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ABSTRACT: The aim of this study was to demonstrate the
absolute necessity of control experiments for a correct interpreta-
tion of mercury drop test results when applied to mechanistic
studies of palladacycle-catalyzed reactions. It was shown that the
interaction of diverse azapalladacycles with metallic mercury leads
to the formation of organomercuric chlorides during the redox-
transmetalation process. The structure of these organomercurials
was confirmed by elemental analysis, 1H, 13C{1H}, and 199Hg{1H}
NMR spectra, X-ray diffraction analysis, and DFT calculations. The
behavior and properties of C,N-mercuracycles bearing the weak and
labile N···Hg bond are discussed on the basis of the temperature
dependence of the NMR spectra and calculated thermodynamic
parameters of the dechelation process.

■ INTRODUCTION

The success of catalytic system development is dependent on a
clear understanding of the reaction mechanism and the nature of
the true catalyst. Among a rather rich collection of diagnostic
tools proposed to explore this issue,1,2 the mercury poisoning
test is the most popular due to its easy procedures. This method,
known for almost a century,3 was first based on the ability of
mercury(0) to amalgamate zero-valent metals or to adsorb on
the metal surface.4 The interpretation of mercury poisoning
results has significantly changed over time. Initially, this test was
considered a way to distinguish between homogeneous and
heterogeneous catalysts; the suppression of the reaction by
excess metallic mercury served as evidence for heterogeneous
catalysis.5 Later, Schwartz suggested using more mechanistically
oriented terms: “homotopic and heterotopic” catalysis, depend-
ing on the nature of the catalytic sites, not on the phases
involved.6 However, this reasonable terminology is still almost
never used. The next step in the interpretation of mercury(0)
poisoning results was made by Jones,1c,7 who suggested relating
the results of the test for palladium-catalyzed cross-coupling
reactions with the type of catalytic cycle as follows: “the
observation that Hg(0) does not affect the catalysis can confirm
a mechanism that does not involve unprotected Pd(0) (soluble

or supported), whereas an observation that Hg(0) quenches the
activity may be consistent with a Pd(0) intermediate”.1c In
support of this idea, it is useful to mention that there are several
known examples of mercury(0) interaction with soluble
molecular complexes of zero-valent metals, such as palladium,
platinum, and rhodium.8 Of course, the interaction of metallic
mercury with metal complexes in elevated formal oxidation
states bound by protective ligands usually is considered
impossible.1c,7,9

Mechanistic studies are particularly important in the case of
cross-coupling catalysis with cyclopalladated complexes
(CPCs), palladacycles, or pincer palladabicycles, which have
remained a subject of debate until now. In contrast to the widely
accepted classic Pd(II)/Pd(0) pathway for these processes,10

recent experimental11 and theoretical investigations of these
processes,12 along with significant progress in the chemistry of
cyclometalated palladium(IV) complexes,13 have provided
evidence in favor of alternative Pd(II)/Pd(IV) catalytic cycle
viability. The most valuable and quite convincing experimental
confirmation of the Pd(II)/Pd(IV) pathway for the intra-
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molecular version of the Heck cross-coupling reaction has been
provided by Vicente’s recent research.14

As one would expect, the mercury poisoning test has been
widely used to estimate the mechanism of cross-coupling
processes, but the results have often been contradictory. In
accordance with Jones’s suggestion,1c the observations that
mercury(0) has no effect on the Heck, Suzuki and related
reactions catalyzed by C,N-,11d,15 and C,P-palladacycles16 or
N,C,N′-,17 C,N,O-,14c,d C,N,S-,11a C,N,Se-,18 P,C,P-,19 and S,C,S-
pincer complexes11f allow the exclusion of any catalytic cycles via
the unprotected palladium(0) intermediates. However, in only a
few studies, a logical homogeneous Pd(II)/Pd(IV) catalytic
cycle11a,d,f,19b or homogeneous catalysis via molecular
palladium(II) species17,19a was suggested. In Vicente’s re-
search,14c,d this conclusion was unambiguously confirmed by a
rich set of additional testing experiments and ESI-MS detection
of two palladium(IV) intermediates in the catalytic process. The
opposite assumption about the homogeneous Pd(II)/Pd(0)
pathway has been made in other reports15,16 after a negative
mercury drop test was obtained, despite the lack of an induction
period in the kinetic curve16 and the opportunity to regenerate
and reuse the catalyst.16a,b Although the formation of strongly
protected soluble palladium(0) species was not proven, it may
be assumed in systems with C,P- or P,C,P-CPCs used as a
(pre)catalyst. The rare exception is the research of Singh’s team,
who not only confirmed C,N(S)-palladacycle thermal decom-
position under catalysis conditions and isolated and charac-
terized in detail the nanoparticles (NPs) formed with Pd7S
stoichiometry but also established their homogeneous catalytic
activity provided by palladium(0) atom leaching.15

More serious problems arise in the case of a positive mercury
test. It was shown that mercury(0) suppresses (completely or
partially)20 the catalytic activity in cross-coupling reactions of
palladium(II) cyclometalated C,N-,20c,21 C,P-,22 and C,S-
complexes23 and P,C,P-,2b,7b,20a,b,24 S,C,S-,7a,9b,25 Se,C,Se-,26

and C,N,E (E = S, Se, Te)-pincers.27 This result was considered
by the authors as evidence of homogeneous catalysis with
molecular palladium(0) species or colloidal palladiu-
m(0),7a,b,9b,21e,f,22,24a heterogeneous catalysis with palladium(0)
nanoparticles (NPs),2b,21a−d,23,24b,26 or a “cocktail” of homoge-
neous and heterogeneous pathways.27,28 According to the Jones
concept,1c a positive mercury test may be consistent with a
catalytic cycle involving a palladium(0) intermediate. However,
such a conclusion in some studies was not convincing enough
because of an absence of any additional mechanistic
tests,20c,24a,26 discrepancy in the various test results,2b,20b,21c,d

and a lack of the expected induction period in the kinetic
curve.9b,20,21a,b,d The more serious drawback of most of the
above-mentioned mechanistic studies (excluding some re-
ports)9b,24 is the absence of the absolutely necessary control
experiments, including the mercury(0) reactions with the
starting (pre)catalyst and other catalysis participants; in these
circumstances, the mercury drop test interpretation must be
recognized as incorrect.1a,d

We have proposed that if the alternative Pd(II)/Pd(IV)
catalytic cycle for cross-coupling is possible in principle then it
may operate either alone or in combination with the classic
Pd(II)/Pd(0) route. Previously, we developed a catalytic system
with the maximum contribution of the palladacycle-retaining
pathway of the Suzuki reaction that is necessary for the efficient
chirality transfer in an asymmetric version of this process.29 The
following properties of this system satisfied this condition: The
catalyst can operate in air at room and reduced temperatures

without any visible evidence of palladium black formation,
providing good yields and a rather high enantioselectivity of the
binaphthyl product. In addition, the catalyst was almost
quantitatively recovered after the reaction completion, and the
kinetic curve for this reaction did not reveal any induction
period. However, we discovered an unexpected contradiction
between these properties of the catalytic system and a positive
mercury drop test. The control experiment showed that the
reason for the catalysis suppression is the redox-transmetalation
of the cyclopalladated (pre)catalyst.29b Herein we report an
evaluation of the limits of the mercury poisoning test
applicability to CPC-catalyzed reactions.

■ RESULTS AND DISCUSSION
In this research, we worked to solve the following two main
problems: to assess the limits of mercury poisoning test
applicability for other CPC-catalyzed cross-coupling reactions
and to estimate the influence of the control test conditions on
the result.

Mercury(0) Testing of Diverse Azapalladacycles. The
first problem arose from the fact that the sole known report on
palladacycle reactions with mercury(0) was devoted to imine-
derived CPCs and aimed at the preparative synthesis of planar
chiral ferrocenylmercuric chlorides.30 Under these circum-
stances, it was reasonable to assume that the similar anomalous
reactivity of high-valent palladium complex 1a with metallic
mercury to provide arylmercuric chloride 1b (L1HgCl) as the
redox-transmetalation product29b is due to the specific proper-
ties of the iminate ligand (Scheme 1).

To estimate the scope of this unusual reactivity, we performed
the main control experiment (required for the classic mercury
drop test)1a,d for a series of azapalladacycles derived from diverse
N-donor ligands (Chart 1). This set of potential (pre)catalysts
included complexes bearing a tertiary amino-group as an (sp3)

Scheme 1. Redox-Transmetallation of the Catalyst rac-1a

Chart 1. Structures of the Cyclopalladated Dimers Used in
the Present Research
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N-donor on an arylene framework (2a, 3a) or a ferrocenylene
backbone (4a), and two more structures with (sp2)N-donors of
oxazolinyl (5a) or pyridyl (6a) heterocyclic rings in addition to
the nonmetallocenic planar chiral iminateC,N-dimers (Rpl)- and
rac-1a. To make the results of such a screening most compelling,
all control experiments were conducted on a preparative level,
affording the possibility of spectral and structural character-
ization of the reaction products and mercury(0) of the highest
purity (99.999%) was used.
Influence of the Structure and Conditions on the

Control Experiment Result. This series of control experi-
ments showed that all C,N-palladacycles interact with metallic
mercury, affording arylmercuric chlorides (Chart 2), although

the efficiency of their redox-transmetalation is strongly depend-
ent on the CPC structure and solubility and on the testing
conditions (Table 1). All cyclopalladated C,N-dimers 1a−6a
reacted with metallic mercury in toluene even at room
temperature. Under these conditions, the difference in their
reactivity was especially pronounced: The yields of isolated
arylmercuric chlorides varied from ∼8% after 144 h for 2b to
71% at 96 h for 5b (entries 4 and 10, respectively). This process
could be considerably accelerated by the introduction of a base:
For example, in the presence of potassium fluoride arylmercuric
chloride 5bwas isolated after 9 h in a yield of 94% compared to a
yield of 71% after 96 h in the absence of base (entries 12 and 10,
respectively). The redox-active ferrocenylene backbone of
starting dimer 4a also makes a significant contribution to the
acceleration of the transmetalation: After reaction at room
temperature for 3.5 h, mercurial 4b was isolated in a yield of
81%, the yield of its analogue 2b with a naphthylene backbone
and identical side chain was only 8% after 144 h, and starting
dimer 2a was recovered in an intact state in a yield of 61%
(entries 8 and 4, respectively).
At increased temperature (up to 70−90 °C), the trans-

formation of C,N-CPCs into arylmercuric chlorides was also
considerably accelerated. For example, arylmercurials rac-1b,
(SC)-5b, and 6b were isolated after 1−3 h of heating in yields of
more than 90% (entries 2, 11, and 15, respectively), while the
same reactions of dimers rac-1a, (SC)-5a, and 6a performed at
room temperature required 48−96 h (entries 1, 10, and 14,
respectively). As one might expect, the low solubility of the
starting μ-chloride cyclopalladated dimers makes some con-
tribution to the slowdown of the reaction. For example, the
redox-transmetalation of dimer rac-1a, which is practically
insoluble in toluene, required a 3-fold increase in the reaction

duration compared to its highly soluble enantiopure form (Rpl)-
1a under the same conditions (entries 2 and 3, respectively).
The cross-coupling reactions are usually carried out either

under inert gas or in air; therefore, mechanistic testing and
diverse control experiments should be conducted strictly in the
same atmosphere. As far as we know, estimates of the influence
of this factor are extremely rare. They are limited by the mercury
poisoning test performance for the phosphite C,P-palladacycle-
catalyzed Suzuki−Miyaura cross-coupling reaction both in air
and under argon with no difference in the results of the first run
(90−100% yield of the product)16a,b but with controversial
results for the second cycle.16a Therefore, it was necessary to
assess the impact of these conditions on the results of our control
experiments. We did not find significant differences in the
reactions of C,N-dimer (SC)-5a with metallic mercury
performed under argon and air: in both conditions redox-
transmetalation product (SC)-5bwas isolated in almost identical
yields (93 and 90%; entries 11 and 12, respectively).
There is onemore important factor that determines the rate of

the redox-transmetalation process, namely, the mercury(0)-to-
palladium(II) ratio. As an illustration of its efficiency, we can
compare the results of decreasing the mercury(0) excess from
the standard 330 equiv to only 20 equiv in the redox-
transmetalation of dimer 5a at the same temperature: Even
after an 8-fold increase in the reaction duration, the yield of
arylmercuric chloride 5b was noticeably reduced (93 and 79%;
entries 13 and 11, respectively). It should be noted that in the
application of the mercury drop test, this parameter has varied
over a very broad range starting from less than 100 equiv of
mercury(0)7b,22,24a to 4000−20 000 equiv,14d,19a,21b,d without
any explanation regarding the choice of the value. To emphasize
the importance of this factor, we can mention a rare example of
its estimation. A drastic dependence of the mercury poisoning
effect on the Hg/Pd ratio was reported in Suzuki and Heck
reactions (at 110 and 130 °C, respectively) catalyzed by ylide
C,P-palladacycles: the yield of the cross-coupling product
decreased from 73 to 85% in the presence of 100 mercury(0)
equivalents down to trace quantities at 300 equiv.22 From this
example, it becomes obvious that the lowering of the
mercury(0) excess in the control experiment compared with
that used in the mercury poisoning of the catalytic process leads
to incorrect conclusions from this kind of mechanistic testing.

Metallic Mercury Reactivity. At first glance, our results
from the control experiments may seem anomalous from the
standpoint of the widely accepted view on the interaction of
metallic mercury with only zero-valent metals1c,7,9 or (much
more rarely) with their molecular complexes.8 However, there is
series of reports (mainly dated in the previous century) that may
raise doubts as to the validity of this widespread opinion.
The most powerful argument against this common mis-

conception is provided by the preparative synthesis of a series of
cyclomercurated compounds via redox-transmetalation by
metallic mercury of chiral azapalladacycles derived from
ferrocenylimines under very mild conditions at room temper-
ature. These cyclomercurated compounds were isolated in very
high yields (92−98%), exceeding the efficiency of direct
cyclomercuration of imine ligands by the standard method.
Their structure was convincingly confirmed by elemental
analysis, optical rotation values, IR spectral data, and selected
1HNMR spectral data, as well as X-ray crystal structure data and
circular dichroism spectral data for one of 12 compounds.30a

This report by Wu from 1999 remained the sole example of the
implementation of the redox-transmetalation of CPCs with

Chart 2. Structures of Isolated Organomercuric Chlorides
1b−6b
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mercury(0) published before the beginning of our own
research.29b Before the report by Wu, the similar PdII/Hg0

redox-exchange was realized with a nontypical analogue of
CPCs, [{(η2,η1C,C,C-L)Pd(μ-Cl)}2] (L

− = acetoxynorbornen-
yl), affording the alkylmercuric chloride [(η1C-L)HgCl] in a
yield of 30%.31 In addition, we can mention the related redox-
transmetalation processes, namely, interaction of planar chiral
cyclopalladated ferrocenylimines (as μ-chloride dimers) with
zero-valent tin to afford cyclometalated Sn(IV) derivatives
(Spl,Spl)-[(κ

2C,N-L)2SnCl2].
32

As another valuable contribution to disproving the common
misconceptions regarding limited mercury(0) reactivity, we can
mention the Nesmeyanov’s research devoted to the inves-

tigation of mercury(0) reactions with diverse π-allyl palladium-
(II) complexes.33 It was shown that these reactions provide
allylmercuric halides or bis(allyl)mercurials (along with metallic
palladium) in high yields under mild conditions. As a rare
exception to this high reactivity, we can mention that the
triphenylphosphine derivative [(η3-All)PdCl(PPh3)] of the
allylic μ-chloride dimer was found not to react with metallic
mercury.33c The authors proposed a mechanism for this
reaction, including the cleavage of the μ-halide bridges in the
π−AllPdCl molecule, π−σ-rearrangement of the π-allyl ligand,
causing cis-migration of the σ-bonded allyl group from
palladium to the mercury atom, and final internal redox reaction
producing palladium(0) and alkylmercury chloride.33c

Table 1. Mercury(0) Poisoning of Diverse Palladacycles (Control Experiments)a

aTypical reaction conditions: mixture of the cyclopalladated dimer (∼0.05 mmol) and metallic mercury excess (∼33 mmol, 330 equiv) was
intensively stirred in toluene (∼15 mL) under air (if not stated otherwise). bIsolated yield is presented. cExperiments were conducted with a
racemic cyclopalladated dimer of extremely low solubility. dThe enantiopure dimer (Rpl)-1a was completely soluble in toluene, in contrast to the
insoluble racemic form. eStarting cyclopalladated dimer was recovered in a yield of 61%. fThe reaction was performed under argon. gYield of pure
complex 4b (TLC and 1H NMR data) isolated as red-brown oil; after multistage crystallization, one of its racemic diastereomers was separated in a
yield of 53% in the crystal state. hThe reaction was conducted in the presence of KF (10 equiv/Pd).
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Moreover, efficient mercury(0) interactions with palladium-
(II) compounds have even found analytical applications.34

Several examples from platinum(II) chemistry may also be
mentioned. First, it was shown that high-temperature
thermolysis of organometallic platinum(II) complex R2Pt(cod)
(R = tBuCH2, cod = cycloocta-1,5-diene) in the presence of
mercury(0) results in the formation of dialkyl mercurial HgR2 in
high yield.35 Second, complete poisoning of high-valent
platinum catalysts, (cod)PtIICI2 and even H2Pt

IVCl6 (Speier’s
catalyst), was observed after their long treatment with
mercury(0) before introduction of the other reaction partic-
ipants.8a,36 Among the other redox processes on a mercury(0)
surface we can also mention the formation of R2Hg mercurials
(R = aryl, alkyl) from thallium(III) organometallic compounds,
TlR3 or R2TlHlg.

37

Consequences for Catalysis Studies. Therefore, mer-
cury(0) reactions with homogeneous molecular metal com-
plexes in elevated formal oxidation states cannot be considered
exotic precedents. Thus, in the case of a positive mercury drop
test it is absolutely necessary to perform additional control
experiments to ensure that the (pre)catalyst does not react with
mercury(0) under the catalysis conditions.1a,b,38 However, to
the best of our knowledge, among the many dozens of
publications on the use of the mercury poisoning test for
mechanistic elucidation of CPC-catalyzed reactions, only three
examples of such control experiment performance are known.
All these probes were made for catalytic systems with pincer
(pre)catalysts and using only NMR control.9b,24 Thus, it was
shown that phosphinite P,C,P-pincer palladium(II) complexes
do not react with mercury(0) alone but undergo oxidation and
probably hydrolysis in the presence of a mercury(0) and
Cs2CO3 mixture. This assumption was based on the observed
similarity of the 31P{1H} NMR chemical shifts with those for
known phosphine oxide iPr2PhP(O) and phosphinate iPr2P-
(O)OPh.24

The third version of the reported control experiment9b seems
rather inconclusive. First, it was performed in the presence of too
low of a mercury(0) excess, namely, with only 20 equiv
compared with the 300−500 equiv used in this work for the
mercury poisoning of catalysis. Second (and most importantly),
the assumption of the intact state of the neutral [(κ3S,C,S-
L)PdCl] pincer (pre)catalyst in the presence of mercury(0) was
based on 1H NMR spectral data confirming the retention of the
pyridine (Py) coordination with palladium in the case of the
cationic derivative [(κ3S,C,S-L)Pd(Py)]BF4, which was not used
either in the Heck coupling catalysis or in the mercury(0)
poisoning test. This probe cannot be recognized as a correct
control experiment, taking into account the known drastic
difference between the behavior in catalysis of the neutral pincer
(pre)catalyst [(κ3C,N,O-L′)PdI(κ2CO-L″)] and its cationic
dehalogenated derivative and the opposite results obtained
from the mercury(0) poisoning test for these species.14c,d

A positive mercury poisoning test was reported for almost all
cross-coupling reactions catalyzed by C,N-palladacycles.21a−f

This result was used as the basis for the assumption of the
leading role of palladium(0) NPs, colloidal or low-ligated
palladium(0) species in the catalytic processes. Since these
studies did not include any control experiments excluding the
possibility of (pre)catalyst deactivation due to its reaction with
mercury(0), an alternative explanation for the positive mercury
poisoning test must be discussed. Several arguments can be
made in favor of possible (pre)catalyst killing by mercury(0).
First, the close structural similarity of azapalladacycles bearing

tertiary amino groups,21b−f pyridine,21a or an oxazoline N-
donor,20c with our CPCs 2a−6a tested in the control
experiments (Table 1) allows us to assume a similar reactivity
of these palladacycles with mercury(0). Second, the high
temperature regime used for the mercury drop test in Suzuki−
Miyaura and Mizoroki−Heck reactions (from 80 to 140 °C)
should significantly speed up the redox-transmetalation process.
Third, inhibition of catalysis at the introduction of mercury(0)
at the starting point of the reaction21a−c can serve as evidence for
the interaction of Hg(0) with the (pre)catalyst and not with the
product of its activation. Fourth, the lack of the expected
induction period in the kinetic curve20c,21a,b,d and some
contradictions between the mercury poisoning and other testing
results21c,d are also important evidence of the alternative
interpretation of the positive mercury test. Finally, all these
facts indicate that the most likely reason for the positive
mercury(0) poisoning test may be the redox-transmetalation of
the palladium(II)-containing C,N-metallacyclic (pre)catalyst,
not the suppression of catalysis via Pd(0)/Hg(0) interaction.
The authors can confirm or refute the alternative explanation of
this test result with a simple control experiment.

Confirmation of the Structure of the Redox-Trans-
metalation Products. The next task of our research was to
provide the most convincing evidence of the structure of
organomercuric chlorides 1b−6b because (i) they were isolated
under unusual circumstances and (ii) they are mainly new
compounds. Among mercurials 1b−6b, (SC)-3b,39 and rac-4b40
were previously prepared by classic routes based on the
interaction of mercury(II) chloride with the corresponding
metalated ligand: (SC)-L

3Cu,39b (SC)-L
3Li,39a or rac-L4Li.40 To

solve our structural problem, we used 1H, 13C{1H}, and
199Hg{1H} NMR spectroscopy, X-ray diffraction analysis of
four mercurials, and density functional theory (DFT)
calculations.

Crystal Structure of Mercurials. The X-ray diffraction
study of arylmercurial rac-1b was reported previously without a
discussion of its structure;29b in this work we performed a
crystallographic study of other organomercuric chlorides (RC)-
2b, (RCSpl)*-4b, (SC)-5b, and 6b (Table 2, Figures S41−S44)
isolated in our control experiments. Among these complexes,
only a derivative of the tertiary α-methylbenzylamine, (SC)-3b,
had been previously crystallographically characterized.39a With
the exception of the arylmercuric chloride (RC)-2b, all
remaining complexes have only one or no close enough
analogues in the rich collection of related mercurials (Tables
S1−S6); therefore, for their structure discussion we were forced
to use more distant analogues (Chart 3).
The interpretation of the X-ray diffraction data obtained in the

previous century sometimes needs to be significantly adjusted by
taking into account the modern revision of the van der Waals
radii (RvdW): Instead of the previously widely accepted Bondi
value of 1.55 Å for the mercury atom,41 the recently
recommended values are 1.73−2.00 Å42 (corresponding to the
ab initio-calculated RvdW value equal to 1.75 Å)43 or 2.1−2.2 Å.44
Taking into account the recommended crystallographic van der
Waals radii of mercury and nitrogen (2.00 and 1.6 Å,
respectively),44a we can see that the Hg−N distances observed
in the structures of isolated organomercurials 1b, 2b, 4b, and 5b
(2.59−2.82 Å) are essentially shortened in comparison with the
sum of their van der Waals radii (3.6 Å), even after their
correction based on packing effects (∼0.2 Å).45 These
parameters allow us to propose the formation of optimal five-
membered mercuracycles in the crystals of 1b, 2b, 4b, and 5b.
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In general, all structures of these isolated organomercuric
chlorides may be considered typical representatives of the
corresponding organomercurials.45,46 In accordance with the
preferable sp-hybridization of mercury(II), they contain an
almost linear C−Hg−Cl segment, with the corresponding angles
varying over a rather narrow range 171.8−179.1° (Table 2).
Their other geometric characteristics, such as the Hg−C, Hg−
N, andHg−Cl bond lengths, and valent angles either fall into the
intervals of the values for their known analogues or lie close to
the boundaries of these intervals (Tables S1−S6). The
geometric parameters of all five-membered mercuracycles are
similar to those of their nearest analogues. In derivatives of
tertiary amines (2b, 4b), mercuracycles are highly puckered in
the envelope-like conformation, with the parameter ϖav
(average of the absolute values of all intrachelate torsion angles)
equal to 29.0−30.7° and an interplanar angle {HgNCα}/
{HgC1C2Cα} (ωenv) of 42.4−43.2° (Table 2). In contrast, the

mercurials with (sp2)-hybridized N-donors (1b, 5b) contain an
almost flat mercuracycle, withϖav and ωenv values varying in the
ranges 1.6−6.9 and 2.4−9.9°, respectively. It should be noted
that there are a few main distinctive structural and stereo-
chemical features of our new mercurials.
Surprising, among the extensive collection of mercurated

arylimines in the Cambridge Crystallographic Data Centre
(CCDC), we have not found close enough analogues (not only
stereochemical but also structural analogues) to the non-
metallocenic planar chiral organomercuric chloride rac-1b. As a
result, for its geometric parameters analysis, we were forced to
use the simplest achiral analogues, namely, the bromide47 and
azides48 of mercurated N-arylbenzaldimines (A) and related
planar chiral organomercuric chlorides derived from N-
arylferrocenylaldimines or -ketimines (B)49 (Table S2). In the
complex rac-1b, the Hg−C and Hg−Cl bonds are somewhat
elongated in comparison with models A and B, while the Hg−N

Table 2. Comparison of the Structural and Stereochemical Characteristics of Isolated Mercurials 1b−6b with Those of Their
Analoguesa

aThe ranges of the same parameters for related compounds are presented in round brackets (see the Supporting Information). bIntramolecular
distance Hg···N. cIntermolecular distance Hg···N′. dData only for known related arylmercuric chlorides (Table S3). eAnalogues are unknown.
fIntermolecular Hg−Cl′ contacts in the plane approximately orthogonal to the mercuracycle. gThe organomercury chloride crystallizes in the form
of an infinite chain of mutually orthogonal dimers connected by stronger chloride bridges in the axial position and weaker equatorial bridges.
hIntermolecular Hg−Cl′ contacts nearly in the plane of the mercuracycle. iThe interplanar angle {HgNCα}/{HgC1C2Cα} denoted as ωenv was used
for characterizing the mercuracycle envelope-shaped bending. jData for all known related arylmercuric halides (Table S3). kMercuracycle twisting,
ϖav, is calculated as the average of the absolute values of all intrachelate torsion angles.
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bond in compound 1b is noticeably stronger than that in
analoguesA andB. Racemicmercurial 1b exists in the crystal as a
chloride-bridged dimer containing both (Rpl)- and (Spl)-
enantiomers, with the central four-membered core {Hg(μ-
Cl)2Hg} oriented nearly orthogonally between two approx-
imately parallel mercuracycles with an interplanar angle
{Hg2Cl2}{C

1C2CαNHg} equal to 82.45° (Figure 1). It should

be noted that intermolecular Hg···Hlg′ interactions are not
found in model bromide A (Ar = Ph, X = Br) and chlorides of
type B. In the dimer rac-1b, the N-aryl ring is rotated relative to
the mercuracycle to 73.3°, while the corresponding angles vary
widely from 2.4 to 88.1° in model structures A and B.
The C,N-mercuracycle in compound (RC)-2b with a

naphthylene-1,2 backbone is fixed in the crystal in the δ(RC)
conformation with an axial position of the Me group at the α-
carbon stereocenter, which is evident from the torsion angle
C1C2CαC(Me) equal to −82.7° (Figure 2). In contrast, the
known analogues of type C with phenylene39a or naphthylene-
2,350 backbones contain the similar mercuracycle in the λ(RC)
or δ(SC) conformation with an equatorial orientation of the α-
methyl group, which is evident from the variation of the absolute
value of the same angle C1C2CαC(Me) varied in the range
166.2−174.2° (Table S3). This contrasting stereochemistry is

similar to that reported for the corresponding C,N-pallada-
cycles.51 As an additional peculiarity of the mercurial (RC)-2b,
we can note that it exists in the crystal as a monomer, in contrast
to the extensive systems of intermolecular Hg···Cl secondary
interactions typical for its analogues of type C (Chart 3).
The most amazing feature of ferrocenylmercuric chloride 4b

is its chelated structure with an intramolecular Hg−N bond of
2.82 Å (Table 2, Figure 3a), which is closer to the sum of the

covalent radii of these atoms52 than to the sum of their van der
Waals radii (2.34 and 3.65 Å, respectively). In contrast,
mercuracycles were not detected among the related derivatives
of α-nonsubstituted tertiary ferrocenylmethyl amines (type D),
in which the intramolecular Hg···N distances are larger than 4.0
Å53 (Table S4). According to the negative or positive signs of the
C1C2CαN torsion angle in the isolated racemic mixture of
(RCSpl)- and (SCRpl)-diastereomers of mercurial 4b (−50.22 or
50.22°, respectively), the mercuracycle conformation in them
must be described as λ(RC) or δ(SC), respectively, with an
equatorial position of the α-methyl group in both diastereomers,
which is evident from the torsion angle C1C2CαC(Me) equal to
−179.1°. These conformational peculiarities most likely define
the dimerization of organomercuric chloride (RCSpl)*-4b via
two chloride bridges, with a central four-membered fragment
{Hg(μ-Cl)2Hg} oriented nearly orthogonally between two
approximately parallel mean coordination planes (Figure 3b).
For comparison, similar α-nonsubstituted ferrocenylmethyl-
amines in known mercurialsD prefer to function mainly as C,N-
bridging ligands at rather short intermolecular Hg···N′ distances
(2.77−2.93 Å). In addition, the metal participates in the
secondary intermolecular Hg···Cl′ interactions oriented inter-
mediately between the axial and equatorial positions with
torsion angles ∠Cl′HgC1C2 reduced by 32−45° compared to
180° (Table S4).
We can note two differences of mercurial (SC)-5b bearing a

chiral oxazolinyl N-donor from its closest achiral analogue
(E1)54 and from the less similar organomercuric chloride
derived from the 2-ferrocenylnaphthoxazole (E2)55 (Chart 3,

Chart 3. Generalized Structures of Models A−F

Figure 1. Fragment of the crystal packing of mercurial rac-1b showing
the dimerization via two intermolecular Hg···Cl′ bridges in the
approximately axial position.

Figure 2.Molecular structures of the organomercuric chloride (RC)-2b.
Hydrogen atoms are omitted for clarity, and only selected atoms are
labeled. Thermal ellipsoids are given at 50% probability level.

Figure 3. Molecular structure of the organomercuric chloride
(RC,Spl)*-4b (a). Formation of an anti-dimeric structure in the crystal
for ferrocenylethylamine mercurial (RC,Spl)*-4b via the weak
intermolecular interactions Hg···Cl (b). Hydrogen atoms are omitted
for clarity, and only selected atoms are labeled. Thermal ellipsoids are
given at 50% probability level.
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Table S5). First, our complex (SC)-5b crystallizes as infinite
double-folded tapes consisting of mutually orthogonal dimers
connected by stronger chloride bridges in the axial position and
weaker equatorial chloride bridges at Hg···Cl′ and Hg′···Cl
distances equal to 3.187 and 3.535 Å, respectively (Figure 4).

Conversely, intermolecular secondary interactions of this kind
were not found in the crystal of its achiral analogue E1, and only
one axial chloride bridge between two nonequivalent organo-
mercuric chlorides at a distance of 3.245 Å was observed in the
case of 2-ferrocenylnaphthoxazole derivative E2. Second, the
mercuracycle of complex (SC)-5b possesses puckering similar to
that found for its naphthoxazole analogue E2, in contrast with
the ideally planar metallacycle in oxazoline analogue E1 withϖav
values equal to 6.9, 7.5−5.2, and 0.0, respectively, despite the
comparable Hg−N bond lengths in the first two compounds.
The only exception in our series of mercurated compounds is

arylmercurial 6b with an intramolecular Hg···N distance
elongated up to 3.27 Å but containing a shorter intermolecular
Hg···N′ contact of 3.004 Å (Figure 5, Table S1). Its structure is

composed of chloride-bridged dimers formed due to the
intermolecular Hg···Cl′ contacts at a distance of 3.292 Å,
which is less than the sum of the van der Waals radii of these
atoms (3.85 Å).44a An unusual property of this structure is the
anomalous, almost coplanar disposition of the central four-
membered core {Hg(μ-Cl)2Hg} relative to the phenylmercuric
fragment, with the interplanar {Hg2Cl2}{PhHgCl} angle equal
to 8.77° (Figure 5). The pyridine rings of these dimers are
rotated relative to the phenylmercuric chloride mean plane by
60.98° to connect the adjacent parallel columns of dimers via
intermolecular Hg···N′ contacts at a distance of 3.004 Å. Thus,
arylmercurial 6b structure is typical of mercury(II) compounds,

which prefer Hg···N′ intermolecular interactions rather than
C,N-chelation if the latter leads to the formation of a six-
membered metallacycle. It should be noted that the CCDC does
not contain any data for organomercurials with six-membered
C,N-mercuracycles. However, coordination compounds with
six-membered N,N-chelate rings formed by diamine56 or
diimine ligands57 are known. In contrast to the T-shaped
functionalized organomercuric chlorides, they contain the (sp3)-
hybridized mercury(II) atom in a distorted tetrahedral
coordination environment with a rather strong Hg−N bonds
(2.246−2.475 Å) inside the chair-shaped chelate ring. In
contrast to T-shaped functionalized organomercuric chlorides,
these chelates contain the (sp3)-hybridized mercury(II) atom in
a distorted tetrahedral coordination environment with rather
strong Hg−N bonds (2.246−2.475 Å) inside the chair-shaped
chelate ring.

DFT Calculations of Organomercurials. To estimate the
possibility of formation of six-membered C,N-mercuracycles
and to exclude the effect of crystal packing, we performed DFT
calculations and geometry optimization for arylmercury(II)
chloride 6b and its chelated model with a five-membered
mercuracycle (κ2C,N-F1) in the gas phase. The two most
important differences between the experimental and calculated
structures should be noted (Figure 6, Table S12): the rotation of

the pyridyl ring from the nearly coplanar position in the crystal
ca. 20° of the optimized structure (rot3) with torsion angles
C2OC2′N equal to 4.0 and −19.67°, respectively, and a
shortening of the intramolecular Hg···N distance from 3.253 Å
in the crystal to 2.915 Å in the gas phase. The last value is close to
the upper limits of the characteristic ranges typical for five-
membered C,N-mercuracycles bearing (sp2)-hybridized nitro-
gen donors: 2.69−2.90 Å for iminoaryl derivatives (Table S2) or
2.60−2.80 Å for pyridyl-donor analogues (Table S6). The
observed evidence of weak intramolecular Hg···N interactions
calculated for the gas phase structure of mercurial 6b may be
explained by excluding under these conditions any competing
intermolecular interactions such as Hg···N′ and Hg···Cl′, which
were detected in the crystal state.
The rotation of the pyridine ring about the C2′−Obond of the

2-phenoxy-pyridine ligand of mercurial 6b revealed three
possible rotamers (rot1−rot3) formed via transition states TS1
and TS2 with barriers of 3.5 and 6.0 kcal/mol respectively
(Figure 6). The parameters of rotamer rot3 correspond to its
chelated form with a very weak intramolecular Hg···N
interaction (bond order, 0.14). However, despite intermediate

Figure 4.Molecular structure of organomercuric chloride (SC)-5b (a).
Fragment of the crystal packing of mercurial (SC)-5b illustrating the
formation of infinite double folded tapes via intermolecular chloride
bridges between the mutually orthogonal dimers with stronger Hg···Cl′
interactions in the axial position than in the equatorial position at
distances equal to 3.187 and 3.535 Å, respectively (b). Hydrogen atoms
are omitted for clarity, and only selected atoms are labeled. Thermal
ellipsoids are given at 50% probability level.

Figure 5.Molecular structure of the organomercuric chloride 6b (a). A
fragment of the crystal packing of the arylmercury chloride 6b showing
rather short intermolecular contacts Hg···N between the chains of
nearly parallel dimers formed due to intermolecular Hg···Cl bridges in
the mean coordination plane (b). Hydrogen atoms are omitted for
clarity, and only selected atoms are labeled. Thermal ellipsoids are given
at 50% probability level.

Figure 6. Energy profile of the rotation of mercurial 6b about the
(Py)C2′−O bond.
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rotamer rot2 having higher energy (ΔG 1.7 kcal/mol) than
rotamer rot3, the most stable form was dechelated rotamer rot1

with an energy of only 0.2 kcal/mol lower than that of the C,N-
chelated mercurial.
The nature of the secondary Hg···N intramolecular

interaction in the mercurial 6b was estimated using Bader’s
atoms-in-molecule (AIM) theory.58 The topological analysis of
electron density at the Hg···N bond (Figure 7a) revealed the

bond critical point (bcp) with the following parameters: a low
total electron density ρ(rc) at the bcp (0.02 au), low positive
value of Laplacian ∇2ρ(rc) (0.06 au), and ratio of the
perpendicular contractions of ρ to its parallel expansion,
|λ1\λ3| (0.16). These topological properties indicate the
formation of an extremely weak noncovalent bond or closed-
shell interaction.

To estimate the influence of the chelate ring size on the
mercurial stability, we also performed similar DFT calculations
for the known analogue F1 (L′HgCl) derived from 2-
phenylpyridine (HL′) and bearing a five-membered mercura-
cycle.59 Its optimized structure (Table S13) contains a stronger
Hg−N bond (2.661 Å) of higher order (0.23). The rotation of

the pyridyl ring about the single C2−C2′ bond reveals the higher

stability of the C,N-chelated form rot1′ compared to dechelated

rotamers rot2′ and rot3′ (5.4 kcal/mol) with rotation barriers of
9.0−9.5 kcal/mol (Figure S40). The enantiomeric nature of
these helical rotamers is evident from the opposite signs of the

torsion angle NC2′C2C1, equal to−139.02 and +139.09° in rot2′

and rot3′, respectively. The topological analysis of the optimized
F1 structure (Figure 7b) provides the following parameters for
the Hg−N bcp: slightly higher total electron density ρ(rc) at the
bcp (0.03 au), increased values of the Laplacian ∇2ρ(rc) (0.11
au), and a |λ1\λ3| ratio of 0.18. These parameter values indicate a
slightly higher stability of the Hg−N bond in the five-membered
mercuracycle of the model mercurial F1 compared to its six-
membered counterpart 6b.
Unfortunately, DFT calculations of mercurated nitrogen

donors are very limited,47,48,60 and only two reports were
devoted to the mercurials bearing (sp2)-hybridized nitrogen
donors.47,48 It was shown that the secondary Hg···N intra-
molecular interaction energy of the mercurated benzaldimine
bromides L′HgBr (A1) is on the order of 2.5−3 kcal/mol.47 An
energy difference of 6.4 kcal/mol was found between the
chelated and dechelated rotamers of azidomercurated benzaldi-
mine L′HgN3. The topological parameters ρ(rc) and Laplacian

Figure 7. Bond (red) and cycle (yellow) critical points for the six-
membered mercuracycle 6b (a) and its five-membered analogue F1 (b)
according to topological analysis in AIM theory.

Table 3. 199Hg{1H}, 1H and 13C{1H} NMR Spectral Parameters of Organomercuric Chlorides 1b−6ba

aNumbering scheme for complexes 3b−6b: The carbon directly connected to mercury is first, with increasing carbon numbers in the direction of a
substituent. However, for mercurials (Rpl)-1b and (RC)-2b possessing ligands with established numbering conventions, such conventions were
maintained. bThe minor diastereomer parameters were extracted from the spectra of a mixture of both diastereomers.
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∇2ρ(rc) of the iminate five-membered mercuracycle were equal
to 0.026 au and 0.027 au, respectively.48

Structure of the Organomercuric Chlorides in Sol-
ution. The structure and stereochemistry of arylmercuric
chlorides 1b−6b isolated in our control experiments were
confirmed by 1H, 13C{1H}, and 199Hg{1H} NMR spectroscopy,
with signal assignments based on the gCOSY, gHMQC, and
gHMBC techniques. It should be noted that the NMR spectral
studies were reported only for mercurial (SC)-3b,

39 while its
ferrocenyl analogue rac-4b was characterized only by elemental
analysis.40 We succeeded in the isolation of one of its two
racemic diastereomers, namely, the major one, (RCSpl)*-4b; the
relative configurations of the α-carbon center and planar
chirality were established by X-ray diffraction analysis of this
predominant diastereomer (vide supra).
The spectral data for organomercuric chlorides 1b−6b are in

agreement with the recognized trends in the NMR character-
istics of this class of mercurials,46d,61 which confirms their
structure. The 199Hg NMR chemical shifts for arylmercuric
chlorides 1b−3b, 5b, and 6b were observed from −905 to
−1115 ppm, while a highfield shift to −685 or −734 ppm was
found for diastereomeric ferrocenylmercuric chloride 4b (Table
3). These values are close to the previously reported values for
related organomercury chlorides (Tables S7−S11).
The spin−spin coupling of the 199Hg nucleus with the proton

and carbon nuclei of the organomercurials provides the most
important characteristics of their 1H and 13C{1H} NMR spectra,
which can serve as convenient tools for detecting the redox-
transmetalation products formed during the mercury drop test
or corresponding control experiments. In the 1H NMR spectra
of arylmercuric chlorides, the most useful characteristic may be
the 3JHHg constants based on the efficient 199Hg nucleus
interaction with the ortho-proton of the metalated aromatic
ring, possessing rather large values: For example, 3JHHg constants
equal to 187−223 Hz were found for mercurials 2b, 3b, 5b, and
6b (Table 3). The characteristic satellites due to the interaction
of mercury with the meta- and para-protons of the same
aromatic ring have much lower spin−spin coupling constants:
42−78 Hz for 4JHHg and 17 Hz for 5JHHg. Moreover, mercury
satellite detection is often problematic due to strong overlapping
signals in the 1H NMR spectra of compounds with complicated
hydrocarbon skeletons.
Therefore, in a practical sense, the 13C{1H} NMR spectra are

more useful for organomercurial detection in solutions. The
signals of the mercury-bonded carbon of the metalated aromatic
ring in the 13C{1H} NMR spectra of arylmercuric chlorides 2b,
3b, 5b, and 6b are flanked by satellites arising from 13C−199Hg
spin−spin coupling, with very high 1JCHg constant values of
2378−2567 Hz. The remaining 199Hg−13C coupling constants
for the metalated aromatic ring in the spectra of 1b−3b, 5b, and
6b decrease from 214 to 19 Hz in accordance with the standard
regularity61a in the sequence 1JCHg ≫ 3JCHg > 2JCHg > 4JCHg
(Table 3).
The spectral characteristics of the side chain are primarily of

interest to clarify the fate of the mercuracycle after organo-
mercuric chloride dissolution. The 1H NMR spectra of
mercurials 1b−6b are not suitable to solve this problem, since
only in the case of arylimine-derived mercurial 1b was the 199Hg
coupling with the α-methine proton detected with a long-range
4JHHg constant equal to 10 Hz. The main reason for a rather
effective 199Hg−1H interaction in this case lies in the sp2-
hybridization of the α-carbon atom providing the ideal planarity
of the Hg−C4C5−Cα−H chain. However, an additional

contribution from the spin−spin coupling via Hg←NCα−H
bonds (3JHHg constant) inside the mercuracycle cannot be
excluded since, in the crystal of 1b, the shortest Hg−N bond
distance was 2.586 Å, compared to 2.620−2.824 Å for
mercurials 2b−5b (Table 2). The 13C{1H} NMR spectra of all
mercurials 1b−5b reveal the interaction of the α-carbon atom
with mercury(II) with 3JCHg constant values ranging from 118 to
26 Hz. We propose that such variations can be mainly explained
by the known dihedral angle dependence of the JCHg constant
values,46d although in the case of mercurial 1b, an additional
contribution from Hg−N−αC spin−spin coupling (2JCHg
constant) cannot be excluded.
In principle, the most reliable information regarding the

retention of nitrogen-to-mercury coordination in solution could
be obtained from the 199Hg-13C coupling constants for exocyclic
N-substituents. However, only in the 13C{1H} NMR spectra of
mercurial 5b bearing an oxazolinyl N-donor were satellites
detected for a very distant asymmetric carbon atom (C9), with a
formal 5JCHg constant equal to 14 Hz. This can be explained by a
more efficient spin−spin coupling through the chain Hg−C1
C2−CαN−C9 of double bonds (5JCHg constant), with a
possible contribution from Hg−N−C9 spin−spin coupling
(2JCHg constant). Thus, only mercurials with (sp2) nitrogen
donors showed weak indications of possible chelation of such
ligands. The absence of any signs of the 199Hg−13C interaction
with the NMe2 carbons of 2b−4b, with the ipso-carbon of theN-
aryl substituent in 1b or with C11 carbon of the pyridine ring in
6b points to a predominantly dechelated state of mercurials 2b−
4b and 6b in solution at ambient temperature.

Dynamic NMR of the Organomercuric Chlorides.
Dynamic NMR of the organomercuric chlorides was undertaken
to clarify the possibility of retaining Hg···N interactions in
solution and to estimate the quantitative aspects of this process.
For this goal, mercurated tertiary amines (RC)-2b and (RC,Spl)*-
4b bearing two diastereotopic NMe groups were used as
examples. Previously, the dynamic behavior was studied at a
qualitative level only for arylmercuric chlorides (SC)-3b

39 and
(RC)-C

50 and for their α-unsubstituted ferrocenyl analogue of
type D where R = Me (rac-D1, Chart 3).53,53b

The temperature dependence of the 1H NMR spectra of the
mercurial (RC)-2b in CDCl3 solution was studied in the range
from −45 to 55 °C. It is important that even at ambient
temperature, the spectrum indicated the nonequivalence of the
diastereotopic N-methyl groups: two broadened signals were
observed for their protons at δH 2.15 and 2.46 ppm, with their
half width equal to 120 Hz (Figures S36 and S38). The slow
exchange limit was achieved at −15 °C, when two narrow
anisochronous signals (Δν1/2 3.6 Hz) were observed for N-
methyl protons at 2.05 and 2.65 ppm. The simulated 1H NMR
spectra of (RC)-2b and the exchange rate constants are
presented in Figure S36. The following activation parameters
of the dynamic process for mercurial (RC)-2b were found:
ΔG298

⧧ = 13.7 ± 0.2 kcal/mol, ΔH298
⧧ = 16.0 ± 0.1 kcal/mol,

and ΔS298⧧ = 7.6 ± 0.2 cal/mol/deg (the Eyring plot is
presented on the Figure S37).
For comparison, it should be noted that only one resonance

was observed for the NMe2 group in the 1H NMR spectra of
analogues (SC)-3b

39 and (RC)-C
50 measured at room temper-

ature, while two anisochronous resonances for this group were
observed only at temperatures below −70 or −60 °C,
respectively. Such dynamic behavior is explained by the
retention of Hg−N coordination, resulting in a blocked
inversion at the nitrogen on the NMR time scale at low
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temperatures, while this bond cleavage at ambient temperature
offers an opportunity for fast pyramidal inversion at the nitrogen.
However, significant differences in the dynamic behavior of

mercurial (RC)-2b and its analogues (SC)-3b and (RC)-C allow
us to assume a considerable influence of steric effects on the
lability extent of the related organomercuric chlorides. The
equilibrium between species bearing a monodentate aryl ligand
or a bidentate weakly κ2C,N-bonded amine may be significantly
shifted toward the latter for the (RC)-2b complex derived from
naphth-1-ylethylamine to avoid the steric hindrance between
C(8) hydrogen of the naphthalene ring and the α-Me or Me2N
groups of the free-rotating N-decoordinated arylalkylamine
ligand (L2)−.
In contrast to α-naphthylethylamine derivative (RC)-2b, the

1H NMR spectrum of its ferrocenyl analogue (RC,Spl)*-4b in
CD2Cl2 contains only one rather narrow singlet of NMe2 group
protons (Figure S39). Its broadening was observed at temper-
atures below −30 °C, and only at −85 °C did this signal shape
become close to that expected for the moment of coalescence.
Although we were unable to measure the exact difference
between the chemical shifts of the diastereotopic NMe2 group
signals at the slow exchange limit, the upper limit of the
magnitude of the dynamic process barrier was estimated as
ΔG233

⧧ < 9 ± 1 kcal/mol.
For comparison, it should be noted that in the case of α-

unsubstituted analogue rac-D1 (Chart 3), dimethylamino group
protons remain isochronous even at −80 °C; the authors
propose that such fluxional behavior means that the intra-
molecular Hg···N interaction is not preserved in solution.53b

The difference in the degree of dynamic mobility of mercurials
(RC)-2b and (RC,Spl)*-4b may be partly attributed to the
geometric requirements of their arylene frameworks, which are
six- or five-membered, respectively. In reality, the sum of the
angles Hg−C1−C2 and C1−C2−Cα increases from 236.8° for
(RC)-2b in crystalline form (240° is expected for an ideal
hexagon) to 240.5° for (RC,Spl)*-4b and to an average value of
253° for a series of α-unsubstituted analogues rac-D (Chart 3,
Tables S3 and S4), which is close to the value of 252° expected
for an ideal pentagon.
The most important consequence of these geometry changes

is the increasing Hg···Cα distance from 3.149 Å in (RC)-2b to
3.320 Å in (RC,Spl)*-4b and 3.571 Å in α-unsubstituted
analogues rac-D. This should lead to the removal of the nitrogen
atom from mercury and reduce the ability of the N-donor to
interact with the metal.

■ CONCLUSION
The main goal of the presented research was to dispel the myth
of narrow mercury(0) selectivity and emphasize the absolute
necessity of control experiments that exclude the possibility of
cyclopalladated (pre)catalyst killing by metallic mercury as the
reason for a positive mercury poisoning test. The almost
complete disregard for this mandatory requirement1a,b,d,38b is
based on the widespread misconception that completely rejects
the possibility of mercury(0) interaction with homogeneous
molecular complexes containing d8 metals in high oxidation
states.1c,7,9 Contrary to these assumptions, our investigation of
the interaction of mercury(0) with diverseC,N-palladacycles has
shown the formation of organomercuric chlorides as a result of
their redox-transmetalation. We have established a significant
dependence of this process’s effectiveness on the palladacycle
structure, reaction conditions, mercury/palladium ratio and
base presence. These circumstances require strict compliance

with the conditions required for the control experiments and
mercury drop test conditions.
The structure of the isolated organomercurials was convinc-

ingly confirmed by 1H, 13C{1H}, and 199Hg{1H} NMR
spectroscopy and crystallography. The behavior of the C,N-
mercuracycles bearing a rather weak and labile N···Hg bond was
discussed on the basis of the temperature dependence of the
NMR spectra and the thermodynamic parameters of the
dechelation process, calculated by the DFT method. The set
of the presented spectral data for the isolated organomercurials,
especially the 199Hg-13C spin−spin coupling constant values, can
serve as a convenient tool for detecting the related redox-
transmetalation products formed during the mercury drop test
or corresponding control experiments. After ensuring that all the
necessary conditions are met, the ubiquitous mercury poisoning
test ceases to be the simplest possible test, but these conditions
are an important way to avoid erroneous mechanistic
conclusions from its application.
Since the rich (but unfortunately forgotten) mercury(0)

chemistry62 is not limited to the considered reactions (vide
supra), and the library of cyclopalladated (pre)catalysts is not
limited to the azapalladacycles, it is also necessary to determine
all the possible transformations of other C,E-palladacycles and
other participants in the catalytic system (including substrates,
reagents, and bases) occurring during the mercury poisoning
test. This research is now in progress by our group.

■ EXPERIMENTAL SECTION
General Information. The 1H (400.0 MHz), 13C{1H} (100.6

MHz), and 119Hg{1H} (71.5 MHz) NMR spectra were recorded on the
Agilent 400-MR spectrometer. The measurements were carried out at
ambient temperature (unless otherwise specified) in CDCl3 solutions.
The chemical shifts are reported in δ-scale in parts permillion relative to
residual CHCl3 (δ 7.26 ppm for 1H or δ 77.16 ppm for 13C{1H} NMR)
and relative to (CH3)2Hg as an external reference for the 119Hg{1H}
NMR; constant J values are presented in Hz. The signal assignment was
based on the gCOSY, gHMQC, and gHMBC experiments. Dynamic
NMR study was performed using line-shape analysis of the spectra
acquired at different temperatures. The exchange rate constant for each
temperature was determined using simulation algorithm DNMR3
program SPINWORKS 4.1.63 The activation parameters for the
exchange process were calculated using Eyring equation. Optical
rotations were measured with a A. Krüss Optronic P8000 polarimeter in
a 0.25 dm cell at 20 °C. The melting points were measured on an
Electrothermal IA 9000 series device. The TLC on Silufol UV-254 was
used to follow the course of reactions. Compound purification was
performed using short dry column64 or flash-chromatography on silica
gel (60, Fluka).

Toluene was dried over CaCl2, refluxed over Na and then distilled
under argon. Hexane and light petroleum ether (40−70 °C) were
distilled from Na under argon. Anhydrous MeOH was prepared by
distillation from MeONa. Diethyl ether was dried over KOH, then
refluxed and distilled from Na/benzophenone under argon. Chloro-
form and dichloromethane were passed through a short Al2O3 column
(L 40/250, Fluka 60) and distilled from P2O5 under argon. CDCl3
(from Aldrich) was distilled from CaH2 under argon just before using.
KF (from Acrus) andmetallic mercury of >99.999% purity (from Abcr)
were used as received.

Dimeric cyclopalladated complexes (Rpl)- and rac-di-μ-chloro-bis{4-
(N-2,6-dimethylphenyl)iminomethyl[2.2]paracyclophane-5-yl-C,N}-
dipalladium(II), (Rpl)-1a and rac-1a;65 (RC)-di-μ-chloro-bis{1-(1′-
(N,N-dimethylamino)ethyl)naphthyl-2C,N}dipalladium(II), (RC)-
2a;66 (SC)-di-μ-chloro-bis{2-(1′-(N,N-dimethylamino)ethyl)phenyl-
C ,N}dipa l ladium(II) , (SC)-3a ;

67 d i -μ -ch loro-bis[2-{1 ′ -
(dimethylamino)ethyl}ferrocenyl-C,N]-dipalladium(II), rac-4a;40

(SC)-di-μ-chlorobis-{2-[(4′-tert-butyl)oxazolin-2′-yl]phenyl-C,N}-
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dipalladium(II), (SC)-5a;
68 and di-μ-chloro-bis{2-(pyridinyl-2′-oxy)-

phenyl-C,N}dipalladium(II), 6a,69 were prepared by known methods.
Caution: Despite the arylmercury(II) compounds being generally quite

stable, the toxicity of organomercury(II) compounds is well-documented
and appropriate precautions should be taken in the handling of all
organomercury(II) compounds.
Redox-Transmetalation Reactions of C,N-Palladacycles with

Mercury(0). (Rpl)-{4-(N-2,6-Dimethylphenyl)iminomethyl[2.2]-
paracyclophane-5-yl-C,N}mercury(II) chloride, (Rpl)-1b. A mixture
of enantiopure dimer (Rpl)-1a (0.0151 g, 0.0157 mmol) and metallic
mercury excess (1.8917 g, 9.4307 mmol, 277 equiv) in toluene (15 mL)
was intensively stirred at 90 °C for 1 h in air. At this stage the
palladacycle was completely reacted (TLC data). After removing the
metallic mercury, the light-yellow solution was evaporated in a vacuum
to dryness. The crude product was purified using short dry column
chromatography on silica (h = 4 cm, d = 2 cm; eluents: petroleum ether,
petroleum ether/diethyl ether 10:1, 7:1 and 5:1) to afford arylmercuric
chloride (Rpl)-1b (0.0162 g, 0.0282 mmol, 90% yield) as light-yellow
amorphous powder. Data for (Rpl)-1b: mp 236−239 °C. Rf = 0.28
(petroleum ether/dichloromethane 3:2); 0.27 (toluene). [α]D

22 +507.6°
(c 0.11, dichloromethane). Anal. Calcd for C25H24NClHg requires: C
52.27; H 4.21. Found: C 52.67; H 4.32. 1H NMR (CDCl3): Aromatic
protons of the [2.2]paracyclophane moiety: δ 6.43 (dd, 1H, 3JHH 7.8,
4JHH 1.9, H13), 6.56 (dd, 1H, 3JHH 7.8, 4JHH 1.9, H12), 6.57 (d, 1H, 3JHH
7.7, H7), 6.59 (dd, 1H, 3JHH 7.8, 4JHH 1.9, H16), 6.63 (dd, 1H, 3JHH 7.8,
4JHH 1.9, H15), 6.83 (dd, 1H, 3JHH 7.7, 4JHHg 78.0, H

8); methylene
protons of the [2.2]paracyclophane moiety: 2.89 (ddd, 1H, 2JHH 13.3,
3JHH 6.6, 3JHH 10.3, H10s), 3.06 (ddd, 1H, 2JHH 14.0, 3JHH 6.6, 3JHH 10.4,
H9a), 3.17 (ddd, 1H, 2JHH 13.5,

3JHH 4.0,
3JHH 10.9, H

2s), 3.24 (ddd, 1H,
2JHH 13.5, 3JHH 4.0, 3JHH 10.8, H1a), 3.27 (ddd, 1H, 2JHH 13.5, 3JHH 3.7,
3JHH 10.9, H

1s), 3.29 (ddd, 1H, 2JHH 13.3,
3JHH 2.1,

3JHH 10.4, H
10a), 3.39

(ddd, 1H, 2JHH 13.5,
3JHH 3.7,

3JHH 10.8, H
2a), 3.59 (ddd, 1H, 2JHH 14.0,

3JHH 2.1, 3JHH 10.3, H9s); side chain protons: 2.30 (s, 6H, 2Me), 7.01−
7.05 (m, 1H, A part of AB2 system, JAB 7.5, para-H of C6H3), 7.13 (ps. d,
2H, B part of AB2 system, JAB 7.5,meta-H, C6H3), 8.63 (s, 1H, JHHg 10.4,
CHN). 13C{1H} NMR (CDCl3): Aromatic carbons of the
[2.2]paracyclophane moiety: δ 131.69 (C12), 133.01 (C15), 133.16
(C16), 133.66 (C13), 135.93 (JCHg 202, C8), 136.11 (JCHg 30, C7),
138.85 (C11), 138.11 (JCHg 48, C

5), 139.10 (C14), 144.04 (JCHg 164,
C6), 153.80 (C4), 146.36 (JCHg 91, C3); methylene carbons of the
[2.2]paracyclophane moiety: 33.54 (JCHg 23, C

9), 35.79 (C1), 36.17
(C10), 41.31 (JCHg 125, C

2); side chain carbons: 19.04 (Me), 124.73 (p-
C), 128.30 (o-C), 128.44 (m-C), 149.42 (i-C), 161.96 (JCHg 118,CH
N). 199Hg{1H} NMR (CDCl3): δHg −977.6 ppm (s).
r a c - { 4 - ( N - 2 , 6 -D ime t h y l ph en y l ) im i nome th y l [ 2 . 2 ] -

paracyclophane-5-yl-C,N}mercury(II) Chloride, rac-1b. A suspension
of dimer rac-1a (0.0300 g, 0.0312 mmol) and metallic mercury excess
(4.134 g, 20.61 mmol, 330 equiv) was intensively stirred for 3 h in
boiling toluene (15 mL) in air, which was accompanied by color
changing from yellow to light-yellow. After removing the metallic
mercury, the light-yellow solution was evaporated in a vacuum to
dryness. The crude product was purified using short dry column
chromatography on silica (h = 4 cm, d = 2.5 cm; petroleum ether,
petroleum ether/dichloromethane 2:1, 1:1) to afford individual
transmetalation product rac-1b (0.0322 g, 0.0560 mmol, 90%) as a
yellow amorphous powder. Crystalline complex rac-1b suitable for X-
ray diffraction studies was obtained by slow evaporation of its solution
in a solvent mixture toluene/petroleum ether/chloroform. Data for rac-
1b: mp (decomp.) 239−241 °C. Rf = 0.27 (toluene); 0.28 (petroleum
ether/dichloromethane 3:2).
(RC)-{1-(1′-(N,N-Dimethylamino)ethyl)naphthyl-2C,N}mercury(II)

Chloride, (RC)-2b. A mixture of dimer (RC)-2a (0.0400 g, 0.0588
mmol) andmetallic mercury excess (7.780 g, 38.79mmol, 330 equiv) in
toluene (15 mL) was intensively stirred at 70 °C for 9 h under argon,
accompanied by color changing from bright yellow to almost colorless.
After removing the metallic mercury, the solution was evaporated in a
vacuum to dryness. The crude product was purified using short dry
column chromatography on silica (h = 4 cm, d = 2.5 cm; eluents light
petroleum ether and light petroleum ether/diethyl ether 3:1mixture) to
afford transmetalation product (RC)-2b (0.0411 g, 0.0946 mmol, 81%)

as almost colorless crystalline powder. The almost colorless needle-like
crystals of complex (RC)-2b suitable for X-ray diffraction studies were
obtained by slow crystallization from a solvent mixture dichlorome-
tane/diethyl ether/petroleum ether. Data for (RC)-2b: mp 159−161
°C. Rf = 0.59 (light petroleum ether/diethyl ether 4:1). [α]D

22 − 40° (c
0.25, CH2Cl2). Anal. Calcd for C14H16NClHg requires: C 38.72; H
3.71; N 3.22. Found: C 38.68; H 3.60; N 3.16. 1H NMR (CDCl3):
Protons of the aromatic moiety: δH 7.48 (ddd, 1H, 3JHH 8.1, 3JHH 6.9,
3JHH 6.9, 4JHH 1.4, H6), 7.53 (ddd, 1H, 3JHH 8.3, 4JHH 1.8, H7), 7.56 (dd,
1H, 3JHH 8.1, 3JHHg 187, H

3), 7.72 (dd, 1H, 3JHH 8.1, 3JHHg 54, H
4), 7.87

(dd, 1H, 3JHH 8.1,
4JHH 1.8, H

5), 8.05 (br.d, 1H, 3JHH 8.3, H
8); side chain

protons: 1.42 (d, 3H, 3JHH 6.7, α-Me), 2.16 (br. s,Δν1/2 ≥ 120 Hz, 3H,
NMe), 2.56 (br. s,Δν1/2≥ 120 Hz, 3H, NMe), 4.48 (q, 1H, 3JHH 6.7, α-
CH). 13C{1H} NMR (CDCl3): Carbons of the aromatic moiety: δC
129.04 (JCHg 9, C

5), 121.83 (JCHg 20, C
8), 125.89 (JCHg 6, C

6), 126.32
(JCHg 18, C

7), 126.93 (JCHg 208, C
4), 131.56 (JCHg 194, C

9), 133.69
(JCHg 134, C

3), 133.78 (C10), 145.01 (JCHg 2495, C
2), 147.09 (JCHg 51,

C1); side chain carbons: 23.45 (α-Me), 42.3 (br. s, NMe2), 44.2 (br. s,
NMe2), 60.97 (JCHg 106, α-CH). 199Hg{1H} NMR (CDCl3): δHg
−905.3 ppm (s).

(SC)-{2-(1′-(N,N-Dimethylamino)ethyl)phenyl-C,N}mercury(II)
Chloride, (SC)-3b.Amixture of dimer (SC)-3a (0.0400 g, 0.0689mmol)
and metallic mercury excess (9.127 g, 45.50 mmol, 330 equiv) in
toluene (15 mL) was intensively stirred at 70 °C for 8 h in air. After
removing the metallic mercury, the solution was evaporated in a
vacuum to dryness. The crude product was purified using short dry
column chromatography on silica (h = 4 cm, d = 2.5 cm; eluents light
petroleum ether and light petroleum ether/diethyl ether 2:1mixture) to
afford transmetalation product (SC)-3b (0.0412 g, 0.1072 mmol, 78%)
as almost colorless amorphous powder. Data for (SC)-3b: mp 75−78
°C. Rf = 0.36 (light petroleum ether/diethyl ether 4:1). [α]D

22 + 51° (c
0.25, CH2Cl2). Anal. Calcd for C10H14NClHg requires: C 31.26; H
3.67; N 3.64. Found: C 31.41; H 3.80; N 3.48. 1H NMR (CDCl3):
protons of the aromatic moiety: δH 7.22 (m, 2H, H3, H5), 7.23 (m, 1H,
H4), 7.41 (m, 1H, 3JHHg 223, H

6); side chain protons: 1.31 (d, 3H, 3JHH
6.7, α-Me), 2.27 (s, 6H, NMe2), 3.51 (q, 1H,

3JHH 6.7,
3JHHg 24, α-CH).

13C{1H} NMR (CDCl3): carbons of the aromatic moiety: δC 128.50
(JCHg 169, C

3), 128.81 (JCHg 31, C
4), 132.21 (JCHg 214, C

5), 127.32
(JCHg 140, C

6), 147.04 (JCHg 2464, C
1), 150.73 (JCHg 49, C

2); side chain
carbons: 21.77 (α-Me), 42.52 (NMe2), 66.05 (JCHg 93, α-CH).
199Hg{1H} NMR (CDCl3): δHg −933.4 ppm (s).

rac-[2-{1′-(Dimethylamino)ethyl}ferrocenyl-C,N]mercury(II)
Chloride, rac-4b. A mixture of dimer rac-4a (0.180 g, 0.2261 mmol)
and metallic mercury excess (27.00 g, 134.6 mmol, 298 equiv) in
toluene (20 mL) was intensively stirred at room temperature for 3.5 h
under argon. After 50 min after start of the reaction the precipitate of
the cyclopalladated dimer is completely dissolved. After removal of
metallic mercury and its washing with toluene (3× 5mL), the solutions
were evaporated in a vacuum to dryness. The chromatographic
purification of the crude product using short dry column chromatog-
raphy on silica (h = 3 cm, d = 1.5 cm; eluents toluene/ethyl acetate 5:1,
ethyl acetate, methanol) affords individual cyclomercurated complex
rac-4b (0.180 g, 0.3657 mmol, 81%) as red-brown oil. After multistage
crystallization from methanol major diastereomeric racemate (RCSpl)*-
7bwas isolated as orange crystals (118mg, 0.2397mmol, 53%)withmp
115 °C. Anal. Calcd for C14H18ClFeHgN requires: C 34.16; H 3.69.
Found: C 34.19; H 3.81.

Spectral Data for Isolated (RCSpl)* Diastereomer. 1H NMR
(CDCl3): δH 1.12 (d, 3H, 3JHH 6.8, α-Me), 2.12 (s, 6H, NMe2), 3.92
(q, 1H, 3JHH 6.8, α-CH), 4.06 (dd, 1H, JHHg 51,

3JHH 2.3, 4JHH 1.1, H5),
4.08 (s, 5H, Cp), 4.22 (dd, 1H, JHHg 42,

3JHH 2.5,
3JHH 2.3, H

4), 4.35 (br.
dd, 1H, JHHg 31,

3JHH 2.5, 4JHH 1.1, H3). 13C{1H} NMR (CDCl3): δC
9.08 (α-Me), 39.19 (NMe2), 59.81 (JCHg 34, α-CH), 67.86 (

2JCHg 156,
C5), 69.07 (3JCHg 206, C

4), 69.38 (Cp), 72.27 (3JCHg 253, C
3), 87.14

(C1), 95.14 (2JCHg 131, C
2). 199Hg{1H} NMR (CDCl3): δHg −733.9

ppm (s).
Spectral Data for Diastereomer Mixture. 1H NMR (CDCl3): δH of

major diastereomer: 1.12 (d, 3JHH 6.8, 3H, α-Me), 2.12 (s, 6H, NMe2),
3.93 (q, 3JHH 6.6, 1H, α-H), 4.06 (dd, 3JHH 2.3, 4JHH 1.1, 1H, H5), 4.08
(s, Cp), 4.23 (dd, 3JHH 2.4, 3JHH 2.4, 1H, H4), 4.36 (ddd, 3JHH 2.4, 4JHH
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1.1, 4JHH 0.4, 1H, H3); δH of minor diastereomer: 1.31 (d, 3JHH 6.8, 3H,
α-Me), 2.37 (s, 6H, NMe2), 3.26 (q,

3JHH 6.7, 1H, α-H), 4.12 (m, 2H,
H3, H5), 4.17 (s, Cp), 4.33 (dd, 3JHH 2.4, 3JHH 2.4, 1H, H4). 13C{1H}
NMR (CDCl3): δC of major diastereomer: 9.19 (α-Me), 39.14 (NMe2),
59.93 (3JCHg 33, α-CH), 67.88 (

2JCHg 156, C
5), 69.21 (3JCHg 206, C

4),
69.41 (Cp), 72.53 (3JCHg 248, C

3), 87.08 (C1), 94.57 (C2); δC of minor
diastereomer: 12.34 (α-Me), 41.21 (NMe2), 56.00 (3JCHg 26, α-CH),
66.17 (2JCHg 160, C

5), 68.94 (Cp), 70.13 (3JCHg 208, C
4), 71.62 (3JCHg

260, C3), 81.92 (C1), 98.40 (C2). 199Hg{1H} NMR (CDCl3): δHg
−732.8 (major diastereomer), −684.8 (minor diastereomer).
(SC)-{2-[2′-(4-tert-Butyl)oxazolinyl]phenyl-C,N}mercury(II) Chlor-

ide, (SC)-5b. A mixture of dimer (SC)-5a (0.0400 g, 0.0581 mmol) and
metallic mercury excess (7.70 g, 38.4 mmol, 330 equiv) in toluene (15
mL)was intensively stirred at room temperature for 4 days under argon.
After removing the metallic mercury, the solution was evaporated in a
vacuum to dryness. The crude product was purified using short dry
column chromatography on silica (h = 4 cm, d = 2.5 cm; eluents light
petroleum ether and light petroleum ether/diethyl ether 2:1mixture) to
afford transmetalation product (SC)-5b (0.0362 g, 0.08259mmol, 71%)
as almost colorless crystalline powder. Data for (SC)-5b: mp 150−151
°C. [α]D22 + 22° (c 0.25, CH2Cl2). Rf = 0.64 (light petroleum ether/
diethyl ether 4:1). Anal. Calcd for C13H16NClOHg requires: C 35.62;
H 3.68; N 3.20. Found: C 35.36; H 3.71; N 3.15. 1H NMR (CDCl3):
Protons of the aromatic moiety: δH 7.51 (ddd, 1H, JHHg 49,

3JHH 7.4,
3JHH 7.4, 4JHH 1.4, H5), 7.41 (ddd, 1H, JHHg 206,

3JHH 7.4, 4JHH 1.4, 5JHH
0.6, H6), 7.35 (ddd, 1H, JHHg 17,

3JHH 7.4, 3JHH 7.8, 4JHH 1.4, H4), 7.88
(ddd, 1H, JHHg 62,

3JHH 7.8, 4JHH 1.4, 5JHH 0.6, H3); side chain protons:
0.96 (s, 9H, tBu), 4.01 (dd, 1H, 3JHH 8.8,

3JHH 10.2, JHHg 3, α-C
9H), 4.28

(dd, 1H, 2JHH 8.7, 3JHH 8.8, C8H2), 4.46 (dd, 1H, 2JHH 8.7, 3JHH 10.2,
C8H2).

13C{1H} NMR (CDCl3): Carbons of the aromatic moiety: δC
128.54 (3JCHg 145, C

3), 128.54 (4JCHg 29, C
4), 132.14 (JCHg 40, C

7),
132.21 (3JCHg 209, C

5), 136.96 (2JCHg 132, C
6), 150.62 (1JCHg 2567, C

1),
167.76 (2JCHg 105, C2); side chain carbons: 26.05 (Me3C), 33.77
(CMe3), 70.43 (C8H2), 75.54 (JCHg 14, α-C9H). 199Hg{1H} NMR
(CDCl3): δHg −1056.6 ppm (s).
{2-(Pyridinyl-2′-oxy)phenyl-C,N}mercury(II) Chloride, 6b. A mix-

ture of dimer 6a (0.0400 g, 0.0641 mmol) and metallic mercury excess
(8.49 g, 42.3 mmol, 330 equiv) in toluene (15 mL) was intensively
stirred at 70 °C for 1 h in air. After removing the metallic mercury, the
solution was evaporated in a vacuum to dryness. The crude product was
purified using short dry column chromatography on silica (h = 4 cm, d =
2.5 cm; eluents: light petroleum ether and light petroleum ether/diethyl
ether 1:1 and 1:3mixtures) to afford individual transmetalation product
6b (0.0481 g, 0.1184 mmol, 92%) as almost colorless amorphous
powder. After slow recrystallization fromDCM/Et2O/petroleum ether,
complex 6b was isolated (0.0363 g, 0.0894 mmol, 70%) as almost
colorless thin needle-like crystals. Data for 6b: mp 158−161 °C. Rf =
0.24 (light petroleum ether/diethyl ether 1:1). Anal. Calcd for
C11H8NOClHg requires: C 32.52; H 1.98. Found: C 32.30; H 2.09.
1H NMR (CDCl3): δH 6.94 (br.d, 1H, 3JHH 8.2, H8), 7.04 (ddd, 1H,
3JHH 5.0, 3JHH 7.2, 4JHH 0.9, H10), 7.15 (d, 1H, 3JHH 8.0, H3), 7.23 (m,
1H, H5), 7.35 (m, 1H, 3JHHg 208, H

6), 7.36 (m, 1H, H4), 7.71 (ddd, 1H,
3JHH 8.2, 3JHH 7.2, 4JHH 2.0, H9), 8.19 (ddd, 1H, 3JHH 5.0, 4JHH 2.0, 5JHH
0.6, H11). 13C{1H} NMR (CDCl3): δC 112.57 (C8), 119.47 (C10),
121.50 (3JCHg 104, C

3), 125.38 (3JCHg 193, C
5), 130.48 (4JCHg 19, C

4),
136.65 (2JCHg 78, C

6), 140.06 (C9), 142.59 (1JCHg 2378, C
1), 147.56

(C11), 157.06 (2JCHg 30, C
2), 163.07, C7). 199Hg{1H} NMR (CDCl3):

δHg −1115.0 ppm (s).
Computational Details. The geometries of molecules, transition

states, and intermediates were fully optimized by means of density
functional theory (DFT) calculations. The PBE functional70 and scalar-
relativistic theory were used, the latter employing the four-component
spin-free Hamiltonian derived by Dyall71 and applied variationally. The
full electron double size basis set was used. The numbers of contracted
and primitive functions used respectively {2,1}/{6,2} for H, {3,2,1}/
{10,7,3} for C, N, and O, {4,3,1}/{15,11,3} for Cl, {8,7,5,2}/
{30,29,20,14} for Hg.72 Stationary points on the potential energy
surface (PES) were identified by analyzing Hessians. The thermody-
namic functions (Gibbs energies, G) at 298.15 K were calculated using
an approximation of restricted rotator and harmonic oscillator.

Reaction paths were found by the intrinsic reaction coordinate (IRC)
method.73 All calculations were performed using the MBC100k cluster
at the Joint Supercomputer Center (JSCC) (Moscow, Russia) with the
use of the PRIRODA04 program written by Laikov.74

X-ray Diffraction Study of Mercurials. X-ray diffraction data
were collected at the “Belok” beamline of the Kurchatov Synchrotron
Radiation Source (National Research Center “Kurchatov Institute”,
Moscow, Russian Federation) using a Rayonix SX165 CCD detector at
λ = 0.96990 Å (for (RC)-2b), 0.96260 Å (for (RC,Spl)*-4b), and
0.80246 Å (for (SC)-5b and 6b). All data sets were collected at 100 K. In
total, 480−720 frames were collected with an oscillation range of 1.0° in
the φ scanning mode using two different orientations for each crystal.
The semiempirical correction for absorption was applied using the Scala
program.75 The data were indexed and integrated using the utility
iMOSFLM from the CCP4 software suite.76 For details, see Table S14.
The structures were solved by intrinsic phasing modification of direct
methods77 and refined by a full-matrix least-squares technique on F2

with anisotropic displacement parameters for all non-hydrogen atoms.
All hydrogen atoms were placed in calculated positions and refined
within the riding model with fixed isotropic displacement parameters
[Uiso(H) = 1.5Ueq(C) for the methyl groups and 1.2Ueq(C) for the
other groups]. All calculations were carried out using the SHELXTL
program.78
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