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Table I. Thermodynamic and Kinetic Parameters for an Alkyl Group Migration in Iridium(IIT) Complexes
{IrCLIC(O)RIIP(CsHs)sle} soria —> {IrCl(COYRIP(CeH:)s):} soria

Standard
deviation T AC.dT AHF
T AHrpp of AHr Jogg™ 7 AH,, 1, (in solution) (in solution)
R °K kJ mol—! (kJ mol~1) (kJ mol~1) kJ mol—! (min) (kJ mol—1)
Ia, CF, 445 —83.88 3.8 0.08 —84 £ 4 44,594 (at 343°K) +86.5
b, p-NO.C:H.CH,~ 444 —16.40 1.30 0.01 —16 = 1 29.674.¢ (at 303°K) +84.5¢
Ic, p-CH,;CsH.CH,~ 428 —14.39 1.51 —14 £ 2¢ 13.834d,¢ (at 303°K) +68.24
1d, p-CH;0CH.CH,~ 419 —13.34 3.81 —13 4= 4¢ 12.574¢ (at 303°K) +62.84
= Temperature of peak maximum. ? Each value is the average of 12 determinations. ¢ AH, = AH7y by analogy with compounds Ia and

Ib. 41ain toluene, Ib, ¢, and d, in benzene. ¢ M. Kubota, D. Blake, and S. Smith, Inorg. Chem., 10, 1430 (1971).
Table II. Heat Capacity Data, C, = (a + bT + ¢T? + d7T%) (4.184 J °K~1 mol~Y)
T
CdT
298
Compounde a b ¢ d (kJ mol=1) Vi
IrClL{C(O)CF;]L, 179.49 1.8279 X 10! —2.0533 X 1078 4.83 X 1078 131.67 445°K
IrCl(CO)CF;L. 128.26 —1.2987 7.5246 X 1073 9.02 X 10 131.75
IrClL[C(O)CH,C:H:NO,]L, —39.686 1.3955 —2.8362 X 107 3.01 X 10°¢ 145.81 444°K
IrCly(COYCH,CsH:NO,)L.; —71.013 2.4474 —779.67 X 10—3 9.29 X 10-¢® 145.82

e L, = P(C¢Hy)s.

data are shown in Table I. In order to determine the
enthalpy change at standard conditions, AH,, the fol-
lowing relation was used
T
AH, = AHr — |}, AC,dT
Molar heat capacities, Cy,, were determined for the pairs
of compounds Ia and Ila and Ib and IIb using differ-
ential scanning calorimetry.* The data for C, as a
function of temperature were fitted to a third degree
polynomial equation in T from 298° to the reaction
temperature for each compound. The integrals were
then evaluated using Simpson’s rule.? These data are
shown in Table II. The magnitude of the integral term
for AC, was much smaller than the standard deviation
in AHt so that A H, may be assumed to be equal to AHr.
These data are shown in Table I, along with kinetic data
for the reaction in homogeneous solution.

The magnitude of the enthalpy change is smaller than
metal-carbon monoxide bond energies (ca. 120-170
kJ mol—1)® or metal-carbon bond energies (ca. 150-300
kJ mol=!).” The enthalpy change is opposite in sign
from that found for the decarbonylation of benzoyl
platinum complexes (eq 4) for which AH = -+18.6 to

[P(CeH )] PtICI[C(O)CeH X] —>
[P(CeH3)3PtCHCHX] + CO  (4)

+33.9 kJ mol-! depending on the substituents on the
phenyl group.® In this reaction the carbon monoxide
does not remain coordinated to the metal.

From the data it can be noted that there is an inverse
correlation between the migration rate and the enthalpy
change. The enthalpy change in solution is anticipated
to be close in value to that in the solid state since heats
of solution of the compounds I and II are likely to be
small and of similar magnitude in nonpolar solvents.
The large difference in the magnitude of AH, for the tri-

(5) D. D. McCracken and W. S. Dorn, “Numerical Methods and
Fortran Programming,” Wiley, New York, N. Y., 1968.

(6) H. A. Skinner, Advan. Organometal. Chem., 2, 49 (1964).

(7) G. Wilkinson, Pure Appl. Chem., 30, 627 (1972).

(8) S.J. Ashcroft, A. Maddock, and G. Beach, J. Chem, Soc., Dalton
Trans., 462 (1974).

b T = temperature at which the migration reaction occurs.

fluoromethyl, —83 kJ mol~!, and benzyl groups, ca.
—15 kJ mol~!, is noteworthy. The enthalpy change
for the migration reaction includes four bond energy
terms (Ir—C==0, Ir—C(O)R, Ir—R, and C(O)—R).
Unfortunately there is not at present sufficient infor-
mation available about the individual contributions to
make a meaningful discussion of the difference in the
overall values of AH possible. A kinetic and calori-
metric study is now in progress for the series of five-
coordinated complexes analogous to T where R
CF,H;_,(n = 3,2, 1, or 0). Preliminary results show
that the enthalpy change for reaction 3 decreases in the
series CF3 > CFQH > CFHZ > CH3 =~ p-XC6H4CH2,
Other work is in progress to extend the data to other
migrating groups and to seek correlations of the enthalpy
changes with kinetic and spectral parameters of the
complexes.
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MINDO/3 Study of the Bisdehydrobenzenes
Sir:
While the three bisdehydrobenzenes 1, 2, and 3 were

characterized some years ago by Berry, et al.,*% while
the ortho isomer 1 (benzyne) has been proposed as an

(1) R.S. Berfy, G. N. Spokes, and M, Stiles, J. Amer. Chem, Soc., 84,
3570 (1962).

(2) R. S. Berry, J. Clardy, and M. E. Shafer, Tetrahedron Lett., 1003
(1965).

(3) R. S, Berry, T. Clardy, and M. E. Shafer, Tetrahedron Lett., 1101
(1965).
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Figure 1. Calculated bond lengths (A), bond angles, heats of formation (AH;, kcal/mol at 25°), and ionization potentials for
singlet o-(a). m-(d), and p-(g) benzyne without CI; for singlet o-(b), m-(e). and p-(h) benzyne with CI; for triplet o-(¢), m-(f), and p-(i) ben-

zyne; and for 5 (j).

intermediate in numerous reactions,* and while the
other two isomers (2, 3) have also recently been pos-
tulated as reaction intermediates,>® doubt remains con-
cerning their structures, and few meaningful theoretical
studies have been reported. Thus the ab initio SCF
calculations of Millie, er al.” and of Wilhite and
Whitten® were based on the unrealistic assumption that
the geometries of 1-3 are similar to that of benzene
and the same is true of the EH calculations by Hoff-
mann, et al.,® and the CNDO/2 by Atkin and Claxton.
The correspondingly uncertain conclusions from these
calculations are that 1 has a singlet ground state8 1
while 2 and 3 have triplet ground states,® that the order
of stability is 1 > 3 > 2,° and that the heat of formation
(AH;) of 1 is 72.6 kcal/mol.” The latter value agrees
poorly with the only available experimental extimate
(118 £ 5 kcal/mol'!). Haselbach!? has reported a
MINDO/2 study of 1, with complete optimization of the
geometry, that led to a more satisfactory estimate of
AH: (107 keal/mol).

It is impossible to make meaningful predictions con-
cerning the multiplicities of 2 and 3 without considering
their geometries because the singlet forms might well
collapse to the bicyclohexatrienes 4 and 5. This
problem cannot be meaningfully treated in terms of
MINDO;/2 because this procedure is known to under-
estimate strain energies.'* MINDO/2 calculations'*
indeed predicted 4 and 5 to have AH; that were ob-
viously too low.

(4) See, e.g., R. W, Hoffmann, Ed., “Dehydrobenzene and Cyclo-
alkynes,” Academic Press, New York, N. Y., 1967.

(5) Sec, e.g., H. E, Bertorello, R. A. Rossi, and R. H. de Rossi,
J. Org. Chem., 35,3332 (1970).

(6) See, e.g., R. R. Jones and R. G. Bergmann, J. 4mer. Chem. Soc.,
94, 660 (1972).

(7) P. Millie, L, Praud, and J. Serre, Int. J. Quantum Chem., 4, 187
(1971).

(8) D. L. Wilhite and J. L. Whitten, J. Amer. Chem. Soc., 93, 2858
(1971).

(9) R. Hoffmann, A, Imanura, and W, H. Hehre, J. 4mer. Chem. Soc.,
90, 1499 (1968).

(10) R. W. Atkin and T. A. Claxton, Trans. Faraday Soc., 66, 257
(1970).

(11) H. T. Gructzmacher and J. Lohman, Justus Liebigs Ann. Chem.,
705,81 (1967).

(12) E. Hasclbach, Helc. Chim. Actu, 54, 1987 (1971).

(13) See M. J. S. Dewar, Fortschr. Chem, Forsc., 23, 1 (1971).

(14) Unpublished work by M, S. Kohn. The results for 1 agree with
those of Haselbach, 12

The rransition state for conversion of 5 to 3 has AH:

157.5 keal/mol.

1 5

The development of an improved version of MINDO
(MINDO/315), in which the strain energy problem has
been solved, led us to reinvestigate this problem.

Calculations were carried out for the singlet and
triplet forms of 1, 2, and 3, the geometry being op-
timized with respect to all geometrical variables and the
calculations for the triplets being based on the “half-elec-
tron” approximation.!® Since the standard MINDO
treatment is liable to give too positive heats of formation
for ““biradical’ species such as 2 or 3, the singlet calcula-
tions were also carried out with inclusion of CI with the
first doubly excited configuration.”” Since MINDO/3
has not been parametrized with inclusion of such CI,
the energies found in this way will be toonegative. How-
ever, tests have shown that the AH; for normal mole-
cules are depressed only 2-3 kcal/mol by such inclusion
of CIL

The calculated properties of all six species are listed

in Figure 1. Those for the singlets are shown with and
without CI. All the molecules were predicted to be
planar. The calculated heats of formation of singlet 1

(118.4 kcal/mol without CI, 114.2 kcal/mol with) are
seen to agree well with experiment (118 = 5 kcal/mol!!)
and the differences between the two values for this
“normal”’ molecule are small. Note that the distor-
tions from benzenoid geometry (small 1,2 bond length,
large 123 and 612 bond angles) are those expected and
note also that the remaining CC bond lengths are similar,
implying retention of benzenoid aromaticity.

The geometries of singlet 2 and 3 imply strong bond-
ing between the “radical” centers, the 1,3 distance in 2

(15) R. C. Bingham, M. J. S. Dewar, and D, H. Lo, to be submitted
for publication.

(16) M. J. S. Dewar and N. Trinajstic, J. Chem. Soc. 4, 1220 (1971);
see M. J. S. Dewar, J. A. Hashmall, and C. G. Venier, J. Amer. Chem.
Soc., 90, 1953 (1968).

(17) See R. C. Bingham and M. J. S. Dewar, J. Amer. Chem, Soc., 94,
9107 (1972).
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and the 1,4 distance in 4 being less than in benzene.
The effect is greater for the normal MINDO/3 cal-
culations than for those with CI, as one would expect
since the energies calculated for biradical species with-
out CI are too large.”” The geometry thus tends to
approximate more closely to that of an equivalent non-
radical structure (e.g., 4 instead of 2).

We also studied the energies of singlet 2 and 3 as a
function of the distance between the ‘‘radical” centers.
In the case of 2 only one minimum was found (Figure
1d, e, but with 3 there were two minima, one corre-
sponding to 3 (Figure lg, h, and the other to 5. Thus
3 or 5 is predicted to exist in two isomeric forms with
different C.C, distances. The second isomer is also
predicted to be a distorted benzene (Figure 1j) with a
very long transannular bond (1.667 A) and little varia-
tion of bond lengths round the ring. The calculated
AH; (152.8 kcal/mol) is much higher than that for 3
from which it is separated only by a low barrier (4.6
kcal/g:ol). In the transition state the C;C, distance is
1.85

All calculations®!° agree in predicting the singlet
form of 1 to be the more stable. Those reported here
differ, however, from previous ones® in predicting 2 to
have a singlet ground state. Since this is true both with
and without CI, the prediction seems very strong. The
opposite conclusion reached in the earlier calculation
could then well be due to use of an unrealistic geometry
for the singlet.

In the case of 3 the calculations are more ambiguous,
those without CI predicting the ground state to be a
triplet and those with CI a singlet. It seems likely that
the ground state is in fact a singlet but with a small
singlet-triplet separation. The ab initio calculations®
could well have led to the opposite conclusion through
use of an incorrect geometry.

The most striking prediction from our calculations is
that singlet 2 should be at least comparable in stability
with singlet 1 (¢f. Hess and Schaad®®). This suggests
that more consideration should be given to reaction
mechanisms involving m-benzynes (e.g.. 2) as inter-
mediates.
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A Kinetic Study of the Fate of a Covalent Intermediate
of the Type Proposed to be Involved in Flavin Catalysis

Sir:

. A non-free-radical® (dark) flavin oxo-reduction reac-
tion not involving hydrogen transfer3 from substrate to

(1) S. Shinkai, M. Briistlein, R. F. Williams, and T. C. Bruice, to be
submitted to Biochemistry.

(19(%)‘\/[ Briistlein and T. C. Bruice, J. Amer. Chem. Soc., 94, 6548

(3) S. Shinkai and T. C. Bruice, J. Amer. Chem. Soc., 95, 7526 (1973).

3571

Figure 1. Log k. Us. pH rate profile for solvolysis of 4a-InH
(——) and 4a-InMe (----): Solvent H;O (aerobic), 30°, u = 0.2,
Rate constants in min~!. The E-2 elimination for 4a-InH may be
seen in the slope of +1.

flavin would require the formation of a covalent inter-
mediate. Based on chemical intuition* and photoreduc-
tion® studies the site of covalent adduct formation has
been suggested to be the 4a- and 5-positions, I and II,

R
1\ ('\
—R m j/\"/\——R

x H*\:B \—H B

1 (4a-adduct) 1T (5-adduct)

respectively. A S-carbinolamine adduct has been
suggested as an intermediate in the reaction of nitro-
ethane anion with oxidized deuterated amino acid
oxidase,® but this same adduct has been shown not to
be an intermediate in the reduction of formaldehyde
and ethyl pyruvate by reduced flavin.»* No direct
chemical evidence exists which establishes a 4a-adduct
as an intermediate in a flavin catalyzed reaction though
addition of SO;2- to the 4a-position has been established
for one isoalloxazine.”

In aqueous solution (30°, u = 0.2 with KCl), the sol-
volysis of 4a-InH and 4a-InMe yields dihydroflavin
(FH;) under anaerobic conditions and oxidized flavin
(Fox) under aerobic conditions.® The pH-log kobsa

(4) G. A. Hamilton, Progr. Bioorg, Chem., 1, 83 (1971).

(5) P. Hemmerich and M. Schuman Jorns, “Enzymes: Structure
and Functions,” Vol. 29, C. Veeger, J. Drenth, and R. A. Qasterboan
Ed., North Holland, Amsterdam, 1973, p 95.

(6) D.J. T. Porter, J. G. Voet, and H. J. Bright, J. Biol. Chem., 248,
4400 (1973).

(7) T. C. Bruice, L. Hevesi, and S. Shinkai, Biochemistry, 12, 2083
(1973).

(8) 4a-InH (Amax 353 nm; ¢ 6200 M-t cm~tin acetonitrile) and 4a-
InMe (Amax 355 nm; € 5400 M~—! cm™! in acetonitrile) were obtained
(Ph.D. Dissertation, W, R. Knappe, University of Konstanz, 1971,
Germany) by photolysis under argon of absolute acetonitrile solutions
of 3-Me lumiflavin and 40-fold excesses of indole-3-acetic acid and I-
methylindole-3-acetic acid, respectively. Rate runs were initiated by
introducing 0.1 ml of the acetonitrile stock solution into 3 ml of oxygen-
ated or degassed water or 5097 cthanol-water (v/v) and observing the
increase in absorbance of Fox (441 nm) and dccrease in absorbance of
4a-adducts (376 nm at low pH and 370 nm at high pH). 3-Hydroxy-
methylindole was identified as product at both acidic and baisc pH under
both anaerobic and aerobic conditions via chromatography on silica
employing three different solvent systems by comparison of R¢ values to
that of the authentic compound and via reaction with sym-trinitroben-
zene,
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