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Summary

The He(I) photoelectron spectra of 30 organomercury compounds of different
_structural types and of some model organic compounds were investigated. Also the
values of vertical ionization potentials (IP) of highest occupied molecular orbitals
(HOMO) were determined. Several relationships were studied in /P in this series of
compounds. A method was developed to separate the contributions of electron
effects to changes in the P of HOMO. The induction effects of HgCl and CH, HgCl
groups as well as the effect of o(C-Hg), #-conjugation in the alkene and benzyl
derivatives of mercury were estimated. The influence of structural and other factors
on the magnitude of this effect was studied.

Introduction

Organomercury compounds are one of the main subjects of research in the
Russian organometallic school [1-4]. Characteristic chemical behaviour was dis-
covered for organomercury compounds, which has enabled us to formulate the ideas
concerning enhancement of electronic effects connected with substitution of metal
for hydrogen, dual reactivity and transfer of the reaction center due to conjugation,
and on comparing this phenomenon with that of tautomerism [5,6], also the
substitution mechanisms of sp? and sp* carbons could be clarified [2].

* Dedicated to Professor Oleg Reutov on the occasion of his 65th birthday on September Sth, 1985.
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The present research focusses on identification of the o(C-Hg), w-conjugation
from the sum of electron effects occurring in organomercury molecules of different
structures,

It is well-known that the o,7-conjugation problem has a complicated history with
alternating periods of recognition, critical analysis [7] and renewal of interest [8].
This may be due to the fact that the experimental evidence which served as a basis
for the idea of this hypothesis {9,10] and numerous data employed at later stages
were developed using methods that were not quite adequate to attack the problem.

Application of photoelectron spectroscopy makes it possible to obtain informa-
tion on the energies of HOMO and gain new insights into the nature of electron
effects. Changes in the MO levels are caused by the sum of electron factors of which
inductive interactions, conjugation and hyperconjugation effects appear to be the
most important. To estimate each of them, it is necessary to develop a correct
procedure to evaluate the contributions of each. To solve this problem for a series of
organomercury compounds, we have compared data for a wide series of compounds
and their corresponding organic analogs as well as concepts of simple MO perturba-
tion theory whose useful application to /P interpretation is generally recognized.

Results and discussion
Tables 1 and 4 list the organomercury compounds we have studied. Synthesis was

done according to described or specially developed techniques {1,11]. For spectral

TABLE 1
VERTICAL IP (eV) “ OF ALKYLMERCURIC HALIDES

No. Compound IP(o(C-Hg)) IP(n(Cl)) IP(o’(C-Hg)) IP(o(C-C), a(C-H))
+0.05 +0.02 +0.05 +0.1
(ionization
threshold)
1 CH,HgCl 10.84 10.84 12.67 12.26
10.88 * 10.88 # 12.70 *
2 C,HHgCl 10.22 10.70 12.55 11.85
3 n-CyH,HgCl 10.15 10.65 11.40
4  i-C,H,HgCl 9.80 10.58 11.58
5  n-C,HyHgCl 10.08 10.62 11.10
6  i-C,H,HgCl 10.04 10.61 11.22
7  s-C,H,HgCl 9.74 10.54 11.17
8 1-C,H,HgCl 9.52 10.49 11.22
9  n-C,H, HgCl 9.99 10.58 10.90
10 i-C,H,,HgCl 9.95 10.59
11 0-C,H,,HgCl 9.96 10.58
12 cyclo-C4H, HgCl 9.57 10.50
13 ¢yclo-CoH,,CH,HgCl 9.82 10.53
14  CH,HgBr® 10.66 1‘8:}12} 12.52
15  cyclo-C,H,,HgBr 9.40 13:3‘;}

¢ The IP(¢’(C-Hg)) for compounds 3-13 and 15 cannot be determined from their spectra due to
overlapping by the bands of the ¢(C-C), a(C—H) orbitals. * From Eland [16].



57

TABLE 2

VERTICAL IP (n(N)) FOR ALKYLAMINES, IP’s (7) FOR ALKENES, AND IP (o(C-Hg)) FOR
SOME ALKYLMERCURY COMPOUNDS (eV)

Alkylamines [20] Alkenes [22] RHgCH, [19]
Compound IP(n(N)) Compound IP(w) Compound IP(o(C-Hpg))
NH, 10.92 CH,=CH, 1051 CH,HgCH, 9.33
CH,;NH, 9.66 CH,CH=CH, 9.74 CH,CH,HgCH, 8.84
C,H;NH, 9.50 C,H;CH=CH, 9.63
n-C,H,NH, 9.44 n-C,H,CH=CH, 9.52
n-C;HyNH, 940 n-C4,Hy,CH=CH, 9.48
n-CsH,;CH=CH, 9.44
(CH,),NH 8.94 CH,(CH,)CH=CH, 924 CH4(CH,;)CHHgCH, 848
i-C4H,CH=CH, 953 i-C4,H,CH,HgCH, 8.75
i-CsH,;CH=CH, 9.45
C,H4(CH;)CH=CH, 9.15
(CH;);N 8.50 (CH,);CHgCH, 8.31

analysis, analytically pure samples were used. Additionally a study was carried out
of the photoelectron spectra (PES) of some related organic compounds listed in
Table 5.

The photoelectron spectra were obtained using a spectrometer described in ref.
15. Resolution estimated by the band width of reference gases (Ar, Xe, CH;I) and
was 0.02-0.05 eV at half-height.

All the organomercury compounds studied are solids having low vapor pressure
at room temperature. To ensure that the vapor pressure in the ionization region is
adequate for reliably record the spectrum, the instrument used and the ampoule
containing the sample were heated to 320-420 K. A helium discharge lamp with a
quanta-emitting energy of 21.2 eV (He(I)) was used as ionization radiation source.

The photoelectron spectra of compounds having saturated and unsaturated
radicals are shown in Fig. 1 and 9, respectively. The numbering of the spectra
corresponds to that in Tables 1, 3, 4.

In the discussion of the photoelectron spectra, opposite-sign vertical IP were
assumed to be equal to energies of corresponding MO (Koopmans® approximation).
Previously we published parts of our results [12-15].

Alkylmercuric halides

The spectra of some of the most simple representatives of this class of compounds
are described in the literature [16-19). We have studied a series of alkylmercuric
halides to clarify the nature and magnitude of the effects depending on the structure
of an alkyl radical on the HOMO energies (o(C-Hg), ¢’(C-Hg), n(Cl), o(C-H),
6(C-C), Fig. 2). It was also necessary to facilitate the interpretation of spectra of
more complicated compounds. The /P data of compounds of this type are sum-
marized in Table 1. As is seen from Fig. 1 and Table 1, the changes in length and
structure of the alkyl radical noticeably affect the energy of the orbital o(C-Hg).
Corresponding bands are normally located in the region of the lower IP values, as
compared to n(Cl) orbital bands. For example, in the spectra of t-C,HyHgCl and
cyclo-C¢H,;HgCl, the splitting between these bands is ~ 1 eV. Relatively narrow
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TABLE 3

VERTICAL IP OF ORGANOMERCURY COMPOUNDS WITH UNSATURATED RADICALS (eV)
(measurement error + 0.05)

No. Compound IP (7) IP(o(C-Hg)) IP(n(Cl,Br,0))
16 CH,=CHCH,HgCl 11.61 9.44 10.75
9.35¢ 11.55 ¢ 10.78 ¢
17 CH,=CHCH,HgBr 11.46 9.33 10.04: 10.36
18 Q—CHZHQO 8.62 10.50 10.61
19 ©<H 8.65(m,) 9.75 10.77
Hg<Cl 11.80(m,)
20 @mzchn 8.71(b;) 10.75 10.64
9.42(a,)
8.65(b;) © 10.73 % 10.73 %
9.33(a,)
21 CHao@—CHZng 8.37(b,) 10.71 10.71( n(Cl))
9.31(a,) 11.11(n(0))
22 @ 8.57(m,) 10.60 10.60
CH- CH,HgC! 9.06(r,)
23 Q 8.63(m) 10.63 10.63
CH4 CHyHgClI 9.13(m,)
24 F@CHZHQCI 8.74(b,) 10.68 10.68
9.68(a,)
25 CH,=CHHgBr 10.85 10.50 10.05; 10.25
26 Q—HQCI 9.19 9.87 10.68
HgCl 9.40(b, + a,) 10.45 10.84
27 @ 9.46 © 10.36 ¢ 10.82°
HgBr 9.33(b, + a,) 10.15 10.15; 10.47
28 @ 8.77(b,) 10.40 10.81
CH=CHHQgCI 9.44(a,)
29 @ 10.6(m(C=C))
30 9.10 9.72 10.58

3
[fa}
Ogi
-0
I
1Y)

4 From ref. 37. ® From ref. 38. ¢ From ref. 44.

intensive bands whose position varies from 10.4 to 10.9 eV correspond to n(Cl)
orbitals of all compounds investigated. Ionization of the n(Br) orbitals in corre-
sponding compounds gives rise to two bands due to marked spin-orbital interac-

(Continued on p. 61)
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VERTICAL /P OF SOME ORGANIC COMPOUNDS (eV)
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No. Compound IP Referen-
ces

31 CH,=CH, 10.51 (m) 22
32 CH,=CHCH, 9.88 (7) 46
33 Q 9.12 (7) 47
34 Q—cm 8.69 () a
35 @ 8.56 (m,); 10.72 (m,) 48
36 @ 9.24(1,);11.49( e, );12.30(a,, ) 49
37 @CHg 8.80(b,);9.15(a;) b
a8 CHS@CHB 8.37(b,);9.05(a,) 50

CHa 8.50(a,);9.00(b,) 50
39 (: :%

CH3

cHa 8.45(b,);9.00(a,) 50
40

QL.
a1 @ocm 8.39(b,);9.22(a,);11.06(n(0)) 51
42 cH,@oCH, 8.18(5,);9.11(a,);10.75(n (O)) 52
43 @—CH:CHZ 8.50(b,);9.30(a, );10.55(7(C=C)) 50
s (O 9.11(b,);9.82(a,) 53
a8 @_a 9.06(5,);9.6%a,) 54
46 <(:)}NH2 8.07(b,),9.17(a;) ¢
47 @-NOz 9.93(a,);10.32(b,) 31
48 @-COOH 9.50(b, + a,);10.52(n(0)) @
X

49 X = H 8.86(7) a
50 X =Cl 9.11(#);10.23(n(C1));10.38(n(Cly)
51 X = NH; 8.67(m-n(N));9.05( + n(N)) a
52 = COOH 9.05 (m) a
53 X = NO, a

9.44 (7)

¢ This work. ® Average IP values cited in ref. 41,51-53. ¢ Average IP values cited in ref. 51-53.
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IABLE 5

CONTRIBUTIONS OF THE INDUCTION EFFECT AND CONJUGATION TO /P (7) (eV) OF
COMPOUNDS

X
@X ; CH,
x
AIP; 4(by,a,) ATP, (b)) AIPy () AP () AIP ()
Cl —0.45 +0.63 ~0.25 —0.40 +0.15
NH, +0.07 +1.10 +0.19 0.00 +0.19
COOH —-0.26 0.00 —-0.19 -0.19 0.00
NO, —0.69 -0.39 —0.58 -0.48 —0.10
HgCl - - —0.24 -0.24 0.00
an
d n(Ct)
n(Cl) + g(C~Hg)
n(Br)
r g(C~Hg)
1 8 f_ 14
a{ic—Hg)
o(C—Hg)
n(Br)
n{cl) n(cCl) M
2 12 0(C—Hg) 15
’ a(C-Hg)
o(C-Hg)
IPEeV)

Fig. 1. PES of some alkylmercuric halides. Here and throughout the paper, the numbering of spectra
corresponds to that of tabulated compounds.

ce -~
Hg6p —— \\
NN
X, N\ O @O a,(CH,) — 3p(Cl)

! )\‘-)000 ,(CH3) + 3p(C)
/ 9(C-Hg)
Hg6s — /
\\U'(C-Hg)/
\\%/
CHayHgcl

Fig. 2. Formation of the CH;HgCl molecular orbitals (schematic).
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Fig. 3. IP correlation in a series of alkylmercuric chlorides, RHgCl: 1, 2,3, 4,5, 8,9 and 11.

tions in the ions. The energy difference between them is 0.3 eV for all bromides
investigated.

Increasing the length of the alkyl radical results in shifts of bands, associated with
6(C-C) and o(C-H) orbital ionizations towards lower 7P values, which, in the
majority of cases, makes it difficult to determine the position of the o’(C-Hg)
orbital band. The IP threshold values of 6(C-C), 6(C-H) (Table 1) slightly differ
from those of corresponding alkanes [20]. Figure 3 shows IP as a function of chain
length and branching of the alkyl radical. Starting from C,Hs, increase in chain
length affects poorly the IP of ¢(C-Hg) and n(Cl), while introduction of a methyl
group at the a-position of the alkyl radical leads to considerable decrease of the IP,
especially the /P of o(C-Hg).

It is reasonable to assume that n(Cl) orbitals are predominantly subject to the
induction effect of alkyl groups, since they are not directly bonded to these groups,
and their interaction with o(C-C) and o(C-H) via the 6p and 54 orbitals of
mercury is insignificant due to high difference in their energies.

The energy of the ¢(C-Hg) MO also is supposed to be affected by mixing with
the 6(C-C) MO and o(C-H) MO of neighbouring alkyl groups. Nevertheless, there
is good linear correlation between the n(Cl) IP and ¢(C-Hg) IP (Fig. 4). Addition-
ally, it is noteworthy that satisfactory linear correlation of n(Cl) IP and o(C-Hg) IP
with Taft’s constants exist (Fig. 5).

Excellent correlations have been observed between o(C-Hg) IP in RHgCl and
the IP of the same orbital in R,Hg as well as between IP() in alkenes and IP of
n(N) in alkylamines (Fig. 6). For the values of corresponding IP, required for the
above correlations, see Table 2. It can be seen that the correlations mentioned above
permit evaluation with good accuracy, the compounds 7P for a given series on the
basis of experimental evidence for other series. The changes in alkyl environments
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IP(n(Cl1)) (eV)
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Fig. 4. Correlation between the first and second IP in a series of alkylmercuric chlorides.

IP (eV)
n{(Cl)
105
10.0|-
g(C~Hg)
95 (]
1 1 1
0.0 ~0.1 -0.2 -03 o*

Fig. 5. Correlation between IP (n(Cl)), IP (o(C~Hg)) and o* Taft’s constants [21] in a series of
alkylmercuric chlorides.

IP(IT,n(N),g(C-Hg)) (eV)
11.0|— o,
2
/
- ¥
10.0—
/ ]
+'+/
9.0—/.

a IP(0(C~Hg)) (eV)
1
9.5 10.0 10.5

Fig. 6. Correlation between JP (a(C-Hg)) in RHgCl and 7P (n(N)) in alkylamines (1), JP () in alkenes
(2), IP (o(C-Hp)) in RHgCH, (3); ry = 0.995; r, = 0.998; ry=0.997.
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differently affect the orbital energies of different types, which is reflected in the
corresponding straight line slopes (Fig. 6) and is associated with the spatial orienta-
tion of the orbital, its energy, and the extent to which it has been localized on the
atom involved. As can be seen from Fig. 6, the IP o(C-Hg) in the RHgCl series vary
somewhat more markedly with the radical than the 7P of the same orbitals in the
R, Hg series. This can be partially or completely attributed to differences in energies
of this orbital in the two types of compounds: IP o(C-Hg)CH,HgCl 10.84 eV,
(CH,),Hg 9.33 eV. Thus, the delocalization extent of these MO in CH,;HgCl and
(CH,),Hg is approximately the same, for in the first compound the MO o(C-Hg)
contains almost equal contributions from the a,(CH,) and 3p(Cl) orbitals.

It is noteworthy that the energy of the MO ¢(C-Hg) in alkylmercuric chlorides
and that of the #-MO in alkenes are closely related. When changes occur in the alkyl
environments, these orbitals also behave similarly.

Mercury compounds with unsaturated radicals

The mercury and other metal derivatives, containing the R M-C-C (X) moiety,
have various specific features in their chemical and spectral behavior. For instance,
extreme kinetic lability of the carbon-to-metal bond [23]; ability for rapid intramo-
lecular rearrangement [24]; ability to react with transfer of the reaction center to the
unsaturated system [3,25,26]; significant decrease in frequencies of electron transi-
tions in the charge-transfer complexes [27]; pronounced long-wave shift of the
transfer band maximum in the electron absorption spectra [28]; considerable in-
crease in the intensity of multiple-bond lines in the Raman spectra [29]; changes in
the NMR parameters [29-31] and the mass spectra of negative ions, and polarogra-
phy [29].

All the described anomalies are characterized by their pronounced dependence on
mutual spatial orientations of the metal-to-carbon bonds and the #-electron systems
[27,29]. Therefore, to explain the properties inherent to the behavior of such
compounds, chemists have, for some time, been using the concept of o,7-conjuga-
tion [5,8,26].

The behavioral features reflect the properties of the electronic structures of these
molecules [23,32—-34], which in turn, are related to the prevailing conformations (Fig.
7 and 8), facilitating the interaction of 6(C-M) and = orbitals, and to close energy
values of the original orbitals, o(C-M) and 7.

In accordance with the MO perturbation theory [35], 0 and 7 molecular orbitals,
interact to form two novel orbitals, ¥/, and ¢/, which can be presented as a linear
combination of the original molecular orbitals and whose energy differs from that of

C!\ H\ H Cl
c'=c? Hg
Hg /
A,
/ “H
H H
H

Fig. 7. Conformation of a molecule of allylmercuric chloride.
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Hg

Cl

Fig. 8. Conformation of a molecule of benzylmercuric chloride.

the original orbitals. Changes in the energy of the original orbitals in CNDO
approximation are as shown in eq. 1:
8E(a)= —8E(7m)=+

{{4P*(7.0) +AE*(m.0)]'” — AE(7.0)} /2 (1)

where AE(7w,0)= E(w)— E(0) is the difference in energies of the unperturbed
orbitals, which can be estimated from the IP of appropriate model compounds on
the basis of Koopmans® theorem, whereas a matrix element, P(7,0) =
¥ (m)Py(o)dr, characterizing perturbation, can be expressed in terms of the
coefficients of atomic orbitals (AO). If AE is large compared to P, then

8E = +a*(m)a*(o)P*/AE(7,0) (2)

The value a? corresponds to the electron density on the interacting atomic orbitals
of neighboring atoms of the # and o systems. Since the value of perturbation is
inversely proportional to A E(#,0), only interaction between HOMO and LUMO is
usually taken into account.

Photoelectron evidence currently available corroborates the essential contribution
of the 6(C-M), m-conjugation to variations in the energies of HOMO in the series of
the allyl, benzyl and other derivatives of the Group 1VA elements [36-42].

In addition, the induction effect, the interaction between the #-system and the
o(C-H) orbitals of the methylene group, and, in the case of mercury compounds,
involvement in the binding of 6p and 5d orbitals should be taken into account.

In the course of our research several works concerning the study of mercury
derivatives with unsaturated radicals appeared, involving allylmercuric chloride [37]
and benzylmercuric chloride [38] by means of PES [37,3843,44]. A significant
interaction of the occupied 7 and o(C-Hg) levels in the molecules of these
compounds was found. Furlani et al. [44] also demonstrated that the 5d orbitals of
mercury markedly interact with the adjacent =-system of an acetylene radical, while
in the case of phenyl derivatives, this effect is insignificant.

Previously we discussed the PES of some allyl-type mercury compounds [12,45].
In this article, we make an attempt, using previous and newly obtained data and the
concepts and conclusions of the MO perturbation theory, to define quantitatively
the comparative role of various effects caused by the proximity of the HgCl group
and the #-system, viz. the 6(C-Hg), #-conjugation effect, the induction effect of the
HgCl group on the #-MO, the extent to which the #-MO interacts with the orbitals
localized on mercury in the different types of compounds.
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dE jpnten
n(Br)
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16 17 18
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g(C-Hg) i g(C-Hg) b3
n(cl) nicn
g(C-Hg)
19 I 20
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T(ay)

n(Cl) +0(C-Hg) n(Cl) +0(C-Hg) n(Cl)y+0(C-Hg)
22 23
T, Ty o
n(Cl)
n(Br)
M 25 26
g(C-Hg)
GT-U(C Hg) )
g(C-Hg) n{Ct)
1'[11(Br) 28 30
by ta, a(C-Hg)
7
IP(eV)

Fig. 9. PES of mercury compounds with unsaturated radicals.

The geometry of compounds 1624 (Table 3) permits the o(C-Hg),7 interaction;
in compounds 25-29, the o-carbon-to-mercury bond lies in the nodal plane of
m-orbitals, and for this reason, no ¢(C-Hg),m interaction should occur. Yet,
interaction with the orbitals localized on a substituent, HgCl, is not ruled out.
Compound 30 should also be ascribed to the second group, for its geometry [55]
precludes ¢(C~Hg), m-conjugation.

It is clear from the foregoing section that the o(C—-Hg,n(Cl)(n(Br)) orbitals, are
the highest occupied MO but in unsaturated and aromatic hydrocarbons, the #-type
orbitals are HOMO. Consequently, the bands in the low IP value region in the
spectra of compounds 16-30 (Fig. 9) should be attributed to ionization of
7,6(C-Hg), and n(Cl,Br) orbitals particularly. The narrow bands of n(Cl,Br) occur
in the same spectral region as those of alkylmercuric halides.
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The assigned values of ¢(C~Hg) and # in Fig. 9 and Table 3 indicate the
prevailing contribution of these orbitals to the resulting (mixed) MO. Similarly, in
the case of benzyl compounds, the symbols b, and a, are preserved for the
gr-orbitals localized primarily on the ring, for the local symmetry of this moiety is
retained.

Induction effects of the HgCl and CH,HgC! groups

To estimate from PES data the induction effects produced by the groups we used
the appropriate derivatives of benzene and camphene. Normally, introduction of a
substituent into a benzene molecule splits its upper filled e;, orbital, into two
orbitals, b, and a,. The a, orbital, having a node at the substitution site, cannot
interact with the orbitals localized on the substituent and is subjected only to its
induction effect.

Both the induction effect of the substituent and interaction with its orbitals
(vacant and filled) of suitable symmetry are responsible for the b, orbital energy.

Comparison of the IP of the a, orbitals of benzylmercuric chioride [20]} (9.42 eV)
and toluene (9.16 eV), on the one hand, with those of p-methoxybenzylmercuric
chloride (21) (9.31 e€V) and p-methylanisole (9.11 €V), on the other, indicates that
substitution of HgCl in the methyl group for hydrogen leads to stabilization of the
a, orbital at 0.26 and 0.2 eV, respectively, thus HgCl causes remarkable negative
induction effect. Comparison of the IP of a, orbitals of compounds 20 and 21 with
those for benzene and anisole (Table 4) shows that CH,HgCl group in total is a
poorly inductive electron acceptor (AIP a, 0.17 and 0.07 eV).

The X-ray data for 1-chloromercuric camphene (30) [55] suggest that in this
compound o(C-Hg) and = orbitals are almost orthogonal. Therefore, the effect of
g, m-conjugation on the energies of these orbitals should be negligible. Then the
difference in the IP (7-MO) of compound 30 and camphene (49) (0.24 ¢V) can serve
as a measure of the induction effect of the HgCl group. This is close to the
stabilization values of the a, orbital of benzylmercuric chloride with respect to
toluene. The second band in spectrum 30 (/P 9.72 eV) is related to ionization of the
o(C-Hg) orbital.

We have somewhat extended the range of benzene and camphene derivatives to
compare the induction effect produced by the HgCl group with a similar effect
exerted by other substituents and to assess the potentials of each model system in
separating the electron effect contributions as well as the validity of choosing
camphene as a system that rules out the o,w-conjugation effect. The benzene
derivatives are not always convenient models for determination of the substituent
effects: in the case of weak perturbation of b,(7), b; and a, bands essentially
overlap (see e.g. the toluene spectrum [41,51-53)).

In Table 4 and Fig. 10 are listed the results from 1-substituted camphene studies
(49-53). The effect of substituent X on the energy of the 7-MO in these compounds
can be represented by the equations:

AIPX('”) = AIPind('Tr) + \/KIPconj(W)
AIPy(m)=IPy(m)—IPy(m)
where X = Cl, NH,, NO,, COOH.
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an n(cn
d& m
w
T nN-Tr nN+7T
49 50 51
b1 ta,
™ b1 o
52 53 48
IP(eV)

Fig. 10. PES of camphene, its derivatives, and benzoic acid.

The AIPy(w), AIP,4(7) and AIP, (7) values have been found from the
photoelectron spectra of these compounds and of corresponding phenyl derivatives
45-48 (for a detailed discussion of these data see ref. 45) and are summarized in
Table 5. It is easily seen that the inductive effects in these two series of compounds
differ only slightly, while the camphene derivatives exhibit significantly weaker
interaction between the 7-MO’s and X orbitals.

The AIP, ,(7) values for compounds 30 and 51-53 exhibit good linear correla-
tion with the inductive constants derived by Taft’s method (Fig. 11). The value of
o(1)=0.31 has been used for the HgCl group [56]. In summary, according to the
extent of inductive effects on the #-MO, the group HgCl is placed between the
electron acceptors Cl and COOH. The evidence obtained using the camphene system
is consistent with the conclusions made by Kravtsov et al. [56] about a large
inductive effect of the HgCl group, while conjugation of mercury with an aromatic
ring is weak, and is not consistent with the assumption of a zero induction effect of
this group [37,38].

Interaction of 6p and 5d-atomic orbitals of mercury with the w-orbitals of an organic
system
To gain some insight into these interaction types, we have studied a series of

AIPing(TT) (eV)

l
0.0 0.2 0.4 a(r)

Fig. 11. Correlation of AIP; 4(=) with the induction constants, o(I) in a series of camphene derivatives.
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compounds (25-29, Table 3), where mercury is directly bonded to an sp*-carbon
system. The o(C-Hg),7-conjugation effect is obviously missing and, for this reason,
the 7-MO energy should be dependent primarily influenced by the following two
factors: the induction effect of the HgX group and interaction with orbitals localized
on this group (vacant 6 p, occupied 54, and n(Cl)). The foregoing has shown that the
character of the induction effect of HgX should result in a pronounced (0.2-0.3 eV)
stabilization of an adjacent 7-system. A similar effect can be expected from the
interaction of the MO with a 6p_-atomic orbital of mercury, whereas interaction
with occupied orbitals, 54 and n(Cl), must destabilize the #-MO.

The spectrum of C;HyHgCl (26) was the easiest to analyse. To assign the bands
observed in the low IP region, we compared the spectrum of 26 with that of
cyclohexane, and with that cyclo-C,H,;HgCl, taking into account the greater elec-
tronegativity of the radical C¢H, than that of C¢H;;. In this way, the first band (/P
9.19 eV) was attributed to ionization of the o(C-Hg) MO. Consequently, the
stabilizing effect produced by the HgCl group on the 7-MO in molecule 26 amounts
merely to 0.07 eV. Such a low effect can be due to the effect of the opposite sign,
that is, interaction with occupied orbitals. It can be seen, however, that the latter is
not pronounced either, which appears to be due to the 7 and 54 orbital energies
varying widely (~ 6 eV). Interaction with the n(Cl) and 6p7 orbitals neither seems
to be pronounced, although these contributions could not be separated. Therefore,
the effects involved can be ignored.

It is clear from Tables 3 and 4 that IP (b, + a,) of phenylmercuric chloride and
bromide are close to IP e;, of benzene, which indicates that the 7-orbitals of the
ring interact weakly with the vacant and occupied orbitals of the HgX group.

The results for vinylmercuric bromide (25) also corroborate the conclusion on the
nature of interactions between the w-system and the HgX group. A decrease of 0.34
eV in the /P(7) with regard to ethylene is due to the stabilizing induction effect
produced by HgBr and some interaction with higher »(Br) orbitals.

For a detailed discussion of this evidence, see ref. 13.

o{C-Hg),m-conjugation effect

To reveal the o,7-conjugation effect, we have investigated compounds 16-24
(Table 3). While characterizing their electronic structure we refer to the data
described above for simpler compounds and the principal equations in MO per-
turbation theory [33,35].

When the CH,HgCl group and the m-system of allylmercuric chloride (16) are
oriented as in Fig. 7, an interaction between the molecular orbitals = and o(C-Hg)
can occur, whose extent will be characterized by the §E(w,0(C-Hg)) value. To
determine this value, knowledge of the unperturbed orbital energies, = and o(C-Hg),
is required. The energy of the “unperturbed” #-molecular orbital in 16 (10.69 eV)
was found from the IP (7) of ethylene (10.51 eV) and from the induction effect
produced by the CH,HgCl group: IP(a;) (benzylmercuric chloride)— IP(e,,)
(benzene)= 0.18 eV. The IP value of the “unperturbed” o(C-~Hg) orbital was
estimated from the relationship, found earlier, between 1P (n(Cl)) and IP (o(C-Hg))
in the alkylmercuric chloride series, assuming that this relationship also holds for
more complicated compounds with no o,7-conjugation. The IP(a(C-Hg)) value for
16, found in this manner, is 10.65 eV. Corresponding values for compounds 17-20
are given in Table 6. Thus, the energies of the original orbitals, 7 and o(C-Hg), are
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Fig. 12. Interaction of =, o(C-Hg), and o(C-H) orbitals in a molecule of allylmercuric chloride
(schematic).

very closely related and hence their contributions to wave functions, ., and y/, are
roughly identical.

The interaction of the 7-system with the o(C—H)-orbitals of the methylene group
should also be considered. Ethylene and propylene represent model compounds for
this purpose. The induction effect of the CH, group, 0.1 eV (IP(a,) (toluene)—
IP(e,,) (benzene)). Therefore, a rise in the IP(7) of propylene regarding ethylene
equaling 0.63 eV is primarily due to interaction of the #-MO with two o(C-H)
orbitals (one of the three C-H bonds in the methyl group is located at the nodal
plane of the #-system). Then § E(7,0(C-H)) = (0.63 — 0.1) /2 = 0.27 eV. With this in
mind we estimated P(7,0(C-H)), a matrix element characterizing the o(C-H), =
interaction effect, and used it in subsequent calculations. Negative /P() in ethylene
and negative IP(o(C-H) in methane equaling 14.1 eV [33] were taken as the
energies of unperturbed levels, # and o(C-H). Since in molecule 16 both . and ¢,
contain considerable contributions from the #-MO, each of them is perturbed by the
6 (C-H) orbitals of the methylene group. It may be assumed that this is proportional
to the squares of coefficients, a,, and a,,, with which the 7#-MO enters these
orbitals.

Figure 12 illustrates interaction involving «, a(C-Hg), and o(C-H) levels. The
Y., and ¢/, orbitals perturbed by interaction with ¢(C-H) are designated ¢, and {7,
with a first and a third band corresponding to them in the spectrum of 16 (Fig. 9).

Thus, eq. 1 enables us to evaluate the extent to which o(C—H) affects the energies
Y, and ¢/, using the calculated value of P(w,0(C-H)), the energy of o(C-H)=
—14.1 eV, and taking as first approximation, the experimental negative values of the
IP(Y2) and TP(y7)) as the energy of ¢, and v, it was assumed that only one of
two o(C-H) MO interacts with ¢/ and ¢/, (the second C-H bond is in the 7-MO
nodal plane).

The value of the parameter P(7,0(C-H)) has been found from eq. 1 using the
E(7) and E(0) determined above and considering 8E(7,6(C-Hg)) to equal the

w0’
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Fig. 13. Interaction of @, ¢(C-Hg), and o(C-H) orbitals in a molecule of benzylmercuric chloride
(schematic).

average value between IP(y.)) — IP(7) and IP(6(C-H))— IP(y}). The coefficients
a,, and a,, were calculated by means of known equations of perturbation theory
[33]. Thus, determination of 8E(y.,0(C-H)) and 6F (y,,6(C-H)) allowed us to
evaluate the position of the . (/P 11.81 eV) and ¢, (/P 9.55 eV) levels. Bracketed
figures in Fig. 12 and 13 correspond to the /P calculated by one of the methods
described above. The difference, IP(o(C-Hg)—IP(y,) yields an absolute value
SE(m,0(C-Hg)). Subtracting the latter from /P(y.) gives the /P of the unperturbed
7-MO (10.71 eV), which is very close to 10.69 eV found from /P(w) of ethylene and
the induction effect of the CH,HgCl group. This corroborates to the fact that the
theoretical approach employed agrees well with the experiment.

The IP values obtained (Fig. 12) have made it possible to calculate, as a second
approximation, the value of the parameter P(7, 6(C-Hg)) and the values of the a,,
and a,, coefficients (see Table 6).

Analysis of the parameters shows that in a allylmercuric chloride molecule,
interaction involving ¢(C-Hg) and  is fairly pronounced. It results in mixing the
original orbitals and formation of new MO whose energies differ more than 1 eV
from those of the unperturbed = and o(C-Hg) orbitals. The effects of the o(C-H)
orbitals on the HOMO are much less essential due to greater energy difference in
o(C-H), 7 and o(C-Hg) molecular orbitals.

The photoelectron spectra and electronic structure of compounds 17, 18 and 20
(Table 3) have been treated in a similar way. Table 6 lists the parameters characteriz-
ing the interaction of the =,0(C~Hg), and ¢(C-H) levels. Figure 13 illustrates how
these levels interact in benzylmercuric chloride.

The IP value of the unperturbed orbital, 6(C-Hg), for allylmercuric bromide
(10.45 eV) was derived from the /P value unperturbed (6(C-Hg)) for compound 16
by subtracting 0.2 eV. Eland [16] reported that the /P of this orbital increased by the
above value proceeding from CH;HgCl to CH,HgBr. As mentioned above, changes
in the structure and volume of the alkyl radical equally affect IP(o(C-Hg)) in a
series of alkylmercuric chlorides and bromides.
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TABLE 6

PARAMETERS CHARACTERIZING INTERACTION OF ORBITALS =, o(C-Hg), AND o(C-H)
IN MOLECULES OF COMPOUNDS 16-20 (eV, except for a?)

Parameter H,C= H,C=
CHCH, CHCH, ©\ @ X!
CHzHgCt CHaHgCL HgCl

HgCi HgBr
IP (o(C-Hg)) 10.65 10.45 10.01 10.10 10.60
IP () 10.71 10.64 9.29 9.56 10.95
AE(7,0(C-Hg)) 0.06 0.19 0.72 0.54 0.35
8E(7,0(C-Hg)) 1.10 1.02 0.56 0.74 0.85
P(m,0(C-Hg)) 1.13 1.11 0.85 0.97 1.01
a’on 0.51 0.54 0.70 0.63 0.59
a*no 0.49 0.46 0.30 0.37 0.41
P(w,0(C-H)) 1.02 1.02 0.94 0.95 -
SE(Y,,0(C-H)) 0.20 0.20 0.11 0.11 -
AE(Y,,6(C—H)) 2.30 2.49 5.37 5.28 -
SE(Y,,6(C—H)) 0.11 0.10 0.07 0.09 .
AE(Y,,0(C-H)) 4.55 4.64 3.53 3.26 -

The IP(y)) values for compounds 18 and 20 have been established roughly
because of pronounced overlapping with n(Cl) orbital bands. For these two
compounds the difference A E(7,0(C-Hg)) is markedly greater than the correspond-
ing values for 16 and 17 (Table 6). As a result, the absolute value 8 E(w,0(C-Hg))
drops, i.e. the effect of the o(C-Hg), 7-interaction weakens, and the contributions of
o(C-Hg) to ¢, and of # to ¢/ decrease. The parameters P(w,0(C-Hg)), §E({,,
o(C-H)), and SE(¥,,, o(C-H)) for these compounds were determined analogously
using IP(w) of cyclohexane, methylcyclohexane, benzene, and toluene. It should be
noted that the approach described does not allow for the interaction effects with
vacant orbitals 7* and ¢*(C~Hg). Yet, good agreement observed between the
theoretical model and the experiment indicates that the effects in question are
negligible, which seems to be due to greater energy differences between occupied and
vacant orbitals.

As can be seen from Table 6, the parameter value P(#7,0(C-Hg)) varies in the
series of compounds studied. Different orientations of the C-Hg bond and the =
system may be one, but not the only, reason [50,57]:

P=P,cos a (3)

where a is the deviation of the C-Hg bond from the optimum position (90° to the
plane of the #-system) and P, corresponds to the maximum o,7 interaction.
Structural data for the compounds investigated are, unfortunately, lacking. A
closely-related analog of benzylmercuric chloride, PhCH, HgSCPh,, has a dihedral
angle of 90° between the planes of the phenyl ring and C(1)C(7)Hg [58]. It may be
assumed that the benzylmercuric chloride molecule has a similar structure. Since the
P(7,0(C-Hg)) value is proportional to the coefficient of the term for the 2 p-AO of
the carbon bonded to the CH,HgX group contributing to the w-orbital (1/v2 in
ethylene and 1/ V3 in benzene), the P(7,0(C~Hg)) value for benzylmercuric chlo-
ride is multiplied by the ratio 1/vy2 :1/y3 and the value obtained 1.19 eV is
assumed to be P,. Thus, eq. 3 enables the evaluation of angles a for other
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compounds analyzed. These angles are 18.21 and 24° for compounds 16, 17 and 18
respectively.

Since the HgCl group tends to intramolecular rearrangement, the study of the
electronic structure of cyclopentadienylmercuric chloride (19) is of special interest.
In the cyclopentadienyl derivatives of Si, Ge, Sn, Hg a mercury compound is
characterized by high migration rate and small changes in the reaction free energy
[24,59]. We attribute the first band in the spectrum of 19 to ionization of the a,
orbital, for its IP differs only slightly from IP(a,) for an unsubstituted cyclopen-
tadiene (35). The IP value of the unperturbed o(C-Hg) molecular orbital of 19,
estimated from correlation between IP (n(Cl)) and IP(a(C-Hg)), equals 10.60 eV.
Therefore, the second and fourth bands in the spectrum are related to ionization of
the orbitals 7/ and ;. The original orbitals b, and ¢(C-Hg) exhibit pronounced
interaction, parameters have been obtained in the same way as for compounds
1618 and 20 and are given in Table 6. The effects of o(C-Hg) #-conjugation in 19
and 16 are similar.

A qualitative correlation of o(C-M), m-interaction and the migration rate of the
element-containing group follows from a comparison between 8E (7,0) for 19 and
R;Si1C Hs, R,;GeCsH; [60].

We have investigated some benzylmercuric chlorides containing ring substituents
(21-24). A b,(7) molecular orbital in compounds 21 and 24 is further destabilized
as a result of interaction with n(0O) and n(F). For the above compounds, the
difference IP(a,)— IP(b,) is greater than for benzylmercuric chloride. On the other
hand, IP(n(0)) for compound 21 is markedly higher than for p-methylanisole, which
appears to be due to interaction between the molecular orbitals, #(O) and o(C-Hg),
as well as to the negative induction effect produced by the HgCl group. Introduction
of the CH,HgCl group into the p-position of a molecule of fluorobenzene decreases
IP(a,), which is evidently associated with the extremely high electronegativity of
fluorine.

Steric perturbations occurring in a molecule of substituted benzylmercuric chlo-
ride have been studied for compounds 22 and 23. In the absence of such an effect,
the energy difference between b (7) and a,(w) molecular orbitals for the o- and
m-substituted compounds should be roughly equal [52]. This is devided from an
analysis of the spectra of compounds 22 and 23: IP(b,)~ IP(a,) and IP(c(C-Hg))
almost fully coincide for these two isomers. Thus, introduction of a methyl group
into the o-position of benzylmercuric chloride does not affect the spatial arrange-
ment of the b, and o(C-Hg)) orbitals. This conclusion is in agreement with the
NMR data for a series of methyl derivatives of benzylmercuric chloride [61].

In summary, it is important to note the relationship between the o(C-Hg),
ar-conjugation effects in compounds 1620 and their chemical behavior. Stabilization
of an intermediate during electrophilic substitution in an aromatic ring is affected by
mixing the vacant w-molecular orbital and o(C-H) as well as by transferring
electron density onto the w-orbital. It may be assumed that the process under
discussion is governed by the same factors that are responsible for the o(C-M),
a-interaction occurring in the ground state of a molecule. Indeed, Traylor and
co-workers demonstrated [27] that the ability of organometallic groups to stabilize a
cation center and facilitate electrophilic substitution in an aromatic ring is linearly
dependent on perturbance of the highest occupied w-molecular orbital as a result of
its interaction with the o(C-M) orbital.
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PES data suggest, therefore, the stability of the C—Hg bond with respect to acids

should decrease in the series:

@é;p-qz , ©\CH2H9CI s @CHZHgCI , CH;=CH—CH,HgCl

HgCli

H” “Hgcl '
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