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ABSTRACT: This Article describes the preparation and
isolation of novel octahedral CH,-bridged bis-(N-hetero-
cyclic carbene)palladium(IV) tetrachlorides of the gen-
eral formula LPd"Cl, [L = (NHC)CH,(NHC)] from
LPd"ClL, and CL. In intermolecular, nonchelation-con-
trolled transformations LPd" Cl, reacted with alkenes and
alkynes to 1,2-dichlorination adducts. Aromatic, benzylic,
and aliphatic C—H bonds were converted into C—Cl
bonds. Detailed mechanistic investigations in the dichlor-
inations of alkenes were conducted on the 18VE Pd"
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complex. Positive solvent effects as well as kinetic measurements probing the impact of cyclohexene and chloride concentrations on
the rate of alkene chlorination support a Pd"—Cl ionization in the first step. Product stereochemistry and product distributions
from various alkenes also support Cl'-transfer from the pentacoordinated Pd" -intermediate LPd"VCl;" to olefins. 1-Hexene/
3-hexene competition experiments rule out both the formation of 77-complexes along the reaction coordinate as well as in situ
generated Cl, from a reductive elimination process. Instead, a ligand-mediated direct Cl*-transfer from LPd" Cl;" to the 7-system
is likely to occur. Similarly, C—H bond chlorinations proceed via an electrophilic process with in situ formed LPd"'Cl;*. The
presence of a large excess of added ClI” slows cyclohexene chlorination while the presence of stoichiometric amounts of chloride
accelerates both Pd™—Cl ionization and Cl*-transfer from LPd"VCl,". "H NMR titrations, T1 relaxation time measurements,
binding isotherms, and Job plot analysis point to the formation of a trifurcated CI - - -H—C bond in the NHC-ligand periphery as a
supramolecular cause for the accelerated chemical events involving the metal center.

B INTRODUCTION

Palladium-mediated transformations have revolutionized or-
ganic chemistry over the past 30 years.'" The main mode of
operation in catalytic reactions involves Pd’/Pd" cycles. How-
ever, in recent years, an alternative Pd"/Pd"" couple has been
aggressively pursued in high-oxidation state routes that provide
complementary reactivities unattainable to Pd’/Pd" couples.”
Two fields of particular interest in this arena focus on C—H bond
activations/functionalizations and oxidative difunctionalizations
of alkenes; under catalytic conditions, both of these reaction
classes proceed through similar cycles involving a substrate
activation step, an oxidation step, and a functionalization step
(Scheme 1). A general paradigm has emerged that prescribes
different roles for the metal in its oxidation states +2 and +4;
specifically, activation steps that establish initial Pd—C bonds are
executed by Pd", while functionalizations that establish C—X
bonds are performed by Pd".

The formation of the +4 oxidation state on palladium is often
facilitated by the presence of strongly o-donating carbon-
ligands,® and many isolable or spectroscopically characterized
Pd" compounds are therefore organometallic in nature.* However,
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carbon-ligands on Pd" frequently do not constitute “spectator
ligands” and become involved in reductive elimination events.
Unlike square-planar Pd"-analogues, octahedral d® complexes
of Pd" are not prone to unwanted side reactions such as -
eliminations,”” and their reactivity is almost exclusively domi-
nated by reductive eliminations;****° simple ligand substitu-
tions® as well as Pd" to M" transmetalations (M" = Pd",%®”
Pt"®) represent the only exceptions. This narrow scope of Pd"-
based transformations has effectively precluded the study of
intermolecular Pd"" chemistry with common organic functional
groups. Another practical limitation in catalytic Pd"/Pd" cycles
is the common reliance on “chelation-controlled” or “ligand-
directed” activations**” by Pd" to impart regioselectivity and to
facilitate otherwise sluggish reactions.'

Novel direct Pd"-activations/functionalizations may provide
an alternative to Pd"/Pd" cycles that commonly require ele-
vated reaction temperatures’' to overcome barriers of rate-
determining®™ Pd" activation steps. Driven by an agenda to
widen the scope of Pd" chemistry, we had to take on two tasks:
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(i) provide a suitable nonreactive spectator ligand scaffold that
can stabilize the metal center at its oxidation state +4 and
(ii) identify intermolecular reaction types in which suitable
groups are transferred from Pd" to substrates such as alkenes,
alkynes, or aromatic platforms. In this work, we focused on
studying stoichiometric Pd" reactions.

To address task (i), N-heterocyclic carbene ligands (NHCs) ">
appeared to be a suitable choice as ancillary support for Pd"
due to their known propensity to stabilize highly oxidized
metal centers without ligand dissociation.'® To this end, Arnold
and Sanford recently demonstrated that a Pd"—NHC—
dichloro-alkoxy-benzo[ h]quinoline complex undergoes (benzo[h]-
quinoline) C—Cl reductive elimination with no C—Cl function-
alization involving the NHC portion.'* It should be noted
though that C—C reductive eliminations involving NHCs have
occasionally been observed from NHC—Pd"—methyl com-
plexes.'® Given their ability to operate as catalysts for methane
activation in strongly oxidizing milieus [K,S,05/(CF3C0O),0/
CF;COOH], we chose Strassner’s bis-chelating NHC complexes
LPd"X, 1-3"%as a starting point for our explorations.

A
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In addressing task (ii), we directed our initial efforts to the
exploration of intermolecular reactions of Pd"" —tetrahalides, in
particular tetrachlorides. This choice was based on two criteria:
(a) Tetrachloride complexes such as (bipy)PdCl,'” and (en)-
PdCl, and (py),PdCl, and [ (NH;),PdCl,]Cl,"® have been isolated
previously and show limited thermal stability in the solid state.
(b) The principal viability of C—H halogenations of hydrocarbons
has been demonstrated in chelation-controlled Pd"/Pd" cycles."

Here, we report the synthesis and isolation of novel LPd"Cl,
(L = NHC—CH,—NHC) complexes and their stoichiometric
intermolecular reactions with alkenes/alkynes as well as C—H
bonds; neither alkenes nor alkynes have been previously reacted
with isolated Pd"™ species of any kind. All substrates tested
here are devoid of potential directing groups. Mechanistic
studies on alkene dichlorinations revealed a stepwise process
including initial Cl -loss from the metal center and direct, ligand-
mediated Cl'-transfer from LPd"VCl;" intermediates to
7-bonds without the involvement of [LPd"Cl;(77*alkene)]™"
complexes. Serendipitously, we discovered that C—H bonds of
the NHC-ligand backbone in LPd" Cl, can act as hydrogen-bond
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donors toward added chloride ions to form supramolecular
adducts of the type Cl™ - - - (NHC),Pd" Cl,. We discovered that
these noncovalent interactions accelerate Pd"' —Cl heterolysis to
form a zwitterionic intermediate C1~ - - - (NHC),Pd"VCl;"; we
also found that Cl"-transfers from these intermediates to alkenes
are accelerated in the presence of such C—H: + - Cl  hydrogen bonds.

B RESULTS

Synthesis of Pd" Tetrachlorides. The orange-yellow bis-
chelating NHC—Pd" complex 4 was generated from a suspen-
sion of LPd"Cl, complex 1'®® in DMF and Cl, in 86% yield
(Scheme 2) and in 76% yield from LPd"Br, complex 2. While
}Iaoorly soluble in common organic solvents, we were able to obtain

H NMR spectroscopic data of 4 in DMF-d, with aromatic
signals at 0 7.97, 7.80, two doublets for the bridging CH, group at
07.13,6.85 ('] = 13.1 Hz), and a CH, singlet O 4.44. Similarly,
the '>C NMR spectrum showed three ring signals at & 139.08,
126.47, and 123.86 and a single peak for the bridging carbon at 0
63.42. "H and "*C NMR data are consistent with a CS—?;mmetrical
tub-shaped structure analogous to Pd"-precursor 1.!

Vapor diffusion (DMF/CH,Cl,) produced crystals of 4
suitable for X-ray crystal structure analysis. In the solid state,
the tetrachloride adopted an octahedral geometry around palla-
dium (Figure 1). Pd—C™*™ bonds [Pd1—C32, 2.015(4) A;
Pd1—C22,2.019(4) A] experienced a bond lengthening of 0.046
and 0.049 A as compared to 1 ,16b hinting at diminished 77-back-
bonding from a less 77-basic d®-metal center.”® Equatorial “in-
plane” Pd—CI*? bond distances in 4 [Pd1—Cl1, 2.3769(10) A;
Pd1—Cl2, 2.3813(9) A] remained almost unchanged relative to
the PdH-precursor (A < 0.004 A relative to 1) but were longer
relative to their perpendicular Pd—CI™ counterparts [Pd1—Cl3,
2.3189(9) A; Pd1—Cl4, 2.3081(9) A] by an average of 0.066 A,
underlining a significant trans-influence of NHC ligands.

In an effort to bolster solubility in common organic solvents,
tetradecyl-substituted bis-imidazolium dichloride 5 and Pd-
(OACc), were converted to Pd(II) complex 6 as a white powder
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Figure 1. X-ray crystal structure of 4.

in 67% isolated yield (Scheme 2). Subsequent chlorination with
Cl,/CH,Cl, yielded 7 as an orange-yellow powder quantita-
tively. Unfortunately, once 7 had precipitated from solution on
the time scale of a few minutes, it remained insoluble in common
organic solvents. We were able to obtain a "H NMR spectrum
in CDCl; prior to the onset of precipitation via in situ chlorination
of 6 and rapid spectral acquisition within 2 min. Two aromatic
doublets at 0 8.32 and O 7.08 (broad singlets) and two doublets
(0 7.48 and O 7.07; *] = 13.4 Hz) for the CH,-bridge were
consistent with a tub-shaped C;-symmetrical structure analogous
to that of 4. Serendipitously, we discovered that the addition of
the electrolytes BuyNCI or BuyNBF, dramatically increased the
solubility of 7 in CDCl;, and up to 0.1 M solutions could be
generated, which allowed for more time-consuming 'H and *C
NMR characterizations.” We found that 'H NMR chemical
shifts of H> and H®™ experienced notable downfield shifts in
CDCl;/BuyNCl by 0.37 and 1.34 ppm, respectively, relative to
CDCl,/BuyNBF, solutions, while their connected carbons C°
and C"%° were shifted upfield in the "*C NMR spectrum by
0.51 and 0.61 ppm in CDCl;/Bu,NCl (Figure 2).

A smaller upfield shift by 0.08 ppm was observed for H*, while
C* was shifted downfield by 0.44 ppm. Electrolyte-dependent
chemical shift differences for other protons and carbons were
much less pronounced, and variations along the side chain faded
out rapidly. Unambiguous assignments of all protons were
accomplished via a "H—"H ROESY experiment. Using H*” as
a reference point, H*, H>, H™°, and H*"% were identified through a
chain of negghborhood relationships, giving rise to ROE cross-
peaks of (H*, H*”) and (H®, H*°) as well as TOCSY-type cross-
peaks for (H®, H*) and (H®°, H*"*) (Appendix 1, Supgorting
Information). Addition of other oxidants to bis-NHC—Pd" com-
plexes failed to produce stable Pd" products.”***

Chloride Binding Analysis. The remarkable impact of salts
on the solubility of 7 in CDCIl; prompted us to study their
potential interactions with 7 in more detail. When 'H NMR
samples of 7 in CDCl;/Bu,NBF, were sequentially titrated with
0.1 equiv aliquots of BuyNCI, we were able to follow progressive
downfield shifts for H** and H® and a progressive upfield shift
for H* (Figure 3a), which was expected on the basis of the
electrolyte-dependent chemical shifts of 7 (Figure 2). Notably,
chemical shift changes leveled out with increasing concentrations
of BuyNCl, which discredits the possibility of a bulk dielectric
effect (Figure 3b). The Job plot** obtained from the "H NMR
titration revealed a 1:1 binding ratio for Pd":Cl™ (Figure 4) for
the new complex 7-Cl . The equilibrium 7 + CI = 7-Cl

i endo bridge
SUN. L -C \ | LA
L N "yPd==CI N7 lpg” N
fN4 N (!':l C1aH2g Cla 1
R—'H >\"HF’ 2
R Hﬂ 3!
internal( ();q
5 5 14"
Proton 5, NBF,) (Bu,NCI) &
Hedo 712 694 018
Hexo 683 817 +1.34
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WM 473 a8 0.05
5 5
Carbon 5., NBF,) (Bu,NCI) s
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4 12374 12418 4044
s 12283 12232 -0.51
bridge 6241  61.80 -0.61
7 5263 5246 0.17
2 3182 3178 -0.04
3 347 314 -0.03
14 1402 13.99 -0.03

Figure 2. 'H and "*C NMR chemical shifts for 7 in CDCl; in the
presence of two different electrolytes (Buy;NBF, and Bu,NCl).

(Scheme 3) thermodynamically favors 7:Cl, and from a
Benesi—Hildebrand plot we obtained K.q = 1392 M ' (AG’q— =
—2.9 kcal/mol).

For a structural localization of chloride binding, T1-relaxation
studies were conducted for both 7 and 7-Cl~ (Figure S). We
found site-specific reductions in T1 values of 7 Cl " relative to 7
by 25% and 17% for H® and H, respectively, and an increase by
7% for H*, while other protons were virtually unaffected. Faster
relaxation for H> and H®™ is consistent with the influence of
enhanced **Cl/*’Cl-quadrupolar relaxations upon Cl ™ -binding
viaa Cl” - - -H—C hydrogen bond.*®

The combined data of chemical shift effects, NMR titration
and Job plot, Benesi—Hildebrand analysis, and T1-relaxation
times are in support of a trifurcated hydrogen bond in 7-Cl
involving contacts of chloride to H™ as well as H®/H® in the
ligand periphery (Scheme 3).

Reactivity. Small excesses (1.05 equiv) of LPd"Cl, (7 in
Bu,NBF,/CDCl; or 7-Cl~ in BuyNCI/CDCl;) were reacted at
25 °C with a variety of substrates including alkenes/alkynes as
well as aromatic, benzylic, and aliphatic C—H bonds (Table 1).
LPd"Cl, (6) was found to be the only organometallic product in
all cases. Reaction conditions were not optimized, and yields
were primarily limited by incomplete conversions (Table 1)
rather than by the occurrence of uncharacterized side reactions.
Alkenes/alkynes were converted into their 1,2-dichlorination
adducts by 7-Cl~ (Table 1, entries 1—S5) with side products
from allylic and vinylic chlorinations (entries 3—S5). Aromatic
and benzylic C—H bonds of electron-rich substrates were
converted into C(sp>)—Cl and C(sp®>)—Cl bonds (entries
6—8,10—11), while p-xylene was inert toward 7+ Cl”~ even upon
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Figure 3. (a) 'H NMR titration of 7 in CDCls/Bu,NBF, with aliquots of Bu,;NCl displaying changes in chemical shifts of aromatic and bridge protons.
(b) Saturation of chemical shift changes of H?® at elevated Bu,;NCI concentration.
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Figure 4. Job plot for mixtures of Bu;NCl and LPd"'Cl, (7 and 7- Cl~
combined) in CDCl;/BuyNBF, solutions. Plotted is y(BuyNCl) - Ad-
(H®) as a function of y(Bu,NCl) with %(Bu,;NCI) = mol fraction
[Bu,NC1]/([Bu,NCI]+[LPd"Cl,]) and AO(H®) = 0(H®) pex — O(H®).
A maximum at (BuyNCI) = 0.48 is consistent with a 1:1 binding stoichio-
metry in complex 7-Cl .

Scheme 3
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heating to 60 °C. Methane was converted to methyl chloride,
albeit in extremely low yield (entry 12). Methyl Grignard (entry
13) was oxidized to CH;Cl and CH;CHj;, and bromide reacted
with 7 to Br, (entry 14).

Alkene/alkyne dichlorinations in entries 2 and 3 showed
predominant trans-selectivities in their 1,2-addition products,
which matched selectivities obtained from electrophilic chlorina-
tions with Cl, of identical substrates (Table 2). Equally, the
threo/erythro ratio (1.53/1) for 1,2-dichloro-1,2-dipheny-
lethanes formed in the reaction of 7-Cl™ and stilbene (Table 1,
entry S) was nearly identical to the threo/erythro ratio from the

Froton: o, T(error) T1 m(lerror) AT
HS  1.179 (0.005) 0.887 (0.004) -25%
H¢ 1066 (0.008) 1.144 (0.005) +7%
Heo 0373 (0.003) 0312 (0.007) -17%

0.492 (0.001) 0.456 (0.004) 7%

0.370 (0.001) 0.362 (0.001) 2%

0.371 (0.001) 0.364 (0.001) -2%

Hexo Hendo @ Hexo Hando
Cl

Hendo

He /H®

5 HE,
SN cl -
\,Pd-—-c| ;’,Pd
N
s . H“ % S
CHeHP CHeHP CHeHP CHeHP
R / R 4
b R P R
7 7-CI’

Figure 5. Tl-relaxation studies of 7 and 7-Cl .

respective Cl,-chlorination (Table 2). Furthermore, the abun-
dance of side products from allylic chlorination (Table 1, entry 3)
and vinylic chlorinations (Table 1, entries 4—and S) was very
similar to respective abundances in Cl,-chlorinations of cyclo-
hexene, styrene, and stilbene (Table 2). This suggests the
intermediacy of identical chloronium intermediates that deter-
mine stereochemistry and product distributions in chlorinations
with Cl, and in chlorinations with 7-CI .

Mechanism of Alkene Chlorinations. General Considera-
tions. We proceeded to elucidate the circumstances of Cl'-
transfer from LPd"VCl, (7 and 7-CI7) to alkenes and alkynes.
Three plausible reaction manifolds were considered (Scheme 4):
In pathway 1, a direct, 1nner—sphere transfer of CI" would occur
directly between LPd"Cl, and an alkene or alkyne. Neutral
species such as T1C13,26 PbCl4,27 PCls,**?*®  SbCl,, >
MoOCl,,*° CrOZClz, or PhICL,** have previously been in-
voked in ionic Cl"-transfers to alkenes as reagents. Alternatively,
LPd"Cl, may undergo concerted Cl—Cl reductive elimination
(pathway 2) followed by Cl,-chlorination of the alkene. Elimination
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Table 1. Reactions of LPd"Cl, with Organic Substrates

LPdVCI, + Substrate Product + LPd'Cl,

Entry  Substrate Product(s)/ % Total Entry Substrate Product(s)/ % Total
Reaction Time/  Product Ratios ® Yield Reaction Time/  Product Ratios® Yield
Temperature/ (Conver- Temperature/ (Conver-
Additive * sion) ¢ Additive * sion) ©

@]
cl 12
CaHs NG 88.8% - 69.5%
1 4 (96.4%) a (79.3%)
2h/25°C 10h/25°C
CHs Cl
CoHs—==—C,H; —
2 ] C,Hs 52.8% No reaction n.a.
1h/25°C (E/Z2110/1) (59.1%) 10h/60°C
Cl
j:j \
I .
3 @ c =2 87.0% OOO\ @ 70.8%
. (87.0%) 10 BhIZ5°C \  (70.8%)
2h/25°C :::
! O
Ph X cl 22
Ph)\/ - 874% 11 Oo/ 17 981%
4 0 Cl 87.5% 1 (98.1%)
2h/25°C e % ( o) 8h/25°C :<
threoferythro: 1.5311
cl
x_-Ph cl 64.1% CH,* CHsCI® 2.9%
5 Ph7 N F’h)\( 33 (64.1%) 12 2n100°C (2.9%)
o Cl Pho
1h/25°C \ Ph
CH3ClI ©
97.3% CHsMgBr ' 11 34.3%
6 (97.3%) 13 2h/25°C 1 (100%)
CH3CH3
4h/25°C
54.5% 14 BusNBr ¢ Br," 95.1%
(54.9%) (100%)

o

“Reaction conditions: 10—20 mM substrate; 150 mM Bu,NCI/CDCls; 1.05 equiv of (freshly prepared) 7 unless otherwise noted. ” Identified via 'H
NMR spectroscopy chemical sh1ft analysis and compared to either authentic samples or published spectra (for references, see the Supporting
Information). ° Determined via 'H NMR integration usmg 1,1,2,2-tetrachloroethane as an internal standard. Headspace of aresealable J. Young NMR
tube was purged with 1 atm of CH, prior to the reaction. © Volatiles were collected via flask-to-flask vacuum transfer using two J. Young NMR-tubes; "H
NMR spectra were recorded and compared to the initial crude product mixture.” In THF-dg with a suspension of 7 under sonication in the absence of
Bu,NCl or BuyNBF,.Y 5 equiv of Bu,;NBr was reacted with 7. " Identified and quantified after complete consumption of 7 by trapping with cyclohexene
and quantifying the formed product 1,2-dibromocyclohexane and 3-bromocyclohex-1-ene via "H NMR spectroscopy.

of Cl, is a common feature in inorganic complexes of Pd(IV)*?
such as (bipy)PdCl,,'” Pd(NH;),CL,> Pd(py),Cl,,** [Pd(NH;).-
CL,]Cl,,* and Et,N[PdCls(PPr;)]*® even though the precise
mechanism of chlorine loss in these complexes is unknown.”” In
the ionic pathway 3, an initial loss of Cl from LPd"Cl, would
form ion pair A (from 7) or zwitterionic analogue B (from
7-Cl; with intact Cl* - - - H—C hydrogen bonds on the ligand
backbone). A reductive Cl, elimination from A or B may then
form Pd"-cation C while Cl, would act as the actual chlorinating

agent with the alkene (pathway 3a). Literature precedence for
anion dissociation from octahedral Pd" complexes followed b oy
reductive C O and C—F eliminations was reported by Sanford™

and Ritter.*® Goldberg has established sequential ligand dissocia-
tions followed by reductive eliminations in octahedral platinum
complexes.® Alternatively, we considered the possibility of a
nucleophilic attack of the alkene to an electron-deficient clot-

ligand in intermediates A or B (pathway 3b). This would be
reminiscent of reported Sy2-attacks of external nucleophiles on

1836 dx.doi.org/10.1021/ja107342b |J. Am. Chem. Soc. 2011, 133, 1832-1848
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Table 2. Stereo- and Regioselectivity of Chlorination of
Alkenes from Reactions with 7 as well as with Cl,

Reaction Conditions and

Products Product Ratios

Entry Substrate

7/Bu,NCF 4.31

1 O Oi CI2/8u4NCIb 6.6/1
Ccl® 3-4/1

p— > A _ 7/BuNCP 2.2/1
2 PH PH ) ph ChiBUNCP  26/1
Cl® 5.7/
cl cl
Ph /H/F'h ‘_Ph .
Ph D P 7/Bu:NC 1531
8 /S Cl Cl cly 21
Ph + enantiomer
threo:erythro
CoHs  Cl - CpHs  CoHs  7/BuyNCP >110/1°
4 CHg—=—CyHs . .
Cl CHs ¢ ¢l chL™ 11.61

“Solvent and salt additive identical to those described in Table 1. 0.8
equiv of Cl, (saturated solution in CDCl;) was rapidly added via syringe
to a premixed solution of substrate in CDCl;/Bu,NCl. “Data from
Poutsma, M. L. . Am. Chem. Soc. 1965, 87, 2161—2171. 4 Reaction
performed neat at 25 °C with the exclusion of light and in the presence of
oxygen to eliminate the radical pathway. ° Data from Iskra, J.; Stavber, S.;
Zupan, M. Chem. Commun. 2003, 2496—2497. /Data from Britsun, V.
N.; Serguchev, Y. A,; Ganushchak, N. L. Russ. J. Gen. Chem. 2001 71,
261—264. 7 (Z) -product was below detection limit by "H NMR
spectroscopy. "Data from Heasley, G. E; Codding, C.; Sheehy, J;
Gering, K; Heasley, V. L Shellhamer, D. F.; Rempel, T. J. Org. Chem.
1985, 50, 1773—1776. ' Reaction performed in CH,Cl,.

Scheme 4
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sp>-carbons of Pd"V—C®" bonds.*® Moreover, the transfer of
Cl" to alkenes has been reported for cationic species such
as SbCL",* PCL",*® and Cu"'CI™.*' Last but not least, we
considered the formation of Pd™ (#*-alkene) complex D followed
by chloropalladation (pathway 3c). Although spectroscopically
identified Pd"" s-complexes have not been reported in the literature
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Figure 6. Relative rates (k) for chlorination of 1-hexene and 3-hexene
with 7-Cl, Cl,, and Cl,/Bu,NCL

so far, calculations suggested that such species are energetically
feasible.*” It should be noted that chloropalladations of alkenes
or alkynes are known with Pd"—chloride complexes.**

Competition Experiments. Inprobing for the possibility of
in situ formation of Cl, as the actual chlorinating agent in
pathways 2 and 3a, (Scheme 4), we conducted a competition
experiment in which 7+ Cl™ was reacted with a 10 equiv/10 equiv
mixture of 1-hexene and 3-trans-hexene in CDCl;/BuyNCI; the
resulting product ratio of 3,4-trans-dichlorohexane (8) and 1,2-
dichlorohexane (9) was 6.0:1 (Figure 6). In contrast, we
obtained a 40.1:1 ratio of 8 and 9 with Cl, as the chlorinating
agent under otherwise identical conditions, which is close to
Poutsma’s ratio of 52:1 for Cl,-chlorination of a neat mixture of
L-butene and 2-trans-butene.* The apparent mismatch between
7+-Cl and Cl, in their internal versus terminal selectivities rules
out the possibility of in situ formed Cl, from 7+ Cl~ (pathways 2
and 3a). Furthermore, the 6.0:1 bias displayed by 7+ Cl™ in the
functionalization of the internal over the terminal hexane is at
o0dds with the formation of 7*-alkene complex C from B prior to
chlorination in pathway 3c; metal complexes with terminal
alkenes are generally more stable than complexes with internal
alkenes,** and ﬁmctlonahzatlons of alkenes by Pd" show higher
rates for less substituted olefins."

Kinetic Experiments. To further elucidate the mechanism of
Pd"-chlorinations, we conducted a series of individual kinetic
measurements for the stoichiometric chlorinations of cyclo-
hexene (cy) (Table 3, entries 1—24), styrene (styr) (entries
25—27), and hexamethylbenzene (HMB) (entry 28) as sub-
strates in the reaction with 7 or 7+ Cl . The relative abundances
of these two LPd"VCl, species were controlled in the equilibrium
7 4 Cl fee = 7+ Cl~ by adjusting [Cl™ J... Experimentally, we
could only follow the disappearance of [7] and [7-Cl ] as a
weighed average by "H NMR spectroscopy, and therefore we
deliberately adjusted [Cl™ . to levels that ensured a predomi-
nant abundance of either 7 or 7-Cl . With relatively high
chloride concentrations of [Cl™ Jgee = 139 mM (entries 1—20
and 25—28), the major Pd" species in solution was 7+CI~
(%7.c1— = 0.953); with relatively low chloride concentrations of
[Cl" Jgee < 0.64 mM, compound 7 was predominant (), =
0.920, entries 21—24). Upon inspection of entries 1—20
(reactions of cy with 7-Cl™) and entries 21—24 (reactions of
cy with 7), it is apparent that measured values for k,, are overall
higher for 7+ Cl~ than for 7 over a wide range of [cy]. At constant
free chloride concentration ([Cl™ ]g.. = 143 mM), higher con-
centrations of cyclohexene produce larger values for k,,, (entries
1—10). However, this relatlonshlp is not linear, and a plateau just
above kg = 20 X 10 ° s~ is found for [cy] = 300 mM (entries
1 and 2). A [cy] versus ko, plot for entries 2—10 represents this
saturation kinetics behavior graphically (Figure 3, top).*” Qua-
litatively, styrene displays similar plateau characteristics in its
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Table 3. Observed Rates for the Chlorination of Cyclohex-
ene, Styrene, and Hexamethylbenzene with 7 and 7-Cl" at
Various Substrate and Chloride Concentrations

[substrate] [Cl Jgee molfraction7-Cl™ kgps X 10 °

entry substrate”  (mM) (mM)* 7-c-)* (s™H*
1 cy 608 143 0.954 20.2+0.3
2 cy 300 143 0.954 202+02
3 cy 15.0 143 0.954 18.8+£0.2
4 cy 11.3 143 0.954 179 £03
N cy 7.20 143 0.954 16.8 0.3
6 cy 3.60 143 0.954 16.4+0.3
7 cy 1.50 143 0.954 15.8+0.5
8 cy 0.58 143 0.954 149+£0.5
9 cy 0.29 143 0.954 11.9+£0.6
10 cy 0.14 143 0.954 10.6 £0.9
11 cy 343 151 0.957 16.6 £0.1
12 cy 120 313 0.981 19.5+0.7
13 cy 3.46 313 0.981 11.8+£0.3
14 cy 2.77 313 0.981 8.8+02
15 cy 0.44 688 0.993 7.6+£0.3
16 cy 0.37 688 0.993 6.9+0.5
17 cy 0.32 688 0.993 52408
18 cy 0.28 688 0.993 59+06
19 cy 0.25 688 0.993 4.5+04
20 cy 0.23 688 0.993 31402
21 cy 190 0.47 0.060 51+£02
22 cy 16.7 0.64 0.080 4.6+0.1
23 cy 9.07 0.34 0.045 3.1+0.1
24 cy 5.36 0.43 0.055 28+0.1
25 styr 300 166 0.962 22.5+04
26 styr 210 166 0.962 23.3+£0.5
27 styr 14.4 166 0.962 12.7+0.2
28 HMB 389 139 0.953 222408

“ Substrates in the table are listed as cy = cyclohexene, styr = styrene, and
HMB = hexamethylbenzene. ”For entries 1—20 and 25—28, the
concentration of free chloride ([Cl™ ]4..) was determined by subtracting
the amount of hydrogen-bonded Cl~ (within 7-Cl™) from the total
chloride concentration [Cl™ ], in the system (from added Bu,NCl).
In entries 15—18, small amounts of chloride were present as a 1:1
byproduct from allylic chlorination of cyclohexene. [Cl™ ;o was then
derived from the 'H NMR integral of RRC(CI)H of 3-chloro-cyclohex-
ene. The hydrogen-bonded chloride portion within 7-Cl™ was sub-
tracted from [Cl o to determine [Cl™ Jgee. ©Derived from 7 +
Cl gee=7-Cl" (Keq =1392M'); see Supporting Information eq 12
and the Supporting Information chapter “Kinetic Analysis and Rate Law
Derivation” for details. ¢ Rates for disappearances of 7 and 7+ Cl~ were
determined by "H NMR spectroscopy. Errors were calculated using
ANOVA regression analysis to a 95% confidence interval and given as
the standard error for each measurement

reaction with 7:Cl~ (entries 25—27), and k. levels out at
approximately 23 x 10 °s .

Adding extra Pd" complex 6 (LPd"Cl,) to the solutions of
cyclohexene or styrene did not affect their ks values, which
excludes that Pd"(alkene) complexes may play a role as a reactive
intermediate during the reaction. We generated only one data
point for the chlorination of hexamethylbenzene (HMB, entry
28) with 7-Cl~, and it matches the k., plateau values of
cyclohexene and styrene [kops(HMB) = 222 x 107 ° s 1)].
Qualitatively, the reaction of 7 (entries 21—24) with cyclohexene

o]
w
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o
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o
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[ey] mol/L

Figure 7. Saturation kinetics plots for the chlorination of cyclohexene
with 7 (bottom line, dashed) and 7-CI™ (top line, contiguous).

follows a saturation kinetics trend similar to 7+ Cl™; however, the
ks plateau value of approximately 5 x 10 °s™ ' is about 5 times
lower for 7 (Figure 7, bottom line) than for 7-CI™.**

While the addition of chloride ions can increase kops through
shifting the equilibrium 7 + Cl .. = 7-Cl  toward the side of
the more reactive 7-Cl, a large excess of [Cl g has a
detrimental outcome on kg, This effect reveals itself in entries 6
and 13 with virtually identical cyclohexene concentration ([cy] =
3.60 mM and 3.46 mM); a higher free chloride concentration in
entry 13 decreases the observed rate constant ([Cl™ Jg.. = 313
mM, kops = 11.8 X 10> s ') as compared to an environment
with a lower free chloride concentration in entry 6 ([Cl™ Jge. =
143 mM, kops = 164 x 10~ s~ ). The rate suppression in entry
13 is observed despite a slight increase in the relative abundance
of the more reactive species 7- Cl™ in entry 13 (;.c— = 0.981)
as compared to entry 6 ()7.cj— = 0.954). Increasing [Cl™ ] g, to
688 mM depressed k,, even further (entries 15—20), and the
emergence of an inverse relationship between [Cl™ ], and kyps
becomes apparent when comparing entries 15 and 20.

Quantitative Kinetic Analysis. Taken together, the saturation
kinetics in [cy] versus k.p, the chloride-dependent depressions of
kobs at high [Cl™ ] and low [cy], as well as the chemoselective
chlorination of internal versus terminal alkenes are at odds with
pathways 1,2, 33, and 3¢ (Scheme 4), but consistent with pathway 3b
for both Pd" complexes 7 and 7+ CI. Next, we took on the task of
extracting quantitative data pertaining to the elementary steps in
pathway 3b. First, we describe the overall disappearance of the total
amount of Pd" ([Pd™] = [7] + [7-C1"]) as:

d[Pd"]
dt

Our analysis is based on a rapid pre-equilibrium between 7 and
7-Cl" in the presence of free chloride ions (7 + Cl gee =
7-C17).* Furthermore, we define k; and k,.c,_ as first-order
observed rate constants for the disappearance of 7and 7 Cl™ (eq
2a,b). Essentially, k; and k. c— mimic the role of observable rate
constants, even though our experimental technique of data
collection ("H NMR spectroscopy) only provides for average
signals of 7 and 7+ CI" . Combining eq 1 and eq 2a,b yields eq 3.

- _kobs [Pdw] (1)

% = —ks[7] and% = —ks.a [7-C17] (2ab)
d[ii‘:] _ (k7[7]+k7.cr [7-Cl_]) (3)

Combining eqs 1 and 3 and expressing the abundance of [7]
and [7-Cl™ ] within [Pd"] through individual mole fractions
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Scheme 5 “steady-state” terms for the interplay of 7 and A (first addend)
or as well as 7-Cl~ and B (second addend) (for detailed deriv-
G-pdval, :“ Q- +<S-rdvcl, ations, see the Supporting Information).
7 139.2 M rer kA ley]
. kabs = x
: i obs 7 A
k
C§=pdv-—-cl| —f — (k—l> [Cliee] + [e]
Cly Q@ H<§-Pdv- m] 2
Cl
TS, s k" [cy]
@ h t 7. B (3)
® —1 —
/8~PdIUC| BU4NBF4 C_;pl.(‘j'\"0| < kZB ) [leree] + [CY]
BF,, cf®
& \ / Four limiting scenarios can be discussed in the context of eq S:
A
H :Pd Clg i " )fee > yk—17/ky T e K . In this case,
<& v [ClI7] [Pd™], k_ /K, [Cl7] [cy]. Inth
A

one obtains )y,.ci— & 1, x7 & 0, and kg, is reduced to
the rate constant k;® for chloride dissociation from 7+ CI~
(eq 6). This scenario reflects the plateau level for the satu-
ration kinetics of 7+ C1~ (Figure 3, top), in which case the
initial jonization of 7+ Cl ™ is rate determining.

kobs = le (6)
-6 (11) [Cli]free < [Pdw]) k—lA/kZA[Cli]ﬁ'ee < [CY] In this
.cr case, one obtains ¥7.ci— ~ 0, ¥7 &~ 1, and k,,, is reduced

to the rate constant k,* for chloride dissociation from 7

- (eq 7). This scenario reflects the plateau level for the
kA=42 10557 saturation kinetics of 7 (Figure 3, bottom) in which case
kAlKk-A=0.10 55 KBlk B =130 the initial ionization of 7 is rate determining.

X~ @cC E
kobs - klA (7)
% Q (1].1) [Cli]free > [Pdlv]) k—lB/kZB[Cli]free > [CY] In this
o case, one obtains y,.ci— ~ 1, ¥7 & 0, and k., can be
I Cl cl . . )
expressed according to eq 8. In this case, ks is propor-
tional to [cy] and inversely proportional to [Cl Jge.. In
and y7.c— ([7] = X7[Pdw] and [7:Cl'] = X7.C1,[Pdw]) chemical terms, this refers to a scenario in which 7-Cl™
provides eq 4. and B are effectively part of a pre-equilibrium and the rate-
kobs = X7k7 4+ %7.01-k7.01- (4) determining step is the transfer of 1™ to cyclohexene.
Equation 4 manifests the additive approach to kps, which is feop, = ki®k,® [cy] (8)
separated into individual reactivities of 7 and 7-Cl  as well as o kB [Cl free]
their respective abundances. This simple concept necessitates
that once intermediate A is formed from 7, it cannot directly Experimentally determined rates of disappearance of
equilibrate with B on the time scale of the Cl*-transfer from A to 7-Cl” in the presence of very low concentrations of
cyclohexene.®® Experimental evidence will be presented (vide cyclohexene ([cy] = 0.14—0.44 mM, [Cl Jge. = 143
infra) in support of such slow ion pair dynamics. mM, 688 mM) (entries 10, 15—20, Table 3) produced
Scheme § lays out the conceptual framework for multistep a linear relationship when plotting In(ksp,) versus
reactions including absolute rate constants for the elementary In([cy]/[Cl Jgee) (Figure 8). A slope of 0.97 confirmed
steps. It is based on the equilibrium between 7 and 7-Cl . the anticipated first-order dependence on [cy]/[Cl™ Jgee.
Chloride dissociation from the metal centersin 7and 7-Cl is
described through k,* and k,®, while k_," and k_," are rate The inverse rate dependence on [Cl ]g.. can be ex-
constants for the microscopic reverse chloride addition to plained in chemical terms through a rate-determining
intermediates A and B. Furthermore, bimolecular Cl*-trans- transfer of Cl* from B to cyclohexene; the pre-equilib-
fers from A and B to cyclohexene to form E’ are expressed rium 7-Cl° = B + Cl g is shifted to the left by
through sz and sz. No intermediates were detected in the increasing [Cl™ .. The switch in rate-determining step
reactions of 7and 7+ Cl~ with cyclohexene (nor with any other as compared to scenario (i) is brought about by a
substrate), and we apply a steady-state model for A and B. On decrease of the [R)r]/[Cl ]free rat1o
the basis of this approach, eq 4 turns into a “bimodal” ex- (iv) [Cl Jgee < [PAV], k_ 2 /ks" [Cl Jree > [cy]. We were
pression (eq S) whose two components constitute individual not able to explore this domain as practical concentrations of
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Figure 8. Rates of chlorination of cyclohexene with 7- Cl”~ (from 7 and
Bu,NCl) at extremely low [cy]:[Cl™ Jg.. ratios (1:1000—1:3000) with a
slope ~1 in the In/In plot.
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Figure 9. Energy diagram for the reactions of LPd"Cl, (7 and 7+ CI ")
with cyclohexene to form chloronium intermediate E via LPd"Cl; "
1ntermed1ates A and B. Represented are enthalpies of ionization (AGI
and AG,") as well as the enthalpic differences between Cl1* transfer from
LPd™Cl," to cyclohexene and Cl return to LPA™C; ™ ( OAG, and 0AGy').

cyclohexene would have to be significantly lower than in
scenario (iii), in which case [cy] had been only slightly
above our "H NMR detection limit.

Simulations. To quantitatively determine values of k;*, k;°,
aswell as (ky*/k_,*) and (k,®/k_,"), we simulated experimental
results using cks-software, ! which uses a stochastic algorithm52
and therefore serves for an analytical treatment of Scheme 5 that
is independent of the validity of eq 5 and eqs 6—8 from scenarios
(i), (i), and (iii). We iteratively modeled the disappearances
of starting materials 7 and 7-Cl with the concentrations and
conditions provided in Table 3 (entries 1, 3—10, 15, 16, 17, and
18). We were able to obtain a reasonable and comprehensive fit
for all entries with the adjustable parameters set to: k;* = 4.2 x

10 °s 1 (AGI}F +23.4 keal mol ') (Flgure 9), k" =21. O X
10 s (AGy" = +22.5 keal mol 1), by /k_ ™ = =0.10 (OAG,F =
+1.4 kcal mol '), and k,°/k_,® = 130 (5AGB = —2.9 keal
mol 1) Together with the already established value AGg_°=
—2.9 kecal mol ! for the equilibrium 7 + Cl .. =7-Cl , these
values are the basis for an energy diagram, featuring a lower
barrler for Pd"—Cl heterolysis in 7+Cl~ than in 7 (AG,* —
AGy* = +0.9 keal/mol) (Figure 9). It also underscores the rather
small energetic differences between TS; and TSy as well as TS,
and TSg, allowing for the observation of [cy]-dependent satura-
tion kinetics. The interconversion of 7 and 7 Cl  is too rapid on
the NMR time scale to spectroscopically distinguish between
them as a result of a low energetic barrier between them
[AG(exchange) < +14.0 kcal mol ' for exchange of hydro-
gen-bonded chloride in 7-Cl  with external Cl g, via forma-
tion of intermediate 7].>*

Values for k2, k5, k,*/k_ 2, and k,%/k_,® from cks-simula-
tions were then entered into eq 5 to generate simulation plots for
kops at particular chloride concentrations (Figure 7). For
[Cl Jgee = 143 mM, the ks simulation plot is represented with
a contiguous line (Figure 7, top); in this case, the major Pd"
component in solution was 7+ Cl ™. For [Cl™ .. = 0.43, the ks
simulation plot is represented w1th a dashed line (Figure 7,
bottom); in this case, the major Pd" component in solution was
7. Both simulation plots are in good agreement with experi-
mental ks data in Figure 7.

Solvent Effect. Solvent effects were investigated in the reac-
tions of cyclohexene with 7 in CDCl;/Bu,;NBF, and 4 in DMF-
d».>> While not mapping out a complete kinetic profile for 4 in
DME-d,, we were able to obtain a pseudofirst-order rate constant
[kobs(DMF-d;) = (214 & 13) x 10 s '] with respect to 4
(23.6 mM), while the [cy] = 472 mM. At such high cyclohexene
concentration, it is reasonable to assume that ky,s(DMF-d,)
solely reflects the chloride dissociation step (k;) from the metal
and kobS(DMF d7) k;(DME-d,). In comparing this value to k;* =
42 x 107> s~ ' (measured in CDCl;/Bu,NBF, in the absence
Cl), we obtaln the relative rate ko = k;(DMF-d):k,™ = 51:1.

Reaction with Aromatic Substrates. Various electron-rich
aromatic substrates reacted with 7-Cl, causing ring and
benzylic chlorinations in good yields (Table 1, entries 6—8, 10,
11), while p-xylene was inert even upon heating to 60 °C for 10 h
(entry 9). 4-Methylanisole was chlorinated in its 2- and 4-posi-
tions yet not in the 3-position (entry 11), 1,4-dimethoxybenzene
was smoothly converted to 2-chloro-1,4-dimethoxybenzene,
hexamethylbenzene underwent benzylic chlorination (entry 6),
while mesitylene (entry 8) and durene (entry 7) were function-
alized in both ring and benzylic positions. We followed the reac-
tion of hexamethylbenzene and 7- CI~ by "H NMR spectroscopy
and found a substrate-independent rate law d[7-Cl ]/dt =
kops[ 7+ C17 ] with k=222 10> s~ (CDCls, 25 °C, Table 2),
which matched the rate constant for chloride dissociation from
7-Cl” (k° = 21.0 x 10> s~ ') reasonably well. In contrast,
bimolecular rate laws d[7:Cl™]/dt = ky;[7-Cl™ ] [substrate])
were observed for 4-methylanisole (ky; = 2.1 x10 > M 's ')
and dimethoxybenzene (ky; = 6.1 x 10 > M 's™').

Reaction of 7-ClI~ with Methane and Side-Chain Chlo-
rination. We were able react CH,; with 7-Cl at elevated
temperatures to produce CH;Cl in small quantities (entry 12,
Table 1). While a relatively low CH, pressure (pcp4 = 1 atm)
may have prevented higher yields, we found predominant
intramolecular chlorination of the C,4Hjg-chain of 7-CI .
Reacting 7-Cl" in the absence of organic substrates with excess
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Figure 10. Mass spectrum of chlorination products (LPd"Cl; ") from the reaction of 7 with excess Cl,. Up to six H/Cl substitution events within the

ligand could be identified.

Cl, produced multiple chlorination events in the side chain, when
exposed to 1 atm Cl, at 25 °C for 16 h with the exclusion of light,
presumably via a catalytic Pd"/Pd" cycle. The occurrence of up to six
substitutions of C—H bonds with C—Cl bonds in LPd"CL, was
confirmed by MS(ESI) spectroscopy (Figure 10). A control experi-
ment using hexane in CDCl;/BuyNCl solution and Cl, showed no
aliphatic chlorination products over the same period.

Reaction with Bromide. In an attempt to initiate Cl/Br
ligand substitution in LPd"VCl,, we reacted a suspension of 7 (1
equiv) in CDCl; with Bu,NBr (S equiv). Within seconds, the yellow
solid decolorized and dissolved. An "H NMR analysis showed the
quantitative formation of LPd"Br, complex 6. The oxidation of Br
gave rise to Br,, which was confirmed by adding cyclohexene (1
equiv) and identifying the adducts 1,2-dibromocyclohexane and
3-bromocyclohexene by "H NMR and ESI—MS spectroscopy.

W DISCUSSION

Synthesis and Properties of LPd'VCl, Complexes. The
facile and clean conversion of LPd"Cl, to LPd"VCl, was
accomplished with Cl, or PhICI, as oxidants. This method
has been used in the past to synthesize tetrachlorides (bipy)-
PdCL,"” and (en)PdCl, and (py),PdCl, and [(NH;),PdClL,]CL. "
In contrast, the bromination of LPd Br, complex 2 pro-
duced a new material whose formation was apparently driven
by precipitation rather than by intrinsic driving forces
because we observed facile Br, loss to regain 2. The reaction
of LPd"Cl, complex 7 with Br~ produced Br, and LPd"Cl,
complex 6 rather than engaging in Br /Cl ligand substitu-
tions (entrz 14, Table 1). Given that the formation of bis-
NHC—Pd"" bromides seems to be thermodynamically un-
favorable in solution, we were able to exploit these properties
by Cl, oxidation of Pd" dibromide 2 (which is synthetically
more easily accessible than Pd" dichloride 2) to LPd"Cl,
product 4 with complete loss of Br™ ligands. Our attemII)ts
to synthesize oxygenated complexes of the type LPd"'-
(OR),Cl,, (m + n = 4) met with failure when a variety of
peroxides failed to convert starting materials. This failure is

mirrored by the absence of any isolable tetraoxygenated Pd"”
complexes in the literature. The X-ray crystal structure of 4
reveals an isomorphous relationship to the tub-shaped bis-
NHC chelate in square planar Pd" precursor 1. Interest-
ingly, the Pd—C*"*"® bonds were lengthened by 0.046 and
0.049 A relative to the same bonds in 1, while Pd—CI*? bonds
on the opposite site were virtually unaltered in their bond
lengths (A < 0.004 A). We attribute the PdA—C"**™ bond
lengthening to a decrease in J'[—balckbonding.56 The existence
of d—x* interactions is in line with a growing literature
consensus on the general viability of sr-backbonding in
metal -NHC complexes.zo’57 Furthermore, NHC ligands
are known to exert a strong trans-influence on metal—ligand
bonds in the trans position;>® inspection of Pd—Cl bond
lengths in 4 corroborates this trend with longer equatorial
in-plane Pd—CI*? bonds as compared to shorter, unaffec-
ted axial Pd—CI™ bonds (A,yerage = 0.066 A). The longer
Pd—C™*" bonds in 4 relative to 1 (diminished back-
bonding) paired with virtually no bond length differences
for Pd—CI*? in both 4 and 1 (unaltered trans-influence) under-
scores that sr-backbonding and trans-influence are independent
effects that have no significant synergistic relationship. This conclu-
sion is consistent with the premise that trans-influences are trans-
mitted primarily through the o-framework of a coordination
compound.*

A unique structural feature of CH,-bridged bis-NHC complexes is
the nearly collinear alignment of the three C—H® and C—H"° bonds
(Figure 1; see C25—H2S, C35—H35, C11—H11A). Through a
series of experiments including "H NMR ftitrations of Cl~ and T1
relaxation measurements, we established that these three C—H bonds
could act as hydrogen-bond donors toward chloride ions to form
supramolecular adduct 7-Cl .

Halide binding to purely organic receptors has been reported. For
example, imidazolium cations are prone to form hydrogen bonds with
halides; Flood found that neutral C—H hydrogen-bond donors
from macrocyclic triazolophanes were able to hydrogen bond Cl toa
total of eight C—H bonds of the host with binding enthalpies in
CD,Cl, of up to —9.6 kcal mol ' with an average of —1.2 kcal mol ™ !
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per CI - - -H—C bond.*" In comparison, the trifurcated hydrogen-
bonding interactionin 7+ CI~ (AG’¢— = —29kcalmol ') amounts
to —0.97 kcal mol ' per hydrogen bond. However, it should be
pointed out that the binding interaction of 7 and Cl  could only be
determined in the presence of Bu,;NBE, to dissolve 7 in the first place.
It is therefore conceivable that 7 and BF, anions engage in weak
hydrogen-bonding contacts by themselves and addition of CI” simply
causes a binding competition. Therefore, AG’— may constitute a
relative binding affinity, and its value of —2.9 kcal mol ™! would
therefore have to be regarded as a conservative lower limit. Interest-
ingly, this hydrogen-bonding contact in the periphery of 7- CI" affects
its chemical reactivity in comparison to the parent compound 7.
Related transition metal complexes capable of hydrogen
bonding anions to the periphery of the ligand scaffold have been
previously published by Beauchamp,”> Walter,’> Romeo,* as
well as Crabtree and Eisenstein® in compounds 10—13; these
interactions include Cl™ - - +H—N hydrogen bonds (10—12)
and “carbon-based” F3BF - - - H—C hydrogen bonds in iridium
complex 13. However, complexes 10—13 are all based on
cationic metal centers, and hydrogen bonds merely supplement
underlying electrostatic interactions within each ion pair. To the
best of our knowledge, 7+ CI' constitutes the first reported CI -
adduct to a neutral transition metal complex, with possible
electrostatic interactions only to the countercation Bu,N™.
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Reactivity. The reactivity of 7 toward a variety of functional
groups was studied (Table 1). Reactions were run in the presence
of an excess of chloride (150 mM Bu,NCl in CDCl;), and
therefore the predominant Pd" species in solution was 7+Cl~
rather than 7. Alkenes and alkynes were chlorinated to 1,2-
dichlorinated products; E/Z product ratios as well as side
products from allylic and vinylic chlorinations with cyclohexene,
styrene, and stilbene mirror results from chlorinations of iden-
tical alkenes/alkynes with Cl, under electrophilic conditions
(Table 2). These matching outcomes suggest a stepwise me-
chanism involving the formation of organic chloronium inter-
mediates that subsequently react via trans-addition of Cl  or via
proton loss to produce vinylic and allylic chlorination side
products. To understand the transfer of CI™ from LPd"VCl, to
7-systems, we studied the reaction of 7 and 7-Cl" with alkenes
in more detail. Interactions of isolated Pd" compounds with
alkenes or alkynes have never been studied, even though the
existence of (17°-alkene/alkyne)Pd"" complexes was proposed in
Heck reactions*>® and other carbopalladations,®” allylic C—H
acetoxylations,*® and cyclotrimerizations.

Mechanism of Alkene Chlorinations. We considered three
fundamental pathways that included direct bimolecular CI" -transfer
from LPd"Cl, to the olefin (pathway 1, Scheme 4), loss of Cl,
from LPd"VCl, (for example, via concerted reductive elim-
ination) and subsequent alkene chlorination by Cl, (pathway
2), and, last, Cl -dissociation from LPd"Cl, to form cation
Lpdvcl ™ (pathway 3). For the latter, we considered reductive
elimination of Cl, from LPd"'Cl," (pathway 3a); alternatively,
a direct Cl"-transfer from LPd"VCl," to the alkene was con-
templated (pathway 3b). A third plausible variation was seen
in the involvement of 7-coordinated intermediates LPd" Cl;-
(n*-alkene)* (D) prior to intra- or intermolecular chloropalla-
dation (pathway 3c).

Saturation Kinetics. In determining the relationship be-
tween alkene concentration and ks, we investigated the
disappearance of LPd"VCl, during its reaction with cyclohex-
ene (Table 3). In controlling the concentration of free
chloride” (Cl ..), we were able to set the concentrations
of 7 and 7-Cl" and arrive at predominant abundances of
either species 7 (y = 0.92) at low [Cl™ Jgee or 7-Cl™ (x =
0.954) at high [Cl ]ge.. Saturation kinetics behavior was
independently found for both species at different plateau
levels (Figure 7). Such plateau domains for [cy]-independent
kobs values rule out a strictly bimolecular process according
to pathway 1 (Scheme 4) but would be consistent with step-
wise pathways 2 and 3. At sufficiently high [cy]/[Cl Jgee
ratios = 2, we observe a unimolecular rate law d[7-Cl™ ]/dt =
kobs[7+C17], and the rate is independent of [Cl™ Jg... How-
ever, at very low ratios [cy]/[Cl™ Jge. < 1/1500, we were able
to manifest a domain with d[7+-C1™]/dt o< 1/[Cl™ J4e.. Rate
suppressions by [Cl™ ]g... would not be expected for pathway
2 but are supportive of pathway 3 with a rate-determining
loss of metal-bound chloride in the initial step followed by
fast C1*-transfer to cyclohexene. Atlow [cy]/[Cl™ Jge. ratios,
we are promoting the addition of Cl .. to the metal center
in B at the expense of the forward reaction of B and
cyclohexene. In other words, the initial dissociation of 7+ Cl™
into B and Cl .. becomes reversible on merits of relative
abundances of Cl .. over cy. Comparing unimolecular
plateau rates of compound 7 in CDCl3/Bu,NBF, (d[7]/
dt = kops[7]) with unimolecular conversions of 4 in DMF-
d,,”" we found a 51-fold rate acceleration in the more polar
solvent.”” Again, such an effect would not be expected for
pathway 2 with a rate-determining Cl, loss from 7-Cl
while rate-determining ionization (pathway 3) is fully con-
sistent with a positive solvent effect.

Competition Experiment. Further insight the nature of the
conversion of an alkene into a chloronium intermediate was
sought. Even under conditions that render the initial step (Cl,
loss in pathway 2 or Cl -dissociation in pathway 3) rate
determining, a competition experiment between two alkenes
with distinct degrees of substitutions would provide meaningful
relative rates for the alkene functionalization step. In reacting
7-Cl with a 10 equiv/10 equiv mixture of 1-hexene/3-hexene,
we found a 6:1 bias for chlorination of the internal over the
terminal alkene, which did not match with the bias that free Cl,
displayed under identical conditions (40.1:1). This finding
excludes pathways that rely on in situ formed Cl, as the active
chlorinating agent (pathways 2 and 3a). By the same token, we
interpret the 6:1 preference of 7-Cl in favor of the more
substituted alkene as an indication against a process involving
JT-complexes LPd"™Cl;(17*-alkene) ™. Although no mechanistic
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studies on potentially existing Pd" s-complexes have been
reported so far, a plethora of reactions in the literature involving
migratory insertions***® of alkenes into Pd"—R bonds corrobo-
rate our chemoselectivity argument; for example, rates of Heck
reactions slow with an increasing degree of alkene substitu-
tion"*%*? and Pd"-based carbopalladations,***"® hydro-
palladations,*™ as well as aminopalladations show identical
trends.*¥ ™! Most important, the Pd"—Cl addition across iso-
prene showed kinetic chloropalladation of the less substituted
C=C bond.**™ The generally higher reactivity of Pd" com-
plexes toward terminal alkenes in metal-mediated reactions is at
odds with the intermediacy of LPd™Cl;(n*-alkene) ™ (C) in
pathway 3c. In contrast, in ligand-mediated alkene transforma-
tions, such as dichlorinations by CrO,Cl,” as well as OsO,-
catalyzed dihydroxylations,”* functional groups are directly in-
stalled on the C=C bond without prior 77-coordination to the
metal. Ligand-mediated transformations prefer electron-rich
internal alkenes and are less sensitive toward steric factors.”*
Equally, electrophilic alkene functionalizations with three-mem-
bered transition states, such as epoxidations or halogenations,
also display a strong preference for internal alkenes.”*®”> A
picture emerges in which chloronium intermediate is formed
via a ligand-mediated transfer of Cl* from an intermediate
LPd"VCly" (A or B, depending on the precursor 7 or 7+Cl")
to the alkene; from the viewpoint of the alkene, this reaction may
be considered an “Sy2-type” attack to a Cl-ligand in A or B.
While our reactions have not been extended to catalytic applica-
tions yet, it is apparent that these direct Pd"V-based alkene
functionalizations diverge from the paradigm in Scheme 1 in
which Pd" and a 7%, N*¥77_ or C78-nucleophile are added
across the olefin in the activation’® step followed by Pd"/
Pd" oxidation®®'**%® and the C—X bond-forming event
(“functionalization”) on the oxidation state +4; LPd"Cl,
has the ability to blypass otherwise necessary interactions between
the olefin and Pd".

Supramolecular Catalysis in the Pd"—Cl Dissociation
Step. In Scheme 5, we summarize our conclusion of a two-step
chlorination mechanism; the opening event involves Cl -dis-
sociation from LPd"Cl, via polarized transition states TS; and
TS,. The resulting intermediates A and B subsequently transfer
CI" to the alkene in a ligand-mediated process (TS, and TSg).
Dynamic simulations of kinetic data from Table 3 allowed us to
extract rate constants for Pd"Y—ClI heterolyses in 7 (k™) and in
7-Cl” (k,®), and we found that k,® is about § times larger than
k,™ and the barrier height difference AGB* — AG A¢ amounts to
—0.9 kcal/mol. We propose that the formation of a positive
charge on the metal center in transition state TS, energetically
benefits from the proximity of an adjacent negative charge that is
held in place by a supramolecular contact. Effectively, the role of
Cl is that of a catalyst; attachment of chloride to the ligand
periphery facilitates the detachment of chloride from the metal.
This is noteworthy because electrostatic supramolecular catalysis
in which nearby ionic guests affect the reactivity of neutral hosts
through space is rarely seen with organic molecules®' and is
unprecedented for transition metal complexes. The higher
reactivity of 7- Cl" over 7 can also be explained by a special salt
effect®” in which externally added anions or cations affect the
reactivity of a system through specific interactions.*> In com-
pound 7-Cl, the chloride ion from the electrolyte hetero-
conjugates®* to the neutral receptor 7 via hydrogen bonding
and addition of chloride ions to 7 creates a nonlinear rate increase
as 7+ Cl is formed until 7 is consumed. The specific 1:1 binding

of chloride and 7, the higher reactivity of 7-Cl over 7, and the
nonlinearity of this rate acceleration expose our system as a rare
case of a specific salt effect on a neutral molecule.

Effect of Chloride on the Distribution Factor k,/k_;. An
interesting facet of the kinetic analysis is the 1300-fold reversal of
distribution factors (k,"/k_;* = 1:10 and k,®/k_,® = 130:1) that
reflect the inherent preference of LPd™Cl;" (A and B) for CI*-
transfer to cyclohexene as compared to Cl ™ -addition to the metal
center. Because short-lived intermediates A and B could not be
directly detected by "H NMR spectroscopy, structural proposals
can only be putative. As far as intermediate B is concerned, we
propose a zwitterionic supramolecular structure based on the fact
that hydrogen-bonded chloride lowers the barrier for loss of
metal bound chloride, and it is therefore likely that CI experi-
ences an even stronger association with the cation Lrdvcl ™
than with LPd"Cl,. Furthermore, the conversion of B to 7-CI~
is kinetically dependent on [Cl™ ]g... The need for an attack of
external chloride ions to B is consistent with a structure of B
containing an immobilized, hydrogen-bonded Cl  that is un-
available for an internal return reaction.® Structurally related ion
pairs that bind Cl™ via hydrogen bonds in their ligand periphery
have been isolated by others (compounds 10—12). The in situ
formation of a cationic Pd" centers in chloroform has been
recently described by Sanford;** we propose that factors con-
tributing to the relative ease of formation of B include: (a) a
relatively tight zwitterionic constellation involving the counter-
anion; (b) the presence of two strongly o-donating carbene
ligands;'* and (c) the presence of 77-donating chloride ligand.*®

Our understanding of the structure of A is more vague.
Heterolysis of a Pd"Y—Cl bond in 7 is likely to initially produce
an intimate ion pair LPd"Cl;"Cl™, which may subsequently
react with external BF,~ via an exchange pathway based on (—/
+/—) triple ions®” to establish BF, - - -H—C hydrogen bonds
on the periphery of the ligand similar to structure 13%° and
analogous to the proposed structure of B.*® Altering the anion
environment from BF, for A to ClI for B has a noticeable
impact on their relative reactivities k,/k_, that diverge 1300 fold
for k,*/k_* and k,®/k_,®. This is in contrast to Romeo’s
observation that the reactivities toward DMSO exchange of
12a,b (as well as analogues with X = OTf, BF,) are virtually
unaffected by the nature of the counterion.** The explanation for
different reactivities of A and B may lie in different proximities
between cation LPd"VCl; " to the counteranion X within X - - -
(NHC),Pd™cCl; " given the differences in ionic radii of Cl™
(1.81 A)® and BE,” (2.20 A).”® Consequently, the effective
positive charge on the metal center may be more pronounced in
A and may enhance charge-controlled reactivity (Cl -capture)
over orbital control with the neutral substrate cyclohexene.
Variations in the degree of charge separation have been fre-
quently invoked in the literature to explain reactivity differences
in inorganic and organometallic ion pairs.”"

Irrespective of the chemical preferences of A and B, their
reluctance to interconvert into each other on the time scale of
their reactions with cyclohexene (“forward reaction”) and chlo-
ride (“return reaction”) is remarkable in light of the often very
rapid intra- and intermolecular ion pair dynamics on the time
scale of 100—400 ps.”> Mechanistically, fast intermolecular ion
exchange channels, even in nonpolar solvents, involve the
formation of triple ions®” or quadrupoles.”® However, Romeo
found that X = PFs /Cl exchange between 12b and 12a
proceeds comparatively slowly (k, = 96 M~ ' s~ '; AG* = 149
keal mol™"). Based on a bimolecular rate law, this suggested a
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“direct bimolecular attack by the chloride on the acidic proton to
remove the less tightly bound hexafluorophosphate ion” as
opposed to a conventional triple ion or quadrupole pathway.
We suggest that the reluctance of A to convert into B, even in the
presence of free chloride ions, has kinetic impediments similar to
those found in 12a,b.

Reaction of B with Aromatic 7-Systems. Expanding our
scope from isolated alkenes to aromatic 7T-systems, we discov-
ered that LPd"VCl, complex 7-Cl produced aromatic and
benzylic chlorination products, and we found evidence for the
interaction of LPd"Cl;" intermediate B with aromatic sub-
strates reminiscent of pathway 3b for the chlorination of alkenes
(Scheme 4). Chlorinations of aromatic substrates by 7+ C1~ both
on the ring as well in benzylic positions (if available) were
possible with electron-rich substrates (Table 1, entries 7, 8, 10,
11), while xylene (entry 9) was inert even at 60 °C. This is
consistent with an electrophilic delivery of CI" by B. In line with
this is the observed regioselectivity in the chlorination of
4-methylanisole in its 2- and 4-positions (entry 11) consistent
with the reported reactivity of this substrate in electrophilic
chlorinations.”*”* Equally, we propose that benzylic chlorina-
tions in entries 6, 7, and 8 are a consequence of initial crt-
delivery to the aromatic ring by B similar to the benzylic
chlorination mechanism proposed Baciocchi and Illuminati for
highly methylated arenes.”® For example, in the reaction of
7+Cl with durene, the initially formed intermediate B would
electrophilically deliver CI™ to the o- and the f-positions of
the 7r-system to form F and G (Scheme 6). While F then
produces the ring chlorination product, G undergoes a Bacioc-
chi—Illuminati sequence including deprotonation and 1,5-Cl-
shift from H to form the benzylic chlorination product. The
observed biases for aromatic over benzylic chlorination products
in entry 7 (aromatic/benzylic = 3.5:1) and entry 8 (aromatic/
benzylic = 12:1) compare reasonably well with those found
in previously reported electrophilic chlorinations of durene
(aromatic/benzylic = 5.9:1)°” and mesitylene with quantitative
aromatic substitution.”®

Kinetic support for the intermediacy of B in the reaction of
7-Cl” with hexamethylbenzene (HMB) is next discussed. At
[HMB] = 38.9 mM (CDCl;/150 mM Bu,NCl), the observed
rate constant for benzylic chlorination was kops =222 X 10 °s ™'
(Table 3); this value is essentially identical to the previously
determined k,” =20.1 x 10 °s™ " and is consistent with the rate-
determining formation of B in this reaction.

With less reactive aromatic substrates, the slow step in our
model may not be the unimolecular formation of B anymore but
instead the subsequent bimolecular C1"-transfer from B to the 7-
system (for example, in the formation of F and G in Scheme 6).
Indeed, the reactions of 7-Cl with the substrates 4-methylani-
sole (ky; =21 x 10> M ' s7') and 1,4-dimethoxybenzene
(kp; = 6.1 x 10> M " s7") follow a bimolecular rate law:
d[7-C1"]/dt = k,*[7- CI” ] [substrate].

Even though our data on aromatic/benzylic chlorination are
consistent with a ligand-mediated Cl™ transfer from in situ
generated B, we cannot definitively rule out metal-mediated
processes including formation of Pd"V—Ar or Pd"—CH,Ar
bonds. Such organometallic intermediates are commonly formed
in Pd"-based aromatic C—H bond activations via electrophilic
aromatic substitutions,” concerted metalation—deprotonation,100
or palladation/f-elimination (Heck-like)."”" Moreover, Sanford
was able to form Pd"—Ar bonds from proposed [Pd"Y—0,CR]
intermediates.'®> However, we consider a facile formation of
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organometallic pd"V— Cguart intermediates from 4-methylanisole
and 7-Cl™ (entry 11, Table 1) to explain the preferred formation
of 4-chloro-4-methylcyclohexa-2,5-dienone over 2-chloroanisole
as rather implausible.

C—H bond activations by Pd" species were considered for the
first time in 1971 in Pd(OAc),-catalyzed aromatic acetoxyla-
tions,"'? and recent sporadic reports have provided indirect
experimental evidence that in situ generated Pd" species may
indeed be capable of activating C—H bonds and form Pd"—Ar
bonds with'* or without chelation-control.'® In contrast to
these reports, our findings suggest that LPd" Cl, complex 7+ Cl~
functionalizes aromatic and benzylic C—H bonds without the
intermediate formation of Pd"—C bonds. Product selectivities
and kinetic evidence lend to the view that intermediate B is the
reactive species in directly transferring C1" to the aromatic 7-
system akin to Cl™-transfers from B to alkenes/ alkynes.

Thermal Decomposition of 7-Cl~ via Side-Chain Chlo-
rination and Chlorination of Methane. In the absence of
suitable substrates, Pd" complex 7-Cl~ gradually decomposes
in solution to Pd". Following this process by 'H NMR spectros-
copy revealed that the reduction of the metal center is accom-
panied by C—H chlorinations of the C4H,s side chain.' This
process can be deliberately repeated in a catalytic fashion by
reoxidizing the newly formed L'Pd"Cl, complex in the presence
of excess Cl, to L'Pd"VCl, (L' = bis-NHC ligand with a
monochlorinated side chain).'® In the presence of 1 atm Cl,
(25 °C/16 h/CDCl;3/BuyNCl), up to six side-chain chlorination
events were recorded by ESI—MS.

The relevance of Pd"" complexes in this chlorination process
(rather than Cl, acting as the active aliphatic chlorinating agent)
was established in a negative control experiment in which hexane
(as a metal-free side-chain model) failed to produce chlorohex-
anes in the presence of 1 atm Cl, under otherwise identical
reaction conditions. In an attempt to utilize this ability of
LPd"Cl, to functionalize aliphatic C—H bonds, we probed for
the complex’s intermolecular ability to functionalize methane.
Indeed, we identified the formation of CH;Cl when a sample of
CH, (1 atm in CDCl3/BuyNCl) and 7+ CI™~ were heated to 100 °C
for 2 hin a sealed NMR tube. The extremely low yield in methyl
chloride of 2.9% was a consequence of competing side-
chain chlorination to (LPd"Cl, — L'Pd"Cl,), while yields on
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the intermolecular functionalization may have also suffered from
the relatively low pressure of methane in the experimental setup.

Recalling the modus operandi of chlorinations of -
systems by 7-Cl , the chlorination of aliphatic C—H bonds
is likely to involve the in situ generation of B (pathway a,
Scheme 7). The latter may then insert C1" into a C—H bond
of methane or a side-chain C—H bond in 7-Cl via an
electrophilic aliphatic substitution.'® Such a reaction is
reminiscent of electrophilic aliphatic methane chlorinations
with Cl,/SbFs,'®” Cl,/sulfated zirconia,'®® and of electro-
philic alkane fluorination by F,.'°® Alternatively, we also
considered an aliphatic C—H bond activation/functionaliza-
tion involving Pd"V—C bonds in intermediate J (pathway b,
Scheme 7) because pd'., PtH—,léb’lw or rare Pt"V-'""'me-
diated aliphatic C—H bond activations generally involve the
intermediacy of organometallic complexes; aliphatic C—H
bond activations by Pd" are unknown. Some indirect support
for the general viability of complexes containing Pd"'—C bonds
was found in the reaction of 7 with CH;MgCl, which Eroduced
a 1:1 mixture of CH;Cl and CH3CH; and LPd"Cl, (6)
(entry 13, Table 1). The formation of ethane is indicative of
a Pd"V—dimethyl intermediate LPd"'Cl,(CH,), that subse-
quently reductively eliminates CHyCHj; unlike their Pd"-analogues,
dialkyl Pd" gpecies are susceptible to undergo C—C reductive
elimination.> However, while CH;Cl may have therefore been
formed from LPd"Cl;(CHj) in entry 13, this does not necessi-
tate the formation of intermediate J in Scheme 7.

B SUMMARY

Bis-NHC—Pd" —tetrachlorides (LPd"VCl,) were isolated for
the first time and employed as a chlorinating agent and oxidant
for a variety of organic substrates, thus manifesting the feasibility
of direct Pd"-functionalizations. Although stoichiometric in
nature, this chemistry departs from the Pd"/Pd" paradigm
(Scheme 1) that requires an initial activation of a substrate by
Pd". Furthermore, under ambient conditions, LPd" Cl, was able
to intermolecularly functionalize a variety of simple organic
substrates without the need for a chelation process. Mechanistic
studies on cyclohexene chlorinations elucidated a stepwise process
involving cationic intermediates LPd"VCl, " as active chlorinating
agents; Cl " -transfers occurred via ligand-mediated routes.

We were able to chlorinate aromatic and benzylic C—H bonds
of electron-rich aromatic systems with LPd" Cl,. These reactions

proceed via chloroarenium ion intermediates. Methane was
converted into methyl chloride in small yields. Through the
establishment of C—H-++Cl  hydrogen bonds in the ligand
periII)\}]lery, we were able to modulate chemical reactivities of
LPd " Cl, in alkene functionalizations. This supramolecular con-
tact accelerated both Cl ™ -dissociation from LPd"VCl, and CI*-
transfer from LPd" Cl;". We propose that our results pave the
way for direct activations of organic compounds via Pd"
chemistry in future catalytic applications.
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