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Possible solid-state fluxional behavior in various (pentachlorocyclopentadieny1)mercurials (q1-C5ClFHgR) 
has been investigated by using 13C NMR spectroscopy with cross-polarization and magic-angle spinning 
and by using 35Cl nuclear quadrupole resonance (NQR) spectroscopy. Unusual mercuration reactions are 
reported which are convenient synthetic methods for these compounds. Fluxional behavior has been 
established in the solid state for (q1-pentachlorocyclopentadienyl)(pentamethylphenyl)mercury (R = 
C,(CH&) from its variable-temperature magic-angle-spinning 13C NMR spectrum. The expected con- 
sequences of fluxional behavior also appear in the 13C NMR spectrum of this compound in CD2C12 solution 
and in the 35Cl NQR spectra of this and several other (pentachlorocyclopentadieny1)mercurials. From their 
NQR fadeout temperatures and NMR spectra the rate of fluxional exchange appears to increase in the 
order R = C5C& < R = CsH5 < R = C6(CH3)& Since their time scales are similar, the two solid-state methods 
serve as complementary methods for studying fluxional behavior: the NMR method is most easily used 
to obtain fast-exchange data, while NQR is more easily applied at slow-exchange temperatures. 

Introduction 
Cyclopentadienyl- and (pentamethylcyclo- 

pentadieny1)metal compounds include many important 
catalysts and exhibit a variety of metal-cyclopentadienyl 
bonding types and properties. Classically the most fas- 
cinating property of the (7'-cyclopentadieny1)metal com- 
pounds is fluxional behavior,2 the relocation of the car- 
bon-metal u bond among the five cyclopentadienyl ring 
positions hundreds or thousands of times per second. The 
rate of this degenerate isomerization is affected by 
changing the metal bonded to the 7'-cyclopentadienyl ring 
and by changing the substituents on the metal, in known 
ways. MO calculations suggest that the influence of pen- 
tasubstitution of the C5 ring may also be ~ubstantial,~ but 
the experimental evidence is sparse and somewhat sur- 
prising: solution fluxional behavior requires only an extra 
8 kJ/mol activation energy for (C5(CH3)5)nMRm as com- 
pared to (C5H5),MR, if M = Si, Ge, As, or Sb,4 but it is 
reported that pentamethylation completely stops fluxional 
behavior if M = Hg.5 

For reasons such as these there is a great interest in the 
properties of the organometallic derivatives of pentasub- 
stituted cyclopentadienyl groups. An investigation of 
possible fluxional behavior in the organometallic penta- 
chlorocyclopentadienides is of particular interest since 
chloro substituents have steric properties similar to but 
electronic properties quite different from the methyl 
groups in organometallic pentamethylcyclopentadienides. 

Such a study is also of interest as a challenge for spec- 
troscopists, since the most commonly used method of 
studying fluxional behavior, lH NMR spectroscopy, is not 
applicable. Although solution 13C NMR can be and has 
been used, i t  has some severe limitations due to the loss 
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of signal enhancement from neighboring protons (nuclear 
Overhauser effect), and due to the generally poor solubility 
of highly chlorinated compounds in most solvents. Hence 
this study involves additional spectroscopic methods which 
can respond to fluxional behavior in the solid state.  
Previous 'H and 13C NMR studies have confirmed that 
fluxional behavior can also occur in the solid state; in the 
case of q1-C5H5HgCl the activation energy found in the 
solid state6 is only about 8 kJ higher than in solution.' 

Thus we have studied the (pentachlorocyclo- 
pentadieny1)mercurials by use of solid-state 13C NMR 
spectroscopy, employing magic-angle spinning (MAS), 
sometimes with cross-polarization (CP). This method has 
been used to investigate fluxional behavior in C5H5HgX,8 
metal carbonyls? an organometallic derivative of cyclo- 
octatetraene,l0 and sernibullvalene.'l Since this method 
also has its limitations (to be discussed later), we have also 
looked to methods other than NMR. Muetterties pointed 
out back in 1965 that the time scale of nuclear quadrupole 
resonance (NQR) spectroscopy was nearly as suitable for 
the study of fluxional behavior.12 Hence one purpose of 
this study is to verify that this technique can also be used 
to detect fluxional behavior. 

Finally, in order to overcome the limitations or take 
advantage of the opportunities afforded by each of the 
different spectroscopic methods employed, several new 
(pentachlorocyclopentadienyl)mercuials, C5C15HgR, were 
prepared; these are listed in the Experimental Section. 
These preparations involved some reactions with unusual 
characteristics which will be described. Some of our results 

(6) Campbell, A. J.; Cottrell, C. E.; Fyfe, C. A.; Jeffrey, K. R. Inorg. 
Chem. 1976, 15, 1326. Campbell, A. J.; Fyfe, C. A.; Goel, R. G.; Mas- 
lowsky, E., Jr.; Senoff, C. V. J. Am. Chem. SOC. 1972, 94, 8387. 

(7) Cotton, F. A.; Hunter, D. L.; Jamerson, J. D. Inorg. Chim. Acta 
1975, 15, 245. 

(8) Fyfe, C. A.; Luckevich, L., unpublished results cited in C. A. Fyfe, 
Solid State NMR for Chemists, C. F. C. Press: Guelph, 1983; p 414. 

(9) Hanson, B. E.; Sullivan, M. J.; Davis, R. J. J. Am. Chem. SOC. 1984, 
106, 251. 
(10) Lyerla, J. R.; Fyfe, C. A.; Yannoni, C. S. J.  Am. Chem. SOC. 1979, 

101,  m i .  
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have been presented previously in communication form.13 

Experimental Section 
The solution 13C NMR spectra were recorded on a JEOL FX- 

9GQ spectrometer equipped with a variable temperature controller 
and an internal 2H lock. Spectra were measured for CDzC12 
solutions in 10 mm 0.d. tubes that were degassed on a vacuum 
line and then sealed under an argon atmosphere. The spectra 
were collected at  22.5 MHz using a 60" pulse, 5-s repetition rate, 
and 1256 scans. Chemical shifts were referenced to the CDzClz 
13C resonance a t  53.8 ppm (relative to TMS). 

The solid-state 13C NMR spectra were obtained on a Nicolet 
NT-150 spectrometer at  a carbon frequency of 37.735 MHz with 
a home-built cross-polarization magic-angle spinning (CP-MAS) 
unit, including the probe. The decoupling field was 55 kHz. The 
spinner is a modified version of Wind's,', with a sample volume 
of 0.3 cm3; the samples were spun at 3.8 kHz. Solid samples were 
loaded into rotors in a glovebox under N2 and spun with dry N2 
as the drive gas to prevent contamination by water or 02. The 
spectra showed no evidence of decomposition over the experiment 
time. Chemical shifts are relative to external tetramethylsilane, 
with hexamethylbenzene as a secondary standard (methyl signal 
at 17.35 ppm). Low-temperature solid-state 13C CP-MAS NMR 
spectra were obtained on a modified Chemagnetics M-100s' 
spectrometer at 2.1 T. 

%C1 NQR spectra of the compounds in this study were recorded 
on a Decca superregenerative NQR spectrometer at  a variety of 
temperatures, which were monitored with a thermocouple inserted 
into the sample chamber. The temperatures were achieved by 
use of liquid nitrogen, dry ice/2-propanol, ice water, slush baths 
of organic solvents, or (between -22 and +lo0 "C) an Endocal 
circulating constant-temperature bath connected to a specially 
designed probe. Temperatures of the baths were also checked 
by using the known temperature dependence of the NQR fre- 
quency of KC1O3.l5 

All products were characterized by their infrared spectra, 
measured between 4000 and 200 cm-' as KBr pellets on a Per- 
kin-Elmer 567 double-beam grating spectrophotometer; these 
spectra establish unambiguously that all products are $ deriv- 
atives of the c&& group.16 Products were also characterized by 
their 'H NMR spectra, measured in appropriate deuteriated 
solvents on a Varian EM-390 90-MHz spectrometer. Melting or 
decomposition points were obtained by using a Mel-Temp melting 
point apparatus. Approximate solubilities were established by 
adding increments of solvent to a weighed sample of product and 
shaking, until the product appeared to be dissolved. Microanalyses 
were performed by Galbraith Laboratories, Knoxville, TN, the 
microanalytical lab of the Technische Hochschule Darmstadt, and 
by Midwest Microlab, Indianapolis, IN. All products were stored 
in a freezer below 0 "C; samples mailed for 13C NMR spectra were 
packed in solid COz and mailed by the most rapid method 
available. 

Solvents were reagent-grade and were generally used as ob- 
tained from standard commercial suppliers such as Fisher Sci- 
entific Co. and Aldrich. Most of the starting materials were also 
used as obtained from Aldrich diphenylmercury, phenylmercury 
hydroxide, pentamethylbenzene, 1,2,3,4-tetramethylbenzene, 
1,2,4,5-tetramethylbenzene, mercuric oxide, mercuric acetate, 
mercuric chloride, trifluoroacetic acid, trifluoroacetic anhydride, 
diglyme, and dibenzylmercury (Orgmet, Inc.). Pentachloro- 
cyclopentadiene was prepared by the literature method.17 
CAUTION: It has been reported that pentachlorocyclo- 

(13) Presented in part at the VIIIth International Symposium on 
Nuclear Quadrupole Resonance Spectroscopy, Darmstadt, West Ger- 
many, July 22-26, 1985, and in the conference proceedings: Wulfsberg, 
G.; Buchanan, A. C., 111; Rubin, I.; Weiss, A.; Davis, D. A.; Bass, K.; Todd, 
R. W.; Jui, C. C.-C. 2. Naturforsch., A: Phys., Phys. Chem., Kosmophys. 
1986, 41A, 175. 

(14) Wind, R. A.; Anthonio, F. E.; Duivestijn, M. J.; Smidt, J.; Trom- 
mel, J.; de Vette, G. M. C. J. Magn. Reson. 1983, 52, 424. 

(15) Utton, D. B. Metrologia 1967, 3, 98. 
(16) Wulfsberg, G.; West, R.; Rao, V. N. M. J. Am. Chem. SOC. 1973, 

95, 8658. 
(17) McBee, E. T.; Wesseler, E. P.; Crain, D. L.; Hurnaus, R.; Hodgins, 

T. J.  Org. Chem. 1972,37,683. McBee, E. T.; Smith, D. K. J. Am. Chem. 
SOC. 1955, 77, 389. 

pentadiene undergoes microsomal metabolism to possibly mu- 
tagenic tetrachlorocyclopentadienone.l* Caution should be ex- 
ercised in handling this liquid. 

C&H&&15 (1). 1 was prepared by the reaction of C6H5- 
HgOH with HC5C15 as before16 (route B) and also by grinding 
together (C6H5)&g (1.06 g, 3 mmol), Hg(C5C15), (2.03 g, 3 mmol), 
and CCl, (5 mL) for 3 min in a glovebag under Nz (route C). After 
evaporation, the yield was 2.70 g (84%). Its solubility is ap- 
proximately 1.1 M in CHzC12, 0.5 M in CHCl,, and 0.2 M in CCl, 
at room temperature. 

C6(CH3)5&$5C15 ( 2 ) .  C6(CH3)5HgOOCCF3 was prepared 
according to the literature method.19 In synthetic route D, this 
trifluoroacetate (3.5 g, 7.5 mmol) was dissolved in 25 mL of 
methanol and stirred with HC5C15 (2.0 g, 8.1 mmol). Fifty mil- 
liliters of water was added, and the oily mixture was stirred with 
a high-torque mechanical stirrer for 1 h. The water layer was 
discarded, and the IR spectrum of the oil was examined for the 
strong characteristic bands of the trifluoroacetate group. Twice 
more 40-mL portions of distilled water were added, the mixtures 
were stirred for 1 h, the water layers were discarded, and the oil 
(which gradually became solid) examined by IR until the spectrum 
showed no trace of trifluoroacetate. The solid product was dried 
and recrystallized from chloroform/heptane. The yield of 2 was 
1.0 g (23% yield). The solubility is approximately 0.4 M in CHPC12 
and CHC1, and 0.2 M in CCl, at room temperature. The 'H NMR 
spectrum (CDCl,) showed three methyl-proton peaks at 2.19,2.25, 
and 2.43 ppm from TMS. Anal. Calcd for C16H15C15Hg: C, 32.84; 
H, 2.58; C1, 30.29; Hg, 34.28. Found: C, 32.98; H, 2.77; C1, 30.09; 
Hg, 34.11. 

To prepare 2 by route C, the (pentamethylpheny1)mercury 
trifluoroacetate was stirred with 5 mol of NaI in ethanol for 2.5 
days to give an 85% yield of precipitated bis(pentamethy1- 
phenyl)mercury.20 This product (1.48 g, 3.0 mmol) and Hg(C5C15)z 
(2.02 g, 3.0 mmol) were dissolved in 50 mL of CH2ClZ, which was 
stirred for 20 min under N2 and evaporated to give 2 (1.52 g, 43% 
yield). 
2,3,4,5-(CH3),C6H(HgC5C15) (3). 1,2,3,4-Tetramethylbenzene 

(20.86 mL, 140 mmol) was mercurated with a deficiency of 
mercuric trifluoroacetate (100 mmol, from HgO and CF3COOH). 
The product was fractionally recrystallized from methanol to 
exclude the (presumably less soluble) dimercurated product. A 
17.6-g (41 % yield) portion of 2,3,4,5-(CHJ4C6H(HgOOCCF3) was 
obtained and found to be adequately pure by IR and NMR. This 
product was then stirred mechanically with HC5C15, water, and 
methanol as in route D above to give a 50% yield of 3 after 
recrystallization from CHC13. The solubility was approximately 
0.3 M in CHC13. The 'H NMR spectrum (CDCl,) showed 
methyl-proton peaks at  2.24, 2.27, and 2.40 ppm from TMS and 
a phenyl-proton peak a t  6.72 ppm from TMS. Anal. Calcd for 
Cl5HI3Cl5Hg: C, 31.55; H, 2.29; C1, 31.04. Found: C, 31.62; H, 
2.34; C1, 30.74. 

(C5C15)2Hg (4). To a solution of mercuric trifluoroacetate (from 
40 mmol of HgO, 40 mmol of trifluoroacetic anhydride, and excess 
trifluoroacetic acid as solvent, later removed) in 80 mL of 
methanol, HC5C15 (20.97 g, 88 mmol) was added. Eighty milliliters 
of water was added, and the heterogeneous mixture was stirred 
under Ar with a high-torque mechanical stirrer. The oily layer 
containing HC5C15 gradually turned pasty and then solid. The 
water layer was replaced every hour until reaction was complete 
(no trifluoroacetate bands in the IR spectrum of the solid product 
after ca. 3 h). The product was dissolved in ether, filtered through 
MgSO,, heptane was added, and ether was removed by rotary 
evaporation until crystallization began. Cooling gave 11.1 g of 
the yellow form of 4 (41.0% yield), identified from its known IR 
and NQR spectra.16 Its solubility is approximately 0.08 M in CCl,, 
0.2 M in CHCl,, and 0.4 M in CH2C12 

CsH5CH2HgC5Cl5 (6). Dibenzylmercury and HgC12 were 
stirred together in ether/acetone under N2 for 2 h and then cooled 
to give crystalline C6H5CH2HgC1. This was reacted with NaOH 
to give C6H,CH2HgOH.21 A 3.09-g (10 mmole) sample of this 

(18) Goggelman, W.; Bonse, G.; Henschler, D.; Creim, H. Biochem. 

(19) Sokolov, V. I.; Bashilov, V. V.; Reutov, 0. A. Dokl. Chem. (Engl. 

(20) Smith, L. I.; Taylor, F. L. J.  Am. Chem. SOC. 1935, 57, 2370. 

Pharmacol. 1978, 27, 2927. 

Transl.) 1971, 184. Dokl. Akad. Nauk SSSR 1971, 197, 101. 
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Fluxional Behavior in q'-C,ClJ-lgR 

product, 2 mL of triethyl orthoformate, and 20 mL of petroleum 
ether were stirred together and then cooled to -78 "C. HC5C15 
(2.38 g, 10 mmol) was added and stirred, but no apparent reaction 
occurred within 1 h, so the solution was warmed to 0 "C. An 
orange solution quickly resulted. After being stirred for 2 h, the 
solution was filtered a t  0 "C under Np The precipitate was 
redissolved in 40 mL of petroleum ether + 40 mL of ether. When 
the solution was cooled to -78 "C, some grayish precipitate (Hg'?) 
formed which was filtered off. The solvent was distilled off in 
vacuo until white needles formed. After the solution was cooled 
at  -78 "C overnight, the crystals of 6 (1.32 g, 25% yield) were 
fitered off. Anal. Calcd for ClZH,Cl5Hg: C, 27.24; H, 1.33. Found 
C, 27.07; H, 1.39. 

(C5C15)zHg-n C5C15Hg00CCH3 (7). HC5C15 was prepared 
from 0.25 mol of C5C& and extracted into 50 mL of CC14 according 
to the literature method." Methanol (100 mL) was added to the 
CC14 solution under Nz, then mercuric acetate (31.9 g, 0.10 mmol) 
was added in four portions, allowing each to dissolve completely. 
The solution was tested for the presence of free Hg2+ (with NaOH 
to give yellow HgO) until the test was negative. Water was added 
to the solution; the CC14 layer was separated, dried, combined 
with double its volume of petroleum ether, and then cooled to 
give 51.85 g of 6. The NMR and IR spectra showed the presence 
of acetate groups in addition to the c&& groups. 

Microscopic examination of the product showed the main body 
of larger crystals to be contaminated with a much smaller volume 
of needlelike crystals; the two could not be separated by fractional 
recrystallization or washing. Hence the analytical results varied 
with the sample but suggested an overall composition of the 
mixture corresponding approximately to n = 4 in the above 
formula for 7: Calcafor C38H12C13008HgS: C, 17.14; H, 0.45; C1, 
39.94. Found: C, 17.23 and 16.61; H, 0.43 and C0.30; C1, 41.04, 
39.03, 39.40, and 38.33. Hence the mercuric acetate did not 
completely react with the excess of HC5Clb 

When the preparation of 7 was repeated in the presence of water 
(conditions as for the synthesis of 4 but using mercury(I1) acetate 
instead of mercury(II) trifluoroacetate) much smaller crystals were 
obtained which showed acetate IR bands and (weakly) the NQR 
spectrum of 7. The elemental analysis was reasonably consistent 
for n = 0.5. Calcd for CUH3ClwO2Hg3: C, 17.55; H, 0.16; C1,47.98; 
Hg, 32.57. Found C, 17.49; H, 0.26; C1,48.05; Hg, 31.50. Although 
microscopic examination showed no sign of the needlelike crystals, 
we cannot be sure that this product is a single compound either. 
Evidently the mercuration was facilitated by the presence of water 
but was still incomplete. 

(c&l5)p (5), C5C15HgC1 (8), C5C15HgC1.diglyme (9), and 
C5Cl& (R = CMe3, CHMe2, CH2Me). These compounds were 
prepared according to literature methods.1e*22 

4-C1C6H4HgC5C15 (10). Bis(4-chlorophenyl)mercury was 
prepared by the method of N e s m e y a n o ~ ; ~ ~  it was identified by 
its infrared spectrum and its 35Cl NQR spectrum (34.100 MHz 
at 77 K, in agreement with the l i t e r a t ~ r e . ~ ~ )  Bis(4-chloro- 
pheny1)mercury (0.635 g, 1.50 mmol) and 4 (1.00 g, 1.50 mmol) 
were dissolved in 5 mL of CHzClz in a Schlenk tube under argon 
and were stirred for 30 min; crystals formed. Five milliliters of 
heptane was added and the volume of the solution was reduced. 
Cooling produced 1.3 g of 10 (80% yield). Anal. Calcd for 
C11H4C&Hg: C, 24.05; H, 0.73; C1, 38.71. Found C, 24.06; H, 
0.84; C1, 38.52. Its solubility was too low to attempt low-tem- 
perature solution 13C NMR: 0.06 M in CHC13 and 0.2 M in 

4-C1-2,3,5,6-(CH3)4CsHgCSCI, (1 1). Chlorodurene was pre- 
pared and purified by the literature method.25 Twelve grams 
(70 mmol) of chlorodurene was added to a solution of HgO (24.5 
g, 110 mmol) in 50 mL of trifluoroacetic acid. This reaction 

CH2Clp 
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mixture was stirred for 1 h, then 20 mL of water was added. The 
brown precipitate which formed was filtered and washed with a 
small quantity of ethanol. The residue was dissolved in 250 mL 
of methanol containing 1 mL of trifluoroacetic acid, NaI (18.6 
g, 124 mmol) was added, and the solution was stirred overnight. 
The resulting precipitate was washed twice with 20-mL portions 
of methanol and recrystallized from chloroform. The yield of 
moderately pure bis(chlorodury1)mercury was 7.5 g (40%). Anal. 
Calcd for CzoHz4ClzHg: C, 44.83; H, 4.51; C1, 13.23. Found: C, 
43.97; H, 4.24; C1,13.17. 'H NMR: 2.39 and 2.58 ppm from TMS. 
35Cl NQR frequencies a t  77 K (and signal-to-noise ratios in 
parentheses): 33.873 MHz (5) and 33.397 MHz (6). 

Inside a Nz-filled glovebag, bis(chlorodury1)mercury (1.00 g, 
1.86 mmol) and 4 (1.26 g, 1.86 mmol) were ground together with 
5 mL of CCC in a mortar and pestle for 10 min. After evaporation 
of the solvent, 1.95 g of 11 was obtained (86% yield). This was 
recrystallized from chloroform, in which its solubility is 0.1 M. 
Anal. Calcd for C15H12C&Hg: C, 29.75; H, 2.00; C1,35.13. Found: 
C, 29.40; H, 2.01; C1, 35.01. 'H NMR 2.35 and 2.51 ppm from 
TMS. 

Discussion of Syntheses 
The original synthetic route ("A") for RHgC5C15 (R = 

organic group) required difficult manipulations at very low 
temperatures and gave very low yields;I6 hence we have 
been concerned with improving the syntheses of these 
compounds 
route A: 

RHgCl + T1+C5C15- - RHgC5C15 + TlCl 

The second route ("B") mentioned in our earlier workI6 
route B: 
RHgOH + HC5C15 - 

RHgC5C15 + H20 (pentane solution, 0 "C) 
is much more satisfactory, but still has some deficiencies 
in that (1) yields still do not exceed 40% and substantial 
amounts of metallic mercury are usually also produced and 
(2) the RHgOH products sometimes cannot be produced 
due to the nature of other functional groups. Even when 
they can be produced, their solubility or insolubility in the 
reaction mixture is difficult to predict, since some ap- 
parently dehydrate to oxides (RHg),O, or even to oxonium 
salts (RHg)30+. Hence isolation and purification of these 
intermediates are not routine. Use of organomercury 
methoxide intermediates did not give the hoped-for im- 
provement; hence completely new syntheses were inves- 
tigated. 

It is known that mercury compounds (especially aryl- 
mercury compounds) often undergo rapid intermolecular 
exchange reactions.26 Hence we speculated that exchange 
reactions between alkyl- or arylmercury compounds and 
(C5C15)2Hg (4) might also be rapid. The exchange reaction 
of 4 and diphenylmercury is very rapid, going nearly to 
completion in 3 min simply upon grinding the two reac- 
tants together with a little CC14 under N2 or on stirring 
solutions of the two reactants for 15 min 
route C: 

(C5C15),Hg + ArzHg - 2ArHgC5C15 
The corresponding reaction between 4 and dibenzyl- 
mercury was too slow to be of value; although there was 
evidence that 6 was being formed, it is not a very stable 
product a t  room temperature and decomposed as it was 
being formed. 

Route C requires the presynthesis of 4 and of the 
diarymercury compound; although the latter gives little 

(21) Makarova, L. G.; Nesmeyanov, A. N. Methods Elem.-Org. Chem. 
1967, 4 ,  420. 

(22) McBee, E. T.; Idol, J. D., Jr.; Roberts, C. W. J. Am. Chem. SOC. 
1955, 77, 4375. Mark, V.; Wann, R. E.; Godt, H. C., Jr. Org. Syn. 1963, 
43, 90. 

(23) Nesmeyanov, A. N. Ber. Dtsch. Chern. Ges. 1929, 62, 1010. 
(24) Semin, G. K.; Babushkina, T. A.; Yakobson, G. G. Nuclear 

Quadrupole Resonance in Chemistry; Wiley-Halsted New York, 1975; 
p 382. Translation of Primenenie Yadernogo Kvadrupol'nogo Rezonnnsa 
u Khimii; Izdatel'stvo "Khimiya": Leningrad, 1972. 

(25) Smith, L. I.; Moyle, C. L. J. Am. Chem. SOC. 1936, 58, 1. 
(26) Jensen, F. R.; Rickborn, B. Electrophilic Substitution of O g a -  

nomercurials; McGraw-Hill: New York, 1968. 
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Table I. 13C NMR Frequencies (ppm from TMS) of 7'-Cyclopentadienyls 
cyclopentadienyl carbonsb 

compound state or tempn ref c6 c14.23 av other carbons (Me = methyl, P h  = phenyl) 
C6HSHgCl -122 "C C 60.0 131.3, 128.1 115.8 

(C6C16)Z 

CSCla 
C~ClSCC13 
CSC16CMe3 
C5C15CHMez 
C5C15CHzMe 
C6C15Mn(CO)6 
C5C16H&3H5 

CSCISHgCBMeS 

(C&Id& 

+22 "C 
R T  
solid 
R T  
R T  
R T  
R T  
RT 
R T  
-75 "C 
+50 O C  

solid 
+28 "C 
solid 
+28 "C 

C 

d ,  e 72.9 

d ,  e 82.2 
d ,  e 78.2 
d 79.4 
d 76.2 
d 73.2 
g 
h 88.5 
h 
d 
d 
d 
d 

73f 

116.3 
131.8, 130.8 

132.0, 131.0 
131.1, 133.5 
129.4, 134.2 
128.4, 133.2 
128.3, 132.7 

124.8, 129? 

131f 

118.0 

119.8 

120.2 
118.8 

i 

i 

116.3 
119.6 

121.6 
121.5 
121.3 
119.9 
119.0 
118.0 
119? 
119.8 

120.2 
118.8 

97.4 
40.1; 26.2 (Me) 
35.7; 16.6 (Me) 
30.6; 7.8 (Me) 

129.2, 129.7, 136.7, 157.7 (Ph) 
unchanged 
129.5, 131.0, 138.4, 157.1 (Ph) 
134.0, 136.8, 137.5, 157 (Ph); 16.7, 17.3, 26.0 (Me) 
134.6, 137.2, 157.7 (Ph);  18.6, 19.4, 20.5, 25.3, 29.2 (Me) 

- - -  - 
solid d i 131f 

(I Solid-state data are for ambient temperature; if temperatures are given the data are for the compound in solution. R T  = solution data 
a t  ambient temperature. C5 and C14,23 refer to  the NMR frequencies of the allylic and vinylic carbons, respectively, of the CsCII ring; Oavn 
refers to  their weighted average. EReferenCe 6. dThis work. eSimilar data reported first in ref 31. fChemical shifts of peaks broadened (and 
split) by coupling to  quadrupolar chlorine nuclei. #Reference 32. hReference 33. Not observed. 

difficulty, our previous synthesis of 416 uses an interme- 
diate, Hg(OCH3)2, which is unstable, being prone to de- 
composition to mercury metal and radicals.,' Although 
we had previously made 4 without difficulty from mercu- 
ry(I1) acetate and lithium rnethoxide,l6 we were unable to 
carry out the reaction by using the more readily available 
sodium methoxide. Hence a new synthesis of 4 seemed 
worth investigating. 

Since cyclopentadiene itself is readily mercurated by 
mercury(I1) acetate, even giving rise to a hexamercurated 
product,28 we investigated the direct reaction of HC5C15 
with Hg(OOCCH,),. The reaction proceeded readily in 
methanolic solution, without producing mercury metal as 
a byproduct, to give an impure crystalline product 7, the 
elemental analyses of which suggested about 60% re- 
placement of acetate groups on mercury by C5C15 groups. 
When the mercuration was conducted in a heterogeneous 
methanol-water suspension, replacement of acetate with 
C5C15 groups went further (about 83%) but was still in- 
complete. 

Since mercury(I1) trifluoroacetate is known to be a more 
powerful mercurating agent than the acetate, the mercu- 
ration was attempted using the trifluoroacetate. The re- 
action in this case proceeds to completion, but only in the 
presence of water, which results in a heterogeneous sus- 
pension 
2HC5C15(1) + Hg(OOCCF,),(aq) - 

Hg(C5C15),(s) + 2CF3COOH(aq) 

Interestingly, it proved possible to generalize this reaction 
as a new synthetic route D: 
route D: 

RHgOOCCF3 + HC5C15 - RHgCSCl, + CF3COOH 

Again the presence of water was necessary for this reaction. 
For arylmercury derivatives this is a convenient synthesis, 
since the RHgOOCCF, can be rapidly obtained in good 
yield by the reaction of mercury(I1) trifluoroacetate with 
the appropriate arene. 

We are not aware of any previous case in the literature 
in which an arylmercury species (e.g. trifluoroacetate) has 
been usable as a mercurating agent to give a diorgano- 

(27) Larock, R. C. J. Organornet. Chem. 1974, 67, 353. 
(28) Watt, C. W.; Baye, L. J. J. Inorg. Nucl. Chem. 1964, 26, 1531. 

mercurial RR'Hg. Indeed, in one study in which a second 
substitution on mercury should have been favored (using 
excess arene, reaction times of 40-2000 h, and tempera- 
tures of 110-160 "C) there was exchange of the first aryl 
group rather than replacement of the acetate group with 
a second aryl Of course diarylation may not be 
the true mechanism (perhaps RHgOOCCF, desymmetrizes 
in the heterogeneous medium to &Hg and Hg(OOCCF3)2, 
which undergoes further reaction), but the result is still 
novel. Possibly the high acidity of HC5C1t0 gives i t  an 
unusual ease of mercuration. 

Solution 13C NMR Spectra 
The solution 13C NMR spectra of some simple C5C15R 

compounds (R = nonmetallic group) have been reported;,l 
we measured the spectra of these and some additional 
compounds of this type for reference purposes (Table I). 
But for reasons cited in the Introduction, the measurement 
of the spectra of fluxional organometallic derivatives of the 
c&15 group is not so simple. Thus the room-temperature 
I3C NMR spectrum reported for C5C15Mn(CO)5 shows only 
one peak besides those assignable to the carbonyl carbons, 
which suggests but does not prove fluxional behavior; poor 
solubility (and the absence of protons) prevented the re- 
cording of low-temperature spectra.32 The compound 
C5C15HgC6H5 (1) has exceptionally high solubility in 
CD2C12, so that 13C NMR spectra were obtained down to 
-75 OC.,, These spectra (which we have also confirmed) 
show the pattern expected for fluxional behavior: besides 
Fhenyl carbon signals, there is only one C5C15 ring signal 
at room temperature, which fades out at lower tempera- 
tures and then reappears as (in theory) three signals at the 
lowest temperatures. Unfortunately one of these low- 
temperature peaks virtually coincides with a phenyl-carbon 
peak. Hence it could not be ascertained whether the two 
vinylic carbon NMR signals collapse unsymmetrically with 
increasing temperature, which is one of the criteria com- 
monly used to exclude the possibility that the five c&15 

(29) Kooyman, E. C.; Wolters, J.; Spierenburg, J.; Reedijk, J. J. Or- 

(30) Wulfsberg, G.; West, R. J. Am. Chem. SOC. 1972, 94, 6069. 
(31) Hawkes, G. E.; Smith, R. A,; Roberts, J. D. J.  Org. Chem 1974, 

(32) Reimer, K. J.; Shaver, A. Inorg. Chem. 1975, 14, 2707. 
133) Davies, A. G.; Goddard, J. P.; Hursthouse, M. B.; Walker, N. P. 

ganomet.  Chem. 1965,3,487. 

39, 1276. 

C .  J .  Chem. Soc., Dalton Trans.  1985, 471. 
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Fluxional Behavior in v'-C&lfigR 

carbon atoms are rendered equivalent by intermolecular 
exchange (neither could l3C-lWHg coupling constants be 
observed either in the fast or slow exchange limiting 
spectra). 

Intermolecular exchange reactions of qlmercury com- 
pounds are known to be relatively fastz6 and have been 
observed in cyclopentadienyltin compounds in the pres- 
ence of Lewis bases34 and in C5H5HgX solutions.35 This 
possibility concerned us when we discovered how facile 
synthetic route C is. 

In order to eliminate the 13C NMR interference of the 
meta and para phenyl carbon atoms, we synthesized the 
pentamethylphenyl derivative C6Me5HgC&& (2). The 13C 
NMR spectrum of 2 in CDzClz solution in sealed 5-mm 
tubes a t  28 "C was recorded on a JEOL FX-9OQ spec- 
trometer at 22.50 MHz (Table I; see also Figure 2a in ref 
13). A single signal a t  120.2 ppm can be assigned to the 
rapidly equilibrating c&15 carbon atoms; this signal dis- 
appears on cooling to -30 "C, but unfortunately the com- 
pound crystallizes out of solution, so that conclusive 
slow-exchange solution spectra could not be obtained. 
Hence we also prepared the less fully methylated (penta- 
chlorocyclopentadienyl) (2,3,4,5-tetramethylphenyl)mer- 
cury (3). Unfortunately its solubility was more like that 
of 2 than 1; hence solution 13C NMR spectroscopy was not 
attempted on it. Several attempts to obtain room-tem- 
perature solution 13C NMR spectra in CDCl, or CD,C12 on 
the slightly soluble 4 and 8 failed. (It should be noted that, 
although C,C15 mercurials such as these are generally 
considerably more soluble in polar donor solvents than in 
CDC13 or CDCl,, they also decompose readily in those 
solvents.) 

Solid-state 13C NMR Spectra 
To overcome the solubility problem and to reduce the 

likelihood of intermolecular exchange of C5C15 groups, we 
obtained 13C NMR spectra of solid samples of 1, 2, bis- 
(pentachlorocyclopentadieny1)mercury (4), and (1,2,3,4,5- 
pentachlorocyclopentadienyl) (5). The last serves as a 
model compound for a nonfluxional c5c16 group. 

Magic-angle spinning (MAS) effectively averages chem- 
ical shift anisotropy and long-range dipolar coupling be- 
tween  pin-'/^ nuclei, but dipolar coupling between s ~ i n - ' / ~  
and quadrupolar nuclei is not in general averaged to zero. 
This effect has been thoroughly examined for 14N-13C 
couplings,36 for which splitting and broadening of the 13C 
peak are common. Chlorine atoms in organic compounds 
are expected to cause more severe perturbations, since the 
quadrupole coupling constants are generally more than an 
order of magnitude larger than those typically observed 
for 14N in organic amines.37 At  higher magnetic field 
strength the quadrupole splitting is a smaller perturbation 
of the Zeeman energy, and the effect is diminished. In 
C5C15 groups the quadrupole splitting is greater than or 
comparable to the Zeeman splitting at any accessible 
magnetic field strength. 

Figure 1 shows the 13C MAS NMR spectrum of 5 at  3.5 
and 8.45 T, taken on modified NT-150 and NT-360 
spectrometers, respectively. The rotor material, poly- 
(chlorotrifluoroethylene), contributes a broad signal cen- 
tered at 113 ppm in the single-pulse mode; this signal is 

Organometallics, Vol. 6, No. 11, 1987 2367 

(34) Boche, G.; Heidenhain, F.; Staudigl, B. Angew. Chem., Znt. Ed.  
Engl. 1979, 18, 218. Angew. Chem. 1979,91, 228. 

(35) West, P.; Woodville, M. C.; Rausch, M. D. J. Am. Chem. SOC. 
1969, 91, 563. 

(36) Zumbulyadis, N.; Henrichs, P. M.; Young, R. H. J. Chem. Phys. 
1981, 75,1603. Opella, S. J.; Frey, M. H.; Cross, T. A. J. Am. Chem. SOC. 
1979,101, 5856. 

(37) Boehm, J.; Fenzke, D.; Pfeifer, H. J. Magn. Reson. 1983,55, 197. 

k 

PJv 8.45 T 

1 
1 " " I " " I " ' ~ l " ' ~ I  

200 150 100 50 0 PPM 

Figure 1. I3C MAS NMR spectra of (CsC1,)2 (5) at  3.5 T (top) 
and 8.45 T (bottom). A total of 1600 scans were obtained with 
5-re pulses with a repetition time of 60 s. A broad background 
signal, arising from the poly(chlorotrifluoroethy1ene) in the rotor 
and stator, has been subtracted. The spinning speed waa 3.6-4.0 
kHz, and spinning sidebands (*) were identified by varying the 
spinning rate. 

d -c 

A 

F 

I " " I " " I ' " ' I " ' ' I  
200 150 100 50 0 PPM 

Figure 2. I3C MAS NMR spectra of Hg(C5C15), (4) at Bo = 3.5 
T (A-C) and 8.45 T (D-F). A and D are the raw spectra; B and 
E are blanks without sample; C and F are difference spectra to 
cancel the background peak. A total of 900 scans were taken with 
60-8 repetition time. 

suppressed in the cross-polarization mode. Even at  the 
highr magnetic field strength the 13C peaks are split by 
about 250 Hz (7 pprn). The splitting and residual broad- 
ening obscure the anticipated chemical shift difference of 
1 ppm for the two types of vinylic carbon. The averaged 
shifts for the two doublets, 131 and 73 ppm, agree well with 
solution 13C shifts for 5 (Table I). At the lower magnetic 
field strength the isotropic chemical shifts are quite ob- 
scured by the quadrupole effect. This suggests that a 
stationary C5C15 ring may not yield an observable signal 
a t  magnetic field strengths less than 3.5 T. The I3C 
longitudinal relaxation time, TI, is on the order of 1 min, 
which is consistent with the absence of large-amplitude 
rapid motion in 5. 

Compound 4 also exhibits a field-dependent line width 
(Figure 2). The background peak also clearly narrows at  
the higher magnetic field strength. The vinylic carbon 
signal is not split and broadened as much as in the spec- 
trum of 5. Dipolar coupling of carbon to chlorine can be 
averaged if there is sufficiently rapid solid-state motion; 
this has been observed in the case of poly(ch1orotri- 
fl~oroethylene).~~ Hence there may be more local motion 
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-60" C 

PPM 

1,' 1 '  1 '  1 ' I L._. 1 , , 1 
300 250 200 150 '00 50 0 -50 -100 

Figure 3. 13C NMR CP-MAS spectra of C6Me5HgC5C15 (2) at 
(a) room temperature, (b) 0 "C, and (c) -60 "C. Spectra recorded 
below -60 "C were substantially unchanged from spectrum c. A 
total of 124 scans were obtained with a repetition time of 60 s, 
a 10-ms CP contact time, and a spinning speed of 3.8 kHz. 

in 4 than in 5. The observed chemical shift of 131 ppm 
indicates that the vinylic and allylic carbons are not ex- 
change-averaged. The absence of the allylic carbon signal 
could arise from an extremely long 13C T,, extreme 
broadening by the attached C1 atom, or perhaps extreme 
broadening by the attached Hg atom by an interaction 
other than Hg-C J or dipolar coupling. 

The 13C spectrum of 2 (Figure 3) exhibits a single rela- 
tively sharp weighted-average peak at  118.8 ppm for the 
C5C15 group, consistent with rapid fluxional motion at room 
temperature in the solid state. This motion does not av- 
erage the five distinct methyl signals (see Figure 2b in ref 
13). Low-temperature MAS spectra were then obtained 
for 2; on cooling, the 118.8 ppm peak broadens and finally 
disappears at -60 OC. But the resolved slow-exchange limit 
spectrum does not appear even at -185 "C. Since the 
fluxional motion surely must be very slow at this tem- 
perature, we conclude that the splitting and broadening 
effect of the chlorine nuclei have broadened the 13C signal 
into the base line for the static case. (Variable-temperature 
capability was not available for the higher-field spectrom- 
eters.) 

Compound 1 (Figure 4) shows no signal clearly attrib- 
utable to the coordinated C5C15 group. Since it is unlikely 
that the quadrupole effect or relaxation time is a more 
severe problem for 1 than for 5,  we suggest that 1 is un- 
dergoing fluxional averaging more slowly than is 2, and the 

(38) Fleming, W. W.; Fyfe, C. A.; Lyerla, J. R.; Vanni, H.; Yannoni, 
C. S. Macromolecules 1980, 13, 460. 

. .. . 
I " " I " " 1  

200 150 100 50 0 PPM 

Figure 4. 13C NMR CP-MAS spectrum of C6H5HgC5C15 (l! at 
3.5 T. A total of 3600 scans were taken with a 5-ms contact time 
and a 20-5 repetition time. Spinning sidebands and impurity peaks 
are labeled with asterisks and arrows, respectively. 

C5C15 signals are exchange-broadened into the base line 
at room temperature. Superambient temperature MAS 
is not currently available to us, and subambient MAS 
would be subject to the same problem as for 2. 

Although the spectrum of 2 is aesthetically satisfying 
and seems very consistent with the presence of rapid 
fluxional motion, the spectra of the other compounds (in 
which slower or no fluxional motion is apparently involved) 
are much more difficult to interpret due to the broadening 
effects of coupling of the 13C nucleus to the quadrupolar 
chlorine nuclei. Thus it seemed useful to supplement the 
NMR measurements with a method which takes advantage 
of the quadrupolar nuclei, 35Cl NQR spectroscopy. 

3bCl NQR Spectra 
Although NQR has not yet been used to detect fluxional 

behavior in organometallic compounds, it has long been 
used as a method for studying solid-state molecular re- 
o r i e n t a t i o n ~ ; ~ ~ * ~ ~  fluxional motion can be regarded as a 
5-fold reorientation of the q1-C5Cl5 ring hindered by the 
Hg-C chemical bond. Such reorientations first manifest 
themselves in the NQR spectra when the reorientation 
rates become comparable to the line widths of the NQR 
signals (typically a few kilohertz for 35Cl NQR spectra); 
the signals then are broadened and lose intensity ("fade 
out") within a moderate temperature range. In contrast, 
the NQR signals of compounds with reasonably intense 
spectra a t  low temperatures normally persist (although 
gradually lose intensity) to near their melting, decompo- 
sition, or phase-transition temperatures. 

There are a number of known causes of fade-out of NQR 
signals. In general terms, NQR signals will fade out when 
the relaxation times of the nuclei involved become too 
short (or too long) as a function of temperature. (This can 
be important, for example, in paramagnetic transition- 
metal compounds.) Some of the causes of fade-out can be 
classified as order-to-disorder phase transitions. Most of 
the types listed by Chihara and Nakamura40 (displacive 
ferroelectric transitions due to ion displacement, cell- 
doubling transitions due to ion rotation, hydrogen-bonded 
ferroelectric transitions) are not relevant to this study; the 
last category (orientational order-disorder transition) could 
include the specific cases of hindered reorientation and 
fluxional behavior. 

(39) Lotfullin, R. Sh.; Semin, G. K. Adu. Nucl. Quadrupole Reson. 

(40) Chihara, H.; Nakamura, N. Adu. Nucl. Quadrupole Reson. 1980, 
1975, 2, 1. 

4, 1. 
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Fluxional Behavior in q1-C6Cl&IgR 

Among the types of molecular motion which can produce 
fade-outa are (1) the self-diffusion of molecular species, 
(2) the reorientation of molecules or ions as a whole, and 
(3) the reorientation of functional groups within a mole- 
cule, including fluxional behavior. The authors are not 
aware of cases corresponding to type 1. Type 2 is found 
in, for example, trans-1,2-dichloroethane, the NQR spec- 
trum of which fades out above about 140 K due to the 
tumbling of the molecule about its Cl-Cl molecular 
and in penta- or hexasubstituted benzenes, which can 
undergo 6-fold rotation. Type 3 occurs commonly when 
-CC13 or =PC13 groups undergo hindered rotations about 
their 3-fold axes. Type 3 differs from types 1 and 2 and 
an order-disorder phase transition in that only NQR sig- 
nals in the functional group itself fade-out; those from 
quadrupolar nuclei in other parts of the molecule, or in 
like functional groups which, are crystallographically in- 
equivalent, will not fade out a t  the temperature in ques- 
tion. 

Compounds 1,2, and 4 have no chlorines outside of the 
C5C15 group, and have no crystallographically inequivalent 
molecules, so it was useful to synthesize compounds with 
chlorines substituted in the phenyl group, 10 and 11. No 
fade-out occurred in 10 below the temperature a t  which 
the sample began to decompose, but the results with 11 
were more useful. Figure 5 shows the temperature varia- 
tion of the NQR frequencies of 11. As is normal, the 
frequencies decrease with increasing temperature. By 
comparison with the 33.873- and 33.397-MHz frequencies 
of bis(chloroduryl)mercury, the low frequency of 11 can 
be assigned to the para chlorine in the phenyl group. This 
NQR signal persists up to the highest temperature mea- 
sured, 324 K, while the NQR signals of the C5C15 group 
fade-out between 243 and 254 K. Hence the motion or 
disorder responsible for fade-out in 11 is confined to the 
C5C15 group; the group attached to the mercury (and by 
implication the mercury itself) is not in motion. 

Our communication of this work13 gives the 77 K 35Cl 
NQR spectra of the mercurials included in this study. 
Most of the compounds have five 35Cl NQR signals and 
hence only one crystallographically inequivalent molecule 
per unit cell. Compounds 4,6,8, and maybe 742 show more 
than five 35Cl NQR signals and hence have crystallo- 
graphically distinct C5C15 groups in the asymmetric units 
of their unit cells. 4 and 8 show no fade-out below their 
decomposition points or the highest temperature studied. 
In 6 the NQR signals found at 77 K at  37.591, 36.837, 
36.233, 36.120, and 35.757 MHz fade out by 244 K while 
the other five signals retain their intensity; these then fade 
out by 293 K. This behavior seems unlikely for an or- 
der-disorder phase transition but is consistent with 
functional-group or molecular reorientation which has 
different intermolecular hindrance at  the crystallograph- 
ically different sites. 

The NQR fade-out behavior of compounds 1,2, and 4 
is consistent with reasonable interpretations of their sol- 
id-state 13C NMR spectra. Thus 4, which showed only a 
quadrupole-split and broadened vinylic 13C NMR peak at 
room temperature, shows no sign of fade-out up to its 
temperature of decomposition, 342 K. 1, which showed 
no NMR peak for the C5C15 group at  room temperature, 
does show fade-out above room temperature in its NQR 
spectrum; this is complete a t  about 327 K. And 2, which 
shows a single sharp solid-state NMR peak for a fluxional 
C5C15 group at room temperature and at 273 K but not at 

Organometallics, Vol. 6, No. 11, 1987 2369 

T/K 

Figure 5. Temperature dependence of the 35Cl NQR spectrum 
of 4-C1C6(CH3)4HgCSC1S (11). Frequencies are in megahertz. 
Spectra were measured up to 324 K. 

213 K, shows fade-out of its NQR spectrum by 256 K. The 
similarity in the temperatures involved in the NMR and 
NQR changes suggests that, a t  least in this system, the 
time scales for detecting fluxional behavior of chlorine 
NQR and of carbon NMR are similar (on the order of a 
few kilohertz). 

Since NQR fade-out can be due to causes other than 
molecular reorientation or fluxional behavior, the obser- 
vation of fade-out by itself is not conclusive evidence for 
fluxional behavior. The NMR and NQR evidence taken 
together, however, would be very difficult to explain in any 
other manner. Thus 35Cl NQR should be a nicely com- 
plementary technique to solid-state 13C NMR for com- 
pounds in which quadrupolar nuclei similar to chlorine are 
bonded to the NMR nucleus. Both techniques should 
involve similar time scales of a few kilohertz, but the NMR 
will be best used in the rapid-exchange limit, while NQR 
will be most useful in the slow-exchange limit.43 It appears 
that the time scales of the two spectroscopic methods are 
close enough to each other in this type of compound that, 
between them, characteristics of the fluxional motion (i.e. 

(41) Dodgen, H. W.; Ragle, J. L. J. Chem. Phys. 1956,25, 376. 
(42) Due to the uncertainties in the composition and homogeneity of 

7, ita spectrum cannot be reliably interpreted. 

(43) Although the NQR spectrum of a rapidly rotating group should, 
in theory, be detectable and quite d i s t i n ~ t i v e , ~ ~  nearly all attempts to 
detect such spectra have failed. 
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presence of fluxional behavior of the C5C15 group in the 
solid state. The %C1 NQR spectra of this and many of the 
other compounds in this study also include the expected 
manifestations of fluxional behavior: (1) the spectra fade 
out over a moderate temperature range well below the 
melting or decomposition temperature; (2) in substances 
with more than one crystallographically distinct molecule 
in the asymmetric unit of the unit cell, the signals of 
different C5C15 groups fade out at different temperatures; 
(3) the signals of chlorine nuclei in the phenyl substituent 
do not fade out; (4) the fade-out temperature depends on 
the inductive effect of the R group in RHgC5C15, (5) 
fade-out is absent when steric hindrance is likely to be 
present. The NQR data suggest that fluxional motion 
becomes more rapid in the order R = C5C15 < R = C6H5 

R = C6(CH3),; this order seems consistent with reason- 
able interpretations of the corresponding solid-state 13C 
NMR spectra, insofar as these can be deciphered in the 
presence of quadrupolar broadening. 

We conclude that, under certain circumstances, it may 
be profitable to use other methods in addition to NMR 
spectroscopy to study fluxional behavior. The circum- 
stances that made this advantageous in this study (poor 
solubility, broad solid-state 13C NMR signals due to the 
presence of quadrupolar nuclei) do not just occur in metal 
derivatives of the C5C15 group, but also may be found, for 
example, in many transition-metal carbonyls, for which 
transition-metal and/or 1 7 0  NQR spectra might also prove 
valuable. As an example of this, CO~(CO)~, which has been 
shown to be fluxional in the solid state by solid-state 13C 
NMR spectroscopy? also shows fade-out of its 59C0 NQR 
signals a t  233 K.46 

Acknowledgment. We thank the Research Corpora- 
tion, the Alexander von Humboldt Foundation, the North 
Atlantic Treaty Organization (RG 496/84), and the 
Deutsche Forschungsgemeinschaft for financial support 
of this work. We also acknowledge the assistance of the 
Colorado State University Regional NMR Center, funded 
by National Science Foundation Grant No. CHE-8208821, 
in obtaining the CP-MAS NMR spectrum, of A. Schluter 
and D. Hillenbrand in obtaining the solution 13C NMR 
spectrum of 1 and the model compounds, and of N. 
Weiden for helpful discussions. 

Registry No. 1, 33997-14-7; 2, 102140-86-3; 3, 102140-87-4; 
4, 33997-11-4; 5, 2227-17-0; 6, 67951-83-1; 8, 33997-12-5; 9, 
56104-46-2; 10, 102140-89-6; 11, 102140-88-5; C5C15HgOOCCH3, 
110614-65-8; CSC1,CMe3, 56118-23-1; C5C15CHMe2, 16177-50-7; 
C5C15CH2Me, 16177-48-3; (C6H5)2H9, 587-85-9; C6(CH3)5HgOOC- 
CF3, 33814-59-4; HCSC15, 25329-35-5; 2,3,4,5-(CH3)4C,H- 
(H,OOCCF3), 110614-66-9; CeH5CH2HgOH, 29239-28-9; HgO, 
21908-53-2; bis(pentamethylphenyl)mercury, 56457-48-8; 
1,2,3,4-tetramethylbenzene, 488-23-3; mercuric trifluoroacetate, 
13257-51-7; mercuric acetate, 1600-27-7; bis(4-chloropheny1)- 
mercury, 2146-79-4; chlorodurene, 2762-20-1; bis(chlorodiury1)- 
mercury, 110614-67-0. 

Table 11. Conclusions Based on ssC1 NQR Data for 

temp (K) of 
C&HgR 

compd R= a Taft o*b fade-out decc 

-2.4 293 343 
3 C6Me4H-o 1 -1.3 303 400 
2 C6Me5 1 -1.0 256 416 

9 C1-diglyme 1 -0.7 d 342 
11 CGMelC1-p 1 -0.6 243 420 
11 CeH4Cl-p 1 -0.5 d 373 
4 c5c15 2 +0.2 d 342 
8 C1 4 +1.7 d 402 

Number of C5C15 groups in the asymmetric unit of the unit cell, 
as deduced from the total number of C5Cls NQR signals. bTaft 
polar substituent constant of HgR (*0.4), calculated from the av- 
erage NQR frequency of the vinylic chlorines.u The temperature 
of decomposition appear to depend markedly on the rate and du- 
ration of heating. dNo fade-out below the highest temperature 
studied (333-343 K). 

exchange rates and activation energies) can be studied over 
nearly the complete temperature range of interest in the 
solid state. This appears to be impractical in this type of 
compound using either method by itself. 

Trends in Fade-out Temperatures. If NQR signal 
fade-out is indeed related to fluxional behavior, certain 
trends ought to be observed in the fade-out temperatures 
of these compounds, which are listed in Table 11. Firstly, 
it has been noted that the rate of fluxional motion of a 
q1-C6R5 tends to be accelerated when electron-donating 
groups are present on the mercury atom.35 Although 
solid-state packing effects will certainly interfere, we might 
expect to see a tendency for lower fade-out temperatures 
in such compounds. 

The electron-donating characteristics of the R groups 
in RHgC5C15 can be assessed as Taft inductive constants 
u* from the NQR frequencies of the vinylic C5C15 chlorines 
at 77 K;& these are summarized in Table 11. Except in the 
cases of 9, fade-out occurs in all compounds and only in 
compounds having electron-donating substituents (u* < 
-0.5).45 Molecular models indicate that severe steric 
hindrance should occur between C5C15 chlorines and di- 
glyme hydrogens in 9; this would be expected to hinder 
fluxional m ~ t i o n . ~  

Conclusions 
The room-temperature solid-state CP-MAS 13C NMR 

spectrum of 2 contains only one line for the chemically 
inequivalent carbons of the 7'-C5C15 group. This one line 
is sharp despite the presence of quadrupolar chlorine at- 
oms, which broaden such lines unless rapid solid-state 
motion is present. This line loses intensity and then 
disappears a t  subambient temperatures. It is difficult to 
think of explanations of this spectrum other than the 

6 C ~ H ~ C H Z  2 -2.3 244 343 

C6H5 1 -1.0 327 393 

(44) Wulfsberg, G. J. Organornet. Chem. 1976,86, 321. 
(45) 7 may also be an exception. 

(46) Mooberry, E. S.; Spiess, H. W.; Garrett, B. B.; Sheline, R. K. J.  
Chern. Phys. 1969,51, 1970. 
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