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67. Comments on Empirical Correlations between Reduction Potential
of Carbon-Halogen Bonds and NQR. Frequencies of Halogen Atoms
in Organic Molecules

by Raymond Gerdil
Département de Chimie Organique, Université de Genéve,
30, quai Ernest Ansermet, 1211--Genéve 4

{12. XI. 75)

Swmmmary. An cmpirical linear correlation exists between nuclear quadrupole resonance
frequencies of halogen nuclei (35C1, 713, 1271) and the polarographic reduction potentials in series
of organic halides. 1n terms of clectronic structure this s interpreted as a significant relationship
between the average p-electron population at halogen atoms and the first vacant molecular
orbital of halogenated molecules. On the basis of the present correlations conclusions are drawn
about some controversial mechanistic aspects of the clectroreduction of the carbon-halogen bond.

A linear relationship fxgr ~ Eij2 exists between nuclear quadrupole resonance
frequencies (fxqr) of halogen nuclei and irreversible half-wave potentials (Ejz) of
organic halides. Correlations are observed for chloro-, bromo- and iodo-derivatives
{Fig.1, 2 and 3, resp.); the regression coefficients are reported in the Table. 1n cases
where line-splitting occurs in the NQR. spectrum an unweighted averaged value was
taken over the observed frequencies with no consideration of either crystal field
effects or non-equivalent molecular sites. When available, low temperature data
were usedl). The Ejpe-values originate in various sources {2] and have sometimes
been obtained in different supporting electrolytes: this resultz in an unavoidable
increase of the data dispersion. In multi-waves polarograms only the first wave was
taken into consideration; all the Ey are referred to the saturated calomel electrode.

The present correlations show that there exists a highiy significant relationship
between the average valence p-electron distribution at halogen atoms and the [irst re-
duction potential of the molecules to which they are bonded. 1or o nurleus of spin
3/2 the resonance frequency of a crystalline sample is given by

e2 212
Ixgr = ZQ (uz [1 -+ 1; ]

where qzz is the principal component of the field-gradient tensor, and %, ithe asym-
metry parameter, gives a measure of the asymmetry of the p-electron distribution at
the halogen nucleus; other factors are constants. The axis ol the p,-utomic orbital of
the halogen is conveniently chosen to lie along the direction ol the bond to carbon.
Furthermore, it can be shown that the field-gradients are related to the electronic
structure by the simple expression [3]

Nx '*‘ ny

Qzz = (nz“‘ T, ) 9o »

&

1) All the NQR. frequencies were taken from [1].
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Fig. 1. Correlations between the NQR. fre-
quencies (Mcfs) of 35Cl and the polarographic
reduction potentials E1fs (Volt) of C—Cl bonds.
Compounds listed in the order of increasing
absolute Ejjs-values: @ {alkyl chlorides}:
Czcls, CC14, CHCI3, CHzCIz, (D CH3C1 deviates) N
0 {chlorobenzenes}: hexa-, penta-, (1,2,4, 5)-,
1,2,3)-, (1,2,4)-, (1,3,5)-, (L2}, (L4-,
(1,3)-, mono-; + {chloroolefines}: CyCly,
CoHCla and CyHyCly; A m-, $-, o-nitrochloro-
benzene, p-chlorobenzaldehyde.

"
f?‘!
NQR [

300 | 4
200 | {
.\Oi

o)
280 | °
\08 ° {
\80
270 )
® 0
260 L J
250 } i
-y P 4 i
0.5 1.0 15 20 -E,

651

Hion f
310
300
290
280
270
260

250

L A A I\ i

0.5 1.0 1.5 2.0 -E1/2

Fig. 2. Corvelations between the NQR. fre-
quencies (Mc/s) of "By and the polavogrvaphic
veduction potentials Eyp (Volt) of C-Br bonds.
Compounds listed in the order of increasing
absolutc Ejp-values: @ {alkyl bromides}:
CBryg, CHBry, CHgBrs, CH3Br, Br(CHs)s5Br,
CaH;Br, cyclopentyl-Br, #-CsHzBr, n-C4HgBr;
o {bromobenzenes}: hexa-, (1,2,4,5)-, (1,2)-,
(1,3)-, (1,4)-, mono-; A: m-, p-, o-nitro-
bromobenzene.

Fig. 3. Correlation betweenthe NQR. frequencies
(312> 7/2) Mc[s) of 1271 and the polarographic
veduction potential Eyp (Volt) of C—1 bonds.
Compounds listed in the order of increasing
absolute Ejje-values: @ {alkyl iodides}:

T cals, CHaTe, CHyl, #-CiHol; @ {iodoben-

zenes}: (1,2)-, (1,3)-, (1,4)-, mono-; O {other
aromatic iodo-compounds}: p-IC¢H4NH3z™*,
p-1C¢H4COOH, m-ICsH4COOH, 0-1CeHOH,
0-ICgH4NH,, m-ICgH,OH, 4-iododiphenyl,
m—ICﬁH4NH2, jb-IC(;H4OH, jb—IC(',Hq,NHg.
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where qo is the field-gradient produced by one electron in a valence p-orbital, and
the n’s are the electron populations in the respective p-orbitals. If the asymmetry
parameters are small and the sum (nx + ny) is nearly constant within a group of
related molecules, then the shifts in the frequencies fygr will be proportional to the
changes in the pz-electron population. These conditions are expected to be met in
pure single bonds for most alkyl halides. In addition, MINDO-3 calculations {4a]
show that these requirements also closely hold throughout the chlorobenzenes series
[4b]; an experimental confirmation is to be found in the small values of the few
measured asymmetry parameters. From the simplifying view-point just outlined,
and considering that the core electrons density at the halogen is not likely to vary
greatly, the variations in the total electron density at the halogen atom will be mainly
due to changes in the valence pz-electron population, for which fxgr is a measure.
This affords a useful way of looking at the empirical correlations: the greater the
average electron density at the halogen atoms, the more difficult the reduction. This
qualitative approach has a definite bearing on a controversial mechanistic point of
the electrode process?). Some authors have suggested a transition state geometry
with the halogen end of the C-X dipole oriented away from the electrode, and a
backside electron transfer as in a Sy2 displacement. Other investigators support
instead the view that the C—X bond is oriented with the halogen atom nearest to the
electrode surface. Our empirical relationships agree better with the latter view, where
the penetration of the depolarisator into the double layer (penetration of which the
transfer coefficient « is a measure) is expected to give rise to a repulsion energy which
will increase (decrease of a) with the net electron density at the halogen atom3).

In order that the electrode reaction occurs the potential must act across several
energy barriers of which the greater will be rate determining [7]. The process of
orientation of the electroactive species at the electrode surface is associated with a
potential barrier which might become predominant when the C-halogen dipole is
oriented opposite to the electric field, in which case the fraction « E of the potential
favoring the electroreduction would be expected to vary in inverse order to the
magnitude of the dipole. If one assumes that the electron transfer process requires
the overlap of one metallic orbital with an antibonding molecular orbital {8] one can
admit that the orbital interaction will increase with the electronegativity of the
reaction centre (in the postulated model: the halogen atom) 7.¢. the contribution of
the antibonding MO. will be larger in the transition state when the net charge on the
halogen atom decreases. This approach also has a definite bearing on the expected
magnitude of « [8].

It is not meant here that the few points just discussed definitely preclude the choice
of another model for the electrode process. Inasmuch as quantum mechanical calcula~
tions [4b] show that a steady increase of the net average charge on chlorine atom(s)

%) A detailed account of various mechanistic aspects of the electrode process is given in [5].

3} A few additional remarks will serve to illustrate some aspects of the kinetic approach to the
problem. Forirreversible systems Ej,2 has been shown [6] to be proportional to In (k?,h + K)joeen
where k}{ n is the specific rate constant of the heterogenerous electrode process, « is the transfer
coefficient, n is the number of electrons involved in the activation step, and K encompasses
parameters irrelevant to the present discussion. Furthermore, from the theory of absolute
reaction ratc the activation energy is proportional to In &g, n.
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is associated with a monotonous destabilization of the lowest vacant MO., and this
fact might overrun the environmental energy increments of the chosen model.

Polychloroethylenes data are distributed along a line b which runs closely parallel
to the main regression line a (Fig.1). The following approximate reduction potentials
(in Volt) are predicted for the experimentally non-reducible vinyl chloride: — 3.3,
and 1,2-dichloroethylenes: — 2.9 (cis); — 2.8 (frans). The sometimes formulated state-
ment that vinyl chlorides are more difficult to reduce than the corresponding saturated
molecules is illustrated by the shift of the regression line towards negative potentials.
It is noteworthy that the higher activation energy in the electron transfer process is
not related to an increase of the electron density at the halogen atom since the asym-
metry parameters of vinyl chloride and polychloroethylenes are substantially different
from zero and m-bonding tends to place a positive charge on the halogen atom.

Ethyl chloride is not normally reducible within the available potential range;
this is confirmed by a predicted Eys0 of — 3,3 Volt.

Allyl and benzyl chlorides, as well as benzylic geminal polyhalides, (not shown on
Fig.1), are more easily reduced than might be inferred from their observed NOR.
frequencies. This undoubtedly confirms the occurrence of an electrode mechanism
different from the one associated with chlorobenzenes and alkyichlorides. The facile
reduction of these so-called ‘activated systems’ is generally viewed as proceeding
vig a low energy transition state close to the resonance stabilized hydrocarbon radical
as intermediate.

NOR. measurements are less extensive for iodo-compounds than for the chloro-
and bromo-derivatives; consequently we had to consider a more heterogeneous bulk
of data. For instance, several iodobenzene derivatives are substituted by a group
(e.g. OH or COOH) which brings about pH-dependence of the half-wave potential:
it ensues an additional bias in some of the reported E,/z-values. Plots were made for
the two transitions f(3/2 — 1/2) and f(5/2 — 3/2) of the iodine atom (I = 5/2); only
the former correlation is rveported in Fig.3 since the information contained in the
other one (see Table) is practically equivalent.

In terms of the electronic structure of the substrate, half-wave potentials can be
related to the energy of the lowest unoccupied molecular orbital. Several other struc-
tural factors (e.g. steric interactions in the transition state), as well as experimental
factors, may affect the observed half-wave potentials {9]. It is required that these
factors do not vary substantially (or vary linearly with Ei/s) when changes in the
electronic structure are correlated with half-wave potentials. Fortunately, experi-
mental results show that these requirements are often fulfilled in series of related
substances.

The primary rate-determining step of the overall two-electrons reduction of alkyl
halides can be regarded as the irreversible formation of a metastable radical anion [7]:

RX + e~ = (RX)™

Whether (RX)~ is a true intermediate or merely a transition state complex is irrelevant
to the present discussion since we assume that for related compounds the activation
energy of the carbon-halogen bond breakage runs parallel to the energy of the lowest
vacant orbital. Tt is seen in Fig.1 that the aromatic compounds fit the same regres-
sion line as the saturated ones. This might be put forward as experimental evidence
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of the imitial addition of ome electron fo a sigma-type MO of the chlovinated aromatic
molecules. This possibility had been formerly suggested by Fukui [11] on the basis
of HMO-type calculations on saturated systems. At a higher level of sophistication,
MINDO-3 calculations performed on chlorobenzenes fully confirm this view [4b]:
ring substitution by one chlorine atom already lowers enough the energy of the first
unfilled ¢ orbital to allow inversion with the lowest vacant x level. It is iluminating
to see that the three chloro-nitro-benzenes (as well as the bromo-isologues) and #-
chloro-benzaldehyde do not fit the main regression line. In these compounds conjuga-
tion with an adjacent unsaturated group stabilizes substantially the lowest vacant =
level and no levels inversion occurs on ring substitution by one halogen atom:
therefore the first electron is transferred into a zz molecular orbital and the correlation
breaks off.

According to Townes & Dailey's approximation [3] the ratio fyggr(molecular)/
fxqr{atomic)4) is a fair estimate of the p-electron deficiency p at a nucleus forming a
pure single bond. By inserting this relationship in the empirical expression Eqjp =
B’ - fxgr + A’ the product B’ - fwqr (atomic) ~ A E;,s/4p affords a measure of the
‘susceptibility” of the reduction potential to a change in the average valence p-elec-
tron population at the halogen atom(s). The following values (Volt - electron—1) are
obtained: 17.2 (chloro-compounds, average); 16.3 (chloro-benzenes); 15.9 (bromo-
benzenes); 10.4 (alkyl bromides); 9.32 (iodo-compounds, average); 12.2 (iodo-
benzenes). It is seen that these values parallel the electro-negativities of the halogen
atoms.

Table. Regression coefficienis of the linear corvelations fxgqr[Mcfs] = B - Eqja[Volt] + A

Class of compounds -B A s.d. about
regression

Alkyl chlorides and chlorobenzenes 3.096 42,93 0.33

(a, Fig. 1)

Chloroolefines (b, Fig. 1) 3.942 46.04 0.31

Alkyl bromides (a, Fig. 2) 36.08 328.0 4.48

Bromobenzenes (b, Fig. 2) 23.63 323.6 2,27

Todo-compounds f(3/2—~ 1/2); (Fig. 3) 33.11 326.2 4.02

Todo-compounds f(5/2 — 3/2) 64.48 646.9 7.37

Todobenzenes (@ in Fig. 3) 27.82 320.0 0.55
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68. Iron Carbonyls in Organic Synthesis, 1. Iron Pentacarbonyl
Induced Decomposition and Transfer Hydrogenation of Aryl
Azides to Substituted Ureas?)

by Abul F. M. Igbal?)
Monsanto Rescarch S.A., Eggbiihlstrasse 36, 8050 Ziirich, Switzerland

(23. XI1.75)

Summary. Iron pentacarbonyl catalyzes smooth decomposition of aryl azides in the presence
of acetic acid to afford good (70-90%,) yields of the corresponding disubstituted ureas. Possible
and alternative reaction mechanism pathways are discussed.

Introduction. — The homogeneous transition metal catalyzed deoxygenation of
aromatic nitro compounds by carbon monoxide and hydrogen, under controlled
conditions, affords high yields of 1,3-diarylureas [1] [2] (compare also {3]), according
to equation 1 below. Such reductive carbonylation of nitrobenzenes to diphenylureas

Rh_{cO)
+ ‘ - =
ZRQNOZ scomz-SoJlbe—n-tﬁ. RQNH o NHQR +4c0, )

is regarded [1] [2] [4] as occurring through the agency of nitrenoid complexes of
transition metals [5-7], the phenyl-nitrene moiety most likely being generated at the
coordination sphere of the metal by two subsequent reductions by carbon monoxide
groups and there remaining as stabilized ligand.

In quest of more compelling evidence for the foregoing hypothesis, we sub-
sequently looked into a few analogous reactions of aryl nitrenes, independently
generated by transition metal induced decomposition of the corresponding azides.

1) Presented in part at the Hauptversammlung der Gesellschaft Deutscher Chemiker, Cologne,
8-12 September, 1975.

2)  Present address: Ciba-Geigy AG, Plastics and Additives Division, CH-4002 Basel, Switzer-
land.



