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Concerning Criticisms of MINDO/3 by Pople! and
Hehre?
Sir:

Pople! bases his criticisms of MINDO/3? on calculated
heats of reaction for 16 processes, mostly artificial, in 11 of
which the errors in the MINDO/3 values are large. This is
not surprising since they involve three compounds (CHy,
C(CH3)s, CH3C=CCH;) for which the errors in the
MINDOY/3 heats of formation are unusually great. Since
we not only tabulated the errors in our papers but also drew
_specific attention to them in the text,* it is not clear to us
what further point Pople is trying to make.

The Hartree-Fock values cited by Pople! were derived
from 6-31 G* or 4-31 G calculations of energies of mole-
cules, using assumed geometries. We might point out that
there seems to be no difficulty in getting reasonably accu-
rate estimates of molecular energies by semiempirical
methods if one is willing to make such assumptions. This is
illustrated in Table I by a comparison of Pople’s results for
his 16 reactions with those calculated by MINDO/1.5 The
standard deviations for the nine reactions for which data
are available by both methods are 3.22 (HF) and 1.75
(MINDO/1) kcal/mol, respectively. Note that MINDO/ 1
represented only a preliminary version. We did not pursue
this approach further because of the limited scope of a
treatment in which geometries are not optimized. With re-
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Table I. Comparison of Errors in Heats of Reaction Calculated by
ab Initio SCF and MINDO/1 Methods

Error in calcd heat of
reaction (kcal/mol)

“Hartree—
Reaction Fock” MINDO/1
CH,CH, + H,~ 2CH, -6.4 +0.2
CH,=CH, + 2CH, — 2CH,CH, -5.3 -1.6
HC==CH + 4CH, — 3CH,CH, -12.1 -
CH,CH,CH, + CH, -~ 2CH,CH, ~1.2 0.0
CH,(CH,),CH, + 2CH, ~ -4.0 -1.1
3CH,CH,
CH,(CH,),CH, + 3CH, — - -1.4
4CH,CH,
CH,CH=CH, +CH, -~ -1.3 +1.0
CH,CH, + CH,=CH,
CH,C=CH +CH, —~ 0.4 -
CH,CH, + HC=CH
H,C=C=CH, +CH, —~ -1.2 -
2CH,=CH,
CH,CH=CH, > A\ 0.0 +3.3
CH,C=CH- A 3.5 _
CH(CH,), - n-CH,, 1.5 -0.4
C(CH;), ~ n-CH,, - +1.4

< - /._/ -1.0 +1.6
/—/ - H,CC=CCH, -2.1 -

C,H, + 6CH, - 3CH,CH, + +1.4 +3.0
3CH,CH,

gard to ref 2, it is surprising that no reference is made to
calculations of bond lengths. Moreover the major errors he
cites again occur in cases to which we have drawn specific
attention in our papers.

Since very extensive tests of MINDO/3 have been pub-
lished,? including applications to a wide variety of chemical
reactions,® there seems no need for further comment.’
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Catalytic Electrochemical Reduction of Acetylene in
the Presence of a Molybdenum-Cysteine Complex
Sir:

A chemical model for nitrogenase enzyme! based on the
binuclear molybdenum(V)-cysteine complex, Na;Mo;-
04(Cys)> (1),2 has been shown to be effective in the catalyt-
ic reduction of nitrogenase substrates. A Mo(IV)-cysteine
monomer, produced by reduction of 1 with NaBH,4 or
Na,S,04, has been proposed!® as the active species respon-
sible for binding and reducing substrates such as acetylene.
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Figure 1. Ethylene formation under conditions A and B: 1 mM 1, 1
atm of CaH3, Eapp = —1.40 V, 0.1 F Na;B407, pH 9.2.
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Figure 2. Ethylene formation during electrolysis of reduced complex 1
in the presence of | atm of C;H; (condition B, Table I): Eapp = —1.40
V, 0.1 F Na;B4O+, pH 9.2. Inset: rate of C;H, formation vs. [1]1/2,

We have recently reported on the electrochemical reduction
of 13 and similar di-y-oxo-bridged Mo(V) complexes* under
solution conditions comparable to the chemical model stud-
ies (pH 8-10 borate buffer). These complexes are reduced
in a single four-electron step at —1.2 to —1.3 V vs. SCE to
Mo(1I1II) products with no evidence of an intermediate oxi-
dation state. Our electrochemical results suggest that po-
larographic evidence’ previously cited!8 as confirmation of
a Mo(IV) catalyst is incorrect, and that the authors of ref 5
have mistakenly identified the electrochemical reduction of
1 as a Mo(V) — Mo(IV) rather than a Mo(V) — Mo(III)
process.

In this report we present results on the electrochemical
reduction of 1 in the presence of acetylene and on the na-
ture of the species responsible for the catalytic reduction of
C,H, to C;H4 and C;Hg.® These results provide the first
evidence that a monomeric Mo(III) complex is the catalyt-
ically active species in chemical models for nitrogenase en-
zyme based on Mo-thiol complexes.

Electrochemically catalyzed reduction of acetylene has
been achieved under three conditions:”® (A) controlled po-
tential electrolysis of 1 at —1.35 to —1.5 V under 1 atm of
C,H, (B) prereduction of 1 to the Mo(III) state followed
by purging with | atm of C,H; and reapplication of poten-
tial, and (C) application of negative potential (—1.4 V) toa
1:1 solution of Mo(II1) (added as KsMoCls) and cysteine
under 1 atm of C;H;. Involvement of Mo(III) is established
by the fact that acetylene reduction occurs during electro-

Table I. Rate of Ethylene Formation and Final Product Ratio
Rate
Conditiond Eapps V (mol of C,H,/min)  C,H,:C,H?
A —1.35 1.80 x 10~ 5.7
A -1.40 2.64 x 1077 4.9
A -1.50 4.58 X 1077 5.6
B ~1.40 1.85 x 1077 5.4
C -1.40 1.33 x 1077 4.7
D No E 3.8x10°° —

a Conditions: (A) 1 atm of C,H, present initially, l mM 1; (B) 1
atm of C,H, added after reduction of 1 mM 1, potential reapplied;
(C) 1 atm of C,H, added to 2 mM K ,MoCl, + 2 mM cysteine, po-
tential applied; (D) 1 atm of C,H, added after reduction of 1 mM 1,
no potential applied. All experiments conducted in 45 mlof 0.1 F
Na,B,0,, pH 9.2.  Measured after 180 min.

chemical reduction of 1 by two electrons per Mo. In addi-
tion, electrolysis of solutions containing equimolar Mo(111)
and cysteine catalyzes acetylene reduction at approximately
the same rate. It is not likely that reduction proceeds be-
yond Mo(III) in formation of the active catalyst, because
electrochemically reduced solutions of 1 and solutions of
K3MoClg and cysteine exhibit no voltammetric reduction
peaks.

Representative data are shown in Table I and Figures 1
and 2.° Acetylene reduction occurs during electrolysis of
the initial complex under condition A. The rate of ethylene
formation does not reach a constant value until 20-40 min
(required for mass-transport controlled reduction of 1) have
elapsed (Figure 1). Thereafter under condition A, and at all
times under condition B, C;H,4 appearance is linear with
time for at least 180 min. After approximately 3 hr, catalyt-
ic activity diminishes slightly as indicated by a decrease in
the rate of CyH4 production. However, the system still
achieves true catalytic behavior after 6-8 hr, even under the
most stringent assumption that all of the Mo present is con-
verted to catalytically active monomer.

Ethane also is produced during electrolysis. The C;Hg:
C,Hg ratio decreases from 10:1 to a constant value of ca.
5:1 after 30-60 min. '

The square-root dependence of the rate of ethylene for-
mation on concentration of 1 (Figure 2) demonstrates that
the active catalyst is a monomeric species in equilibrium
with a larger fraction of dimeric material. We have pre-
viously investigated? the dissociation reaction of the binu-
clear reduction product of 1. The rate-determining step in
this process involves cleavage of one of the u-oxo bridge
bonds to form a mono-oxo-bridged dimer. Further reactions
responsible for formation of the proposed monomeric cata-
lyst have not been clearly delineated. However, the mono-
oxo-bridged dimer could either be in direct equilibrium with
a Mo(III) monomer or dissociate to a Mo(III) monomer in
equilibrium with a further dimeric species. Either interpre-
tation is consistent with our previous results and the present
observation of a monomeric Mo(I1I) catalyst.}0

The rate of ethylene formation increases with either an
increase in negative potential (Table I) or a decrease in pH.
Both changes also lead to an increase in catalytic hydrogen
evolution, which occurs concurrently with acetylene reduc-
tion. The electrode reaction product of 1 strongly catalyzes
H; evolution at a mercury electrode. Evolution of Hj in the
absence of substrates other than H™ is an important feature
of both the chemical model system! and nitrogenase en-
zyme.!® In the present system the charge owing to H; evo-
lution exceeds by 10-20 times the quantity of charge re-
quired to produce the observed amounts of reduced hydro-
carbons. However, an important relationship between H;
evolution and C,H> reduction is indicated by the effect of
electrode potential, which markedly affects the rate of
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C,H, production under conditions (E < —1.35 V) where re-
duction of 1 is mass-transport controlled.

Control experiments demonstrate that both a Mo(III)
species and an additional source of electrons (or H>) are re-
quired for acetylene reduction. Electrolysis of C;H; alone
at £ € —1.35 V in borate buffer and in the presence of sub-
stances which strongly catalyze H, evolution (e.g., cysteine)
produces no CoHy or C;Hg. Thus, the H, evolved at the
cathode does not reduce C,H, directly. When a solution of
1 is prereduced, purged with C;H», and allowed to stand
with no potential applied, ethylene forms only very slowly
(Table 1, condition D). If potential is reapplied, ethylene
production resumes at the rate indicated under condition B.
This result and the potential dependence of the rate of
C,H, formation suggest that a simple redox reaction be-
tween reduced Mo catalyst and C,H; producing C;:H4 and
an oxidized Mo species may not be the principal means of
acetylene reduction.

We believe the primary function of the Mo(III) catalyst
is to bind acetylene as a substrate. Although we have been
unable to isolate an intermediate or confirm its presence by
uv-visible spectroscopy, some interaction between Mo(I1I)
and C;H; must occur because reduction of acetylene, even
in the presence of H; evolution, does not proceed unless mo-
lybdenum is present. The proposed Mo*!.C,H; adduct may
produce C;H4 and C;H, through routes which do not in-
volve a simple Mo(V) = Mo(1II) redox cycle. These alter-
native routes include: (1) addition of electrons to bound
C-H, from an external source (electrode or chemical reduc-
tant) followed by protonation, (2) insertion of Hy or hy-
dride into the adduct in a manner similar to known homoge-
neous hydrogenation reactions,'® and (3) electrocatalytic
hydrogenation of the adduct by adsorbed H atoms produced
on the electrode surface. Mechanisms 1 and 2 could be op-
erative in both the chemical and electrochemical models,
whereas mechanism 3 would be restricted to the electro-
chemical system.
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CF; Emission in the Reaction between Ozone and
Tetrafluoroethene
Sir:

We report here a strong luminescence in the reaction of
O; with CyF4 which we identify as due to CF,. To our
knowledge, this is the first time that emission from electron-
ically excited CF; has been detected in a chemically react-
ing system.

Pure ozone was prepared by passing ozonized oxygen
(Matheson Ultrapure grade) through a silica gel trap at
—78°, replacing the oxygen carrier with helium, and allow-
ing the trap to warm to room temperature. For some experi-
ments an oxygen carrier was used. The carrier flowed at ap-
proximately 20 umol sec™! and a pressure of 45 Torr into a
reaction vessel at room temperature where it was mixed
with C3F4 (Columbia Organic Chemicals). The [O3] was
monitored from its absorbance at 254 nm and both reactant
gas pressures were ~1 Torr. A Jarrell-Ash 0.25-m mono-
chromator with a spectral slit width of 0.8 nm and a 2360
grooves/mm grating blazed at 300 nm viewed the reaction
vessel axially through a quartz window. Photomultipliers
used were an EMI 97811R and an EMI 9683QKB both at
—78°,

A few experiments were carried out for comparative pur-
poses on the luminescence of O; with ethylene, 1,1-difluo-
roethene, cis-1,2-difluoroethene, trans-1,2-difluoroethene,
and hexafluoropropene. All substrates were distilled before
use.

Total emission was measured for with the monochroma-
tor removed, and the results, uncorrected for the photomul-
tiplier spectral response, are given in Table 1. The emission
from the C,F4-O3 system, unlike that from the other sys-
tems, was entirely within the uv and extended from 245 to
400 nm with resolved peaks from 250 to 355 nm.

A typical spectrum in the presence and absence of O, is
shown in Figure | and shows the dramatic quenching effect
of O,. The peaks from the O3-C;F4 emission are listed in
Table II. In addition, a weak unidentified visible lumines-
cence with peaks at 490, 506, 520, 525, 539, 560, 580, 595,
604, and 625 was detected by removing the second-order uv
spectrum with a Kodak Wrattan 2A filter. These peaks
were not affected by using an oxygen carrier.

Table 1. Relative Total Intensities for Ozone Chemiluminescence
Intensity relative Approximate
Reactant toC,H, Amax, M
CH, 1 450
C,F, 545 320
1,1-C H,F, 1.2 440
cis-1,2-C,H,F, 20 440
trans-1,2-C,H,F, 26 440
C,F, 0.8 —
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