.
* TPP = dianion of tetraphenylporphyrin; TpMPP = dianion of p-methoxy-
phenylporphyrin.



Figure 1.1. Schematically illustrated known high valent complexes.
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derivative, CrO(tetmc),§ is prepared by eluting the chromium(III) complex over
silica gel (aerial oxidation).'® Recently, it was reported that [Cr(salen)(H;0),|PFg
would react with iodosylbenzene producing [CrO(salen)|PF¢,'® which also has
been structurally characterized. This complex as well as many of the porphyri-

nato complexes have been shown to epoxidize alkenes.

Our studies have focused on the ligand system derived from 1,2-bis(2-hydroxy-
benzamido)ethane and closely related derivatives, which meets many of the re-
quirements outlined above.'” As shown in Figure 1.2, these compounds are po-
tentially tetraanionic, tetradentate chelates and upon coordination they form
five- or six-membered chelate rings to the metal. The oxidative sensitivity of the
ethylene unit, bridging the two hydroxybenzamido moieties (Figure 1.2a,c), was
recognized at the onset. However, an argument existed that the tetradentate
tetraanion would be such a powerful donor that the oxidizing properties of the
derived complexes would be small. Consequently, it was decided to find out by
experimentation what kinds of protection to oxidation were indeed necessary.
The sensitivity of these chelating ligands to oxidation was found to be variable
depending on the derivatization. The ethylene bridge in the prototype ligand, 1,2-
bis(3,5-dichloro-2-hydroxybenzamido)ethane ((H4)CHBA-Et, Figure 1.2¢), was
recently identified as a vulnerable site for oxidative degradation.!® Chemical or
electrochemical oxidation of trans-Os(n*-CHBA-Et)(py) resulted in the eventual
cleavage of the carbon-carbon bond of the ethylene unit. Many intermediates in
the overall degradation scheme were isolated and characterized. In the presence
of methanol and water, trans-Os(n*-CHBA-Et)(py): was oxidized to an unusual
compound with a hydroxy and a methoxy group on the ethylene unit (Figure
1.3). This unwanted reactivity was shown to be easy to block. The ethylene
bridge was replaced by the more robust dichlorophenylene bridge (Figure 1.2d).
The phenol rings have routinely been chlorinated to block oxidation at the ortho

and para positions. However, several initial coordination chemistry studies of low

8 tetme = the trianion of 7,8,12,13-tetraethyl-2,3,17,18-tetramethylcorrole.
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Figure 1.2. Potentially tetraanionic tetradentate planar bis-hydroxybenzamido

chelates used in these studies.
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valent metals were performed using unchlorinated derivatives. These investiga-
tions have provided a foundation for the development of related transition metal
systems including an alcohol oxidation catalyst.!®

An important feature of 1,2-bis(2-hydroxybenzamido)ethane and its deriva-
tives is the incorporation of the amide functional group into the central binding
sites. Peptides and related compounds, containing the amide group, have been
studied as models of metal-protein binding, especially with the late transition
metals.!® Interestingly, the +III oxidation state of copper and nickel can be stabi-
lized in these systems. Margerum has found that the electrochemical potential E°
of the couple Cu'™! decreases as the number of (N-bound) deprotonated amides
coordinated to the metal increases (Table 1.1).2° The E° values range from 0.98
V (vs. NHE) for one deprotonated N-bound amide to 0.55 V for three coordinated
amide groups. Birker has structurally characterized the stable complex, tetra-n-
butylammonium o-phenylene-bis(biuretato)cuperate(III)-chloroform,?! and along
with Bour and Steggerda has characterized a number of biuret complexes: K[M-
(biuret)p] (M = Cu(III), Ni(III), Co(III))?2; here the coordination is via the
“amide” nitrogen atoms. A cobalt(IV) complex containing N-bound organic
amide ligands, trans—Co(n‘-CHBA-DCBz)(4-t-Bupy)2,T has recently been char-
acterized by our group.?® The stabilization of the higher oxidation states is ex-
pected to be a a general characteristic of N-coordinated amide groups for other
metals such as chromium, manganese, and iron.

There have been few investigations reported in the literature concerning N-
bound coordination of the amide functional group to the earlier transition metals,
i.e., to the triads of scandium to iron. Sigel and Martin believe this is due to the
failure of these transition metal ions to substitute for the amide hydrogen.?* Due
to the high basicity of the deprotonated amide nitrogen atom in aqueous solution
(pPK, = 15), metal ion hydrolysis often occurs before the amide coordination step.

However, in some metal/chelating ligand systems, metal ion substitution at an

! CHBA-DCBz = tetraanion of 1,2-bis(3,5-dichloro-2-hydroxybenzamido)-4,5-
dichlorobenzene.
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Figure 1.3. ORTEP view of trans-Os(n*-CHBA-HMEt)(py)..
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Table 1.1. The dependence of coordinating groups on E° of Cu couples.
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Cu(III)-Peptide pH E°(V)°
Cu(H_qglycylglycyl-L-histidine) 7.5 0.98
Cu(H_,triglycine) 7.7  0.92
Cu(H_.diglycinamide)(OH) 92 0.89
Cu(H_striglycinamide) 9.5 0.64
Cu(H_stetraglycine)] ! 9.3 063
Cu(H_ N-formyltetraglycine)]=2  11.5  0.55

¢y couples are reported vs. NHE and determined by

cyclic voltammetry with a carbon paste working electrode.

[CuL]r = 5 x 10*M, & = 0.1 M NaClO,, 25°C.

Cu(H_gglycylglycy]-L-histidine)
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amide group is possible when prior coordination of other binding sites allows for
favorable five- and six-membered chelate rings to be formed.* Ions such as Pd?*,
Cu?*, Ni%*, and Co?* generally exhibit pK, values for the peptide hydrogen

displacement reaction (equation 3) of 2, 4, 8, and 10, respectively.
M?* 4+ R'CONRH = H*t + [R'CONR-M]'* (3)

According to Sigel and Martin, the pK, values for the earlier transition metal
ions are prohibitively high. However, few, if any, of these investigations have been
conducted in organic solvents or under aprotic conditions which may drastically
affect the observed results. The role of the “chelate effect” is also an important
factor, though its influence is hard to define, making comparisons between various
metal-ligand systems difficult.

Exceptions have been found. Compounds of osmium and the ligands 1,2-
bis(3,5-dichloro-2-hydroxybenzamido)ethane and 1,2-bis(3,5-dichloro-2-hydroxy-
benzamido)-4,5-dichlorobenzene have been characterized, several by X-ray struc-
tural analysis; trans-Os(n*-CHBA-Et)(py). is shown in Figure 1.4.1% In all cases
the osmium is located in the central site bound to the deprotonated phenolic
oxygen atoms and the deprotonated amide nitrogen atoms. Other reports of
N-coordination to the earlier transition metals have appeared in the literature.
Martell proposed that aqueous ferric ion complexed to ethylenediamine-N,N -
di(acetylglycine)-N,N -diacetic acid with deprotonation of both amide hydrogen
atoms at high pH.?> Reinterpretation of the data suggests this is incorrect due to
the fact that a precipitate, probably ferric hydroxide, formed during the titration
with aqueous sodium hydroxide. Results from a titration of aqueous ferrous ion
and bleomycin with base, however, suggests deprotonation of an amide group
does occur near pH = 6.2° Most other studies of these early transition met-
als with compounds containing the organic amide and related functional groups

have found only O-bound complexes such as trans-Cr(biuret),;Cl, (Figure 1.5).27

* N-coordination of organic amides has been found only when the amide group
has been part of a larger multidentate ligand.
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However, several dimeric chromium(II) complexes in which the bidentate amide
group bridges the two metal centers (Figure 1.6) have been found.2®

Our interest in developing new oxidants for organic synthesis has inspired
the initial goals of this project: to investigate the coordination chemistry of 1,2-
bis(3,5-dichloro-2-hydroxybenzamido)ethane (and other derivatives) with many
transition metals (chromium, iron, and osmium in this work) and eventually
explore the oxidation chemistry of the higher valent complexes. In designing
routes to these compounds we have considered the previous work with chelating
ligands, described above, and we have looked to other characterized compounds
of chromium, iron, and osmium as well. Table 1.2 summarizes most of the known
compounds involving other ligands which contain carbon and hydrogen for these

metals in the higher valences.
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Figure 1.4. ORTEP view of transOs(n*-CHBA-Et)(py).
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Figure 1.5. Structure of ¢rans-Cr(biuret);Cl,.
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Figure 1.6. Dimeric chromium(II) bridging amido complexes.
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Table 1.2. Several high valent chromium, iron, and osmium complexes, involving

organic fragments, that have not been discussed above.
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High valent chromium complexes:
CrRy @
Cr(OR), ®
Cr(NRy)4 ©
CrO(0,CCR;,0); ¢
CrO3(O-t-Bu), ©
CrO;(0,CCH;), 7
Cr0, (0OX(C¢H;)s),, X = C, Si, Ge, Sn ?
CrO(0g)2(py) "
CrO(O3)q(bpy) *

High valent iron complexes:
[Fe(o—C6H4A531162)2]+2 J
[Fe(o-C¢H PMey),] 12 *
[Fe(S2NCR,)s]+! !
[Fe(TPP)Cl+1 ™

High valent osmium complexes:
{O0sO2(O2R)}2 ™
0502(02R)(P}')2 "
0sO(0zR}), ™
080, (NR)y—x; x=1,2,8°

¢ Mowat, W.; Shortland, A.; Yagupsky, G.; Hill, N.J.; Yagupsky, M.; Wilkin-
son, G. J. Chem. Soc., Dalton Trans., 1972, 533; Mowat, W.; Shortland,
A.J.; Hill, N.J.; Wilkinson, G. Ibid., 1978, 770; Kruse, W. J. Organomet.
Chem., 1972, 42, C30.

b Alyea, E.C.; Basi, J.S.; Bradley, D.C.; Chisholm, M.H. J. Chem. Soc, Sect.
A, 1971, 772; Dyrkacz, G.; Rocek, J. J. Amer. Chem. Soc., 1973, 95, 4750:
Bochmann, M.; Wilkinson, G.; Young, G.B.; Hursthouse, M.B.; Abdul Ma-
lik, K.M. J. Chem. Soc., Dalton Trans., 1980, 1863.

¢ Basi, J.S.; Bradley, D.C.; Chisholm, M.H. J. Chem. Soc., Sect. A, 1971,
1434.

Krumpole, M.; Ro¢ek, J. Inorg. Syn., 1980, 20, 63, and references therein.
¢ Sharpless, K.B.; Akashi, K. J. Amer. Chem. Soc., 1975, 97, 5927.
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Treibs, W.; Schmidt, H. Chem. Ber., 1928, 61, 459.

Ly¢ka, A.; Snobl, D; Haudlff, K.; Hole¢ek, J.; Nédvorni'k, M. Collect. Czech.
Chem. Commun., 1981, 46, 1383, and references therein.

Stromberg, R. Arkiv. for Kems, 1964, 22, 29.
Stromberg, R.; Ainalem, I. Acta Chemica Scandinavia, 1968, 22, 1439.

Hazeldean, G.S.F.; Nyholm, R.S.; Parish, R.V. J. Chem. Soc., Sect. A, 1966,
162.

Warren, L.F., Bennett, M.A. Inorg. Chem., 1976, 15, 3126.
Pasek, E.A.; Straub, D.K. Ibid., 1972, 11, 259.

Felton, R.H.; Owens, G.S.; Dolphin, D.; Forman, A.; Borg, D.C.; Fajar, J.
Ann. N.Y. Acad. Sci., 1973, 206, 504.

Schroder, M. Chem. Rev., 1980, 80, 187, and references therein.

Chong, A.O.; Oshima, K.; Sharpless, K.B. J. Amer. Chem. Soc., 1977, 99.
3420, and references therein.



30

Results and Discussion
Synthesis

The chelating ligands used in this study were all synthesized in moderate
to high yield from the appropriate diamine and the appropriate 2-acetylsalicylic
acid (Scheme 1.2). The acids were cleanly converted to the corresponding acid
chlorides using oxalyl chloride and readily formed amides on mixing with dichloro-
methane solutions of the diamine. Treatment of the residues with aqueous
base facilitated cleavage of the acetyl groups: reacidification precipitated the
desired compounds from the aqueous solution. White microcrystalline solids
were recovered on recrystallization, typically from acetone/water. The complex,
1,2-bis(2-hydroxybenzamido)ethane, was easily converted to the tetrachlorinated
derivative, 1,2-bis(3,5-dichloro-2-hydroxybenzamido)ethane, using chlorine gas
with glacial acetic acid as the solvent. This compound cocrystallized with pyri-
dinium chloride and has been structurally characterized by X-ray crystallography.
The structure has provided a benchmark for discussion of the structural param-
eters of the transition metal complexes of H{CHBA-Et and related ligands. (See
Results and Discussion, X-ray Crystallography.)

Attempts to complex these potential ligands to chromium were made via
both high valent species, e.g., CrOg, CrO;Cly, Na|[CrO(OC(O)C(CHs)20)2], and
Cr(O-t-Bu)y, and chromium(III) compounds: CrCls-3thf and CrCls-6HzO. Ouly
with CrClsg-CH;O were tractable complexes isolable. Coordination compounds
were made with the following chelates: 1,2-bis(2-hydroxybenzamido)ethane, 1,2-
bis(3,5-dichlorn-2-hydroxybenzamido)ethane, and 1,2-bis(2-hydroxybenzamido)-

ben zene..'f

From a solution of CrCly-6H;O (1 equiv.) and the bis-hydroxybenzamido
ligand (1 equiv.), which had been refluxed over anhydrous sodium carbonate, two
types of coordination complexes were obtained. Microcrystalline green powders

(Type I) were collected on immediate addition of a suitable precipitating agent

T Abbreviated (H),HBA-Et, (H); CHBA-Et, and (H),HBA-0Bz, respectively.
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Scheme 1.2. Synthetic route to the bis-hydroxybenzamido ligands used here.
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and, in one instance, a dimeric crystalline complex (Type II) was obtained from

a pyridine solution after several weeks.

Infrared spectra of the Type I compoundsi have pronounced bands in the

3200-3600 cm™! region suggesting the presence of hydrated/coordinated water
or hydroxyl groups. Infrared bands attributed to the ligand carbonyl stretching
modes shifted to lower energy by 28-40 cm™!. Using resonance arguments, both
N-bound and O-bound complexes are consistent with this observation (Scheme
1.3). The elemental analyses were also in agreement with two formulations —
one with N-bound organic amide groups, chelating to one metal, the other with
O-bound amide groups, forming a dimeric or polymeric complex — as shown in
Figure 1.7a,b. In both cases they are sodium salts.

Direct evidence for either assignment has not been forthcoming. Cation
exchange has not been successful and attempts to measure the conductivity and
the molecular weight have been hindered by poor solubility in suitable solvents.
Attempts to oxidize these complexes by various chemical means,* with hopes of
obtaining characterizable species with chromium in a higher valency, have also
been unsuccessful. Indirect arguments for the dimeric/polymeric structure can
be made if the Type II compound is considered.

This second coordination mode was discovered when an X-ray crystallog-
raphic study was undertaken on crystals which had deposited from a pyridine
solution after several weeks. As shown in Figure 1.7c¢, the ligand was found to
bridge the two chromium centers forming an unusual dimeric complex, coordi-
nating via the two deprotonated phenolic oxygen atoms, a deprotonated amide
nitrogen atom, and an amide-carbonyl oxygen atom. (See Results and Discus-
sion, X-ray Crystallography.) Since the Type I complexes precede the formation

of neutral dimers, such as {Cr((H)(CHBA-Et))(py)g}g. i.e., immediate precip-

i Although the characterized complexes were synthesized in other solvents,
Type I materials from pyridine exhibited identical infrared spectra.

* Oxidants tried were: hydrogen peroxide, m-chloroperbenzoic acid, meta-
sodium periodate, iodosylbenzene, and ¢-butyl hydroperoxide.
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Scheme 1.3. Resonance structures for N- and O-complexed organic amide

groups.
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Figure 1.7. Possible formulations for the Type I compounds and schematic

structure of the Type II chromium dimer.
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itation rather than extended exposure to pyridine, it is likely that these Type
I salts are also dimeric or polymeric (Figure 1.7b). Had the N-bound complex
(Figure 1.7a) formed first, it is unlikely that it would react with the solvent,
pyridine, to dissociate the phenoxide, which would be necessary to form the ob-
served Type II dimer. The Type I dimeric/polymeric structure is reasonable, if
the possible acid-base equilibria are considered. Under basic conditions, three
fundamental reactions can occur: i) metal hydrolysis (equation 4), ii) phenoxide
coordination (equation 5), and iii) chelate-assisted N-coordination of the organic

amide (equation 6).

[M-OH,|"* = |M-OH|(*-V+ 4+ H* (4)
M"t + ArOH = [M-OAr)"-U+ 4+ Ht (5)
M"t 4+ R'CONRH = [M-NRCOR'|*-D+ 4+ H* (6)

As shown in Scheme 1.4, the first chelation step is most likely coordination of
a phenol (pK, ~ 7-8%%). Then two plausible reactions could occur: i) the de-
protonation and coordination of the second phenol or ii) the chelate assisted
N-coordination of the organic amide group. Even in organic solvents it is doubt-
ful that the equilibrium of the latter reaction could be shifted substantially to
compete with phenol deprotonation and coordination in this system. This re-
action has not been shown to compete effectively with metal hydrolysis which
occurs at pK, = 9.4 in aqueous solution;*? ¢f. the reactivity of amide groups
with Os(VI), Cu(II), Ni(II}, and Co(II). Therefore, the next step would be at-
tack by the phenol situated at the other end of the ligand. Coordination to the
same chromium ion is not possible due to the geometric constraints and steric
demands of the amide groups; thus monomers are disfavored when the amide
nitrogen atoms will not readily deprotonate and coordinate to the metal.
Analogous dimeric/polymeric complexes have been postulated. Titrations
of cupric ion and N,N'-diglycyl-1,2-ethanediamine (H;L) with sodium hydroxide
were found to be very complex. A satisfactory model for the complexation pro-

cess, derived from the simultaneous spectrophotometric and potentiometric data,
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Scheme 1.4. Proposed coordination pathway for bis-hydroxybenzamido ligands

to chromium(III).
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includes two dimeric species, [Cug(HL)z|*? and [Cug(HzL).]** (Figure 1.8).3!
Vagg, et al., have investigated the reactivity of several transition metal salts
with derivatives of 1,2-bis(2-pyridinecarboxamido)ethane (HzL'). Thermogravi-
metric analysis of complexes with non-deprotonated ligands (e.g., Mn(H,L')Cly,
Fe(H2L')Cl;, or Co(H;L')Cl;) exhibited a decomposition pattern suggestive of a
polymeric material; these compounds were also found to be fairly insoluble. A

proposed coordination mode is shown in Figure 1.9.32

If the Type I and Type II complexes have the chelating ligands coordinated
in nearly the same way, similar infrared spectra might also be expected. Interest-
ingly, the infrared spectra of the Type II complex were found to be significantly
different than the corresponding spectra of the Type I material. The crystalline

neutral dimer exhibits a strong band at 1508 ¢m™!

which has been tentatively
assigned to the v(CO) for the O-coordinated amido carbonyl. The Type I salt,
on the other hand, has no infrared bands in this region, but does have strong
bands from 1570-1610 cm™'. The v(NH) in the neutral dimer appears as a

weak broad band centered near 3200 cm™!

; all of the Type I complexes have a
strong broad band extending from 3200-3600 cm™!, which has a profile typical
of hydrated/coordinated water or hydroxyl groups. To probe this situation fur-
ther, the coordination complex of CrCl3-3H;O and 1,2-bis( N-methyl-2-hydroxy-
benzamido)ethane ((H), NHMBA-Et) was synthesized. Here the ligand cannot
coordinate through the amide nitrogen, since it is blocked by the methyl group,
thus preventing the formation of monomers. Although this complex was not ob-
tained analytically pure (possibly due to chromic hydroxide contamination), the
infrared spectra of the crude material was nearly identical to that of the Type I
CrCls-3H,0/(H) HBA-Et complex. This result suggests the two complexes are

very similar or that infrared spectroscopy is not a useful means of characterization

for these complexes.

The coordination chemistry of iron(III) with these ligands was found to be

analogous to the chemistry described above; the infrared spectra were identical
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Figure 1.8. Dimeric species thought to form when cupric ion and N,N'-diglycl-

1,2-ethanediamine was titrated with aqueous sodium hydroxide.
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Figure 1.9. Proposed coordination modes of bis-pyridinecarboxamido ligands

with MnT2, Fet? CoT2.
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to the corresponding Type I chromium(III) compounds. It is likely that coordi-
nation of the bis-hydroxybenzamido ligands is also the same. The complex with
(H)4HBA-Et has been characterized by infrared spectroscopy, elemental analysis,
and magnetic susceptibility measurements. The magnetic moment was found to
be significantly lower than the theoretical value for high-spin d° system. It is pos-
sible that this molecule exhibits intermediate spin as was found for an iron(III)
prophyrinato complex.®® No other iron (III) complexes were isolated in pure form;
ferric hydroxide contamination seems likely.

Attempts to oxidize these iron(IIl)-bis-hydroxybenzamido complexes with
hydrogen peroxide, &-butyl hydroperoxide, meta-sodium periodate, iodosylbenzene,
and m-chloroperbenzoic acid have been made. The products of these reactions,
dark brown or black colored noncrystalline solids, also have not been isolated in

pure form.
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X-ray Crystallography

X-ray Crystallography has played a major role in the characterization of the
transition metal complexes involving these bis-hydroxybenzamido ligands. It has
been especially useful when the nuclear magnetic resonance spectroscopic data
were ambiguous or nonexistent. Five structure determinations are reported here,
including the free ligand, (H),CHBA-Et. Refined atomic coordinates and Gaus-
sian thermal parameters appear in the Experimental section; structure factor
tables for compounds which have not been reported in the literature appear in

Appendices A-C.

(H);CHBA-Et-pyHCL

We have been fortunate to obtain crystals of this ligand which was found to
cocrystallize with pyridinium chloride. It has proved to be a useful benchmark
for comparisons of structural data of many bis-hydroxybenzamido complexes. A
comparative listing appears in Table 1.9 below.

As with other salicylic derivatives the phenolic oxygen atoms were found to
be coplanar with the carbonyl group (Figure 1.10).>* Hydrogen bonding between
the phenol hydrogen atoms’ and the amide carbonyl oxygen atoms was also
observed. The H---O contacts (1.659(3) and 1.741(3)A) are similar to those
found in salicylic acid (1.7044).3°

The chloride ion was found to be near the pyridinium ion (Cl~-Hpx 2.009(1)A)
and also in close proximity to the amide hydrogen atomst on the ligand frame-
work (C1~-Hy, 2.611(1) and Cl~-Hy, 2.267(1)A). The hydrogen bonding to the
chloride ion may be responsible for the observed gauche conformation about the
ethylene bridge in the molecule; considering steric factors, the ants conformation
should be more stable. Packing forces may also play a major role. Bond lengths

and bond angles are given in Table 1.3 and Table 1.4.

t Located on a difference Fourier map.
¥ In idealized positions.
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Figure 1.10. ORTEP view of (H); CHBA-Et-pyHCl.
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Table 1.8. Bond lengths (in angstroms) for the molecular structure of (H) CHBA-
Et-pyHCIL
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CLA-C4 1.749(5)
CLB-C2 1.742(5)
CLC-C15 1.787(5)
CLD-C13 1.749(5)
0O1-C1 1.851(5)
O1-HO1 0.986(9)
02-C16 1.852(5)
02-HO2 1.000(9)
03-C7 1.247(5)
04-C10 1.244(6)
N1-C7 1.334(6)
N1-Cs 1.467(6)
N2-Co 1.460(6)
N2-C10 1.323(6)
Ci1-C2 1.414(6)
C1-Cé6 1.401(6)
C2-Cs 1.360(6)
Cs-C+4 1.365(6)
C4-C5 1.878(6)
C5-C¢ 1.386(6)
Ceé-C7 1.501(6)
C6-C9 1.536(¢6)
C10-C11 1.486(€)
C11-C12 1.409(6)
C11-C16 1.400(6)
Ci2-C18 1.8379(6)
C13-Ci14 1.369(7)
Cl14-C15 1.8376(6)
C15-C16 1.393(6)
PN-P1 1.824(7)
PN-P5 1.328(7)
P1-P2 1.360(&)

P2-P3 1.880(8)
P3-P4 1.855(8)
P4-P5 1.859(8)
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Table 1.4. Bond <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>