accuracy of the fit one can look at the multiple correla-
tion coefficient, which would equal 1.000000 in the
case of a perfect fit. The fit of our data to a linear
equation yields a value of 0.990663 for the multiple
correlation coefficient, compared to 0.990675, using
the quadratic equation. This then means, that our
data can be fitted to both a linear and a quadratic
equation equally well. The fit to the quadratic equa-
tion yields, with standard errors

log K56 = — (4042 = 23414)/T* + (242.5 = 92.6)/T —
(0.046 = 0.0089

and from the coefficient of the (7)~2 term one obtains
a value for the mean AC,° at 533°K.

AC,%s = ~0.13 = 0.75 gibbs/mole

From both the coefficients of the linear as well as the
quadratic equation, one -calculates (with standard

errors)
AH®53; = —1.04 = 0.03 kcal./mole
AS°s; = —0.14 = 0.05 gibbs/mole
Using our value of AC,%;; = —0.13 = 0.75 gibbs/

mole and neglecting any small temperature dependence
of ACy°r in the temperature range between 300 and
670°K., we calculate (with standard errors)

300°K. 400°K. 670°K.
AH°z(kcal./mole) —1.01 == 0.18 —1.02 £0.11 —1.06 = 0.11
AS°r(gibbs/mole) —0.07 = 0.43 —0.10 £0.22 —0.17 £ 0.17

(18) E. J. Prosen and F. D. Rossini, J. Res. Nail. Bur. Sid., 34, 255
(1945).

(19) *‘Selected Values of Physical and Thermodynamic Properties of
Hydrocarbons and Related Compounds,” American Petroleum Insti-
tute, Carnegie Press, Pittsburgh, Pa., 1953,
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The kinetics of the nitric oxide catalyzed, homogeneous,
gas phase isomerization of cis-1,3-pentadiene (PD.)
ks

& trans-1,3-pentadiene (PD,) have been studied over a

ks

temperature range between 126 and 326°. The rate
law for the NO-catalyzed isomerization has the form
—dPD.jdt = k{(PD)YNO)I — (PD)/K;PD.)]. The
equilibrium constant K;s = ks/ke was measured inde-
pendently. The observed rate constant ks (l./mole
sec.) can be represented by log k; = 7.26 + 0.3 —
18.15 = 0.70/6, where 8 = 2.303RT in kcal./mole.
As has previously been shown the consecutive-step
reaction mechanism involves NO addition to the double
bond and subsequent rotation about the C-C bond in the
intermediate radical. NO + PD, _T) PD.NO=z PD,NO

b ¢
= PD, + NO. Analysis of the data shows that the

rate-controlling step in the NO-catalyzed geometrical
isomerization of pentadiene is the rotation about the
single bond in the intermediate radical. lIodine is
shown to form a much more stable intermediate radical,
and results indicate that, in the I,-catalyzed system, the
addition reaction of I atoms is rate controlling. Using
our observed rate constant ki and estimates of Kap,
which have been tested in an earlier paper, we can cal-
culate the rotational rate constant log k, to be (11.5

(1) (a) This work has been supported in part by Grant PAU 5235 from

the Public Health Service to Stanford Research Institute; (b) Post-
doctorate Fellow.
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£ 0.3) — (5.3 = 1.0)/8 sec.=' compared to (11.2-
— (3.8)/6 sec.—! as reported eartier for the iodine)
catalyzed cis-trans isomerization of 2-butene. K,
is estimated, using the previously measured value of 12.6
+ 1 kcal./mole for the allylic resonance energy and an
estimate of 37 kcal. for the C-N bond dissociation
energy in alkylnitroso compounds. Both these values
appear to be correct to within the reported <1 kcal.

Introduction

The iodine-catalyzed, homogeneous, gas phase cis—
trans isomerization of 2-butene has been reported
earlier.? From these results and a large number of
known, related studies on catalyzed and thermal
cis—trans isomerizations reported by other authors,
it has been shown that all of these data are consistent
with a consecutive-step mechanism, involving the
formation of an intermediate radical and subsequent
internal rotation in this radical. Letting A denote a
radical catalyst

R R . R R’
A+ N/ ~
A
1
R ; R A
Av = ==
R’ R’

(2) S. W. Benson, K. W, Egger, and D. M. Golden, J. Anm. Chem.
Soc., 87, 468 (1965).
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This scheme leads to the conclusion, that for all these
cis—trans isomerizations either the radical formation
or the internal rotation in this radical is the rate-
controlling step.

In the case of the iodine-catalyzed geometrical
isomerization of 2-butene, the rate is rotation con-
trolled, and the rotational rate constant k. was found
to be equal to 10112 10—38/¢ (sec.—!) which compares
well with the value of 10!!.210-%5/¢ (sec.”!) estimated
from transition-state theory. (8 = 2.303RT in kcal./
mole.)

For any atom- or radical-catalyzed cis-trans isom-
erization, the reported mechanism leads to a rotation-
controlled rate if the bond strength of the secondary
C-A bond and any resonance energy introduced by
R or R’ do not add up to the value for the =-bond
which is being broken (i.e., if AH®,, is positive).
It was therefore of interest to check the proposed
reaction mechanism and earlier results reported for
2-butene? using a diolefin molecule that generates an
allylic resonance energy (12.6 kcal.?) in the radical
intermediate. Owing to the differences in strength of
the secondary C-A bond [53 keal.* with I or 37 kcal.?
with NO as a catalyst (A)], the measured isomeriza-
tion rate should be addition controlled in the case of
todine and rotation controlled using nitric oxide as
catalyst. Kinetic studies on the I- and NO-catalyzed
cis—trans isomerization of l,3-pentadiene are reported
in this paper, and the results verify the above predic-
tions.

Experimental

A. Procedure and Apparatus. The method and ex-
perimental set-up used in these experiments have been
reported on in detail earlier.® The study consisted of
mixing NO and hydrocarbon in the vapor phase in a
static system and analyzing the reaction products
following the quenching of the reaction after a meas-
ured time.

B. Surface Effects. Isomerization and polymer-
ization reactions of 1,3-pentadiene proved to be ex-
tremely sensitive to surface catalysis. It was there-
fore imperative to eliminate any possibility of reactions
at the walls. The absence of any surface effects on
the isomerization rate was tested two ways. (1)
The kinetic measurements were carried out in two
equivalent Pyrex glass vessels, one of which was packed
with glass tubing. The packed vessel had an 18-fold
larger surface-to-volume ratio than the unpacked one.

In order to check the surface activity of the reaction
system without going through the tedious job of
changing the reaction vessels too often, we used surface-
sensitive addition of HI to l-butene as a test reaction.
The homogeneous rate constant for the reaction

k1
1-butene + HI —> sec-butyl iodide

has been estimated by Nangia and Benson® from the
analogous reaction with propylene and 2-butene to be
log k&1 = 7.56 — 23.5/8 (I./mole sec.). This means
that at a temperature of 430°K. with ~50 torr pres-

(3) K. W. Egger, D. M. Golden, and S. W. Benson, J. Am. Chem,
Soc., 86, 5420 (1964).

(4) P.S. Nangia and S. W. Benson, ibid., 86, 2773 (1964).

(5) (a) D. M. Golden, K. W. Egger, and S. W. Benson, ibid., 86,
5416 (1964); (b) K. W. Egger and S. W. Benson, ibid., 87, 3311 (1965).

(6) P. S. Nangia and S. W. Benson, J. Chem. Phys., 41, 530 (1964).

sure the half-life of the reaction is of the order of 108
sec. The test system should therefore be completely
stable at these temperatures unless the reaction takes
place on the walls of the vessel.

Conditioning of the reaction vessels by performing a
series of reactions of either the HI addition to 1-butene
or the polymerization of 1,3-pentadiene only decreased
the surface activity but did not stop the surface catalysis.
Reproducible, homogeneous, gas phase reactions were
only obtained in vessels that had been coated with
either Teflon or Dow Corning 705 silicone oil. These
coatings were obtained as follows. Teflon was de-
composed at 470°, yielding more than 909 monomer,
which was collected over liquid nitrogen.

About 1 vol. 7 di-t-butyl peroxide is added in the
gas phase and the mixture expanded into the reaction
vessel to yield a pressure between 200 and 500 torr.
The vessel was kept at 605°K., and the reaction started
immediately. The resulting Teflon “coating” con-
sisted of an opaque, nonuniform layer with occasional
growth of “popcorn polymers,” depending on the
reaction time used, which varied between one and
several hours.

The silicone oil coating was applied to the vessel
while disconnected from the reaction system. A 1:1
mixture of Dow Corning silicone oil 705 and CCl,
was used to coat the surface, which was subsequently
cleaned several times with pure CCly solvent. This
procedure resulted in a very thin coating of silicone oil.
The vessel was then heated to 550°K. and cured for
several hours under vacuum.

In vessels coated as described, 1,3-pentadiene shows
no pressure change over several hours at a temperature
of 500°K. This is in agreement with the reported’
homogeneous polymerization rates (kp); log k, at
500°K. = —6.5 mm.”! min.~'. With NO as the
catalyst the cis—trans isomerization was the only
measurable reaction in the system. Using iodine as
a catalyst resulted in a much larger scatter of the data
owing to a considerable amount of side reactions.
The most important of these side reactions are the
polymerization and the formation of diiodides at the
lower temperatures. The difference in the behavior of
the system using NO or I, as catalysts is attributed to
the increased stability of the adduct radical in the case of
iodine.

C. Materials. Preparations and purification of the
materials used was reported earlier.’® The purity of
trans-1,3-pentadiene was 99.6597 (0.397 cis and 0.05%
cyclopentene), of cis-1,3-pentadiene 99.7597 (0.25%
trans). The purity of the NO could be estimated from
the color of the liquid. Pure NO forms a white con-
densate and is colorless in liquid phase. Increasing
traces of higher oxides give the liquid first a slightly
blue, then a green tint. There was no measurable
effect on the isomerization rate using NO of ‘‘clear
blue or green” shadings as the amount of the impurities
is extremely small. If the amount of higher oxides in
NO is of the order of 1 9, there is a very large effect in
the isomerization rates (compare Table I, run of foot-
note f). It was therefore important to keep oxygen out
of the system. After coating and conditioning, the
vessel was therefore never exposed to air and was

(7) J. B. Harkness, G. B. Kistiakowsky, and W. H. Mears, ibid., 5,
682 (1937).
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Table I.  Kinetic Data for the cis—trans [somerization of 1,3-Pentadiene
Temp., °K., NO? Press.
and press., ~—— 1,3-Pentadiene ——  Time, ks X 108, change,
vessele torr Isomerc  Press., torr min. Ks.o PD,/PD.c mm.”! min.~! torrd
400.0 49.2 c 70.9 135 3.47 0.047 0.722 0.5
47.0 { 116.2 240 49.8 0.556 0.8
183.9 t 40.9 61 53.4 0.627 0.7
79.9 c 37.8 71 0.032 0.580 0.3
45.8 c 93.5 187 0.048 0.572 0.4
74.4 t 43.6 390 31.0 0.402 0.6
430.1p 73.1g t 28.6 27 3.14 31.5 5.1% 0
p 46.5g t 107.8 91 18.4 4.32 0
461.2 34.5 c 40.0 29 2.89 0.124 11.97 0
29.7¢ c 57.8 44 0.122 9.00 0.1
300b c 58.4 44 0.119 8.80 0.2
29.9b c 58.3 44 0.143 10.68 0.2
29.7u c 59.1 44 0.180 13.24 0.4
29.8u c 65.0 44 0.181 13.27 0.4
30.7 c 57.2 44 0.120 8.76¢
30.2 c 61.0 44 0.263 18.50/
513.7 24.6b t 84.0 8 2.56 23.7 57.80 0.6
21.7b 1 134.9 28 10.2 46.20 0.4
64.5b c 103.5 6 0.181 45.05 0.3
13.5b c 58.6 28 0.309 76.15 0.3
57.3b c 93.2 6 0.170 47.60 0.3
598.8 5.1b c 48.5 11 2.23 0.432 700.8
16.7b c 43.0 8 1.028 627.0 0.3
16.3b c 70.4 5 0.637 701.5 0.4
5.7 c 39.3 5 0.281 909.0 0.2
6.3 t 49.6 5 9.55 814.0 0.3
12.2 t 51.4 5 7.090 579.0
e p = packed vessel. * g and b indicate NO with a green (g) or blue (b) tint, and u stands for NO which was already used in an earlier
run. NO g, b, or u have different grades of traces of impurities. ¢ rand ¢, PD, and PD,, stand for 1,3-pentadiene, trans and cis, respectively.

4 Total pressure loss.
the reaction vessel together with NO.

always kept under vacuum or under nitrogen (high-
purity) pressure.

D. Analysis. Analysis of the product was carried
out by gas-liquid chromatography, reported in detail
earlier.’ The quantitative separation of the cis and
trans isomers and cyclopentene was better than 99 7.
The measured PD,/PD, ratios were generally reproduc-
ible to within =19 (maximum deviation), and the
difference between three measurements never exceeded
597 even at total conversions as low as 3% of the initial
isomer concentration.

Results
For the NO-catalyzed reaction

ks
NO + PD. > PD, + NO
ke

2

the rate expression for the disappearance of cis-1,3-

pentadiene with time is
_ d(PDy _ (PD) } )
dt K «PD,)

ks(PDc)(NO)[I -

This yields upon integration

 Kso/(Kss + 1)
(NO)t
(PD) _ 1

Kss + 1
n [:((PDcO) 1+ K5,6>< Ks >:] @

where K;s = ks/ks is the equilibrium constant of
reaction 2, reported earlier,’® and (PD,)/(PD.)
1/[1 + (PD)/(PD,)] is the ratio of cis-1,3-pentadiene in
the product to the initial amount of the cis isomer.

k5= X
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¢ 2.8 torr H,O vapor added to the reaction vessel before the run was started.

/2.9 torr air = 0.6 torr O; added to

For the experiments, where PD, was used, kg is cal-
culated correspondingly, and k; is obtained from the
equilibrium constant.

Table 1 contains values for the rate constant k;
obtained from eq. 3. The values of k; reported in
Table I, scatter by as much as +£257% at a given tem-
perature. The expected error in k; from all sources is
however only +£129. This unexpectedly large scatter
of the data seems to be random and independent of
experimental parameters.

The isomerization, as well as the dimerization, of 1,3-
pentadienes is extremely surface sensitive. Great
care was taken to eliminate any heterogeneous re-
actions. (See experimental section.) For an 18-fold
change in surface-to-volume ratio between the un-
packed and packed vessel, the measured rate constant
ks increases by a factor of 1.8. This is considered a
small change, but nevertheless it shows that there is some
surface effect that we were unable to eliminate.

Small amounts of oxygen enhance the reaction through
the formation of NO, (run of footnote f, Table I).
Oxygen was very carefully kept out of system and
materials used, as discussed earlier in the experimental
section.

Small amounts of water vapor seem to have no
effect on the isomerization rate (run of footnote e,
Table I). In this system, the dimerization is the most
likely side reaction and could lead to the measured
pressure loss, shown in the last column of Table I.
(A study of the dimerization of 1,3-pentadiene is in
progress.) The radical intermediates (primary and
secondary) add to 1,3-pentadiene to form cyclohexene
derivatives. Assuming that this dimerization reaction
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Table Il. Thermodynamic Data for Calculation of K,,»

— §°, gibbs/mole — C,°, gibbs/mole —
Species 300°K. 500°K. ° 500°K.

NO 54 1e 7.10 7.3

/\/\ 77.02 (76.0)¢ 92.3t(91.7) 22.70 35.3¢

//\/V/ 98.8t 121.8 36.8 (34.9)¢ 535

M 120.8/ 32.30 44 T

v \N=0

e Values listed in the API tables (“Selected Values of Physical and Thermodynamic Properties of Hydrocarbons and Related Compounds,”’

American Petroleum Institute, Carnegie Press, 1953).

difference between butane and 1,3-butadiene (API tables) for the pentane-1,3-pentadiene pair.
¢ Calculated from 3-methylhexane (60.1) (API tables) — (2 X 4.3) for #-bonds and cor-

(API tables) correcting for two w-bonds (2 X 2.5).

b Calculated from additivity of group properties (see ref. 9, p. 667).

¢ Calculated from
4 Calculated from 3-methylhexane (39.9)

recting for the difference between the more reliable value from group properties at 300°K. and the corresponding API value. / 121.8 (for 3-

methyl-1,5-hexadiene as model compound) + 1.4 for electronic degeneracy — 2.3 for stiffening due to allylic resonance.
1,5-hexadiene as a model compound we get 36.8 — 2.0 (eight C-H bending modes) — 2.5 (radical, rotation).

ing modes) — 2.5 (radical, rotation).

is stereosensitive, we calculate from the measured pres-
sure change (~1.59 of (PD),) a maximum effect of
3597 on the value of k;. The dimerization reaction,
however, cannot be the only reason for the scatter in
the data of k;, as such an effect would show up as a
more systematic trend in the variation of k; Dif-
ferent sampling techniques for the quenching of the
reaction were used, taking great care not to condense
any hydrocarbon together with NO at any time. No
effect could be seen. There seems to be no possible
way of fractionating our sample before or while the
analysis is carried out.

This then leaves us with the conclusion, that all these
effects may contribute in part to the scatter of the data.
It is unlikely that some uncontrollable side reaction
with no net pressure change would have escaped our
analysis.

The form of the rate expression is satisfied with
consistent ks values at a given temperature despite up
to 12-fold variation in NO pressure and 3-fold variation
in pentadiene pressures. In addition, the results are
consistent, starting with either of the isomers. The
homogeneity of the reaction has been tested using a
packed vessel with an 18-fold greater surface-to-volume
ratio and by following the over-all pressure change.
If there is any surface activity in the system, the poly-
merization reaction would become measurably fast
(compare experimental part). The results are
shown in Table 1. Figure | shows an Arrhenius plot
of the rate constants (units of mm.~! min.~!) listed in
Table I and yields with standard errors

log ks (1./mole sec.) = (7.26 = 0.3) — (18.15 = 0.7)/8

where § = 2.303RT (in kcal./mole). Errors calculated
from the maximum deviations of limiting slopes are
twice as large.

A few kinetic experiments have been carried out with
iodine as a catalyst. As mentioned earlier, the re-
producibility of these experiments was rather poor, but,
despite this, it is obvious that the rates are several
hundred times faster than the ones measured with NO.

Discussion

The mechanism for any atom- or radical-catalyzed
cis—trans isomerization is shown in eq. 1 and has been

Egger, Benson | Kinetics of Isomerization of 1,3-Pentadiene

¢ Using 3-methyl-
k 53.5 — 6.4 (eight C-H bend-

discussed earlier.? The rate law for this consecutive-
step mechanism, involving formation and internal
rotation of an intermediate radical, has been deduced
using the steady-state approximation. As a conse-
quence of this reaction mechanism, either the addition

TEMPERATURE °K
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Figure 1. Arrhenius plot of the rate constant for the geometrical

isomerization of 1,3-pentadiene. The circles represent data ob-
tained with the cis isomer as starting material. Where rrans-1,3-
pentadiene was used, the results are given with X. (Numbers
indicate overlapping points.) Two runs were carried out using a
packed vessel (+).

of NO to the double bond (k,) or the internal rotation
about the C-C bond (k. in the intermediate adduct
radical is the rate-controlling step. 1t has been shown?
that the observed rate constant k; should equal k. K,
if rotation is the slow step in the system. If the rate is
addition controlled, then k; can be expected to be
within the limits: 0.75k, > k; > 0.25k,.

K. is estimated, using a value of 11.4 £+ 0.7 (stand-
ard error) kcal. for AH®, ;,(500°K.)? and other thermo-
dynamic data given in Table II, to be

(8) For details compare Appendix.
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Table IIL.

Comparison ot Predicted and Experimental Values of k; with NO as Catalyst

Log ks
Log 43, 1./mole sec. (500°K.)
Observed (7.3 £0.3) — (18.1 = 0.7)/8 —-0.6
Addition-controlled
rate
0.25 k. (8.7+0.5 — (14.9 = 1.2)/9 +2.2+1.0
Rotation-controlled
rate
koK (7.1 x£0.5 —(16.4x1.7)8 000x1.2

* 0.25k, represents the lowest possible limit.
make the difference even more pronounced.

K.p = 10—6.2 0.2 |Q—11.9 £07/6 gtm.~! = [Q—42 0.2 X
10-124 = 03/% (1 /mole)
(standard errors)

The rotational rate constant k. has been estimated
from transition-state theory® to be 10!1.310—35/¢
sec.”!. From this value of k. and the estimate of
K, we can thus predict (k;’) for the case of the ro-
tation-controlled rate

logks' = (113 = 0.5) — (3.5 = 1.5)/6 — (4.2 = 0.2) —
(12.9 = 0.7)/§ = (7.1 = 0.5) — (16.4 = 1.7)/6

This value compares to
log ks (obsd.) = (7.3 £ 0.3) — (18.1 = 0.7)/8

k, is calculated to be 10% 73 *0.5]0-14.9 = 12/6 yging the
estimated value for the equilibrium constant K,
and a value of 10135 £0.5]0-2 £ 1/6 gec~! for the back
reaction k,. A value of 1035 for the A factor of the
unimolecular bond breaking seems to be a reasonable
estimate. There are no directly comparable reliable
A factors known, but ~10!® appears to be a lower
limit for unimolecular bond breaking involving split-
ting of relatively small radicals off larger groups.®!°
Any increase in the value for the A4 factor makes the
difference between rotation- and addition-controlled
rates even more pronounced. A value of 10!* as an
upper limit for the A factor is chosen because a higher
value would indicate a rather loose complex.

In Table 111 we compare predicted and experimental
rates, and it is apparent that rotation about a single
bond is the rate-determining step in the NO-catalyzed
cis—trans isomerization of 1,3-pentadiene.

Using the observed value for k; and the reported
estimate for K, p, one can calculate the rotational rate
constant log k. to be (I1.5 = 0.3) — (5.3 = 1.0)/6,
which compares well (within the error limits) with the
values obtained from transition-state theory, from
measurements on cis—trans isomerization of 2-butene,
and other cis—trans isomerizations reported in an
earlier paper.?

The A tactor of 11.5 = 0.3 is slightly higher than the
expected value of 11.2 to 11.3. If we lower the A4
factor by 0.2 unit to 11.3, this would consequently
bring the activation energy for the rotational rate con-
stant from 5.3 kcal. down to 4.2 kcal. The lower value
of 4.2 keal., which corresponds to the barrier to internal
rotation, is in even better agreement with the values for

(9) S. W. Benson, “The Foundations of Chemical Kinetics,” Mc-
Graw-Hill Book Co., Inc., New York, N. Y., 1960, Table X1.5, p. 262.

(10) J. A. Kerr and A. F. Trotman-Dickenson, Progr. Reaclion Ki-
netics, 1, 119 (1961), Table 8.

0.5k, would be the expected value to be compared with the observed rate, which would

the barrier to rotation in similar molecules, reported
from far-infrared studies!!': CCL;CHO (3.0 kcal.),
CCI,CHCHa; (3.1), CH3CH; (3.0), CH3CH,CI (3.6), etc.
A corrected and more reasonable value for the rota-
tional rate constant (log k.°°") from this paper would
therefore be log £.°°" = 11.3 — 4.2/6, in excellent agree-
ment with the results from the 2-butene isomerization.

As shown in the Appendix, the estimate of K,
is arrived at using a value of 37 = 1 kcal. for the
C- - - -NO bond strength and 12.6 + 1 kcal. reported
earlier for the allylic resonance energy in the inter-
mediate radical.? Both these values are further sub-
stantiated by the results of this work.

Acknowledgment. We wish to thank David M.
Golden for all his stimulating discussions.

Appendix
Estimate of K, 5.

AH®, ,(500°K.) = AH®, ,(300°K.) + 0.2AC,°500/500

AH®, ,(300°K.)

D(r) (300°K.)[/ /' :I—

D(300°K) [C- -+ NO] — allyl resonance =

61 (£0.5) — 37(x1.0) — 12,6 (=1.0) =
11.4 = 1.5 keal.

where D is the dissociation energy, and errors are in
maximum deviation. The allyl resonance value was
obtained from earlier measurements, and the value for
D[C- - -NOJ is a tested, judicious guess.? The D
value for the secondary w-bond strength in 1,3-penta-
diene (neglecting allylic resonance) is obtained using
the heat of reactions y and z

/\/ +H, = /\/\ AH $,(300°) = —24keal. (y)

For pentadiene a value of 19.0 kcal. for AH;°(300°K.)
was used.”12—1¢

/\/\ = /\/\ + H: aHZ?(300°) =85 keal. (2)

(11) H. G. Silver and J. L. Wood, Trans. Faraday Soc., 59, 588
(1963).

(12) F. M. Fraser and E. J. Prosen, J. Res. Nall. Bur. Sid,, 54, 143
(1955).

(13) Assuming the same value as in propane; see ref. 2. ]

(14) *Selected Values of Physical and Thermodynamic Properties qf
Hydrocarbons and Related Compounds,” American Petroleum Insti-
tute, Carnegie Press, Pittsburgh, Pa., 1953.
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This value is derived using 94.5 kcal.!? for a secondary
C-H bond and 104.0 kcal.'* for H-H.

AC,° for the reaction is calculated using the data for
the specific heats listed in Table II. The heat capacity
for the NO adduct radical is estimated, using 3-meth-
yl-1,5-hexadiene as a model compound and correcting
for the loss of eight C-H bending modes (each con-
tributes 0.25 gibbs/mole at 300°K. and 0.8 gibbs/mole
at 500°K.) and a decrease in rotation (~2.5 gibbs/mole)
due to the generation of an allylic resonance in the rad-

ical. This leads to AC,%,, = 2.5 gibbs/mole and

AH®, ,(500°) = 11.4 4+ 0.5 = 11.9 = 0.7 kcal. (standard

error)

AS°, x(500°) = —282 = 1.0 gibbs/mole is cal-
culated using the entropy data given in Table II
3-Methyl-1,5-hexadiene is used as a model compound
for the radical, adding 1.4 gibbs/mole for the electronic
degeneracy in the radical and taking into account a
loss in entropy (2.3 gibbs/mole) owing to the stiffening
effect of the allylic resonance.
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Paramagnetic species are produced from reaction of nitric
oxide with ferrous iron in aqueous solutions containing
one or more of a wide variety of additional coordinating
species (e.g., hydroxyl, phosphate, arsenate, and molyb-
date ions, phenol, benzoic acid, B-mercaptoethanol,
cysteine). The paramagnetic species exhibit intense
e.s.r. spectra with g values in the range from 2.02 to 2.04.
The line widths of the resonances are sufficiently narrow
in most instances to permit resolution of hyperfine splitting
from a variety of magnetic nuclei in the complexes. For
example, analysis of the Fe¥, N4, N8 and P! hyperfine
splittings of the complex formed from reaction of Fe(Il),
NO, and phosphate indicates that the complex consists
of one iron atom, two NO groups, and two phosphate ions.
A structure is proposed that involves a tetrahedral dis-
tribution of the four coordinating groups about iron.
Similar structures are indicated from the e.s.r. spectra for
the complexes formed with the other coordinating species
mentioned above. Pyrophosphate and adenosine di-
phosphate appear to act as bidentate ligands in complexes
involving iron and NO, while adenosine monophosphate
behaves in the same fashion as phosphate ion. De-
pendences of e.s.r. intensities on complexing ligand con-
centrations suggest that many of the paramagnetic com-
plexes exist in equilibrium with a diamagnetic complex
involving two iron atoms which are antiferromagnetically
coupled. Paramagnetic species formed in neutral aque-
ous solutions from Fe(Il) (or Fe(IIl)), NO, and dithiols
also exhibit strong e.s.r. spectra with g values from 2.02
to 2.04. The hyperfine structures of these spectra indicate
coordination of one NO molecule and four sulfur atoms
about one iron atom. The Fe¥ and N'* splittings depend
on the number of atoms in the chelate ring formed by the
dithiol. The formal valence state of iron in all of the
paramagnetic species reported here appears to be Fe(I).
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Introduction

Complexes between iron and nitric oxide occupy a
particularly honorable and ancient niche in the history
and development of chemistry. Studies of such com-
plexes extend back to Priestley,! and the complexes
continue to furnish examples of new structures and
modes of binding even to this date.?

Recently, complexes of iron and nitric oxide bave also
assumed some biological significance. Dobry-Duclaux
has shown®* that black Roussin’s salt {[Fe.Si(NO);]K}
effectively inhibits the enzyme alcohol dehydrogenase
at very low concentrations (~1 X 1077 M). Gordy
and Rexroad’ demonstrated that complexes of nitric
oxide with hemoglobin and cytochrome-c exhibited
electron spin resonance (e.s.r.) spectra that could be
employed to elucidate the electronic structures of the
iron atoms in these biologically important molecules.

Here, we present the results of an investigation by
e.s.r. spectroscopy of complexes formed in aqueous
solutions from Fe(Il), NO, and a variety of inorganic
and organic ligands. In most instances, these para-
magnetic complexes exhibit e.s.r. spectra with well-re-
solved nucleus-electron isotropic hyperfine structure.
Analyses of these spectra have provided considerable
new information regarding the nature of iron-nitric
oxide complexes.
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