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ABSTRACT: The facile syntheses of ring-expanded N-heterocyclic carbene (RE-NHC) copper (I) halide complexes are reported.
The method makes use of a weak inorganic base in a green solvent and can be carried out in air. Reaction times can be greatly reduced
by use of this weak base route under microwave irradiation. The easy access to these complexes permits the evaluation of the catalytic

activity and reaction profiling of [Cu(RE-NHC)X] complexes in the Huisgen 1,3 cycloaddition reaction.

INTRODUCTION

The use of copper-NHC' (NHC = N-heterocyclic carbene)
complexes has had a significant impact in permitting important
developments in organic synthesis.> One class that has been a
longstanding interest of ours has been the simple
[Cu(NHC)(halide)] systems.*> The synthetic methodology lead-
ing to such complexes has evolved significantly since the initial
report of [Cu(IPr)Cl] (IPr = N,N’-bis[2,6-(diisopropyl)phe-
nyl]imidazol-2-ylidene)* by Buchwald and Sadighi in 2003.°
From generating the free carbene in situ or using an isolated
NHC to bind CuCl (Scheme 1, a), the synthetic protocol has
increased in simplicity. Initially carried out under anaerobic and
water-free conditions, where Schlenk conditions were the norm,
the advent of a simpler method making use of the reaction of
Cu,0 with an imidazolium salt, has made the [Cu(NHC)CI] sys-
tems readily accessible (Scheme 1, b).® This method developed
by Cazin is reminiscent of the Lin protocol for the synthesis of
[Ag(NHC)CI] using Ag,O.” The more recent weak base ap-
proach to [Cu(NHC)CI] where NHC can be readily varied has
become the state-of-the-art as it can be carried out in air, using
reagent grade sustainable solvents and weak inorganic bases
(Scheme 1,c).}

Having a general synthetic access is key to the development
of chemistry/catalysis revolving around specific compositions.
The workhorse in this area has been the [Cu(IPr)Cl] complex,
which has enabled fluorination® and carboxylation!® catalysis,
in addition to the early examples of catalytic reductions.’
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Scheme 1. Evolution of the synthetic route to [Cu(NHC)CI]
complexes.

The extent of ring-expansion of the basic 5-membered ring
NHC in copper mediated catalysis has been much less ex-
plored.!! The reasons for this relative paucity of studies might
be linked to the tedious routes to [Cu(RE-NHC)X] complexes.
Again, the use of the deprotonation with strong base approach
appears most used in this area. It is noteworthy that simple cop-
per complexes bearing members of the RE-NHC class of lig-
ands (Scheme 2) have not yet been reported as accessible using
the weak-base method.
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Scheme 2. Members of the ring-expanded N-heterocyclic car-
bene (RE-NHC) family employed in his study.

In combining our expertise and mutual interest in Cu-NHC
chemistry, we disclose here efforts in this direction and present
a practical protocol allowing access to such compounds. The
simpler synthetic access permitted here will undoubtedly allow
researchers to explore and evaluate the performance of these
[Cu(RE-NHC)X] complexes in catalysis.

The role of [Cu(NHC)CI] and congeners has been explored
in the copper-mediated azide—alkyne Click (Huisgen) cycload-
dition reactions.!? More recently Diez-Gonzalez has reported a
study involving some RE-NHC complexes which were synthe-
sized using CuBr, Cul and the free carbene, generated by the
deprotonation of the RE-NHC salt precursor using a very strong
base (KHMDS). !>

Here, in addition to disclosing a facile and practical syn-
thetic route to the [Cu(RE-NHC)X] motif, our studies allow us
to probe the role of ring size and of the halide on catalytic ac-
tivity in the ubiquitously encountered Huisgen cycloaddition re-
action.

RESULTS AND DISCUSSION

The study into the synthesis [Cu(RE-NHC)CI] chemistry
begins with exploring the compatibility of the weak base
method with the RE-NHC-HX precursors under conditions pre-
viously employed for 5-membered NHCs for copper® and other
metals.!>18
The 6Mes-HX ligand precursor was selected for initial screen-
ing and we rapidly found that the 6Mes-HCl salt is best used in
these conditions. The 6Mes-HCI is obtained from the
6Mes-HBF, analogue by anion exchange using an Amberlite
resin (Scheme 3 and ESI for details). Under an argon atmos-
phere and upon heating at 60°C in an oil bath, the reaction pro-
ceeds to yield 61% of'the desired product 1 after 20 h in acetone.
Conducting the reaction under microwave heating (60°C) re-
duces the reaction time to 2 h and provides a 52% yield.
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Scheme 3. Initial weak base reaction conditions leading to
[Cu(6Mes)Cl] (1).

We viewed the microwave approach as the most rapid to
yield material for catalytic studies. The microwave approach
using the weak base in acetone was then tested on various ring-
expanded azolium chlorides and results of reactions performed
on 100 mg scale of the azolium chloride are presented in Table
1. Noteworthy are the lower yields obtained and/or longer re-
action times required when sterically more congested substitu-
ents are present on the azolium nitrogens (e.g. 7Dipp-HCI) and
when larger ring sizes are employed (Table 1, entries 4-7).

Table 1. Scope of azolium chlorides used to yield [Cu(NHC)Cl]

complexes 1-7.7
%
CuCl, K,CO,4

o
Cl
)
®
N ~ I ——— r’e N\
Ar” ~F Ar acetone, A Ar Y Ar
C‘u

Cl

Entry NHC-HC1 Time NMR Conv. Isolated
(h) (%) yield (%)

1 6Mes 1.5 94 1(82)

2 6Xylyl 1.5 99 2 (98)

3 6Dipp 1.5 88 3(73)

4 TMes 2.5 94 4 (77)

5 7Xylyl 2.5 95 5(58)

6 7Dipp 2.5 54 6 (50)

7 8Mes 6 95 7 (36)

“Reaction conditions: NHC-HCI (100 mg), CuCl (1.2 equiv.),
K>COs (3 equiv.), acetone (2 mL), MW 80°C.

Table 2. Scope of azolium halides and copper source used to
yield [Cu(RE-NHC)X] complexes 8-11.¢

>
n
®

CUX, K2003

AF/N\?N\Ar acetone, A A"/NYN\A"
Cu
x
En- NHC-HX Cu Product Time Isolated
try Source (h) yield
(%)
1 6Mes-HCl Cul [Cu(6Mes)I] 8 6 54
2 6Mes-HBr CuCl [Cu(6Mes)Br] 9 2.5 77
3 6Dipp-HBr  CuCl [Cu(6Dipp)Br] 10 2.5 98
4 6Mes-HBr Cul [Cu(6Mes)I] 8 2.5 37
5 7Mes-HI CuCl [Cu(7TMes)I] 11 6 18
6 7Dipp-HI  CuCl - 6 }

“Reaction conditions: NHC-HCI (100 mg), CuCl (1.2 equiv),
K,COs (3 equiv), acetone (2 mL), MW 80°C.

The role and effect of varying the identity of the counterion
associated with the azolium salt and the copper source were
next examined in smaller scale reactions (Table 2). The reactiv-
ity obtained is in agreement with previous observations made
on 5-membered ring carbene Cu complex formation® and points
towards a mechanism involving a cuprate intermediate of the
type [NHC-H][CuXX']. A combination of halide trans effect
and energy associated with KX formation (salt precipitation)
account for the products obtained in reactions involving mixed
halides.



As can be seen, the method proves effective to various de-
grees as a function of the copper source and of the azolium ring
size and associated counterion. The larger size RE-NHC com-
plexes are again troublesome to form and/or isolate.

In order to obtain enough of the materials synthesized using
the weak base method and to benefit from an economy of scale,
large scale reactions were launched on a gram scale of the az-
olium salts. This also serves as proof of the scalability of the
synthetic route. Results of these larger scale reactions are sum-
marized in Table 3. Overall, larger scale reactions afford desired
materials in modest to very good yields. The poorer yield ob-
tained for [Cu(6Mes)I] (8, entry 4) is associated with the poor
solubility of the product in the reaction medium, necessitating
extraction from benzene, which is not a desirable solvent (car-
cinogen).

Table 3. Larger scale reactions leading to [Cu(RE-NHC)X]
complexes.”

S)
X
m@ CuX, K,CO3 KHT\I
LY acetone, A AT Y TAr
C‘u
X
Entry NHC-HX X Product Time  Isolated
(h) Yield
(%)
1 6Mes-HCl Cl  [Cu(6Mes)CI] 2 78
1
2 7Mes-HCl Cl  [Cu(7Mes)Cl] 10 64
4
3 6Mes-HBr Cl  [Cu(6Mes)Br] 4 82
9
4 6Mes-HBr 1  [Cu(6Mes)[]8 20 64

“Reaction conditions: NHC-HX (1 g), CuX (1.2 equiv.), K,COs
(3 equiv.), acetone (10 mL), MW 80°C. *Yields are isolated and
average of two reactions.

We had previously clearly demonstrated that 5-membered
imidazol-based NHC are initially partners in rapidly forming an
imidazolium cuprate compound via simple mixing of solutions
of the azolium and copper source in solution® or in the solid state
by simple grinding. We have recently expanded on these obser-
vations and confirmed in a study dealing with mechanochemi-
cal synthesis that the weak base route can be simply applied us-
ing grinding by ball milling."

In our initial mechanistic studies, the existence of cuprates
shed light on the intermediacy of these ionic compounds along
the weak base assisted synthesis. We have also found this to be
the case for the RE-NHC systems. By simply mixing the az-
olium salts and the copper source in the absence of the base, the
cuprates are readily formed. A number of these were unambig-
uously characterized by single crystal X-ray diffraction, with
four examples illustrated in Figure 1. These, all show hydrogen
bonding of the azolium C-H to the [CuCl,]" anion. The donor
(C)-acceptor (Cl) distances in [6MesH][CuCL] (13),
[7MesH][CuCl,] (15), and [7XylylH][CuCl,] (16) are in the
range 3.4388(19)-3.476(3) A, noticeably shorter than that in N-
alkyl derivative [7"Pent][CuCl,] (17; 3.560(3) A).

From a mechanistic perspective, the synthetic route leading
to the neutral complexes is identical to the 5-membered conge-
ners. We propose initial formation of the cuprate azolium that
is converted into the neutral product via a concerted metalation
deprotonation (CMD) mechanism.!® When the cuprate is re-
acted with the weak base in acetone or when all components are
mixed together in the MW reactor, the outcome pleasingly
yields the neutral [Cu(RE-NHC)X] complexes. Full characteri-
sation of these is reported in the experimental section along with
spectroscopic and elemental analytical data. The compounds
are microcrystalline materials that could easily produce single
crystals suitable for diffraction studies. The X-ray crystal struc-
tures of complexes 1, 4, 5 and 7 are presented in Figure 2 (see
ESI for structures of 8 and 9). The solid-state structures high-
light one of the significant features of RE-NHC ligands,
namely, the variation of NCN angle with ring size (e.g. 1,
117.5(2)°; 4, 118.7(6), 120.5(5)°; 7, 123.05(16)°).

To test the catalytic performance of these RE-NHC com-
plexes, the Huisgen reaction was selected as it has been studied
extensively using 5-membered imidazole-based systems.? Hav-
ing material in hand in larger amounts allowed us to probe nu-
merous factors influencing the catalytic performance of this
motif and the influence of its structural diversity. Simple syn-
thetic access to materials is key in order to conduct such a study.
We began this section of the investigation by comparison of
(SIMes)CuCl (18), 6Mes complex 1 and 7Mes complex 4 in the
copper mediated alkyne-azide cyclisation (CuAAC) reaction
for three different combinations of substrates.

Initially exploring the ring-size influence on catalytic per-
formance of the CuAAC of azidoheptane and phenylacetylene
(eq 1, Figure 3a), we note that the order of reactivity decreases
with decreasing ring size and is found to be 7>6>5 within the
substituted mesityl series. This order was found to reverse when
the azide was changed to phenylazide (eq 2 and 3, Figures 3b,
¢). Of note was that after 300 min reaction time, the coupling of
phenylazide and 1-octyne produced the product in nearly the
same yield with all three catalysts (eq 3, Figure 3c¢).

Reaction profiling of a series of [Cu(6Mes)X] (X=F, Cl, Br
and I) complexes permits the first study of the entire halogen
group bound to copper, following the recent disclosure of a syn-
thetic route to [Cu(6Mes)F] (19).%° For the CuAAC of azidohep-
tane and phenylacetylene (eq 1, Figure 4a), all complexes are
fairly effective, with the exception of [Cu(6Mes)CI] (1), which
is more sluggish, yet still active enough to reach complete con-
version to the triazole in some 300 min. [Cu(6Mes)I] (8) and
the fluoro complex, Cu(6Mes)F (19), work best and reach com-
pletion in 75 min. The superior behaviour of the iodo complex
had previously been noted for the [Cu(IPr)I] complex.'>!* Both
19 and 8 demonstrate the best activity in the other systems (eq
2 and 3, Figures 4b, c), while Cu(6Mes)Br (9) and 1 continued
to perform more sluggishly to afford the order F = 1> Br > Cl.
Of note is the significantly enhanced activity of 19 at an ele-
vated temperature (45 °C) for the CuAAC of phenyl azide and
1-octyne (Figure 4c).
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Figure 1. Molecular structures of RE-azolium cuprates 13, 15, 16 and 17. Ellipsoids are represented at 30% probability. Hydrogens,
with the exception of H1 (in all cases) and those on the tetrahydrodiazepin-2-ylidene ring (in 16), together with disorder in 15, have
been omitted for clarity. Symmetry operations in 16: 13/2 —x, 32—y, % —z; i Ya—x,y, 1 -z
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Figure 2. Molecular structures of [Cu(RE-NHC)CI] complexes 1, 4, 5 and 7. Ellipsoids are represented at 30% probability and, in
all cases, hydrogens have been omitted for clarity. For 4, only one of the two molecules in the asymmetric unit of the crystal structure
is shown.
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Figure 3. Kinetic profiles of [3+2] cycloaddition of
a) azidoheptane and phenylacetylene (room temperature),
b) phenylazide and phenylacetylene (room temperature), and
¢) azidobenzene and 1-octyne (45°C) by 1, 4 and 18. Lines are
visual aids and not curve fits. Each point represents an average
of at least two independent reactions quenched at that time.
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Figure 4. Kinetic profiles of [3+2] cycloaddition of
a) azidoheptane and phenylacetylene (room temperature),
b) phenylazide and phenylacetylene (room temperature), and
¢) azidobenzene and 1-octyne (45°C) by 1, 8, 9 and 19. Lines
are visual aids and not curve fits. Each point represents an av-
erage of at least two independent reactions quenched at that
time.
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Figure 5. Conversions (after 110 min) in the room temperature
[3+2] cycloaddition of phenylazide (100 mol%) and phenyla-
cetylenene (1 mmol) catalysed by 1 (0.5 mol%). Addition of
substrates occurred after 10 mins of the catalytic run. Average
of 2 runs.

Figures 3 and 4 illustrate quite clearly that catalytic perfor-
mance of the different [(RE-NHC)CuX] catalysts is a function
of substrate. Our studies also revealed that even relatively subtle
changes to reaction conditions affected the activity of an indi-
vidual catalyst upon a single reaction. We note that replacing
the standard blanket of argon used for the CuAAC of phenyl
azide and phenylacetylene by an atmosphere of oxygen, dry air
or compressed air had a deleterious impact on the efficiency of
the reaction when catalysed by 1 (Figure 5). However, upon in-
troducing even a few microlitres of water into the reaction mix-
ture (Ar atmosphere) lead to enhancement of the reaction.
While it is known that on-water effects can influence reactivity,
the beneficial impact of such small amounts of water as shown
in Figure 5 implies that even small differences in the dryness of
azide and alkyne substrates could disturb activity, making
meaningful comparisons across different [(NHC)CuX] com-
plexes difficult.

SUMMARY AND CONCLUSIONS

The weak base synthetic route leading to [Cu(NHC)X] com-
plexes has been shown to be fully compatible with the [Cu(RE-
NHC)X] architecture. Here the use of sustainable reagents and
green solvents are noteworthy. The simple synthetic route will
surely encourage efforts in the exploration of chemistry medi-
ated by these now readily accessible complexes. The existence
of imidazolium cuprates intermediates is again confirmed and
mimics finding found for 5-membered congeners. In terms of
catalysis, we have explored the CuAAC reaction but this time
investigating three different reactions and find there is no uni-
versal catalysts for the Huisgen reaction. Some generalisations
can be drawn but realistically, ease of access not only to the
final complex but to the azolium precursor must be considered
before finalizing catalyst selection.

EXPERIMENTAL SECTION

General considerations: All manipulations were carried out using
standard Schlenk, high vacuum and glovebox techniques unless other-
wise stated. Reagent grade K.COs was used after being left at 140°C
overnight and ground in the glovebox to a fine powder. Solvents were
purified using an MBraun SPS solvent system (hexane, Et>O, pentane),
under a nitrogen atmosphere from sodium benzophenone ketyl (ben-
zene), with Drierite™ (acetone) or standing over activated 3 A molec-
ular sieves (MeCN). For catalytic studies, reagent grade acetone
(Sigma-Aldrich) was used as received. NMR solvents were dried and
vacuum transferred (CéDs from K, CD2Clo/CDCls from CaHz). NMR
spectra were recorded at 298 K on Bruker Avance 300, 400 and 500 or
Agilent 500 MHz NMR spectrometers and referenced to solvent signals
as follows: benzene ('H, § 7.16; 3C{'H}, § 128.0), CD2Cl> (5 5.32; &
54.0), CDCls (5 7.24; & 77.2). All BC{'H} resonances were singlets.
Elemental analyses were performed by Elemental Microanalysis Ltd,
Okehampton, Devon, UK.

N,N'-dimesitylformamidine, 6Mes-HBr, 6Dipp-HBr, 6Xylyl-HBr,
7Mes-HI, 7Dipp-HI, 7Xylyl-HI and their corresponding BF4 salts were
all synthesised following published literature.?' 7"Pent-HI also follow-
ing published literature.?? Salt exchanges to form RE-NHC-HCI were
carried out following a published procedure.?

General note: The RE-NHC-HCI salts in most cases are extremely
hygroscopic. With excessive heat (ca 140 °C), Amberlite IRA402 chlo-
ride resin gave a by-product during attempted conversions of tetra-
fluoroborate salts to their chloride analogues. Thus, the resin was dried
instead on a rotary evaporator until the beads fell fluidly. Although this
approach did not completely dry the beads, it allowed for RE-NHC-HCl
salts to be obtained with less difficulty.

6Mes-HCL'H NMR (500 MHz, CDCl3): § 7.64 (s, 1H, NCHN), 6.90
(s, 4H, CsMe3Ha), 4.13 (t, *Jun = 5.8 Hz, 4H, NCHa), 2.61 (quint, >Juu
= 5.8 Hz, 2H, NCH2CH>), 2.30 (s, 12H, 0-Me-CsMe3Hbz), 2.23 (s, 6H,
p-Me-CsMesHy). PC{'H} NMR (75 MHz, CDClz): § 153.8 (NCHN),
140.6, 136.6, 134.5, 130.2, 47.2, 21.1, 19.8, 18.1.

6Xylyl-HCIL. 'H NMR (300 MHz, CDCl3): & 7.65 (s, 1H, NCHN),
7.29-7.24 (m, 2H, p-H-CsMe2H3; overlap with residual CHCIs peak),
7.17-7.15 (m, 4H, m-H-CsMe:H3), 4.31 (t, *Jun = 5.7 Hz, 4H, NCH>),
2.67 (quint, *Juu = 5.7 Hz, 2H, NCH2CH?>), 2.43 (s, 12H, CsMexH3).
BC{'H} NMR (75 MHz, CDCl3): § 153.5 (NCHN), 139.0, 135.0,
130.5, 129.7,47.1,19.7, 18.2.

6Dipp-HCL. '"H NMR (300 MHz, CDCl3): § 7.54 (s, 1H, NCHN),
7.43 (m, 2H, p-H-C¢'Pr2H3), 7.25 (d, 3Jun= 7.8 Hz, 4H, p-H-C¢'Pr2Hs3;
overlaps with residual CHCls peak), 4.27 (t, *Jun= 5.7 Hz, 4H, NCH>),
3.05 (sept, *Jun = 6.7 Hz, 4H, CHMe>), 2.83 (quint, *Juu = 5.7 Hz, 2H,
NCH2CH»), 1.38 (d, *Jun = 6.7 Hz, 12H, CHMe»), 1.23 (d, *Juu= 6.8
Hz, 12H, CHMez).'3C{'H} NMR (75 MHz, CDCl3): § 153.0 (NCHN),
145.8, 136.0, 131.3, 125.3, 49.3, 29.0, 25.0, 24.9, 19.5.

7Mes-HCI. "HNMR (500 MHz, CDCl3): § 7.22 (s, 1H, NCHN), 6.94
(s, 4H, CsMesH2), 4.67 (m, 4H, NCH>), 2.57 (quint, *Jun = 5.6 Hz, 4H,
NCH:CHz), 2.41 (s, 12H, o-Me-CsMesHa), 2.27 (s, 6H, o-Me-
CeMe3Ha). *C{'H} NMR (75 MHz, CDCl3): § 158.0 (NCHN), 140.3,
139.6, 133.9, 130.3, 54.8,25.4, 21.1, 18.5.

7Xylyl-HCIL. 'H NMR (500 MHz, CDCl3): & 7.27 (s, 1H, NCHN),
7.22 (dd, *Juu = 8.7, 6.3 Hz, 2H, p-H-CsMe2H3), 7.17-7.11 (m, 4H, m-
H-C¢MezHs), 4.71 (m, 4H, NCH>), 2.59 (m, 4H, NCH.CH>), 2.47 (s,
12H, CsMezHs). BC{'H} NMR (75 MHz, CDCls): § 157.8 (NCHN),
141.8, 134.3,130.3, 129.8, 54.8, 25.5, 18.6.

7Dipp-HCI. 'H NMR (300 MHz, CDCls): § 7.40 (dd, J=8.4, 7.2 Hz,
2H, p-H-C¢'PraH3), 7.25-7.22 (m, 5H, m-H-Cs'Pr2H3 + NCHN), 4.74
(m, 4H, NCH>), 3.23 (sept, *Jun = 6.8 Hz, 4H, CHMe), 2.64 (m, 4H,
NCH2CH»), 1.39 (d, *Jun = 6.8 Hz, 12H, CHMe>), 1.24 (d, *Jun = 6.8
Hz, 12H, CHMez). *C{'H} NMR (75 MHz, CDCl3): § 157.1 (NCHN),
145.0, 139.1, 131.0, 125.4, 56.2, 29.1, 25.2, 25.1, 24.8.

7"Pent-HCI. 'H NMR (500 MHz, CDCl3): & 9.37 (s, 1H, NCHN),
3.75 (m, 4H, NCH:CH>), 3.65 (s, 4H, NCH>CMe3), 2.19 (m, 4H,
NCH2CH>), 1.06 (s, 18H, NCH2CMes3). *C{'H} NMR (126 MHz,
CDCl3): 162.7 (NCHN), 69.6, 52.7, 33.4, 27.8, 25 4.



8Mes-HCL 'H NMR (300 MHz, CDCl3): § 7.38 (s, 1H, NCHN), 6.93
(s, 4H, CsMesH>), 4.86 (br s, 4H, NCH>), 2.41 (s, 12H, o-Me-
CeMesHz), 2.35-2.21 (s, 10H, p-Me-CsMesHz + NCH2CH»), 2.17-2.06
(m, 2H, NCH2CH2CHa). *C{'H} NMR (75 MHz, CDCls): § 158.1
(NCHN), 142.0, 140.1, 133.7, 130.4, 53.8, 28.4, 21.0, 18.8.

Synthesis of 8Mes-HBr. 1,5-Dibromopentane (486 pL, 3.57 mmol),
N,N'-dimesitylformimidamide (1.00g, 3.57 mmol), K2CO3 (493 mg,
3.57 mmol) and MeCN (10 mL) were added to a 10-20 mL microwave
vial, which was sealed and heated in a microwave reactor at 110 °C for
12 h. The suspension was then filtered, washed with MeCN (2 x 5 mL)
and dried under vacuum to afford an oil. Et2O was added with vigorous
stirring to the oil to yield a white precipitate. This was recrystallised
from CHaClo/pentane to yield an off-white powder (843 mg, 55%
yield). 'TH NMR (500 MHz, CDCl3): 8 7.38 (s, IH, NCHN), 6.93 (s, 4H,
CesMesH:), 4.85 (br s, 4H, NCH>CH>), 2.41 (s, 12H, 0-Me-CsMesHb),
2.30-2.26 (m, 10H, p-Me-CsMesHz + NCH.CH>), 2.15-2.10 (m, 2H,
NCH>CH2CH>). ESI-TOF MS: [M]" m/z = 349.2643 (theoretical m/z =
349.2644).%4

General synthetic procedure for [Cu(RE-NHC)X]. In a glovebox,
NHC-HX (0.3 mmol), CuCl (0.36 mmol, 1.2 equiv) and acetone (2 mL)
were loaded into a 2-5 mL microwave vial. The mixture was stirred for
5 min before the addition of K2COs (3 equiv) and then sealed/capped.
For larger scale reactions, the same procedure was adopted using

NHC-HX (1.00 g), CuCl (1.1 equiv) and acetone (10 mL) in a 10-20
mL microwave vial. The vials were then heated in a microwave reactor
for the allocated time and then reloaded into the glovebox, whereupon
the suspension was filtered through Celite®. The filtrate was reduced to
dryness, the residue extracted into CH2Cl> and the solution filtered
through a silica plug to afford, upon concentrating in vacuo, a white
precipitate. Crystalline samples of all [Cu(RE-NHC)X] complexes
were obtained from CHaClo/pentane unless otherwise stated.
[(6Mes)Cul] (9) and [(7Mes)Cul] (11) were extracted with C¢Hg before
filtering through silica with CH2Cl.. Once purified, these compounds
only redissolved into solution at elevated temperatures.

[Cu(6Mes)Cl] (1). As for the general synthetic procedure with
6Mes-HCI (100 mg, 0.28 mmol), CuCl (33 mg, 0.34 mmol) and K2CO3
(116 mg, 0.84 mmol) to afford 1 as a white powder in 82% yield (96
mg). '"H NMR (500 MHz, CD:Cl): § 7.00 (s, 4H, CsMe3H?>), 3.35 (t, J
= 5.9 Hz, 6H, NCH>), 2.32-2.29 (m, 20H, CeMesHz + NCHCHz). 'H
NMR (500 MHz, CDCl3): 8 6.93 (s, 4H, CeMesHz), 3.36 (m, 4H,
NCH), 2.31 (m, 2H, NCH:CH>), 2.29-2.26 (m, 18H, CeMesH>).
BC{'H} NMR (126 MHz, CDCl3): § 201.0 (NCN), 142.1, 138.2, 134.6,
130.0, 44.3, 21.2, 18.1. Anal. Caled. (%) for C22H2sCICuN2: C 62.99,
H 6.73,N 6.68; Found C 62.32, H 6.69, N 6.56. Data match those found
in the literature.?

[Cu(6Xylyl)Cl] (2). As for 1 with 6Xylyl-HC1 (100 mg, 0.31 mmol),
CuCl (36 mg, 0.37 mmol) and K2CO;3 (126 mg, 0.92 mmol) to give 2
as a white powder in 98% yield (117 mg). 'H NMR (500 MHz,
CD:Cl): § 7.24 (dd, *Juu = 8.6, 6.3 Hz, 2H, p-H-CsMe:H3), 7.19 (d,
3Jun= 7.4 Hz, 4H, m-H-CsMe>H3), 3.41 (t, 3Jun= 5.9 Hz, 4H, NCH>),
2.39-2.34 (m, 14H, CsMezHs + NCH2CH>). *C{'H} NMR (126 MHz,
CD2CL): 8 200.7 (NCN), 144.9, 135.6, 129.3, 128.7, 44.5, 21.1, 18.3.
Anal. Calcd. (%) for C23H30CICuN2: C 61.37, H 6.18, N 7.16; Found C
61.48, H6.14, N 7.27.

[Cu(6Dipp)Cl] (3). As for 1 with 6Dipp-HCI (100 mg, 0.25 mmol),
CuCl (29 mg, 0.30 mmol) and KoCOs (102 mg, 0.74 mmol) to give 3
as a white powder in 73% yield (90 mg). "H NMR (500 MHz, CDCls):
87.36 (t, *Juu= 7.7 Hz, 2H, p-H-C¢'Pr2H3), 7.21 (d, *Jun= 7.7 Hz, 4H,
m-H-Ce'Pr2H3), 3.42 (m, 4H, NCH>), 3.06 (sept, *Juu = 6.9 Hz, 4H,
CHMe), 2.37 (m, 2H, NCH:CH>), 1.35 (d, *Jun = 6.9 Hz, 12H,
CHMe»), 1.31 (d, *Jun = 6.9 Hz, 12H, CHMe>). C{'H} NMR (126
MHz, CDCl): 6 201.0 (NCN), 145.6, 141.6, 129.6, 124.9, 46.4, 28.8,
25.0, 24.8, 20.7. Data match those found in the literature.?¢

[Cu(7Mes)Cl] (4). As for 1 with 7Mes-HCI (100 mg, 0.27 mmol),
CuCl (32 mg, 0.32 mmol) and K>COs (112 mg, 0.81 mmol) to give 4
as a white powder in 77% yield (90 mg). "H NMR (500 MHz, CD2Cl):
8 6.98 (s, 4H, CsMesHz), 3.86 (m, 4H, NCH>), 2.37 (s, 12H, o-Me-
CsMesHy), 2.32-2.26 (m, 10H, p-Me-CsMe3Hz + NCH2CH,). *C{'H}
NMR (126 MHz, CD:Cl,): 4 210.2 (NCN), 144.9, 138.2, 134.8, 130.0,

52.9,26.0,21.1, 18.7. Anal. Calcd. for C20H24CICuN2: C 63.73, H 6.98,
N 6.46, Found: C 63.65, H 7.05, N 6.55.

[Cu(7XylyD)CI] (5). As for 1 with 7Xylyl-HCI (100 mg, 0.29 mmol),
CuCl (35 mg, 0.30 mmol) and K2CO; (121 mg, 0.88 mmol) to give 5§
as a white powder in 58% yield (69 mg). 'H NMR (500 MHz, CD2Cl):
8 7.25-7.12 (m, 6H, CsMe2i3), 3.91 (m, 4H, NCH>), 2.42 (s, 12H,
CsMexH3), 2.32 (m, 4H, NCH:CH:) BC{'H} NMR (126 MHz,
CD:CL): 6 210.7 (NCN), 147.3, 135.2, 129.5, 128.5, 52.8, 26.1, 18.9.
Anal. Calced. (%) for C23H30N2CICu: C 62.21, H 6.46, N 6.19; Found:
C 62.02,H6.36, N 6.87.

[Cu(7Dipp)Cl] (6). As for 1 with 7Dipp-HCI (100 mg, 0.22 mmol),
CuCl (26 mg, 0.26 mmol) and K2CO;3 (91 mg, 0.66 mmol) to give 6 as
a white powder in 50% yield (57 mg). '"H NMR (500 MHz, CD>Cl»): &
7.37 (t, J = 7.7 Hz, 2H, p-H-Cs'Pr2H3), 7.24 (d, 3Jun = 7.7 Hz, 4H, m-
H-C6'PraH3z), 3.97 (m, 4H, NCHa), 3.27 (sept, *Jun = 6.9 Hz, 4H,
CHMey), 2.33 (quint, 3Jun = 2.7 Hz, 4H, NCH2CH?>), 1.35 (d, *Jun= 6.9
Hz, 12H, CHMe»), 1.33 (d, *Juu= 6.9 Hz, 12H, CHMe>). *C{'H} NMR
(126 MHz, CD2Cl2): 4 210.3 (NCN), 145.6, 144.6, 129.2, 125.1, 54 .4,
29.2,25.6,24.9, 24.7.'"H NMR (500 MHz, CsDs): & 7.17-7.14 (m, p-
H-C¢'PraH3, 2H; partially obscured by CsDsH), 7.05 (d, 3Jun = 7.8 Hz,
4H, m-H-C¢'Pr2H3), 3.26 (m, 4H, NCH>), 3.18 (sept, *Jun= 6.9 Hz, 4H,
CHMe), 1.61 (m, 4H, NCH.CHa), 1.48 (d, *Jun = 6.9 Hz, 12H,
CHMe>), 1.18 (d, 3Jun = 6.9 Hz, 12H, CHMe>). Data match those found
in the literature.?

[Cu(8Mes)Cl] (7). As for 1 with 8Mes-HCI (100 mg, 0.26 mmol),
CuCl (31 mg, 0.31 mmol) and K>COs (108 mg, 0.78 mmol) to give 7
as a white powder in 36% yield (42 mg). '"H NMR (500 MHz, CD2Cl):
3 6.96 (s, 4H, CsMesH>), 4.04 (t, 3Jun = 6.4 Hz, 4H, NCH>), 2.37 (s,
12H, 0-Me-CsMesHz), 2.29 (s, 6H, p-Me-CsMe3Hz), 2.12-1.96 (m, 8H,
NCH2CH>CHa). BC{'H} NMR (126 MHz, CD2Cl>): § 208.4 (NCN; via
HMBC), 147.2, 137.9, 134.4, 130.2, 52.2,29.4, 22.0, 21.1, 19.2. Anal.
Calcd. (%) for C24H32N2CICu: C, 64.41; H, 7.42; N, 6.25; Found: C,
63.76; H, 7.21; N, 6.24.

[Cu(6Mes)I] (8). As for 1 with 6Mes-HCI (100 mg, 0.28 mmol), Cul
(64 mg, 0.34 mmol) and K>CO; (116 mg, 0.84 mmol) to give 8 as a
white powder in 54% yield (77 mg). 'H NMR (500 MHz, CDCl3): &
6.93 (s, 4H, CéMe3Ha), 3.36 (t, *Jun = 5.9 Hz, 4H, NCH>), 2.32 (quint,
3Jun = 6.1 Hz, 2H, NCH2CHa), 2.28 (s, 18H, CsMesH). *C{'H} NMR
(126 MHz, CDCl3): 6 202.9 (NCN), 141.7, 138.3, 134.7, 129.9, 44 4,
21.2,21.0, 18.2. 'TH NMR (500 MHz, CsDs): & 6.75 (s, 4H, CsMe3Ha),
2.48 (m, 4H, NCH>), 2.12 (s, 12H, 0-Me-CsMesHz), 2.08 (s, 6H, p-Me-
CeMesHa), 1.38-1.27 (m, 2H, NCH2CH»). 13C NMR (126 MHz, CsDe):
8 203.6 (NCN; via HMBC), 142.1, 138.2, 134.7, 130.1, 43.8, 21.1,
20.6, 18.1. Anal. Calcd. (%) for C22H2sN2ICu: C 51.72, H 5.52, N 5.48;
Found C 51.70, H 5.52, N 5.54. Data match those found in the litera-
ture.!?

[Cu(6Mes)Br]| (9). As for 1 with 6Mes-HBr (100 mg, 0.25 mmol),
CuCl (30 mg, 0.30 mmol) and K>COs (103 mg, 0.75 mmol) to give 9
as a white powder in 77% yield (89 mg). '"H NMR (500 MHz, CD2Cl):
8 6.99 (s, 4H, CsMes3H>), 3.35 (m, 4H, NCH>), 2.34-2.27 (m, 20H,
CsMesH; + NCHCH>). BC{'H} NMR (126 MHz, CD>Cl>): & 201.6
(NCN; via HMBC), 142.5, 138.6, 135.2, 130.0, 44.7, 21.2, 21.2, 18.2.
"H NMR (500 MHz, CDCl3): & 6.93 (s, 4H, CsMesH>), 3.36 (t, 3Jun =
5.9 Hz, 4H, NCH>), 2.35-2.29 (m, 2H, NCH2CH>), 2.28 (s, 12H, o-Me-
CéMesHy), 2.27 (s, 6H, p-Me-CsMesHz). BC{'H} NMR (126 MHz,
CDCl3): 8 201.5 (NCN), 142.0, 138.2, 134.6, 130.0, 44.3, 21.2, 21.0,
18.1. Anal. Calcd. (%) for C22H2sN2BrCu: C 56.96, H 6.08, N 6.04;
Found C 57.09, H 6.10, N 5.96. Data match those found in the litera-
ture.3

[Cu(6Dipp)Br] (10). As for 1 with 6Dipp-HBr (100 mg, 0.21 mmol),
CuCl (25 mg, 0.25 mmol) and K2CO; (86 mg, 0.62 mmol) to give 10
as a white powder in 89% yield (100 mg). '"H NMR (500 MHz,
CD:CL): & 7.41 (t, *Jun = 7.7 Hz, 2H, p-H-C¢'Pr2H3), 7.25 (d, Jun =
7.8 Hz, 4H, m-H-C¢'Pr2H3), 3.42 (m, 4H, NCH>), 3.08 (sept, *Jun = 6.9
Hz, 4H, CHMe»), 2.36 (m, 2H, NCH2CH?), 1.33 (d, 3Jun = 6.9 Hz, 12H,
CHMe), 1.31 (d, 3Jun = 7.0 Hz, 12H, CHMe>). 3C{'H} NMR (126
MHz, CD2Cl2): 6 201.3 (NCN), 146.2, 142.0, 129.6, 125.0, 46.7, 29.0,
25.0,24.7,20.8. Anal. Calcd. (%) for C2sH40N2BrCu-CH2Cl2: C, 55.03
H, 6.69; N, 4.43; Found: C, 55.54; H, 6.74; N, 4.41.



[Cu(7Mes)I] (11). As for 1 with 7Mes-HCI (100 mg, 0.23 mmol),
Cul (53 mg, 0.28 mmol) and K2COs (96 mg, 0.69 mmol) to give 11 as
a white powder in 18% yield (22 mg). '"H NMR (500 MHz, CDCl3): 3
6.92 (s, 4H, CeMesH2), 3.87 (m, 4H, NCHa), 2.35 (s, 12H, o-Me-
CsMesHh), 2.31 (m, 4H, NCH2CHa), 2.27 (s, 6H, p-Me-CsMesH). 'H
NMR (300 MHz, CsDs): 8 6.78 (s, 4H, CsMesH>), 3.05 (m, 4H, NCH>),
2.22 (s, 12H, o-Me-CsMesH2), 2.11 (s, 6H, p-Me-CsMesHa), 1.49
(quint, J = 2.9 Hz, 4H, NCH2CH-). Data match those found in the lit-
erature. '

[Cu(7"Pent)Cl] (12). As for 1 with [7"Pent]HCI (100 mg, 0.364
mmol), CuCl (43.2 mg, 0.437 mmol), K2CO;3 (151 mg, 1.09 mmol) to
give 12 as a white powder in 19% yield (22 mg). '"H NMR (500 MHz,
CD2Cl): 6 3.75 (s, 4H, NCH2CMes), 3.58 (m, 4H, NCH>CH>), 1.92 (m,
4H, NCH2CHa), 1.03 (s, 18H, NCH2CMes). *C{'H} NMR (126 MHz,
CD2Cl): 8 212.5 (NCN), 75.3, 54.2, 33.0, 28.0, 25.1. Anal. Calcd. (%)
for CisH30N2ClCu: C 53.40, H 8.96, N 8.30; Found: C 53.14, H 8.73,
H 795

[6MesH][CuCl;] (13). 6Mes-HCI (100 mg, 0.28 mmol) and CuCl
(31 mg, 0.31 mmol) were added to a vial in the glovebox and 1 mL
acetone added. The mixture was stirred for 1 h and then filtered through
Celite®. The filtrate was reduced to dryness to afford 13 as a white
powder in 75% yield (96 mg). Crystalline material was isolated from
CHzClz/pentane. 'H NMR (500 MHz, CDClz): § 7.70 (s, 1H, NCHN),
6.98 (s, 4H, CsMesHz), 4.00 (t, *Jun = 5.7 Hz, 4H, NCHa), 2.64 (quint,
3Jun = 5.8 Hz, 2H, NCH2CHa), 2.34 (s, 12H, 0-Me-CsMesH2), 2.30 (s,
6H, p-Me-CsMesH2).*C{'H} NMR (126 MHz, CDCl): § 154.4
(NCHN), 141.0, 136.3, 134.3, 130.5, 46.8, 21.2, 19.7, 18.1. Anal.
Calcd. (%) for C22H2oCl2CuNa2: C 57.96, H 6.41, N 6.14; Found: C
57.52,H6.47,N 6.14.

[6XylylH][CuCl,] (14). As for 13 with 6Xylyl-HC1 (100 mg, 0.34
mmol) and CuCl (30 mg, 0.31 mmol) to give 14 as a white powder in
31% yield (23 mg). 'H NMR (500 MHz, CDCls): § 7.80 (s, 1H,
NCHN), 7.32-7.26 (m, 2H, p-H-CsMe2Hs), 7.19 (d, *Jun = 7.7 Hz, 4H,
m-H-CéMesHa), 4.05 (t, *Jun = 5.7 Hz, 4H, NCH>), 2.67 (quint, Juu =
5.8 Hz, 2H, NCH2CH?>), 2.40 (s, 12H, CsMezH3). *C{'H} NMR (126
MHz, CDCls): § 154.2 (NCHN), 138.6, 134.7,130.8, 129.9, 46.7, 19.7,
18.2. Anal. Caled. (%) for C23H31CL.CuNa: C 56.14, H 5.89, N 6.55;
Found: C 55.64, H 5.89, N 6.44

[7MesH][CuCl,] (15). As for 13 with 7Mes-HCI (100 mg, 0.27
mmol) and CuCl (30 mg, 0.31 mmol), to give 15 as a while powder in
74% yield (93 mg). Crystalline material was isolated from
CH2Clz/pentane. 'H NMR (500 MHz, CDClz): § 7.38 (s, 1H, NCHN),
6.97 (s, 4H, m-H-CsMesHz), 4.33 (br s, 4H, NCH>), 2.58 (br s, 4H,
NCH:CHz), 2.39 (s, 12H, o-Me-CsMesHz), 2.28 (s, 6H, p-Me-
CeMesHz). BC{'H} NMR (126 MHz, CDCls): § 158.7 (NCHN), 140.7,
139.3, 133.6, 130.6, 55.1, 25.6, 21.1, 18.4.

[7XylylH][CuCl,] (16). As for 13 with 7Xylyl-HCI (100 mg, 0.29
mmol) and CuCl (32 mg, 0.32 mmol) to give 16 as a white powder in
12% yield (15 mg). Crystalline material was isolated from
CHzClz/pentane. 'H NMR (500 MHz, CDCls): § 7.43 (s, 1H, NCHN),
7.30-7.25 (m, 2H, p-H-CéMe:H3), 7.18 (d, *Jun = 7.7 Hz, 4H, m-H-
CeéMe2Hs), 4.39 (m, 4H, NCH>), 2.61 (m, 4H, NCH2CH>), 2.46 (s, 12H,
0-Me-CsMe2H3).*C{'H} NMR (126 MHz, CDCl3): § 158.5 (NCHN),
141.6, 134.0, 130.1, 55.1, 25.6, 18.5. Anal. Calcd. (%) for
C23H31N2CloCu: C 57.08, H 6.16, N, Found: C 55.33, H 5.83, N 6.07.

[7"PentH][CuCl;] (17). As for 13 with 7"Pent-HCI (100 mg, 0.37
mmol) and CuCl (40 mg, 0.40mmol) to give 17 as a white powder in
91% yield (123 mg). '"H NMR (500 MHz, CDCls): § 7.85 (s, 1H,
NCHN), 3.86 (m, 4H, NCH:CH>), 3.47 (s, 4H, NCH.CMes), 2.24 (m,
4H, NCH2CH), 1.03 (s, 18H, NCH2CMes) *C{'H} NMR (126 MHz,
CDCls): 6 160.6 (NCHN), 70.6, 53.1, 33.5,27.8,25.2. Anal. Calcd. (%)
for C1sH31N2ClCu: C 48.19, H 8.36, N 7.49 Found: C 46.60, H 7.91,
N 7.06.

General procedure for catalytic experiments. In a dry argon glove-
box was weighed [Cu(NHC)X] (5 x 10-3 mmol) into a 4 mL screw cap
vial. To this was added the alkyne (1 mmol) followed by the azide (1
mmol) to start the reaction. The vial was closed, removed from the
glovebox and remained sealed while stirring at the designated temper-
ature for the appropriate time after which it was quenched with CH2Cl>

(3 mL) in air. The suspension was sonicated before a sample of 0.3 mL
was taken and diluted with CH2Clz (0.9 mL) for GC analysis.

1-Azidoheptane. 1-Bromoheptane (6.2 mL, 39.2 mmol) was added
to a solution of NaN3 (2.8 g in 86 mL of DMSO, 43.0 mmol). The re-
action mixture was stirred at room temperature for 5 h to obtain full
conversion by NMR spectroscopy. The solution was cooled to 0°C and
water (150 mL) was introduced to quench the reaction. The mixture
was extracted with Et2O (3 x 100 mL) and the combined organic phases
were washed with water (4 x 150 mL) and brine (2 x 150 mL), dried
with MgSOs, filtered and concentrated under vacuo to afford the prod-
uct as a colorless 0il (4.93 g, 89%). 'H NMR (300 MHz, CDCl3): § 3.26
(t, J = 7.0 Hz, 2H), 1.70-1.49 (m, 2H), 1.46-1.16 (m, 8H), 1.01-0.78
(m, 3H). Data match those found in the literature.?>?’

Azidobenzene. A suspension of distilled aniline (6.0 mL, 66.4
mmol) in water (50 mL) was cooled to 0°C. Concentrated 96% sulfuric
acid (14.0 mL, 263 mmol) was carefully added to the mixture followed
by the dropwise introduction of a sodium nitrite aqueous solution (5.3
g in 31 mL of water, 76.1 mmol). The reaction mixture was allowed to
warm to room temperature and n-hexane (100 mL) was added. After a
slow and portion wise introduction of NaNs (4.6 g, 70.8 mmol), the
biphasic mixture was vigorously stirred at room temperature for 3 h
(NMR monitoring). The organic layer was then collected, dried with
NaxSOg, filtered and concentrated under vacuo to afford the product as
a dark red oil (6.02 g, 76%). '"H NMR (400 MHz, CDCls): § 7.41-7.32
(m, 2H), 7.19-7.10 (m, 1H), 7.07-7.01 (m, 2H). EI-MS: m/z 119 [M]+.
Data match those found in the literature.?®

1,4-Diphenyl-1H-1,2,3-triazole. The typical catalytic procedure
was applied to phenylacetylene (110 pL) and azidobenzene (110 pL).
The crude reaction mixture was dissolved in CH2Cly, filtered through a
silica plug and recrystallised from CH2Clo/pentane to yield an off-white
solid. '"H NMR (300 MHz, CDCl): § 8.20 (s, 1H), 7.97-7.87 (m, 2H),
7.85-7.76 (m, 2H), 7.61-7.51 (m, 2H), 7.52-7.42 (m, 3H), 7.42-7.33 (m,
1H). 3C{'H} NMR: (101 MHz, CDCls) § 148.6, 137.2, 130.4, 129.9,
129.1,128.9, 128.6, 126.0, 120.7, 117.7. Data match those found in the
literature.?

4-Hexyl-1-phenyl-1H-1,2,3-triazole. The typical catalytic proce-
dure was applied to oct-1-yne (150 pL) and azidobenzene (110 pL) at
45°C. The crude reaction mixture was dissolved in CH2Cl,, filtered
through a silica plug and recrystallised from CH2Cly/pentane at -30 °C
to yield an off-white solid, which liquified at room temperature). 'H
NMR (400 MHz, CDCl3): & 7.77-7.68 (m, 3H), 7.55-7.46 (m, 2H),
7.45-7.37 (m, 1H), 2.79 (t, J = 7.6 Hz, 2H), 1.73 (quint, J = 7.6 Hz,
2H), 1.49-1.22 (m, 6H), 0.89 (t, J= 7.1 Hz, 3H). *C{'H} NMR (101
MHz, CDCls): § 149.3, 137.4, 129.8, 128.6, 120.6, 118.9, 31.7, 29.5,
29.1, 25.8, 22.7, 14.2. Data match those found in the literature.?°

1-Heptyl-4-phenyl-1H-1,2,3-triazole. The typical catalytic proce-
dure was applied to phenylacetylene (110 pL) and 1-azidoheptane (160
pL) at room temperature. The crude reaction mixture was dissolved in
CH2Cly, filtered through a silica plug and concentrated to yield an oft-
white solid. "H NMR (400 MHz, CDCl3): § 7.87-7.79 (m, 2H), 7.74 (s,
1H), 7.47-7.38 (m, 2H), 7.37-7.29 (m, 1H), 4.39 (t, J = 7.2 Hz, 2H),
1.94 (m, 2H), 1.42-1.20 (m, 8H), 0.88 (t, J = 7.0 Hz, 3H). BC{'H}
NMR (101 MHz, CDCls): § 147.8, 130.8, 128.9, 128.2, 125.8, 119.5,
50.6, 31.7, 30.5, 28.8, 26.6, 22.6, 14.1. Data match those found in the
literature.?

X-ray crystallography. Data for all crystallographic studies were
obtained using an Agilent Xcalibur diffractometer and a Mo-Ka
source. All experiments were conducted at 150 K, solved using
SHELXT?! and refined using SHELXL3? via the Olex23 interface.
Aside from the following points of note, refinements were generally
unremarkable. The asymmetric unit in 4 was seen to contain one cation
and two crystallographically independent [CuClz]™ halves. There is ev-
idence for C—H...Cl interactions in the gross structure. H1 (attached to
C1) was located and refined without restraints in the structure of 5.
There is also evidence for C—H...Cl interactions in the asymmetric unit
in this structure. The asymmetric unit in 9 was noted to comprise two
independent molecules. While this latter structure determination is un-
ambiguous, twinning of the sample (although resolved) compromised
the raw data to a degree. This legacy is evidenced in the R(int) value



and the estimated standard deviations pertaining to the unit cell param-
eters.

Crystallographic data for all compounds have been deposited with
the Cambridge Crystallographic Data Centre as supplementary publi-
cations CCDC 2016583-2016592 for 1, 3-6, 9, 10, 13, 14 (ESI only)
and 16 (ESI only), respectively. Copies of these data can be obtained
free of charge on application to CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK [fax (+44) 1223 336033, e-mail: de-
posit@ccdc.cam.ac.uk.
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The Supporting Information is available free of charge on the
ACS Publications website. Experimental details. Multinuclear
NMR spectra of all complexes.
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