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dient tensor. Preliminary measurements of the monocation
BFDFe(1+) BF, are consistent with this hypothesis. Complete
results will be published in a subsequent report,
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Thermally Stable Copper(III)- and
Nickel(IIT)-Tripeptide Complexes and Their
Photochemical Decomposition in Acid Solution
Sir:

Previously, we have reported numerous examples of de-
protonated peptide complexes containing copper'-2 and nick-
el34 in trivalent oxidation states. These complexes exhibit
variable stability in solution, persisting from seconds to
hours.3->-7 However, both the copper(III) and the nickel(III)
complexes undergo self-oxidation-reduction, catalyzed by
either acid or base,5%:9 in which the ligand is oxidized and the
metal ion is reduced. This lack of long-term stability over a
wide range of pH often complicates or limits investigations of
the reactions of these complexes with other species.

The decomposition products of the copper(I1I) and nickel-
(I1T) complexes of tetraglycine®3® show that ligand oxidation
occurs at the methylene groups. Although tripeptide com-
plexes are in general less stable than tetrapeptide or penta-
peptide complexes, studies in this laboratory have shown that
the substitution of methyl groups for methylene hydrogens
tends to increase the stability of peptide complexes, Thus,
copper(III) and nickel(IIT) complexes of glycylglycylalanine
are significantly more stable than their triglycine ana-
logues.

In the present study an amino acid, e-aminoisobutyric acid
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(Aib), with no methylene hydrogens was used to synthesize the
tripeptide and its copper and nickel complexes. Structure I
proposed for the MII[(H_,Aib3) complexes is consistent with
the structures of many other peptide complexes.!© Electron spin
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resonance studies indicate that in solution axial coordination
of water molecules occurs with the nickel(IIT) complex.” These
complexes of Aibs are unusually resistant to decomposition in
acid, In the absence of light or reducing agents the copper(I1I)
and nickel(ITT) complexes show no decomposition over periods
of weeks to months in 0.05-0.5 M HCIQ,. Even in 5 M HCIO,
the complexes will last for days to weeks. The inertness of the
complexes in acid indicates a remarkable kinetic stability of
copper(IIT) and nickel(IIT) coordinate bonds toward solvent
substitution and an even more remarkable resistance of the
peptide coordination to acid attack. In addition the complexes
are resistant to self-redox. They are, however, very sensitive
to photochemical decomposition by visible radiation. The
photolysis causes oxidative decarboxylation of the tripeptide
and the formation of acetone.

Tri-a-aminoisobutyric acid was prepared by a combination
of conventional techniques, starting with the benzyloxycar-
bonyl amino acid (CbzAib)!! and the amino acid benzyl ester
(AibOBz).'? Carbodiimide coupling'? was used to form the
dipeptide derivative from these precursors. The dipeptide
benzyl ester was formed by reaction of the CbzAib,OBz with
HBr-saturated acetic acid.!* It was then coupled with another
equivalent of CbzAib, again using N, N’-dicyclohexylcarbo-
diimide. The free peptide was isolated by catalytic hydroge-
nation!315 of the Cbz tripeptide benzyl ester. Anal. Caled for
Ci12H23N304: C, 52.73; H, 8.48; N, 15.37. Found: C, 52,93;
H, 8.50; N, 15,34,

Solid samples of Culll{H_,Aib;) were prepared by dis-
solving the pure tripeptide in dilute NaOH, reacting it with
freshly precipitated Cu(OH),, and electrolyzing the copper(II)
complex solution by passing it through an electrochemical flow
cell.'6 The neutral copper(I11) complex was collected in dilute
HCIO; in the dark and at low temperatures. Ionic species were
separated from this solution by passing it through a Retard-Ion
(Bio-Rad) resin. The eluant was then lyophilized, yielding solid
Cutll(H_,Aibs). Anal. Caled for CuC,>H»oN304: C, 43.2; H,
6.00; N, 12.6. Found: C, 43.5; H, 6.25; N, 12,5.

A similar procedure was used for Nilll(H_,Aibs) with
special care to avoid basic conditions once nickel(III) was
obtained. Anal. Caled for NiC,H,oN3O4: C, 43.8; H, 6.08;
N, 12.8. Found: C, 43.6; H, 6.25; N, 12.9,

Table I outlines some of the properties which characterize
the copper(III) and nickel(III) complexes of Aibs. The ul-
traviolet-visible (UV-vis) spectra are similar to those of other
tripeptide complexes,*!” where two intense charge-transfer
bands are seen. In general copper(III) has one band at 260-280
and another band with a lower absorptivity at 380-400 nm.
Nickel(III) tripeptides typically have bands at 250-260 and
340-360 nm. The reactivity of the Aib; complexes with various
reducing agents gives further evidence that the trivalent metal
complexes are present. Ascorbic acid, hydroquinone, and
Fe(II) all react quantitatively with these complexes. This
property was utilized in determining their molar absorptivities
by spectrophotometric redox titrations.
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Table 1, Properties of the Copper(111)- and Nickel(111)-Aibs
Complexes

Cu"(H-,Aib3) Nilll(H_,Aib;)
UV -vis absorption 278 (1.2 X 10%) 263 (1.1 X 109

spectra, Anax,
nm (¢, M~tecm™1)
quantitative reac-
tions with reduc-
ing agents (ascor-
bic acid, hydro-
quinone, iron(11))
clectrode potentials
(M + ¢ —
M“), \Y
electron spin
resonance (dilute
HCIO4, =150
°C, frozen glass)
stability in acid
0.05 M HCIO4

0.5 M HCIO,

5 M HCIO4
photosensitivity,

100-W light

(1073 M com-

plex) products

(% recovd

rel to MI”initml)

395 (5.3 X 103)

yes

0.66 (vs. NHE)

no signal

no reaction (16
days) (less 15%,
loss in 7 months)

no reaction (16
days)

30% loss (16 days)

complete loss of
Cu(I11) within 3
min

Aibs (47), acetone
(49), CO; (53)

352 (3.6 X 10%)

yes

0.84 (vs. NHE)

g (g1) =2.258,
g (gl) =2312,
g:(gy) = 2.011,
Zav = 2.194

no reaction (12
weeks)

~50% loss (1 day)

complete loss of
Ni(111) within 30
min

Aibs (38), acetone
(43), CO, (40)

The redox potentials of 0.66 and 0.84 V for the copper(III)
and nickel(1II) complexes, respectively, agree with values
predicted from other electrochemical studies.2* In the case of
copper, the presence of the six methyl groups in the Aib;
complex lowers the E° value by 260 mV compared with that
of the triglycine (G3) complex. On the other hand, there is
relatively little difference in E° for the Aib; and G; complexes
of nickel.

The presence of trivalent metal is further supported by ex-
amination of the ESR spectra. The copper(Il) complex loses
its ESR signal when oxidized, going from a paramagnetic d°
system to a low-spin diamagnetic d® system. Conversely, dia-
magnetic d8 nickel(IT)-peptide complexes have no ESR signal
until oxidized, giving a paramagnetic, low-spin d’ complex,
The g values for the nickel(III) are characteristic of a te-
tragonally distorted complex with one unpaired electron in the
d.2 orbital.” The one carboxylate and three nitrogen donors
account for the asymmetry reflected in the g | values.

The stability of these complexes toward substitution, acid
attack, and self-redox is remarkable, especially when compared
with other metal(I1I)-tripeptide complexes. The corresponding
triglycine complexes decompose completely in minutes under
acid conditions,'7!8 whereas Culll(H-,Aibs) will not de-
compose in 0.5 M HClOy for over 16 days. Even in 5.0 M
HCIO, there is only 30% decomposition over the same period.
The nickel(III) complex is stable in 0.05 M HCIO, for over
3 months but will decompose completely in a few daysin S M
HCIOj4. The substitution of methyl groups on the « carbon in
the amino acid residues has the desired effect of inhibiting
oxidation at that position. Therefore, if oxidation is to occur,
it must do so by a less favorable pathway.

The photochemical behavior of these complexes is in some
ways as remarkable as their thermal stability, While it is very
stable in the dark, the copper(III) complex decomposes com-
pletely in <3 min under direct irradiation from a 100-W
tungsten lamp. The nickel(ITI) complex is also light sensitive,
but under similar conditions requires ~30 min to decompose.
The photodecomposition products in both cases are the divalent

metal, carbon dioxide, acetone, and unreacted Aibs. The ac-
etone and CO; are produced in a 1:1 ratio and for copper(III)
there is a corresponding loss of Aibs which amounts to 50% of
that initially present. Chromatographic evidence shows that
another species is generated which is presumed to be the di-
peptide amide. Equation 1 gives the products for the photo-
catalyzed decomposition. The Nill'(H_»Aib;) complex shows
a slightly different behavior. Acetone and carbon dioxide are
still produced in a 1:1 ratio but more loss of Aibs is seen that
can be accounted for by carbon dioxide and acetone. This
suggests some additional oxidation of the ligand via another
mechanism.

hy
2CU”I(H_2Aib3) -7 2Cull 4+ HzAib3+
H

+ HAiby-amide™ + CO; + (CH3),CO (1)

Photocatalyzed decarboxylations which have been observed
in other transition metal aminocarboxylate complexes, such
as Colll(EDTA) and Fel'l(HEDTA)OH,,'® Fell(NTA),0
and Co''(Gly); and Co'!l(Ala);,2! require ultraviolet radia-
tion. However, Cul'!l(H_,Aibs) and Nilll(H_,Aibs) are ex-
tremely sensitive to visible as well as ultraviolet radiation. Thus,
a quantum yield of 0.18 is found at 468 nm for the copper(III)
complex.?2

The long-term thermal stability of the complexes in acid
solution reflects their kinetic inertness to solvent substitution.
The rates of dissociation of the Ni(III) and Cu(III) coordinate
bonds to nitrogen and oxygen are very sluggish compared with
those of the corresponding metal(II) complexes. Normally,
strong acid reacts extremely rapidly with the metal-deproto-
nated peptides,23-2° but in the present case even S M HCIO,
is slow to react.

The substitution characteristics of trivalent copper and
trivalent nickel complexes have not been explored previously.
This work demonstrates the sluggish character of the metal-
ligand bond cleavage. The removal of methylene hydrogens
from the peptide complexes prevents rapid self-redox reactions
in acid and provides a way to isolate crystalline Cu(III) and
Ni(III) complexes. Yet the trivalent complexes are very rapid
in electron-exchange reactions and are unusually photosensi-
tive,
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Alane Reduction of Coordinated Carbon Monoxide:
Selective Ethene Production
Sir:

With the objective of designing catalyst systems for the se-
lective conversion of synthesis gas, a mixture of carbon mon-
oxide and hydrogen, into added value chemicals, we have ex-
amined the stoichiometric reduction of coordinated carbon
monoxide using soluble metal complexes. Other workers have
demonstrated the reduction of carbon monoxide to give
methane,!2 mixtures of alkanes,>* methanol,’ and mixtures
of linear alcohols® using homogeneous systems. The results
presented here, which we believe complement those of Muet-
teries et al.? show that under mild conditions coordinated
carbon monoxide can be converted into ethene with >95%
selectivity.

We have previously shown’ that diborane—a Lewis acid
reducing agent—smoothly reduces a coordinated acyl ligand
to ethyl probably via initial BH3 coordination to the acyl
oxygen. Since BH; proved ineffectual in reducing coordinated
carbon monoxide and since, in agreement with other work-
ers,! %9 we believe that dual coordination of CQ, i.e., through
both the carbon and the oxygen, may well be important in
activating it toward reduction, we turned out attention to alane
(AlH;). Compared with BH3, AlH; is both a stronger Lewis
acid and a more powerful hydridic reducing agent.

Treatment of Ru3(CO);, with a 15-fold excess of alane in
tetrahydrofuran!© at 25 °C results in the rapid evolution of
methane, ethene, ethane, propene, and propane in the ap-
proximate molar ratio 1:1.7:0.5:0.2:0.1."! Only ~10% of the
CO present in the Ru3(CO); is converted into hydrocarbons
and further addition of AIH;/THF has no visible effect.
During the reduction no ruthenium metal is formed and the
solution remains homogeneous. Attempts to isolate a charac-
terizable ruthenium complex from this solution have been
unsuccessful. Addition of 1 M H;SO4 to the mixture results
in a further gas evolution. This gas contains, in addition to
hydrogen resulting from decomposition of excess AlH,.
methane, ethane, and propane in the molar ratio 19:5:1. At this
stage conversion of coordinated carbonyl to hydrocarbon
products corresponds to ~30%.'2 On addition of the acid the
solution turns black and ceases to be homogeneous. With AID;,
in place of AlHj3, the principal products, before addition of acid
are completely deuterated hydrocarbons indicating that the
alane is the only source of hydrogen.!3 After addition of the
acid 40% of the liberated ethane is C,D4H,.

With group 6b metal carbonyl complexes the selectivity to
ethene is significantly increased. Thus treatment of M(CO)s,
where M = Cr, Mo, or W (0.5 mmol), with AIH3 (4 mmol) in
THF solution at 22 °C results in the selective!4 (95%) for-
mation of ethene, With Cr(CO)g, conversion of carbonyl li-
gands into ethene increases with increasing AIH concentration
reaching a maximum of 17 £ 3% when the Cr(CQO)q:AlH;
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molar ratio is 1:6, Further addition of AIH3 has no effect on
the ethene production. Similar results are obtained with
Mo(CO)¢ and W(CO), in that maximum conversion is ob-
tained with a 6 M excess of AIH3; however the maximum
conversion is lower (4% for Mo and 6% for W). With a sixfold
excess of AlH 3, ethene evolution is essentially complete within
15 min at 22 °, With AlDj; in place of AlHj3, C,Dy4 is formed.
As was found with Ru3(CO),», vide supra, acidification of the
reaction mixture results in a further gas evolution. Approxi-
mately 95% of this gas is hydrogen, derived from the alumi-
num-hydrido species present in solution; the remaining ~5%
consists of methane and ethane in the molar ratio 2;1 for
chromium, 10;1 for molybdenum, and 1:5 for tungsten.!> The
total conversion of carbonyl ligands into identified'® organic
products, after treatment with AIH; followed by acidification,
is 33% for Cr(CO)¢, 24% for Mo(CO)g, and 25% for
W (CO),'? indicating that no more than two of the original six
carbonyl ligands are converted into identified organic products.
We have been unable, as yet, to characterize any inorganic
products from these reactions,

Using LiAlHs/THF in place of AIH;/THF as reducing
agent with Cr(CO) results in both a reduced conversion (8%)
of carbonyl ligands to hydrocarbons and a reduced selectivity
(81%) for ethene (the other products being ethane (16%) and
propene (3%)).

Although our present data does not permit us to propose
detailed mechanisms for these reactions, we feel that the high
selectivity to ethene observed strongly suggests the inter-
mediacy of carbenoid metal species. Once formed, such a

CH4‘ (PN
(CO) M-Cly —» (CO) _ M-C-CHy —5 (CO)__ M-C i, —>

A
(CO)XM=CH2/

1 B PN
- (COY MT + “ M(CO) =3 2M(CO) + C,H
X ’.CLH/ X X

2 a4
2

species, schematically represented as 1, can be envisaged as
either undergoing a reduction-carbonyl insertion-reduction
sequence (path A) to give Cy, C,, and C; products or under-
going dimerization (path B) to give ethene. The high selectivity
to ethene resulting when path B predominates. Hydrogenation
of a carbene fragment and reduction of coordinated acetyl to
ethyl, as implicit in path A, have previously been demon-
strated”-!8 as has the carbene dimerization'® implicit in path
B.20 We do not consider that the alternative route to ethene,
via 8-H elimination from a metal ethyl species, plays a sig-
nificant role, at least in the M(CO)¢/AlH3 systems, since
previous work” has shown that decomposition of metal-ethyl
species does not generally proceed with such high selectivity
to ethene but rather gives a mixture of ethane and ethene.

Primary carbene species have previously been suggested as
intermediates in heterogeneous Fischer-Tropsch reactions?!
and dual coordination of carbon monoxide has been suggested
to play an important role in activating it toward reduction.®-°
The present findings add further weight to both of these pro-
posals.
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