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Grant No. DE-FG02-86ER13615
Project Til!g
“Catalytic Hyd.rogenalli.c'm‘of Carbon Monoxide”
Abstract

The primary focus of this project is on developing new approaches for the
hydrogenation of carbon monoxide 1o produce organic oxygenates al mild
conditions. Our strategies to accomplish CO reduction are based on the
favorable thermodynamics manifested by rhodium macrocycles for producing
a series of intermediates implicated in the catalytic hydrogenation of CO.
Metalloformyl complexes from rcactions of H2 and CO, and CO reductive
coupling to form metallo o-diketone species provide alternate routes to
orgénic oxygenates that utilize these species as intermediates.

Thermodynamic and kinetic-mechanistic studies are used in guiding the
design of new metallospecies to improve the thermodynamic and kinetic
factors for individual steps in the overall process. Electronic and steric effects
associated with the ligand arrays along with the influences of the reaction
medium provide the chemical tocls for tuning these factors. Non-macrocyclic
ligand complexes that emulate the favorable thermodynamic features,
associated with rhodium macrocycles, but that also manifest improved reaction
kinetics are promising maierials for future development.
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RESEARCH PROGRESS REPORT
12/15/90 - 12/14/91

~ This program is- focused on exploring strategics, for the ac.tivation
of carbon monoxide which can provide pathways for the reduction and
hydrogenation of .CO at mild conditions. The most important advances in this
research during the last grant period have resulied- from recognition of one
electron metalloradical activation of both CO and H2, and the development of
~ new multidentate ligands that emulate organometallic reactivity previously
vnique lo.r.hodium porphyrins. .

P

One Electron Activation of CO and H2

CO Activaiion

One of our objectives hﬁs bcch to determine whether metalloradicals
(M-) can react with CO to form intermediate complexes (IMCO1+), that exhibit -
one electron carbonyl carbon reactions in analogy with the acyl radical
(CH3(.D). A feature that distinguishes our goal from previous work is that the
one eclectron activating species (M=) is present at thermal equilibrium, which
provides an opporiunity to have an equilibrium source of one electron
activated CO [MCO]-.

The search for metal complexes capable of one clectron activation of CO
was focused on Rh(I) and~Ir(lI) porphyrins which have sufficiently -strong
M-C bonds to justify CO rch;bridization. Reaclivity studies of CO with-
octacthylporphyrin rhodium(II) dimer, [(OEP)Rh]2, revealed the formation of
dimetal ketone ((OEP)Rh-C(0)-Rh(OEP)) and dimetal a-diketone complexes.
These products have a formal relationship to acetone (CH3-C(O)-CH3) and ‘
biacetyl (CH3-C(0)-C(O)-CH3) that result from the reaction of CHgI with CO and
suggested that the desired type of CO complex could be an intermediate in these
CO reductions. Efforts to observe the proposed intermediate complex directly
by EPR were not successful, but recent investigations of the reaction of CO
with the monomeric tetramesitylrhodium(II) complex, (TMP)Rhe, have now
resulted in the direct observation of (TMP)Rh-CO.
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(TMP)Rh» reacts with C:O to form a mono CO complex, (TMP)Rh-CO, and
an o-dikclone (TMP)Rh-C(0)-C(0)-Rh(TMP) (cqualtions 1,2). A dimecial ketone
(M-C(0)-M) is not observed for the (TMP)Rh system becausc of the large

(1) (TMP)Rhe + CO ~— (TMP)Rh-CO
(2) 2 (TMP)Rhs +2 CO — (-TMP)Rh-C(O)-C(O)-Rh(TMP)

steric fcquiremcnts of tetramesitylporphyrin.  Observation of three g values
in the methylcyclohcxane glass EPR spectrum indicates that the Rh-CO unit is
bent. The isotropic 13C coupling constant of 312 MHz in (TMP)Rh13CO
approaches the value for the formyl radical (365) MHz) and corresponds o a
Cog spinv density of 0.10 electrons comparcd to a p2g of 0.12 in the formyl
radical. ' (TMP)Rh-CO thus contains a bent partially rehybridized Rh-CO unit
where the unpaired electron occupics a o molecular orbital (dz2 + COs).
Reversible dimerization of (TMP)Rh-CO through C-C bond formation to
produce a 1.2-clhanedion§l complex, (TMP)Rh-C(0)-C(O)-Rh(TMP), illustrates 2
carbonyl - carbon centered one electron reaction that can be viewed as an

organometallic analog of formyl radical coupling

2 H(.ZO - H-C(0)-C(0)-H) (equation 3). The type of CO reductive coupling
(3) 2 (TMP)Rh-CO =— (TMP)Rh-C(0)-C(0)-Rh(TMP)

depicled by equation 3 is presently known only for reactions of rhodium (II)
porphyrins with CO. Reactions of (TMP)Rh-CO with H2 and CH2=CH? arc further

illustrations of one electron carbon centered reactions (equations 4, 5).

(4) 2 (TMP)RE-CO + Hy === 2 (TMP) Rh-CHO
(5) 2 (TMP)Rh-CO + CH2=CH2 === (TMP)Rh-C(O)CH2CH2C(0)-Rh(TMP)

H3 and D3

Metal catalyzed hydrogenation of substrates involves addition of

hydrogen to the metal center as an obligatory step. The importance of this
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class of rcactions has stimulaed efforis to understand the scope of mechanistic
pathways opcralivc' in reactions of Hp with mctai complexes. '

Benzene solutions of (TMP)Rhe react with Hz (PH2 = 0.2 - 1.0 aim.) 10
form the hydride complex, (TMP)Rh-H, (cquation 6), which is ideniified in
solution by appearance of the characteristic hydride NMR (8Rh-H = -40ppm
103Rp-Hg = 44H2). wefils '

(6) 2(TMP)Rhe + Hp == 2(TMP)Rh-H

The rate for rcaclion 6 is observed to 'have a sccond order dependence
on ihe molar concentration. of (TMP) Rhe at conditions where the process is
psc':udo zero order in hydrogen. Variation of the Haz concentration (PHa
(296K) = 0.2 - 0.9 aim) dcmonstrales a first order ratc.dcpcndcncc on the molar
concentration of Hz and an overall third order rate law for rcaction 6 (rate(g) =
k6[(TMP)Rh-]2[H2]). Temperature dependence of the third order rate constant
(k1) was used in deriving estimates for the transition state and Arrhenius
activation parameters (AH(%)(Hz) = 4.9 kcal mol-1, AS(%)(Hz) = -40 cal K-! mol
1. parallel studies for the reaction of D2 with (TMP)Rhe provide the kinetic
isotope effect on the rate (k(H2)/k(D2)(296 K) = 1.6x0.3; k(H2)/k(D2)(353 K) =
1.310.01) and activation paramclers (AH(%)(Hz) = 5.5 keal mol-1, AS(%)(Hz) = -39
cal k-1 mol-1. ' .

The rate law for reaction 6, (rateg = k5[(TMP)Rh-]2[H2]) establishes that
the transition state contains two (TMP)Rhe melallorédicals and H2. A large
negative activation entropy (AS(%) = -40 kcal mol-1) and small activation -
enthalpy (AH(%) = 4.6 kcal mol") are also consistent with organizing three
molecules into a tramsition state (TS) where evolution of two Rh-H bonds
substantially compensates for the H-H bond breaking.

RheseeHvosaHeavesRh

The kinetic isotope effect is relatively small, but this result cannot at this time
be used in differentiating belween lincar and bent transition states because of
the inability to dctermine both the vibrational structure of the TS and the
contribution of tunneling to (k(H2)/k(D2).. Linear four centered transition
states can be expected 1o produce substantially smaller kinctic isotope effects,
k(H2)/k(D2) ., than the ‘bcucr known linear three centered TS because of the
larger number of isotope scnsitive vibrations in the TS. Bonding and steric

considerations suggest that a lincar four centered TS is preferable, but
5 .



DOE/ER 13615-5

confirming experimenial cvidence is lacking. The most imporiant conclusion
arising from studies of mctalloradicals reacting with substrates like H2 and
CHg4 is that when atom abstraction is thermodynamically unfavorable, the
rcaction can be accomplished by an alternaie low activation cnthalpy pathway
involving the conceried reaction of (wo radicals through a four centered TS.

New Macrocycle and Maultidentate Ligahd Systems

“Substantial effort. is being direcied toward expanding the range of
materials capable of producing formyl complexes and general CO reduction
reaclid';}:;s. lee classes of ligands investigaicd include phthalocyanines,
non-aromatic macrocycles and tctradentate chelaling agents.

# Rhodium(Il) phthalocyanines including tetra-f-butyl derivatives do not
.. produce observable quantities of formyl complexcs from Ha and CO,
" dimetal ketone or CO reductive coupling products. This behavior is tenatively
ascribed 10 the presence of rclatively strong Rh-Rh bonds in the

rhodium(Il)pthalocyanine complexes investigated.

The dimeric complex [(TMTAA)RRh]2 (TMTAA =
dibenzotetramethylaza[14]lannulene dianion) reacts with mixtures of
hydrogen and carbon monxide gases to produce a metallo hydride,
(TMTAA)Rh-H and an 1 !-metallo formyl complex, (TMTAA)Rh-CHO.
[(:[‘MTAA)Rh]Q also reacts with CO to produce a dimetal keione, but does not
accomplish CO reductive coupling. If substituent steric effects can be used to
.reduce the Rh-Rh bond energy then derivatives of this system should emulate
all of the observcd-rhodﬂlm pofphyrin reactions.

N,N' cthylene bis (3.5-di-z-butylsalicylaldimine) forms a Rh(II) complex
‘with a weak Rh-Rh bond. The Rh(II) derivative reacts with CO to yield a
dimetal ketone and with Hp (0 form a hydride complex. This system provides
promise for extending the formyl and CO reduction rcactions to a non-

macrocyclic ligand system and is a current focus of interest.
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