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Summary 

The “Cl NQR spectra of truns-2chlorovinylmercuric chloride, four tri- 
chloromethylmercurials and several penliachlorocyclopentadienylmercurials have 
been studied as a function of temperature. The NQR spectra of these compounds 
show several unexpectedly low frequencies, which usual!y are less shifted by tem- 
perature changes than the corresponding normal frequencies in the same com- 
pounds. Such phenomena were previously observed in inorganic compounds such 
as SbCI, and shown to be associated with intermo’lecular metal-chlorine coordi- 
nation. As X-ray studies have also shown relatively close organochlorine-mercu- 
ry contacts indicating probable coordination in four of the organomercurials 
studied, it is proposed that organochlorine coordination may explain the low 
NQR frequencies observed in these four and many of the other compounds studied. 
Hence under certain circumstances, it is suggested that low NQR frequencies and 
small temperature effects may be used to predict the presence of organochlorine 
coordination in organomercuxy compounds. 

Introduction 

Organic compounds of the Group V and the Group VI elements are very im- 
portant as ligands for metals, but few instances are known in which organic deri- 
vatives of the Group VII elements, the halogens, act as ligands. Some reported ex- 
amples are an adduct of hexachlorocyclopentadiene with aluminum chloride 111, 
a dichloromethane complex, PtC15(CH&lJ [ 21, and cobalt(H) and nickel(iI) com- 
plexes of some 2-halophenyltriazene l-oxides [3]. A halogen atom in the organic 
part of an organometallic molecule can, if the metal is coordinatively unsaturated, 
act as a ligand to the metal atom in the same molecule (intramolecularj or to a 

* PONOLIS of this work have been reported at the Scctb lnlematronal Conference on Oranometalhc 
Chemmw. XmhersL. hlas.s.. August 17.1973. 

l ’ Present address: Northland College. Ashland. WI 54806 (U.S.A.). 
l * * Present address: E.1. duPoor de Nemo- and Co.. Wilmmgton. DE 19898 (U.S.A.). 
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metal atom in an adjacent molecule (intermolecular coordination). Intramole- 
cular coordhation by halogen has been treated in a recent review [ 41, which 
discussed the difficulties in detecting such coordination. Probably the most un- 
ambiguous case, since it is supported by X-ray crystallographic data, is an Sn---Br 
interaction in 4-bromo-1,2,3,4-tetraphenylcis,cis-1,3-bu~dienyldimethyltin bro- 
mide [ 51. Intermolecular coordination, suspected in several mercury compounds, 
is best documented by the crysti structure of trans-2-chlorovinylmercuric chlo- 
ride [6], in which short intermolecular HgXI distances are noted. 

Nuclear quadrupole resonance (NQR) spectroscopy of halogen nuclei has 
proved useful in detecting intermolecular coordination in many covalent metal 
halides [7, 81, and should be equally applicable to organometalhc derivatives of 
halocarbons [9]. We have now applied NQR to the study of coordination in 
chlorocarbon derivatives of mercury. 

NQR spectra have previously been recorded for the following types of mer- 
curials: pentachlorocyclopentadienyl-[ 101, trichloromethyl-111, 121, trichloro- 
acehto-[ 11,131, pentachlorophenyl-[ 141, cis- and &cns-chlorovinyl-[ 151, tri- 
chlorovinyl-[ IS], 2,6ciichlorophenoxy- and thiophenosy-[ 171 and pchlorophenyl- 
mercurials [ 181. In many of these spectra unusual features were noted and as- 
cribed to intramolecular interactions of chlorine and mercury; however, the de- 
scriptions of these interactions were often vague and inconsistent. The inkrac- 
tions could be either intermolecular or intramolecular coordination or interac- 
tions involving the C-Cl u orbital. In this paper the consequences of intermole- 
cular coordination will be discussed, and data compared with the predictions. 
Intramolecuku coordination will be mentioned briefly, but interactions invoiv- 
ing the C-Cl u orbital (which give different effects in NQR spectra) will be dis- 
cussed in the following paper [19]. 

Experimental 

NQR spectra were recorded on a Decca Radar NQR Spectrometer using 
the following slush baths to obtain the indicated temperatures (K): liquid nitro- 
gen (77), isopentane (113), n-pentane (144), carbon disulfide (163), toluene 
(178), dry ice-isopropanol(195), carbon tetrachloride (248), and ice water 
(273). Temperatures of the baths were checked to + 1” by running the spectrum 
of KCID1 [20]. For most runs spectra were recorded at three to five temperatures, 
including ambient temperature, which varied between 301 and 313 K. Spectra 
were recorded over the range 35.0-40.0 MHz using Zeeman modulation, and 
were sometimes checked by running with frequency modulation and sideband 
suppression. Decca frequencies are estimated to be accurate to +0.007 MHz. 
Due to low intensities, the spectrum of u-C&.Cl,HgCl was recorded on a Wilks 
NQR-IA spectrometer, with frequencies calibrated with a Northeastern Engi- 
neering frequency counter. Several runs under slightly different conditions gave 
different interference patterns of sidebands, allowing identification of main 
bands with an accuracy of about FO.03 MHz. 

Spectra obtained on the Decca instrument were then plotted as a function 
of temperature in the manner of Fig. 1 in order to determine whether any lines 
crossed, then Au, was evaluated for each line and reported in Table 2. In the 
event that spectra at ambient temperatures could not be obtained (as for liquid 
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samples), the available data from at least three temperatures were fitted to an 
equation of form u = v0(1 + b?’ + c/T) [30]. Values of v,, b and c were obtained, 
then Av, = v30-1 - v,~ = (304 - 77)bv0 + (l/304 - 1177)~~ was calculated. 
If spectra at intermediate temperatures were not available, the absence of phase 
transitions or line crossings could not be assured, so vinylic, etc. frequencies 
were averaged at 77 K and at ambient temperature, and their difference reported 
in Table 3. 

Non-mercurial pentachlorocyclopentdienyls were prepared according to pub- 
lished methods given for C5C15C(CH3h [21], C&1&HS122], C&l&H&H5[21], 
C&l,H[221. C&I&Cl, [23], and C&&Br 1241. (C&15)2 was obtained from R.M. Smith. 
a and p modifications of C&l6 were crystallized as described in the literature 1251. 
The modifications of C5C15C2HS are reported here for the first time; the metastable 
01 form was obtained by immersing a vial of liquid C,CI,C,H, in dry ice-isopropa- 
nol. The initial glass soon gave crystals. The stable p form was obtained by slow 
crystallization of the liquid in a freezer at -lS" . 

The preparation and analysis of most of the pentachlorocyclopentadienyl- 
mercurials have been reported previously [lo]. Benzyl(pentachlorocyclopenta- 
dieny1)mercm-y was prepared as follows: I.15 g (3.0 mmol) dibenzylmercury 
(Alfa Inorganics) and 0.82 g (3.0 mmol) mercuric chloride were stirred for 2 h 
in 25 ml ether. Crystals of benzylmercuric chloride separated. 1.43 g (6.0 mmol) 
C&l,H was added; the mixture was cooled to -80” with stirring, and 1.40 g 
(5.6 mmol) thallous ethovide was slowly added. After being stirred 20 min the 
solution was warmed to 0” and flltered from TICI. The filtered solution was 
pot-to-pot distilled at O”, and treated with 25 ml heptane. The grayish solid that 
formed was recrystallized from 40 ml 8/l pentanelether. Large colorless crystals 
formed (0.60 g, 20%), but they were contaminated with dark material, hence 
were not submitted for analysis. The product is rather unstable, but did give an 
NQR spectrum, and was characterized as a benzyl and CsCISHg compound by 
its IR and UV spectra. 

(C&l,),Hg - 2 THF was crystallized from THF, and was analyzed by 
pumping on a weighed sample until constant weight was achieved. Calculated 
weight loss (theoretical % THF) = 17.19%; found = 17.05%. The new adducts 
C&lSHgBr - diglyme, CSCISHgCl - triglyme, and CSClsHgBr - triglyme were crys- 
tallized from excess polyether/hept.ane, and were analyzed by Galbraith Labo- 
ratories. Found: C, 20.58; H, 2.33; Hg, 31.05. C,CISHgBr - C,H,,G, calcd.: C, 
20.26; H, 2.16; Hg, 30.77%. Found: C, 23.79; H, 2.57; Hg, 30.9% C&l,Hg. 
CBHIB04 &cd.: C, 23.96; H, 2.78; Hg, 30.79%. Found: C, 22.23; H, 2.73; Hg 
28.76. CSClsHgBr - C&HIS04 c&d.: C, 22.43; H, 2.61; Hg, 28.82%. 

Bis( trichloromethy1)mercm-y and trichloromethylmercuric chloride were 
prepared as described by Logan [ 261, but CCl,HgBr prepared by this or similar 
routes failed to give an NQR spectrum. Phenyl( trichloromethyl)mercury was 
prepared [27] and reacted with one equivalent of mercuric bromide in acetone; 
phenylmercuric bromide precipitated and was filtered off. Evaporation gave 
CCIJHgBr which was recrystallized from acetone. The NQR of this compound 
was investigated only up to 144 K, as at that temperature most line intensities 
were becoming very low. Tmns-2ChlorovinyImercuric chloride was prepared as 
described by Nesmeyanov [ZS]. 
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Theory 

According to the Townes and Dailey approsimation [29a], the NQR fre- 
quency of a covalent single-bonded chlorine atom can be expressed in terms of 
the populations N,, N, and N, of its p,, p,, and p= orbital, where the z direction 
is taken as the direckon of the covalent bond (eqn. 1). If this organochlorine 

u ~ 109.746 Nx 
2 

+ N, _-N 
2 z (1) 

atom now coordinates to a metal atom and donates: an amount of electron den- 
sity Ax from its px orbital and Ar from itsp, orbital, these orbital populations 
will be diminished to N, -A,, and N,, - A,. respectively. As a result of the bridg- 
ing action the C-Cl bond may also lengthen and become more ionic, with N, in- 
creasing to N, + A,_ Substituting these numbers in eqn. 1, we obtain the frequency 
of the organic halogen after it enters into the coordinative interaction*‘. The shift 
of the NQR frequency caused by coordination of the chlorine (Av,,,,~) can be 
obtained by subtraction (eqn . 2). Hence we ascertain that coordination of an or- 
ganohalogen should cause a decrease of its frequency**. 

Au 
& + A,. 

coard = 
3 _ A, (2) 

The temperature dependence 1301 of the NQR frequency, Av-,-, may also 
be affected by intermolecular coordination. As the lattice expands with increas- 
ing temperature, the interacting chlorine and metal atoms will find themselves, 
on the average, further apart, and thus will interact less, causing a smaller Avcoold 
at the higher temperature. Organochlorine frequencies normally decrease with 
increasing temperature, but the reduction in Av,,,,~ should counteract this ten- 
dency to some extent, making Au, less negative than it would otherwise have 
been. Knowing what A+ would otherwise have been provides a difficulty, how- 
ever, in view of the multiplicity of factors which affect Au,. Hence we will esa- 
mine actual Au, data in cases of known and suspected intermolecular coordina- 
tion to see to what extent it does correlate with the first criterion of low NQR 
frequency***_ 

f -Vole addea in proof T. B. Brzll [ 37 1 has pomted out that NQR efiects such as those presenLed LII 

&IS paper mas be expiamed. not onlv by the covalenl electron-transfer rmpbed m this dwxssxm. 

but ak.0 D)Y an electroskmc Polaruabon of chlorine electrons by mercurv. Hence. although 3 
chlorm-ercuw interaction IS suggested by the NQR data. tins does noL indxate rvbelher the 
cook-dmaL~ve mnLeraction is predo rmnanLly iomc or coraknL 

* IL IS assumed Lbat the coordmabve mtenct~on does not cause Lhe asymmetry pa.rameLer Lo exceed 
about 0.2; norm rhrs quahtatlve trearmeni of a weak inkraction wxll we arrempr to redefine the x, 

Y and z ues of Lhe coordmaung chlorine. 
* * If the chlorine had been engagmg in z boodlng to carbon before coordmauon but this TT bondmg 

was rlunmawd upon coordmat~oh then eqn. 2 would read 

“* For early Wtlon-meLal hzbdes with mrermolrcular coordination. the opposiLe NQR cnteria 

(higher frequencies. more-negative AuTvalues) txwe been proposed 1331. This results from the sub- 
siaotial x-bondmg and strong coordinatioo present to these systems. 
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Other factors could cause low NQR frequencies accompanied by less-neg- 
ative Av, values: (1) The frequency of an organochlorine nucleus may be low- 
ered by interaction with a substituent atom bound to the same carbon atom 
which has lone pairs of electrons (0, F [29b], Cl, Br, S [31]. The effects on A+ 
values seem not to have been studied. (2) If the chlorine is n-bonded to carbcn, 
this will lower the frequency as compared to a similar, non-n-bonded chlorine. 
Raising the temperature may [ 29c] also disrupt this n-bonding, producing a sirci- 
Iar less negative AI+. (3) Phase changes can produce frequency changes of about 
~1% (40.35 to =0.5 MHz) [ 301 due to changing crystal field effects, with various 
changes in Av r_ (3) Free rotation of the organochlorine group in the crystal can 
produce a very low NQR frequency, but with an extremely negative Au, [ 301. More 
frequently occurring would be a particlllarly low torsional frequency for the group, 
with similar but less extreme effects on the NQR spectrum. (5) Hydrogen bond- 
ing to chlorine could also lower the chlorine frequency and give it a loss negative 
Au,. These hypotheses (Table 4) will also be considered. 

A useful third criterion for detecting organochlorine coordination would 
be the appearance of a substantial asymmetry parameter. However, measurements 
of asymmetry parameters of NQR signals are esperimentally difficult and have 
not been attempted here. 

Results and Discussion 

In Table I are presented the 35C1 NQR spectra at 77 K of a series of chlori- 
nated organomercuriafs and, as model compounds, some organic derivatives of 
the pentachlorocyclopentadiengl group. Those frequencies which seem anoma- 
lously low, and hence may indicate chlorine-metal coordination, are indicated 
by the superscript 6. Table 2 presents data for selected compounds indicating 
the shift of each frequency on warming the sample from 77 K to 304 K. (In some 
cases this shift is extrapolated.) For some of the compounds spectra were ob- 
tained only at 7’7 K and at ambient temperature (about 304 K). Under these 
circumstances the behaviors of individual frequencies could not be distinguished, 
so the average frequency shifts for all similar chlorine atoms in the compound 
are reported in Table 3. 

Let us first consider the verified cases of coordinative interactions. Among 
inorganic esamples only SbCI, 191 will be mentioned here. The shortest inter- 
molecular Cl-Sb distance is 3.41 A, shorter than the sum of the van der Waals 
radii, 4.0 A. (These chlorines are also more distant from their own antimony 
atom, 2.36 versus 2.30 4 for the other Glorine.) The non-coordinating chlorine 
shows its NQR frequency at 20.912 MHz at 77 K, with Av, of -0.493 MHz, 
and an asymmetry parameter of 0.057. The coordinating chlorines show a lower 
frequency, 19.304 MHz, which has a less negative A+, -0.125 MHz, and a larger 
asymmetry parameter of 0.153. As was pointed out by Chihara and coworkers 
181, ah the NQR consequences of coordination are as expected in SbC13. 

Among orga?ometaliic compounds one of the best documented cases of 
organocblorine coordination is in trans-ClCH=CHHgCl, for which an X-ray 
crystallographic study has been done [6]. There are three crystallographrcally- 
nonequivalent molecules per unit cell. The organochlorine atom of one mole- 
cule has no mercury neighbors. J?rom the published data [6] we calculate that 

(conrmued on p. 310) 
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T.r\BLE 2 

CHANGES (Au+ IN INDIVIDUAL NQR FREQUENCIES BETWEEN 77 K AND 30-I Ii 

Compound Line 1.6 Lme 2.7 ~lne 3. a Ll.nne -l. 9 (AllYk) 

Line 5. 10 

ClCH=CHHgCl= 
(CfZl~)zHg 
CCljllgBr = 
CCI3HgCI o 
CC1 3 HsCl d 
CC13HgC6iiS 

y-CSCISHgCI 

CsClsHsBr - plyme f 

CsClSHgCl - diglyme 
CsClsH!SCgHs 
C~CISCXCH~)~ 
o-CjCl~CzHs = 
&CsC15C2Hj = 
CjCljCHzC6Hs 
C5C15 H = 

<C5Cl5)2 

C~CljCC1~ 
a-C5C16 = 
&C5C16 a 

-0.51 b 
-0.83 b 
-1-l-1 b 
-1.15b 
-O.-SO b 
-0.83 b 
-1.10 
-0.17 b 
-o 51 b 
-0.66 b 
-0.55 b 
-o.fja b 
-0.70b( 
-I.:: ;; 

-1.01 b:’ 
-c.93 
-0.74 
-0.78 
-1.18 
-07fl 
-060 
-0.90 
-0.84 
-0.60 
-0.70 
-1.08 
-0.i3 
-0.72 

-0.67 b -0.77 
-+.a7 b -1.05 
-0.97 b c 

4.94 b -1.83 
-0.30 b -0.65 
-0.95 b -o.a~ b 

-0.23 
-0.78 
-0.97 
-062 
-0.69 
-0.74 
-0.75 
-0.72 
-0.78 
-0.94 
-0.79 

-1.14 
-Q.70 
-0.57 
-0.79 
-0.53 
-0.80 

-1.24 
-0.85 
-0.81 

-0 23 
-0.95 
-0.87 
-0.93 
-0.7 1 
-1.12 
-0.80 
-1.05 
-0.84 
-0 a2 
-0.93 
-0.74 
-1.18 
-0.81 
-0.60 
-0.80 
-0.74 
-0.70 
-062 
-0.78 
-0.74 
-0.80 

-1.26 
-1.19 
-0.38 
-1.03 b 

-0.26 
-1.11 
-0.99 
-0.75 
-4J.75 
-0.83 
-1.08 
-0.81 
-0.93 
-0.9 4 
-0.90 

-1.17 
-0.66 
-0.59 
-0.71 
-0.83 
-0.73 

-1.01 
-3.57 
-0.77 

-0.88 b 

-0.20 b 
-0.66 b 
-0.75 b 
-O.-lo b 
-0.63 b 
-0.60 
-0.57 
-0.58 
-0.61 
-0.70 
-0.68 b 
-0.50 
-0.94 
-0.64 
-0.39 
-0.72 
-0.50 
-0.55 
-0.63 
-1.01:-1.01 
-0.87: -0.71 
-0.86; -0.83 

o Frequencies for ~fiese com~ouds were not observed at 304 K. AvT was extrapolated Lo 304 K as described 
in Lhe experimental section solely to allow comparison of data wltb data From &lferent compounds. b &. 
sxgned Lo coordllwling chlormes. Question mark lndleaLes uncertain assgnmeol. = 1nren.slty of this llne LOO 
IOW Lo allow observation above 77 K. d Change III NQR frequeocy between 77 and 163 K (dala nol extra- 
polated). e Change in NQR frequcocy between 248 and 30-l K (data not exmpolrlted). f AVT was extrapo- 
Idred to 304 K as described edher. and the exlrapolahon confirmed !o x0.03 hlHz by obsenmg Lhe room Lem- 
petaLwe spectrum on the Wdks spectromeler. 

the _wond organocblorine atom has two mercury neighbors* at distances of 
3.71 and 3.88 A; the remaining organochlorine has a neighbor at 3.40 A and a 
distant mercury neighbor at 4.03 A. In contrast, tmns-CICH=CHHgBr has a struc- 

ture [333 with only one type of molecule per unit ceU, having no organochlorine- 
mercury distances of less than 4.46 A. Comparison of the specka of these two mer- 
curials should provide a good example of the effects in NQR spectroscopy of or- 
ganochlorine-metal coordination. 

The asCl NQR spectrum of trans-CICH=CHHgBr [ 151 shows the expected 

* Altb~~gb the conventional sum of van der Walls radu oi mercury and chlorine is 3.30 A. there IS. 
some ambiguty in and doubr about the YDI~ der Waak radius of mercun (331. Furthermore. the 
ladi- of the 6px and 6py orb~t.ak are not counted in these rati. smce thee are formally “unoc 
cupied”. These &fIuse orb&zls. when used. wdl extend outward some unknowa distance beyond 
tie Van der Waals radius. 
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TABLE 3 

AVERAGE CHANGES OF NQR FREQUENCIES FOR COhlPOUNDS STUDIED ONLY AT 77 AND 
304 K. AND MEANS AND STANDARD DEVIATIONS FOR ALL COMPOUNDS 

Compound Average change in ftequencv (AI+ between 77 and 304 K for: 

coordmatmg 
b’in~hc chlonne 

llOl7llCii 

vlny11c cbloMe 
coordmatmg 
allyhc chlorme 

IlOtTXlCll 

a.Uyhc chlonne 

~-(C~CIS)~H~ -0.42 -0.74 -0.63 
CjCljHgCl . THF -0.73 -0.49 -0.78 
C5CljHkXI. HsCIZ -0.46 -0.69 -0 11 
C$l+WJ3r - HgBrz -0.31 -0.6 -0.23 
CjC15HsBr -0.66 -0.78 -0.54 

M and SDa for C5CIs 
mercurials 
hl and SD for C5CIs 

0rga.i~ derivahves 
hl and SD= for CCij 
mercurials 

-0.52 : 0.13 -0.79 z 0.10 -0.51 : 0.16 -0.66 I 0.08 

-0.80 : 0.18 -0.69 I 0.21 

-0.96 = 0.10 -1 22 IO.21 

o hlean and standard derlallon of average PUT values. mcludrng comoounds m Table 2. 

single line, at 33.246 MHz. This can be considered to be a “normal” frequency. 
The NQR spectrum of tmns-ClCH=CHHgCl [ 151 (at 77 K In the C-Cl reaon) 
shows three lines due to the three nonequivalent molecules in the unit cell (Table 
1). By comparison Pakhomov and Kitaigorodskii [6] asslgned the frequency of 
33.456 MHz to the non-coordinating, “normal” organic chlorine, and the other 
two frequencies, 32.413 MHz and 31.751 MHz to the two coordinatmg organic 
chlorines; as espected, these occur at lower frequencies. We have measured the 
NQR spectrum of trans-ClCH=CHHgCl at 144 K and 195 K in order to check the 
effects of coordination on the temperature dependencies, A+, of these frequen- 
cies”. The non-coordinating chlorine shows the most negative temperature de- 
pendency, as predicted (Table 2). 

tntermo!ecula.r organochlorine-mercury contacts have also been detected 
in trichloromethyimercuric bromide [ Ill. The unit cell of CCI,HgBr contains 
two nonequivalent molecules. In each molecule the trichloromethy! chlorines 
are split into an equivalent pair and an unique chlorine. Our calculations from 
the published data [ 111 show that the chlorine atoms in each equivalent pair 
have single near mercury neighbors, at a distance of 3.43 in one molecule and 
3.69 A in the other, whereas neither unique chlorine has a mercury neighbor_ The 
compound CC13HgCI is isomorphous with CC13HgBr [ll], and short intermole- 
cular CI---Hg distances have also been proposed [12] for (CCI,),Hg on the basis 
of unpublished X-ray data. 

The patiem of frequencies reported for these compounds [ll] at 77 K 
(Table 1) is entirely consistent with the pattern expected for intermolecular 
coordination. The centrosymmetric molecule (CC13)2Hg gives three frequencies 
[ll]; two of these fall at much lower frequencies than the third, suggesting inter- 

l The NQR ugnals were too weak to be observed above 195 K. so the frequencies were extrapolated 
maihematxally to 304 K. AIJTIS taken kc the frequency at 30-l K lea tbe frequency at 77 K. 
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molecular coordination. Both CCl,HgBr and CCljHgCI show two lines of doubled 
intensity at low frequencies, which clearly are attributable to the two pairs of 
organocblorines engaged in intermolecular coordination. At higher frequencies 
each compound shows two lines of unit intensity, which are assignable to the 
unique, non-coordinating chlorine in each trichloromethyl group. The splitting 

between the high and low frequencies, 0.9 to 1.5 MHz, is larger* than one wou.Id 
expect from simple nonequivalence of the crystal lattice sites of the unique and 
paired chIorines**. 

The NQR frequencies of Ccl3 HgCl, CCl,HgBr and (CCl,),Hg were measured 
at different temperatures and Au,values computed (Table 2). As predicted, the 
low-frequency lines in the CCl,HgBr and (CCIJ)?Hg spectra also showed less neg- 
ative values of Au,. The results for CCI,HgCl, however, do not completely meet 
the prediction, as the two lowest frequencies show the smallest and third-small- 
est negative Av, va!ues over the experimental temperature range 77-163 K (when 
extrapolated to 304 K the behavior is normal). Above 163 K the frequencies of 
one of the two distinct trichloromethyl groups in CCIJHgCl (lines 1 and 3 in 
Table 1; see also Fig. 1) disappear, possibly due to free rotation of this trichloro- 
methyl group [35]. As seen in Table 2 an d Fig. 1, Lines 1 and 3 show anomalous- 
ly !arge negative Av, values, presumably due to their much lower torsional fre- 
quency (ca. 95 cm-’ calculated [30] from the NQR spectrum for this CC13group 
versus ca. I46 cm-’ for the less freely-rotating group). This low-temperature torsi- 
onal motion apparently counteracts the effect of intermolecular coordination on 
the Au, value of line 1, causing a failure of the prediction for CCl,HgCI, and al- 
most causing a failure for line1 of CCI,HgBr. 

Before finally proposing intermolecular coordination, one should rule out 
the systematic applicability of the other causes of low frequencies or less-negative 
A.+ values (see Theory section and Table 4). Hypotheses 1, 2 and 5 are clearly in- 
applicable to CCI+IgX. The NQR data indicate that any phase transitions which 
might be present produce at best negligible frequency changes. Free rotation and 
a low torsional frequency appear to be present, but by themselves cannot ac- 
count for the observed pattern of frequencies and Au, values. 

In summary, for the eight cases of intermolecular coordination found by 
X-ray crystallography in the compounds just discussed, we find eight correspon- 
ding unusually low NQR frequencies, thus demonstrating the potential value of 
this test for intermolecular coordination in organometalllc compounds_ Seven 

’ Lo a study of cbenueallv-ewwalent chlorines bound to benzene rmgs. Was [ 301 found that. of 
265 such frequencres. 264 (99.6%) fell ~Lhin a rage of ‘-0.350 MHz. or 2 1.0% of r.be NQR h-e- 
quency. T%.Is can be take0 % a bkely outer tunit to tbe effects of q oaeqmvalent lattice rites III 
ring compounds. Furtbetmore. 94.7% of tbe frequencies fell rvlthin a range of ‘0.250 MHz (iO.7% 
of the frequency). For ahph3tic compounds a larger crystal field splitting is possible. but ~.XS not 
been quanhfied. 

** Serrun and corcorkers [ 11. 121 athbuted &IS sphtting not to the intermolech coordmuon 
Chat they detected. but to an mtramolecular hypuconxt&ive interaction. As evidence they cited 
th Lact that the unique triehloromethyi chlorines in CClaHgBr are 0.06 A closer to the mercury 
atom of the same molecule than are the paired chlorines. We will discuss their mechamsm m a sub- 
seauent piper [ 191: for the present we wish to uoint out that the splitting can be explained by mter 
molecular coordmahon. The 0.06 A hfference in intermolecular HO_-Cl distan~s can also be es- 
phined by the bndging of Lhe paired cblon.nes; an identical clfference ia Sb--Cl d;j&oees is found io 

6bClx I61. 
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Fig. 1. Vanable-temperature NQR spectra of organic cblormes m CCl3HgX (X = Cl. Br). Frequencies for 
CCI3HgCI are connected b> heaq sobd lines. those for CCI3HgBr (not studled above 144 K) mz connected 
by light broken hes. 

FIS. 2. 77 K NQR frequencies of vmvhc chlorines of selected pentachlorocyclopentad~enylmercunals as a 
hmctron oi w+ of the mercun group. Numbers on the figure Ident!fy lbe specha from Table 1. The bne 

(--) represents the mezm frequencies of 1 .+vmyhc chlorines in organic RC~CIS compounds as a funcuon 

of o*(R); the hoe (-.n--) represents tbe mean frequencies of the ~.~-LMF~IC chlorines m organic RCgCl5 
compounds: tbe solid lines represent tbe maximum f 1% deviauons in these frequencies expected from nor- 

mal vanahons m the electnc field within tbe cr2’sta.l lartlce. 

or eight (depending on the temperature range) of these unusually low frequen- 
cies also have the least-negative Au, values for their compounds. Hence we ob- 
serve that the Au, test can fail, but if in a series of NQR spectra, most of the 
anomalously low NQR frequencies also have the least-negative Au, values, we 
propose that there is a high probability that many or most of the compounds 
in the series do indeed possess intermolecular coordination. 

Application to pentachlorocyclopentadienylmercurials 

The application of these criteria can be demonstrated in a series of mercu- 
rials, the pentachlorocyclopentadienylmercurials [lo], for which no X-ray crys- 
tallographic data exist. Let us consider first the vinylic chlorines (positions 1, 2, 
3 and 4 on the cyclopentadiene ring). These chlorines actually consist of two 
chemically distinct groups, the 1,4-chlorines and the 2,3_chlorines, whose NQR 
frequencies are very similar. However, as the non-chlorine substituent in the 5 
position varies from electron-accepting to electron-donating, the adjacent 1,4- 
chlorines will be affected inductively more than the distant 2,3chlorines. Hence 
with many substituents there will be a splitting of the vinylic chlorine frequen- 
cies which is not due to coordination or other unuscal effects. 



To determine the expected behavior of the 1,4-, 2,3- and 5- (allytic) chlo- 
rines, a series of organic derivatives RC&lS were prepared, and their NQR spectra 
were recorded (Table 1). Where possible the observed frequencies were assigned 
to 5-, 1,4- and 2,3chlorines. Functions were then derived relating these fre- 
quencies to the Taft polar substituent constant c+ of the R group*. The func- 
tions for the 1,4-chlorine and 2,3chlorine tiequencres of R&Cl j compounds 
are plotted in Fig. 2. These frequencies can of course experience a crystallograph- 
ic splitting of +l% [ll, 241 so that the expected range of frequencies (in the ab- 
sence of chlorine coordination) is indicated by the solid outer lines of Fig. 2. 

The 77 K vinylic frequencies of some of the pentachlorocyclopentadienyl- 
mercurials were next plotted in Fig. 2 as a function of o’of the mercuri group**. 
Many frequencies for the mercury compounds devlate significantly from the 
values expected for vinylic chlorine (from the RCjClj data) and all of the devi- 
ations are to lower frequency, as espected for Cl..-Hg coordination. 

In all we find ten vinylic frequencies, in (Y- and y-CjC15HgCl, C;CljHgBr 
and CsClsHgX - HgX? (X = Cl, Br), which are more than 0.75 MHz lower thCw 
espected; such large shifts are quite unlikely to be due to crystal-lattice effects. 
These large shifts are observed for highly electron-withdrawing (high (7’) substi- 
tuents only. This is reasonable according to our model, for the highly electroneg- 
ative bromo and chioro substituents should cause the 6p orbitals of mercury to 
contract, making them better able to coordinate organochlorine ligands***. Of 
these compounds, only y-C&lSHgCI has been studled at more than two tempera- 
tures; its lowest vinylic frequency shows the least-negative A+ value, but its 
other unusually low frequency has a quite negative 4v_,. value. (As in CCIJHgX, 
the two distinct C&l,HgCI molecules in the unrt cell may be qmte different, 
since the infrared spectra of y-C&ljHgC1 (and C5C15HgBr) show closely-spaced 
doublets for each absorption expected in the 250-1600 cm-’ range. This in turn 
might reasonably lead to two quite different torsional frequencies, hence quite 
different Au, values to add to the effect on Av, of intermolecular coordination.) 
C&!l,HgBr and CjCljHgX - HgX, (X = Cl, Br) have been studied at two tempera- 
tures, and their low vinyiic frequencies do show less-negative average Au, values 
than their normal vinylic frequencies (Table 3). Again we are observing that, for 
these compounds, a less-negative 4vT is usually, but not always, associated with 
an unusually low NQR frequency. 

Among compounds with intermediate u* we found ten cases of slightly low 
(0.30-O-75 MHz) vinytic frequencies, in Q-, P- and r-(C&l&Hg, CSC15HgCl - %THF, 
and &Cl,HgX - glyme (X = Cl, Br). Many of these frequencies fell just within 
21% of the expected value, so that the alternate hypothesis of crystal-lattice ef- 
fects is quite plausible. In such ambiguous cases, the AvT values may be especial- 
ly valuable. Of the nine slightly low frequencies studied at or more tempera- 
tures, seven possessed least-negative A+ values; statistically we would have es- 
pected 2.25. Hence it seems probable that some very weak organochlorine coordi- 
nation exists in this series of compounds, but clearly without further information 

* Detds of assignment and derivation of lbe functions are given in tbhe following paper [IS]. 

* l Tbe (I* values of mercun groups are calculated. tabulated and discussed in ref. 13. 
l ** Tte fact t!ut Cl and Br are less bulky the the other substrtuenLs on mercury my also faci.hf,ate 

coordiluhoa 
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Fig. 3. 77 Ii NQR frequencies of allylic chlormes oi pentachlorocvclopent.ad~enyImercunals as a runctlon 
of o* of the mcrcun group. Numbers ldentifv the spectra from Table 1 The dotted line (-.-_) represents 
the mean of these frequencies (excluding those proposed to be shifted bs coordtilion): the solid Lines re- 
present the m;rulmum c 1% deviation expected from the crvstd lattwe effect. Spectra 2 and 6 are ewmated 
from room rcmper~~ure data by mbrractmg averaze AL-T values (Table 3). 

we cannot specify with certainty in which individual compounds organochlorine 
coordination occurs. 

In Fig. 3 the frequencies of the allylic chlorines of the pentachlorocyclopen- 
tadienylmercurials are plotted as a function of u* of the mercuri group. A major- 
ity of the frequencies fall within +l% o f the line which is drawn m Fig. 3. As 
these frequencies mclude the glyme, digiyme and triglyme adducts, in which co- 
ordination of organochlorines should be least likely [ 121, it is proposed that the 
frequencies within i 1% o f this line are due to non-coordinating allyiic chlorines*. 

As among the vinylic frequencies, a sizeable number of allylic frequencies 
are observed to fall at significantly lower frequencies than expected from the 
line of Fig. 3, while none occur at significantly higher frequencies. Furthermore, 
(except for C,H,HgC,Cls) the points which are at very low frequencies occur in 
ths region of high (I*. Hence coordination of allylic chlorines can be proposed in 
these cases of low frequencies. 

The Au, data for these allylic chlorines, however, is quite difficult to use. 
An “internal reference” of non-coordinating ally!ic chlorine atom(s) should be 
present to use the Au, criterion, because extraneous variations in A+ values 
from compound to compound are likely due to differring torsional frequencies. 
Unfortunately, none of the compounds with apparent allylic coordination have 
a reliable “internal reference” of non-coordinating allylic frequencies**. However, 

l 

.L 

The frequencies of non-coordmating allylic chlorines in mercunats are generally qlute different from 
the dyhc frequencies in orgamc pentachlorocyclopentadlener. Uua difference. the so-called “alpha 
effect”. WIN be &cussed m a separate paper [ 191. 
C5C15HgCI. lhTHF cpomt 16 in Fig. 3) would appear to be such a case. and indeed shows tie ex- 
pected less-negative 4v~ for tie lower frequency. However. the stoichoimetry of this compound 
suggests a structure such as CSCISHSCI * (CSCISHSCI . THF). in whxh the allyhc chlorines are chem- 
ically different. In the cases of 7-CjCISHgCI and CjCljHgBr (porn& 8 and 9. Fig. 3). it appears 
from tbe low frequency criterion that one allyhc chlorme IS much more strongly coordinated than 
the other in each compound. The lower frequency chlorines again show less negative &r;T values. 
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if fhe average Au, is taken for al! significantly low allylic frequencies in Fig. 3, 
we find this average (-0.51 + 0.16 IMHZ) to be less negative than the average 
4ur for “normal” allylic frequencies in mercurials (-0.66 f 0.08) or RCSC15 
compounds (-0.69 f 0.21). 

Discussion of individua! compounds 

(C,Cf,)2Hg and derioatwes. Three distinct phases of (C&15)2Hg are known 
[IO]. From their NQR spectra, y-(C,C!j)z!-!g and $(C&!j)2Hg, the low and high 
temperature forms respectively, seem closely related. Both show evidence of 
C!---Hg coordination involving two a!!ylic and two vinylic chlorines, giving mer- 
cury an average coordination number of stx. In contrast a-(C5C15)2Hg, which 
does not convert to the p or -y form by temperature alone, shows evidence of 
coordination of two vinylic chlorines per molecule only, giving mercury an 
average coordination number of four. Models of these compounds indicate that 
access to the mercury atom is sterically restricted, so that it is not surprising 
that a!! of these apparent coordinative interactions are relatively weak (as indi- 
cated by the relatively small shifts to low frequency). Apparently these coordi- 
native interactions are completely broken up in the adduct with 1,2-dimethosy- 
ethane (glyme), as no low frequency lines appear in the spectrum of this adduct. 

CjCljHgX and deriuatiues. Three distinct phases of C,C!,HgCI are known, 
each differring in the number and types of apparent organochlorine coordination. 
cy-C$C!&gC! is the high temperature and fl-CjCIjHgC! the low temperature form 
of the yellow variety, while the cream-colored y form is obtained separately [ 101. 
Organomercuric halides are usually associated in the solid state in a linear anti- 
parallel motif (A) [ 18, 221, which gives each mercury a coordination number of 

R 
Cl --Hg.-Cl -* 

Hg..Cl -mHg-n IA) 

R R 

four. In a-C,C!,HgC! one viny!ic chlorine appears to be coordinated per C!,C15HgC! 
unit. In the p form, despite the incredible complexity of its spectrum (which in- 
dicates eight crystaliographically-distinct molecules per unit cell), there is no non- 
crysta.Uographic splitting of the NQR signal, hence no detectable organochlorine 
coordination. In the y form of CsC15HgC! and in CSClsHgBr there are apparently 
two vinylic and two a.!!y!ic chlorines coordinated for each pair of CSCISHgX units. 
Hence there is a probable average coordination number for mercury of four in 
the /3 form, five in the a form, and six in the 7 form (assuming linear association of 
RHgX units). Very close similarities exist in the spectra of y-C5C!5HgX, C&HgX - 
g!yme and C5C!,HgX - HgXz, which suggest that X = C! compounds are isostructura! 
with the corresponding X = Br derivatives. The weakly coordinating ether tetra- 
hydrofuran apparently does not break up a!! of the organochlorine coordination 
in the adduct C,C!,HgC! - %THF, and some very weak coordination may exist 
in the glyme adducts; but judging from the NQR spectra a!! organochlorine coor- 
dination is eliminated in the diglyme and triglyme adducts. 

The very large differences in the frequencies of some of the chlorines of 
these three phases of the same compound, CSCISHgC!, strongly suggest that in- 
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ductive mechanisms are not responsible for the frequency shifts observed. Inter- 
or intra-molecular coordination of a fairly we& nature provides the simplest 
hypothesis to explain these differences, as well as their gradual disappearance in 
the polyether adducts. 

Conclusions 

In the study of pentachlorocyclopentadienylmercurials we observed 199 
NQR frequencies. Of the 156 vinylic resonances, none deviated to significantly 
higher frequencies, ten deviated to much lower (> 0.75 MHz) frequencies than 
expected, and ten showed slightly lower (0.30-0.75 MHz) frequencies than ex- 
pected. Of these 20 frequencies, three were not studied by variable-temperature 
NQR, seven showed less-negative 4u, values than did any normal-frequency 
vinylic chlorines in the same compound and phase, seven showed lower average 
Av, values on the basis of Incomplete NQR studies at only two temperatures, 
and three failed to show less-negative Au, values. Hence there appears to be a 
statistical association of less-negative Av, values with low NQR frequencies a- 
mong these vinylic chlorines. By way of contrast, in the study of 44 vinylic 
chlorine resonances of organic pentachlorocyclopentdlenes, no deviations to 
significant!y lower frequencies were observed [ 191. If we arbitrarily consider 
the lowest frequency in each of the nine compounds or phases studied at 
different temperatures, we find that three of these nine low frequencies have 
least-negative Av, values, as compared to a random expectation of 2.5. Hence 
in the organic pentachlorocyclopentadienes, in which coordination is impossi- 
ble, there are no unusually low frequencies and only random association of 
lowest frequencies with least-negative 4v, values. 

Among the 43 allylic resonances observed, none showed significantly 
higher frequencies than expected, thirteen showed much lower frequencies 
and four showed slightly lower frequencies. Comparison of Av, values for 
low-frequency and normal-frequency allylic chlorines in the same compound 
could not be made, but the overali average 4v, for the 17 low allylic fre- 
quencies was less negative than the average Av, for normal-frequency ally- 
lit chlorines. Corresponding data for trichloromethyl- and chlorovinyl- mer- 
curials were summarized earlier in this paper. 

ln Table 4 we summarize the hypotheses developed in the theory sec- 
tion which might explain these observations. (This list is, of course, not ex- 
haustive.) The first and fifth hypotheses are generally not applicable to the 
compounds in this study. Hypothesis 2 is inapplicable to trichloromethyl or 
allyiic chlorines; it seems unlikely to apply to just one-fourth the viaylic chlo- 
rines in a C&l5 ring (in none of the mercurials do more than this fraction show 
the low frequencies). Undetected phase changes are possible, especially for the 
compounds listed in Table 3; but they are very unlikely by themselves to pro- 
duce 0.75-2 MHz shifts to lower frequencies. The smaller (0.30-0.75 MHz) shifts 
found in 16 cases (including CCl,HgC,H,) co-uld be so explained, but it is im- 
probable that phase changes would always produce shifts to lower frequencies, 
u~ua.Uy of one-fourth the allylic chlorines, and usually making Av, less negative. 
Free rotation and low torsional frequencies appear to be a complicating factor 
in CC13HgX and perhaps a few other cases, but their expected effect on Au, is 



318 

TABLE? 

POSSIBLE HYPOTHESES TO EXPLAIN UNUSUALLY LOW NQR FREQUENCIES WHICH HAVE LESS 
NEGATIVE AYT VALUES THAN EXPECTED. 

HYP0uxsis Approxmmte maa.utude Effect oo dVT 

of tilt to lower ti-equen- 
cy (!bLlHr) 

la a-Subshlueot 01 F. N or 0 
lb. a-Subsatuent of Cl. Br or S 
2. =-Bondmg dwupred by bi&er Lempemture 
3. Phase changes 
4.a Free rotitioo 
4b. Low tornonal frequeocles 
5. Hydrogen bonding 
6a Weak intermolecular coordmaUon 
6b. Verv weak intermolecular coordination 
7. Intramolecular coordlnatton 

l-4 
<l 
<2 
‘O.-l 
4 m CzHqClz 1301 
Cl 
<l 
0.75-2 

0.3~O-i5 
<2 

UnknOV.-U 

unkn0w0 

less negawe than expecLed 

very much more negative 
more negative than expected 
less nealwe than expected 
less negatire than expected 
lea negative than expecled 
unknown-expect (ofreo none) 

the opposite to that observed. (Free rotation could occur in C5Cl,HgX III the form 
of fluxional motion of the cyclopentadienyl ring 136 j, but this would affect all 
of the frequencies; we found no evidence for any fluxionai behavior in any of 
these cyclopentadienylmercurials on the NQR time scale). 

We have not yet discussed hypothesis 7, intramolecular coordination. In 
theory one would expect it to produce simile frequency shifts, but, as erpan- 
sion of the crystal lattice with increasing temperature would have less effect on 
intramolecular coordination, one might expect no unusual 4v, values unless 
some thermally-activated torsional motion occurred which increased the average 
separation of the chlorine and mercury [29c j. However, variabletemperature 
NQR spectra of compounds known to contain intramolecular coordination are 
not yet available, so we do not, in this paper, attempt to draw any conclusions 
as to whether the organochlorine coordination being suggested is inter- or intra- 
molecular. We hope to do studies in the future into possible ways of making the 
distinction by NQR. 

Hence we conclude that for compounds with substantial low-frequency 
shifts, inter- or intra-molecular coordination of the organochlorine to mercury 
is the most likely esplanation for these shifts. Most of these compounds show 
the less-negative 4vr values which are probable for intermolecular, and possible 
for intramolecular, coordination. For the compounds with slight low-frequency 
shifts, alternate hypotheses such as phase changes or simply crystal-field varia- 
tions are possible, so that X-ray data would be essential to support proposals of 
organochlorine coordination, especially for a given compound. In cases where 
X-ray data are obtained, the NQR data can still be valuable, however. The van 
der Waals radius of mercury is still quite in doubt [34J; a correlation of non- 
bonded i-Ig*.Cl distances from X-ray studies with NQR shifts of these chlorines 
could give information as to the distance at which the mercury and chlorine 
interact so little as to be undetectable by the very sensitive method of NQR. 
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