ROYAL SOCIETY
OF CHEMISTRY

Dalton
Transactions

View Article Online

View Journal | View Issue

Versatile bonding and coordination modes of
ditriazolylidene ligands in rhodium(m) and
iridium(im) complexes+t

CrossMark
& click for updates

Cite this: Dalton Trans., 2016, 45,
15859

Kevin Farrell,® Helge Muller-Bunz® and Martin Albrecht*®°

Metalation of novel ditriazolium salts containing a trimethylene (-CH,CH,CH,-) or dimethylether linker
(-CH,OCH,-) was probed with different rhodium(in) and iridium(i) precursors. When using [MCp*Cl,l,, a
transmetalation protocol via a triazolylidene silver intermediate was effective, while base-assisted metala-
tion with MClz via sequential deprotonation of the triazolium salt with KOtBu and addition of the metal
precursor afforded homoleptic complexes. The N-substituent on the triazole heterocycle directed the
metalation process and led to Cy,,Cy.,Cpn-tridentate chelating ditriazolylidene complexes for N-phenyl
substituents. With ethyl substituents, only Cy,,,Cy,,-bidentate complexes were formed, while metalation
with mesityl substituents was unsuccessful, presumably due to steric constraints. Through modification of
the reaction conditions for the metalation step, an intermediate species was isolated that contains a Cy,,,
Cpn-bidentate chelate en route to the formation of the tridentate ligand system. Accordingly, Cpnenyi—H
bond activation occurs prior to formation of the second metal-triazolylidene bond. Stability studies with
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a Cy,,Cy2.Cpp-tridentate chelating ditriazolylidene iridium complex towards DCl showed deuterium in-
corporation at both N-phenyl groups and indicate that Cp.eny,i—H bond activation is reversible while the
Ciyr.—Ir bond is robust. The flexible linker between the two triazolylidene donor sites provides access to
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Introduction

The discovery of N-heterocyclic carbenes (NHCs) as ligands for
transition metals has fundamentally transformed organo-
metallic chemistry’ and has spurred in particular® the develop-
ment of new generations of homogeneous catalysts.” As a
consequence of this success, the NHC theme has been varied
in all dimensions, including the development of chiral
systems,” of non-cyclic analogues,” of carbenes with reduced
heteroatom stabilization® and of course the combination of
different privileged ligands together with carbenes.” 1,2,3-Tri-
azolylidenes are a subclass of NHCs that have received con-
siderable attention over the last few years,® and which offer
vast opportunities for catalysis’ and beyond.'® Their mesoionic
character'" and strong o-donor ability are attractive features for
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both facial and meridional coordination modes.

tailoring the properties of the coordinated metal center.'?
Moreover, these heterocycles are accessible via copper(i) cata-
lyzed ‘click’ [2 + 3] cycloaddition of an alkyne and azide
(CuAAC)," a reaction that stands out for its versatility and its
exceptionally broad functional group tolerance.* As a conse-
quence, various donor-functionalized triazolylidene complexes
with a wide range of chelating groups have been developed.®
Surprisingly however, triazolylidene-based chelating di-
carbenes have not been studied extensively, despite the kinetic
and thermodynamic stability imparted by chelation. To date,
two approaches for linking 1,2,3-triazolium salts via either the
triazole C4 or N3 position were reported, involving a di-alkyne
and a di-azide precursor, respectively. For example, C4-linked
ditriazolium salts with rigid aryl-bridges have been metalated
with rhodium,"” ruthenium,'® nickel,"”” and palladium,®
leading to bimetallic systems (Fig. 1, A) or CNC-type pincer
complexes (B). Directly linked ditriazolylidenes were co-
ordinated to rhodium,'® iridium, and ruthenium (C).>° Simi-
larly, alkyl- or aryl-linkages via N3 have led to bimetallic
complexes of ruthenium®' and iridium?* in which the ligand
adopts a bridging rather than chelating binding mode (D, E).
Trimethylene-linked dicarbene ligands similar to those
present in complex E, yet comprised of imidazolylidenes
rather than triazolylidene heterocycles, induced alkyl C-H
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bond activation of the central methylene unit by rhodium or
ruthenium, thus forming a tridentate dicarbene species.>* The
Caiyi~H bond activation was significantly faster when the
imidazolylidene is bound to rhodium via C4 as a mesoionic
carbene rather than in the normal C2-bonding mode.>** Based
on these considerations, we were interested to investigate the
reactivity of analogous di-1,2,3-triazolylidene systems that are
mesoionic as well. In addition, heteroatoms can easily be
introduced into the triazolylidene linker, which may provide
further reactivity patterns. Here, we report the synthesis of che-
lating ditriazolylidene rhodium(u) and iridium(m) complexes
which contain flexible C,C'-linked ditriazolylidenes. The flexi-
bility accommodates both facial and meridional coordination
modes and the peripheral substituents at the heterocycle
dictate the coordination mode of the triazolylidenes, thus
demonstrating strong reactivity control by ligand design.
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Results and discussion
Synthesis of the ligand precursors

The C,C"-linked ditriazoles 3 and 4 were synthesised in good to
excellent yields (71-95%) via the ‘click’ cycloaddition of the
commercially available diynes 1 and 2, and the corresponding
azide, (Scheme 1). The alkyl linker was identified by a charac-
teristic triplet for the C,CH, group and a quintet for the
central methylene unit. For example for compound 3a, these
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Fig. 1 Known ditriazolylidene complexes including C,C'-linked ditriazolylidene ligands (A, B, C) and N,N'-linked ditriazolylidene scaffolds (D, E).

multiplets appeared at 8y 2.67 and 1.94 in the "H NMR spec-
trum respectively, while the ether linker showed as a singlet,
e.g. at oy 4.71 for 4a. The versatility of the ‘click’ reaction
allows for the facile variation of the N-bound substituent in
the ligand precursor. This versatility is beneficial for the steric
and electronic tailoring of the ligand environment when
bound to the metal which is particularly useful for bond acti-
vation reactions. Alkylation of the ditriazoles with methyl
iodide gave the ditriazolium salts 5(I) and 6(I) in good yields
(Scheme 1). After quaternization, the "H NMR signal of the
heterocyclic proton shifted downfield by almost 1 ppm. For
example the C,-H in 5a(I) appeared as a singlet at 5y 8.87
compared to 6y 7.54 ppm in the precursor 3a. In addition, a
new signal emerged in the "H and "*C NMR spectrum for the
N-bound methyl group (5 4.20, ¢ 38.2 for 5a(I)). Anion sub-
stitution with AgBF, afforded the corresponding ditriazolium
salts 5(BF,) and 6(BF,). Successful anion exchange was indi-
cated by a diagnostic ~0.5 ppm upfield shift of the C,~H
resonance in the "H NMR spectrum, presumably due to less
pronounced X---H hydrogen bonding.>*

Metalation of ditriazolium salts with [MCp*Cl,],

In an initial set of experiments, the well-established transmeta-
lation procedure involving the formation of a triazolylidene
silver(i) intermediate was utilised for the formation of triazoly-
lidene rhodium(m) and iridium(u) complexes.®**® Successful

X X
N=N N=N N=N N=N
S%\\/E\¢/22' RN RN A EANR M RN A B AR
cat Cu(l)
1E =CH, 3E =CH, 5E=CH, X=I
2E=0 4E=0 6E=0 x=|3|=4jAgBFd

Scheme 1 Ligand precursor synthesis via ‘click’ cycloaddition and alkylation.
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metalation of the triazolium salts using Ag,O in the presence
of KCl was surmised by the disappearance of the "H NMR
signal of the Cy,-H unit, and by the appearance of a mass
signal which is in agreement with the [Ag(ditriazolylidene)]"
fragment. The "H NMR spectrum of the triazolylidene silver
complexes showed a symmetric linker which suggests a
dimeric [Ag,(trz E*trz),]*" species rather than a chelating
[Ag(trz*E~trz)]" monomer, in agreement with results by
Crudden and co-workers."® The formation of the silver triazoly-
lidene proceeded at elevated temperatures when using the
N-ethyl triazolium salts (refluxing MeCN), while N-aryl triazo-
lium salts reacted under milder conditions and provided the
desired triazolylidene silver intermediate at room temperature.
Triazolylidene silver complexes were also formed in the
absence of a chloride additive, though significant decompo-
sition was observed and yields were typically much lower, pre-
sumably because the triazolylidene silver unit is less stabilized
by tetrafluoroborate as compared to chlorides.’*>"*® Likewise,
the triazolylidene silver intermediates were accessible also
from the triazolium iodide salts 5(I), but in agreement with
previous reports,”” the reaction was generally less clean than
when starting from 5(BF,). Carbene silver complexes are
known to exist in an equilibrium between ionic species of type
[Ag(carbene),]AgX, and the neutral isomer [AgX(carbene)],”®
which is delicately dependent on conditions and will lead to
oligo- or polymeric systems with ditopic carbenes as used
here. Due to this fluxionality, no attempts have been made to
structurally characterize these intermediates.

The triazolylidene silver complexes were used without
further purification for transmetalation with [MCp*Cl,], (M =
Rh, Ir), and afforded the chelating ditriazolylidene complexes
7-10 (Scheme 2). All complexes were air- and moisture stable
and were isolated by standard column chromatography as red
(7, 8) or orange solids (9, 10) that are moderately soluble in
CH,Cl, and readily soluble in MeCN.
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Scheme 2 Formation of complexes 7—-10 by transmetalation via a silver
carbene intermediate.
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Chelation in complex 7 was indicated by the presence of
symmetry-related triazolylidene units and the pertinent 5:2
integral ratio of the resonances due to the Cp* protons
and the N-CH; unit. The carbenic >C NMR resonance is
deshielded and appears at 6c 154.4 as a doublet due to
characteristic '’Rh coupling ("Jorn = 50.3 Hz). Furthermore,
chelation led to diastereotopic methylene protons in the ethyl
wingtip group as indicated by the two doublet of quartets at
Sy 4.81 and 4.42 (YJuy = 12.9 Hz, *Jyy = 7.2 Hz). Similarly,
the triazolylidene bound CH, group of the trimethylene
linker appeared as two doublets of doublets of doublets
(*Jun = 14.9 Hz, *Juy = 8.6 Hz, Juu = 4.6 Hz). Of note, a multi-
plet in the 1.88-1.69 ppm range integrated for two protons
and was attributed to the central CH, group of the linker,
thus suggesting that the linker has not been affected. This
reactivity differs from that of related rhodium(m) complexes
containing mesoionic diimidazolylidene ligands, in which
C-H bond activation of the linker methylene group is
spontaneous.> X-ray crystallographic analysis of complex 7
unambiguously confirmed the ligand bonding mode
surmised from spectroscopic studies (Fig. 2). The complex
cation shows the typical three-legged piano-stool geometry
with two triazolylidenes and one chloride ligand site forming
the ‘legs’. The carbene bite angle is relatively wide, Cg,-Rh-
Cir, = 91.21(9)°.>° While the triazolylidene units are symmetri-
cal in solution, the C;,-Rh bond lengths of complex 7 differ
considerably in the solid state (C1-Rh 2.026(2) A, C11-Rh
2.082(2) A). This difference may be a direct consequence of
the different orientation of the triazolylidene heterocycles in
the solid state with respect to the rhodium coordination
geometry, e.g. the CI-Rh-C-N dihedral angle is 48.4(2)° for
the heterocycle containing C1 and 71.1(2)° for the heterocycle
containing C7. In solution, these distinct arrangements
average out as indicated by the symmetric NMR pattern
observed for this complex.

Fig. 2 ORTEP representation of the complex cation complex 7 (50%
probability ellipsoids, hydrogens omitted for clarity). Selected bond
lengths: Rh—C1 2.026(2) A, Rh—C7 2.082(2) A, Rh—Cl 2.410(4) A, Rh-
CPeentroid 1.862(4) A; selected bond angles: C1-Rh—-C7 91.21(9)°; C1-
Rh—-Cl1 96.16(6)°, C7—Rh-Cl 84.74(7)°.

Dalton Trans., 2016, 45, 15859-15871 | 15861


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6dt01760f

Open Access Article. Published on 03 June 2016. Downloaded on 12/4/2025 6:34:37 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

It is worth noting that the analogous rhodation of the
ether-linked ditriazolium salt 6a(BF,) has failed in our hands
so far. Formation of the carbene silver intermediate was con-
firmed by the pertinent NMR and MS data, though substantial
amounts of impurities were observed. Possibly, the ether
linkage interacts with the silver ion and destabilizes this inter-
mediate under the applied reaction conditions.

The presence of phenyl substituents at the triazole hetero-
cycle altered the outcome of the reaction and induced cyclo-
metalation through activation of one of the o0rtho Cppenyi—H bonds
in 5b and 6b to yield complexes 8-10 containing a C,C,C-tri-
dentate coordinated ditriazolylidene ligand (Scheme 2).
Similar C-H bond activation was observed previously in mono-
triazolylidene complexes containing N-bound phenyl-substitu-
ents.’® Apparently the Cppenyi—H bond activation process is pre-
ferred over heteroatom coordination and is spontaneous even
at —30 °C both with rhodium and iridium precursors. No trace
of a coordinated triazolylidene with a non-cyclometalated
phenyl group was observed by NMR spectroscopy. Cyclometala-
tion was indicated by the ligand desymmetrization as revealed
by the presence of seven distinct phenyl proton resonances in
the low-field section of the "H NMR spectrum integrating for
9 protons. While one set features the typical 2:2:1 pattern of
a pristine phenyl group, the second set is constituted of four
signals that are characteristic for a ortho disubstituted pheny-
lene system, with two doublets and two multiplets that are cor-
related and integrating for one proton each. Ligand
desymmetrization was also apparent from the two distinct
singlets due to inequivalent NCH; groups. Similarly, the OCH,
groups of the linker of complexes 9 and 10 were inequivalent
and appeared as two sets of AB doublets with characteristic
’Jun coupling constants around 15 Hz. Three low-field *C
signals were observed in the "C{'"H} NMR spectrum for all
three complexes 8-10 and were attributed to the two metal-
bound carbenic carbons and the phenyl carbon. For example,
the rhodium complex 8 showed three doublets at 6c 164.2
(Ctrzs Jorn = 47.0 Hz), 159.5 (Cphenyl, Jorn = 36.2 Hz) and 158.2
(Cerzy Jorn = 50.3 Hz). The smaller *Jcgy, coupling constant was
attributed to the Rh-Cpheny1 bond,*”” and the larger coupling
constants to Rh-Cy,, interactions. The larger coupling constant
at §¢ 158.2 is identical to the coupling observed in complex 7
(Ycrn = 50.3 Hz, vide supra), therefore suggesting this reson-
ance to be due to the triazolylidene unit that contains the non-
cyclometalated phenyl substituent. Accordingly, the resonance
at 6c 164.2 with a slightly smaller coupling constant was tenta-
tively attributed to the carbenic carbon of the triazolylidene
containing the metal-bound phenylene fragment.

Further evidence for the tridentate bonding of the ligand
was obtained by single crystal X-ray diffraction of complexes 8
and 9 (Fig. 3, Table 1). Both structures are identical within
errors and unambiguously reveal a Rh-Cppenyi bond in
addition to the dicarbene bonding. All three Rh-C bond
lengths are within expectation and in the 2.00-2.06 A range.
The average carbene bite angle is 81.5(2)° and thus consider-
ably more acute than in the bidentate carbene complex 7 (Ce,,—
Rh-Cyy, = 91.21(9)°).
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Fig. 3 ORTEP representation of the complex cations of 8 (a), 9 (50%
probability ellipsoids, hydrogen atoms omitted for clarity).

Table 1 Selected bond lengths (A) and angles (°) for 8 and 9

8 9
Rh-C1 2.026(12) 2.004(2)
Rh-C13/14 2.033(12) 2.054(2)
Rh-C4 2.050(12) 2.057(2)
Rh-CPeentroid 1.889(1) 1.899(2)
C1-Rh-C13/14 81.62(5) 81.43(8)
C1-Rh-C4 78.97(5) 78.86(9)
C4-Rh-C13/14 92.85(5) 92.92(8)

Minor by-products were observed in the crude reaction
mixture of the iridium complex 10 by "H NMR spectroscopy,
which revealed the characteristic pattern of a cyclometalated
phenyl group. Separation by column chromatography yielded
traces of the bimetallic complex 11 (Fig. 4), in which both
N-phenyl groups are ortho-metalated to different iridium
centers. The "H NMR spectrum indicated symmetry-related
triazolylidene and phenyl groups, and a diagnostic 2:1 Cp*/
ligand ratio. The bridging coordination mode was further sup-
ported by the single AB doublet (*/;;; = 12.6 Hz) for the OCH,
group, while the chelating complex 10 featured two AB doub-
lets because of the lack of symmetry in the ligand. The carbo-
nic resonance appeared at dc 153.2 in the “C{'H} NMR
spectrum. A high field resonance at §¢; 114.0, attributed to the
Cphenyi=H nucleus ortho to the Ny, (i.e. formally C3 of the
phenylene unit), is diagnostic for cyclometalation. In the
chelate complexes 8-10, this nucleus appears at essentially the
same frequency (approximately 113.5 ppm). While NMR
studies strongly support the bridging coordination mode of
the bis(triazolylidene) ligand, we were unable to purify this

= ;alzz

‘N BF 4~

Fig. 4 Complexes 11 and 12 as minor products from transmetalation
reaction.

This journal is © The Royal Society of Chemistry 2016
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complex sufficiently for elemental analysis or X-ray diffraction
analysis, which has prevented the unambiguous identification
of the spectator ligand so far. Attempts to selectively form the
bimetallic complex by adding the preformed triazolylidene
silver complex dropwise to a concentrated solution of
[IrCp*Cl,], cleanly produced complex 10 together with
unreacted [IrCp*Cl,],, yet no bimetallic species was observed.

When reacting 6b(BF,), Ag,O, and [IrCp*Cl,], simul-
taneously rather than sequentially (vide supra), a yellow
mixture was obtained. NMR analysis of this crude mixture
identified four distinct species including complexes 10 and 11
and two species, which were isolated by successive precipi-
tation. Spectroscopic analysis indicated a mixture of two
strongly related species in approximate 2:1 molar ratio and
with a general bonding pattern that is in agreement with the
one depicted for complex 12 (Fig. 4). The two species were ten-
tatively assigned as the chloro and the solvento analogues (X =
Cl, NCMe). Both species feature a low-field resonance (5 9.10
and 8.87) for the triazolium proton and two AB systems for the
OCH, groups, indicating desymmetrization of the linker.*!
Likewise, the NCH; groups appeared as distinct singlets. The
BC{'H} NMR spectrum of this mixture showed two Ci.,-Ir
signals at 6 153.4 or 146.6 and two C,—H carbon resonances
(6c 128.9 or 128.8). Heteronuclear multiple bond correlation
(HMBC) spectroscopy identified for each of the two species an
interaction of one OCH,, AB set with the iridium-bound triazo-
lylidene unit, and a correlation of the second OCH, resonances
with the triazolium C,~H unit. While the aromatic region in
the "H NMR spectrum was inconclusive due to significant
signal overlap, two high field aryl "*C NMR resonances at d
114.7 and 114.0 are in agreement with cyclometalation of the
phenyl ring and Ci,,Cpheny-bidentate coordination of the
ligand. In addition, two resonances at §; 138.6 and 138.5 have
been attributed to the iridium-bound Cppeny nucleus (¢f b¢
139.5 in 10). Mass spectrometry was consistent with the NMR
data and showed a my/z signal at 344 amu, in line with for-
mation of complex 12 (expected m/z for [C3oHz5IrNoO*" is
344.12 amu). The isolation of Cg,Cpnenyr-bidentate ligated
complex 12 in combination with the absence of any Ci,,Ci,-
bidentately bound iridium complex akin to complex 7 strongly
suggests that Cppenyi—H bond activation is spontaneous. For-
mation of complex 12 may be a consequence of incomplete
triazolylidene silver formation or due to partial hydrolysis of
the semi-transmetalated intermediate prior to chelation of the
second carbene unit.

The Cphenyi—H bond activation is reversible. Under acidic
conditions (20 equiv. DCI in CD;CN) and at room temperature,
the iridium complex 10 incorporated approximately 7% deuter-
ium at the ortho positions of both the cyclometalated and the
non-cyclometalated phenyl group (24 h). Heating accelerates
this isotope exchange, reaching 27% deuterium incorporation
at 50 °C (16 h) and up to 60% when heated to 80 °C for 10 h.
Gradual decomposition to the triazolium salt was observed
under these relatively harsh conditions, and the reaction was
therefore aborted after 10 h, presumambly due to hydrolysis of
the Rh-C,., bond. Deuteration of the ortho positions of both

This journal is © The Royal Society of Chemistry 2016
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phenyl rings occur initially to the same extent (e.g. 27%
D-incorporation in the cyclometalated phenyl group vs. 26%
H/D exchange in the non-cyclometalated residue after 16 h at
50 °C). At higher conversion, the incorporation in the non-
cyclometallated ring is slightly higher (68% vs. 54% in the
cyclometalated phenyl group). The isotope exchange on both
phenyl groups indicates that cyclometalation is reversible,
involving a bidentate ditriazolylidene species with two free
phenyl groups as a potential transient intermediate which
undergoes cyclometalation of either of the two phenyl groups.
Attempts to isolate this species have not been successful so
far, suggesting that H(D)CI elimination and cyclometalation
are thermodynamically favoured. It is worth noting that the
rhodium analogue 9 is much less stable under acidic con-
ditions and rapidly decomposes to the triazolium salt and an
inorganic rhodium species.

Transmetalation of the silver triazolylidene with N-mesityl
substituents derived from 5c¢(BF,) and 6c¢(BF,) with
[RhCp*Cl,], did not proceed. While the formation of a white
precipitate and a color change from dark red to orange
suggested transfer of the carbene to rhodium, 'H NMR analy-
sis of the crude product showed broad resonances which were
not conclusive. Unambiguous identification of the species was
not achieved due to rapid decomposition of the product, both
in solution and in the solid state, yielding triazolium starting
material. Presumably the mesityl group inhibits chelation of
the ditriazolylidene ligand because of steric interactions with
the Cp* ligand. With N-phenyl substituents, such instability
issues are circumvented through C-H bond activation and
cyclometalation.

Base-mediated metalation

When ligand precursor 5b(I) was reacted directly with MCl;
(M =Rh or Ir) in the presence of KOtBu as base to deprotonate
the triazolium salt, the Cp*-free bis(homoleptic) complexes 13
and 14 were obtained (Scheme 3). Chelation of the triazolyli-
dene was supported by the desymmetrization of the linker CH,
groups, which appeared as multiplets between 3.1 and
2.0 ppm in the 'H NMR spectrum. Similarly to complexes
8-10, two sets of signals for the phenyl groups indicated that
one phenyl substituent is cyclometalated while the other is

_|I
pogw:1
NN \

I

13 M=Rh
14 M=Ir

i) KOtBu
ii) [MCI3 xH,0]
R

MeCN

5by()

Scheme 3 Synthesis of complex 13 and 14 by base-mediated
metalation.
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not. The C{"H} NMR spectrum of the rhodium complex 13
showed three doublet resonances in the low field region.
Based on the larger coupling constant, the most deshielded
signals at §; 176.2 and 171.3 (lchh =34.3 and 30.2 Hz, respect-
ively) were attributed to the triazolylidene carbon, while the
resonance at §c 164.9 (Ycrn = 25.7 Hz) was assigned to the
cyclometalated phenyl carbon. The Rh-C coupling constants
for 13 are smaller than those of 8, which is probably a direct
consequence of the stronger trans influence of the C,C,C-tri-
dentate ligand in octahedral 13 as compared to Cp* in
complex 8. A meridional coordination mode of the ligand is
tentatively surmised from the small chemical shift difference
of the central methylene group in the linker (multiplet at
Sy 2.08). When coordinating facially as in complex 8, these
protons are magnetically more distinct and appear at 2.33 and
1.62 ppm. The "H NMR spectrum of 14 is very similar to that
of 13 although the H,., and H,,., signals are broad for 14.
The metal-bound carbons are more shielded than those of 13
and resonate at §c 158.9 and 152.4 (C,) and at 6c 147.9
(Cphenyl)-

A single crystal structure determination of complex 13 con-
firmed the bis-homoleptic structure with a cyclometalated
phenyl group for each ditriazolylidene ligand, thus producing
a distorted octahedral geometry around the rhodium center
(Fig. 5). In contrast to complexes 8-10 with a facially coordinat-
ing dicarbene ligand, the same ligand now adopts a meridio-
nal coordination mode in complex 13 with the two
cyclometalated phenyl units in mutual cis position. The cyclo-
metalated phenyl ring is coplanar with the adjacent triazolyli-
dene heterocycle. The Cq,~Rh bond trans to Cpheny is 0.05 A
longer than the C,~Rh bond trans to a carbene, which is pre-
sumably imposed by steric constraints imparted by the chelat-
ing bonding mode rather than distinct ¢rans influences. One

Fig. 5 ORTEP representation of complex 13 (50% probability ellipsoids,
I~ counterion, hydrogen atoms, and co-crystallized CH,Cl, molecule
omitted for clarity); selected bond lengths: Rh—C1 2.041(3) A, Rh—C4
2.071(3) A, Rh—C14 2.098(3) A; selected bond angles: C1-Rh-C4 80.22
(13)°, C1-Rh-C14 91.79(14)°, C4-Rh-C14 171.87(13)°, C1-Rh—Ci.ps
164.32(13)°.
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Fig. 6 Intermediate species 15 with a Cy,,Cpn-bidentate coordinating
ligand containing a pendant triazolium unit.

triazolylidene ring is substantially more constrained by the
rigid five-membered metalacycle, while the other carbene is
part of a more flexible eight-membered metalacyclic motif.

Formation of complex 13 was investigated in more detail by
performing the synthesis at different temperatures. When the
reaction was carried out at room temperature instead of MeCN
reflux temperature, the triazolium salt 5b(I) was the only
species observed by "H NMR spectroscopy after 18 h. Upon
heating to 60 °C, complex 13 started to form, and in addition,
an intermediate was detected by NMR spectroscopy that was
identified as complex 15 (Fig. 6). The triazolium proton of 15
appeared in the "H NMR spectrum at 8y 8.79 while the phenyl
proton signals showed the diagnostic signature of both a
pending phenyl group and an ortho-metalated phenylene unit,
which were in equal intensity yet at distinct chemical shift
from the Cpheny resonances of the tridentate ligand. Moreover,
mass spectrometry showed a signal at 409 amu, which corro-
borates the calculated mass for the dicationic fragment of [15-X]**
(m/z = 409.4 calculated for [C4,H43RhN;,]*").>* Upon further
heating, this intermediate 15 evolved to the bis(homoleptic)
complex 13 exclusively. Complex 15 is related to intermediate
12 detected en route to the tridentate coordinating dicarbene
iridium complex 10 (c¢f. Fig. 4). The formation of a Cyy,,Cphenyi-
bidentate coordinated complex with a pendant triazolium
species supports our previous observation that cyclometalation
and Cppenyi~H bond activation take place prior to coordination
of the second triazolylidene ligand. Cyclometalation may be a
key driver in the formation of complex 13, since the base-
mediated metalation reaction did not proceed with the N-ethyl
or N-mesityl analogues 5a(I) and 5c¢(I), respectively under
otherwise identical conditions. Instead, only triazolium start-
ing materials were observed by NMR spectroscopy.

Conclusions

A series of ditriazolylidene rhodium and iridium complexes
containing alkyl- or ether-linkers between the triazolylidene
bonding sites were derived from commercially available
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diynes. Ligand parameters and specifically the N-substituents
on the triazole heterocycle critically dictate the bonding mode
of the dicarbene ligand. In particular, N-phenyl substituted
triazolylidenes lead in all cases to ortho-metalation of one of
the phenyl rings and to a Cy,,Cy,,Cpn-tridentate ligand coordi-
nation mode. The Cp,—H bond activation process is spon-
taneous and the isolation of a Ci,,,Cpp-bidentated intermediate
suggests that this bond activation occurs prior to chelation of
the second carbene. Stability studies under acidic conditions
involving the C,,Cq,,Cpn-tridentate coordinated iridium
complex indicate that the Ir-C,., bonds are robust while the Ir-
Cppn bond is kinetically labile and formed reversibly. Moreover,
depending on the applied metalation procedure, the ligand
coordinates either meridionally or facially. This coordinative
flexibility paired with the hemilability of the Cpp—Ir bond are
attractive features for catalysis. The potential of these com-
plexes as catalysts in, for example, hydrogen transfer reactions
is currently under investigation.

Experimental section
General comments

All reagents were used as received from commercial suppliers.
Unless specified, NMR spectra were recorded at 25 °C on
Varian spectrometers operating at 300, 400 or 500 MHz (‘H
NMR) and 75, 100 or 125 MHz (“C{'H} NMR) respectively.
Chemical shifts (§ in ppm, coupling constants J in Hz) were
referenced to external SiMe, (*H, *C{'H}). Assignments are
based on homo- and hetero-nuclear shift correlation spectro-
scopy. High-resolution mass spectrometry was carried out with
a Micromass/Waters Corp. USA liquid chromatography with an
electrospray source. Elemental analyses were performed at
UCD Microanalytic Laboratory using an Exeter Analytical
CE-440 elemental analyser. Residual solvents were identified
by NMR spectroscopy.

General procedure for the synthesis of ditriazoles 3 and 4

Method A: A mixture of the corresponding diyne (1 mol equiv.),
azide (2.2 mol equiv.), CuSO, (2 mol%) and sodium ascorbate
(20 mol%) in a 1:1 mixture of THF : H,O was irradiated in a
microwave reactor at 100 °C for 2 h using high absorption. The
THF was removed under reduced pressure and the organics
were extracted with CH,Cl, (2 x 50 mL). The combined organ-
ics were washed with dilute (NH,4)(OH) (aq., 50 mL), water (2 x
50 mL) and saturated NaCl solution (aq. 1 x 40 mL), dried over
anhydrous Na,SO,, filtered and all volatiles removed under
reduced pressure yielding the ditriazole product.

Method B: EtI (1 mol equiv.) and NaN; (4 mol equiv.) were
added to a microwave vessel with 1:1 of THF:H,O (20 mL)
and stirred at room temperature for 48 h. To this mixture the
corresponding diyne (0.33 mol equiv.), CuSO, (14 mol%) and
copper powder (5 mol%) were added and the mixture was irra-
diated in a microwave reactor at 100 °C for 2 h using high
absorption. The THF was removed under reduced pressure
and the organic residue was extracted with CH,Cl, (2 x 50 mL).
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The crude reaction mixture was filtered through a short
column of silica with a CH,Cl,/acetone solution (1:1, 300 mL)
until all product was collected as indicated by TLC. The solvent
was removed under reduced pressure giving the ditriazole
product as an oil.

Synthesis of 3a. According to method B, EtI (2.8 g,
18 mmol), NaNj; (4.8 g, 74 mmol), THF (5 mL), H,O (5 mL),
1,6-heptadiyne (0.62 mL, 5.4 mmol), CuSO, (0.189 g,
0.756 mmol) and copper powder (0.017 g, 0.270 mmol) were
reacted in a microwave reactor for 2 h. After purification, the
product was obtained as a yellow oil (0.92 g, 72%). '"H NMR
(CD,CN, 400 MHz): § 7.54 (s, 2H, Hyy,), 4.30 (q, 4H, *Jyyy = 7.3
Hz, NCH,), 2.67 (t, 4H, *Jyy = 7.5 Hz, C,CH,), 1.94 (quintet,
2H, [y = 7.5 Hz, Cy,CH,CH,), 1.41 (t, 6H, *Jy; = 7.3 Hz,
NCH,CH3). “*C{'"H} NMR (CD;CN, 100 MHz): § 148.1 (Cy),
121.8 (Ce,~H), 45.7 (NCH,), 30.0 (CCH,CH,), 25.6 (CCH,CH,),
15.8 (NCH,CH,). ESI-MS (m/z): 235.1676, caled for [Cy;H;oNg]"
235.1671.

Synthesis of 3b. According to method A, 1,6-heptadiyne
(0.53 mL, 4.62 mmol), phenyl azide (1.38 g, 11.56 mmol),
CuSO, (0.015 g, 94 pmol), sodium ascorbate (0.183 g,
0.924 mmol), THF (8 mL) and H,O (8 mL) were reacted in a
microwave reactor for 2 h. After purification, the product was
obtained as an off-white solid (1.83 g, 95%). Analytically pure
product was obtained by recrystallization from minimal
amounts of THF/cyclohexane (1:1). 'H NMR (CDCls,
400 MHz): § 7.80 (s, 2H, Hg,), 7.70-7.66 (m, 4H, Hy.o),
7.49-7.43 (m, 4H, Hperd), 7.37 (tt, 2H, *Juy = 7.4 Hz, Yy = 1.2
Hz, Hpura), 2.89 (t, 4H, *Juu = 7.4 Hz, C,CH,), 2.18 (quintet,
2H, *Jyy = 7.4 Hz, CCH,CH,). *C{'"H} NMR (CDCl;, 100 MHz):
8 148.3 (Cury)y 137.2 (Cipso) 129.7 (Comera)s 128.5 (Cpara), 120.4
(Cortho)y 119.4 (CgpmH), 29.0 (Cy,CH,CH,), 24.9 (Cy,CH,).
ESI-MS (m/z): 331.1677, caled for [CioH;oNg]" 331.1671. Anal
caled for C;oH;sNg (330.39): C, 69.07; H, 5.49; N, 25.44%.
Found: C, 68.58; H, 5.49; N, 25.19%.

Synthesis of 3c. According to method A, 1,6-heptadiyne
(0.13 mL, 1.13 mmol), mesityl azide (0.40 g, 2.48 mmol),
CuSO, (0.004 g, 23 pmol), sodium ascorbate (0.045 g,
0.23 mmol), THF (9 mL) and H,O (9 mL) were reacted in a
microwave reactor for 2 h. After purification, the product was
obtained as an off-white solid (0.37 g, 80%). Analytically pure
material was obtained by recrystallization from hot cyclo-
hexane (30 mL) with a minimum amount of THF.

'H NMR (CDCl;, 400 MHz): § 7.41 (s, 2H, Hy,), 6.96 (s, 4H,
Humes), 2.92 (t, 4H, *Jyy = 7.6 Hz, Cu,CH,), 2.33 (s, 6H,
CH3. par), 2.23 (quintet, 2H, *Jyy = 7.6 Hz, CCH,CH,), 1.95 (s,
12H, CHj.orn0)- C{"H} NMR (CDCl;, 100 MHz): § 147.3 (Cyr),
139.9 (Cpara)y 135.2 (Cortno)s 133.8 (Cipso)s 129.1 (Cprera), 123.0
(Cuz~H), 29.3 (CCH,CH,), 25.1 (Cy,CH,), 21.2 (CHj parg), 17.4
(CHj.0rt00)- ESI-MS  (m/z): 415.2600, caled for [Cy5Hj Ng"
415.2610. Anal caled for C,sH30Ng (414.55): C, 72.43; H, 7.29;
N, 20.27%. Found: C, 72.12; H, 7.38; N, 19.99%.

Synthesis of 4a. According to method B, EtI (624 mg,
4 mmol), NaN; (1 g, 16 mmol), THF (9 mL), H,O (9 mL), pro-
pargyl ether (0.21 mL, 2 mmol), CuSO, (100 mg, 0.4 mmol)
and copper powder (70 mg, 0.1 mmol) were reacted in a micro-
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wave reactor for 2 h. Purification was carried out as per
method A giving the product as a red oil (0.34 g, 71%). 'H
NMR (CDCl;, 400 MHz): 6 7.59 (s, 2H, Hy,), 4.71 (s, 4H,
OCH,), 4.40 (q, 4H, >Juy = 7.4 Hz, NCH3), 1.55 (t, 4H, *Jyy =
7.4 Hz, NCH,CH,). "*C{'H} NMR (CDCl;, 100 MHz): § 144.8
(Cus), 122.2 (CurH), 63.8 (OCH,), 45.4 (NCH;), 15.6
(NCH,CHj;). ESI-MS (m/z): 237.1473, caled for [CyoH;,NO]"
237.1464. The oily nature prevented full purification to micro-
analytical standards.

Synthesis of 4b. According to method A, propargyl ether
(0.6 mL, 5.82 mmol), phenyl azide (1.73 g, 14.5 mmol), CuSO,
(0.019 g, 0.12 mmol), sodium ascorbate (0.230 g, 1.16 mmol),
THF (8 mL) and H,O (8 mL) were reacted in a microwave
reactor for 2 h. After purification, the product was obtained as
an off-white solid (1.45 g, 95%). Analytically pure product was
obtained by recrystallization from minimum amounts of THF/
cyclohexane (1:1). "H NMR (CDCl;, 400 MHz): § 8.05 (s, 2H,
Hy,), 7.73-7.69 (m, 4H, Houpo), 7.52-7.47 (m, 4H, Hypew),
7.44-7.39 (m, 2H, *Juy = 7.4 Hz, “Jun = 1.2 Hz, Hpar), 4.84 (s,
4H, OCH,). “C{'"H} NMR (CDCl;, 100 MHz): § 145.4 (Cy,),
137.0 (Cipso) 1298 (Crera)s 128.9 (Cpara)y 121.3 (Cr,mH), 120.6
(Cortno)y 63.7 (OCH,). ESI-MS (m/z): 333.1473, caled for
[C1sH1,NGO]" 333.1464. Anal caled for C;3H;¢NGO (332.36): C,
65.05; H, 4.85; N, 25.29%. Found: C, 64.64; H, 4.58; N, 24.97%.

Synthesis of 4c. According to method A, propargyl ether
(0.12 mL, 1.13 mmol), mesityl azide (0.4 g, 2.48 mmol), CuSO,
(4 mg, 0.023 mmol), sodium ascorbate (45 mg, 0.23 mmol),
THF (8 mL) and H,O (8 mL) were reacted in a microwave
reactor for 2 h. After solvent evaporation, the crude product
was obtained as an amber oil (0.4 g, 85%). It was purified by
column chromatography (SiO,; Et,0, then CH,Cl,). An analyti-
cally pure sample was obtained by recrystallization from
minimum quantities of THF/cyclohexane (1:1). '"H NMR
(CDCl;, 400 MHz): § 7.67 (s, 2H, Hy,), 6.98 (s, 4H, Hyses), 4.87
(s, 4H, OCH,), 2.34 (s, 6H, CHs para), 1.96 (s, 12H, CHs prno)-
C{'"H} NMR (CDCl;, 100 MHz): § 144.6 (Cy,), 140.1 (Cparg)
135.2 (Corto)s 133.5 (Cipso)s 129.2 (Conera)y 124.9 (Cir,mH), 63.8
(OCH,), 21.2 (CHs para), 17.4 (CHs.orino). ESI-MS (m/z): 417.2398,
caled for [CpHoNgO]" 417.2403. Anal caled for Cp H,sNgO
(416.52): C, 69.21; H, 6.78; N, 20.18%. Found: C, 69.44; H,
6.90; N, 19.93%.

General procedure for alkylation of ditriazoles (5a—c(I), 6a—c(I))

A mixture of ditriazole (1 mol equiv.) and Mel (excess) were
added to a pressure tube with MeCN (10 mL). The mixture was
heated for a set time at reflux. After cooling to room tempera-
ture the product was precipitated by addition of Et,O (80 ml)
and the ditriazolium salt was isolated by centrifugation. The
crude product was suspended in MeCN (10 mL) and precipi-
tated again with Et,O (80 mL) and isolated by centrifugation.
This purification procedure was repeated once more.

Synthesis of 5a(I). According to the general procedure, 3a
(0.55 g, 2.35 mmol) and Mel (3.33 g, 23.5 mmol) and after
21 h of reflux, the product was obtained as a dark red waxy
solid (1.08 g, 89%). "H NMR (CD;CN, 400 MHz): § 8.87 (s, 2H,
Hy,), 4.59 (q, 4H, *Jyy = 7.3 Hz, NCH,), 4.20 (s, 6H, NCH,),
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3.06 (t, 4H, *Jyy = 7.7 Hz, Cy,CH,), 2.22 (quintet, 2H, *Jiyyy =
7.7 Hz, Cy,CH,CH,), 1.59 (t, 6H, *Jy = 7.3 Hz, NCH,CH3). *C
{'"H} NMR (CD;CN, 100 MHz): § 143.4 (Cy,), 128.6 (Cyy-H),
49.3 (NCH,), 38.2 (NCH;), 243 (C,CH,CH,), 22.4
(Ce,CH,CH,), 13.9 (NCH,CHj;). ESI-MS (m/z): 132.0580, caled
for [C13H,4N6]*" 132.1031. Because of the oily consistency of
the product, we were unable to obtain satisfactory microanaly-
sis even after repeated precipitations (see also ESIT).

Synthesis of 5b(I). Compound 3b (0.50 g, 1.51 mmol) and
Mel (0.94 mL, 15.1 mmol) were refluxed in MeCN for 20 h
according to the general procedure. The formed precipitate
was collected on a sintered funnel and washed twice with Et,O
(3 x 40 mL). After solvent evaporation, the product was
obtained as a white solid (0.663 g, 71%). A microanalytically
pure sample was obtained by slow diffusion of Et,O into a
MeCN solution containing the ditriazolium salt. "H NMR
((CD3),SO, 400 MHz): § 9.56 (s, 2H, Hy,), 8.05-8.02 (m, 4H,
Hortho), 7.80-7.73 (m, 6H, Hpy,), 4.39 (s, 6H, NCH3), 3.15 (t, 4H,
e = 7.5 Hz, Cy,CH,), 2.32 (quintet, 2H, *fyyy = 7.5 Hz,
CCH,CH,). C{"H} NMR ((CD;),SO, 100 MHz): § 144.1 (Cy,),
134.8 (Cipso) 131.7 (Cpara)s 130.5 (Cmera)y 127.0 (Cer,mH), 121.3
(Corto)y 38.2 (NCH,), 23.1 (CCH,CH,), 21.8 (C¢,CH,). ESI-MS
(m/z): 180.0987, caled for [Cy1HpuN]** 180.1031. Anal caled for
C11H,4Ngl, (614.26): C, 41.06; H, 3.94; N, 13.68%. Found: C,
41.05; H, 3.88; N, 13.64%.

Synthesis of 5¢(I). Compound 3¢ (0.34 g, 0.82 mmol) and
Mel (0.51 mL, 8.13 mmol) were refluxed in MeCN for 48 h and
purified according to the general procedure, yielding 5¢(I) as a
yellow solid (0.45 g, 79%). The product was recrystallized by
slow diffusion of Et,O into an MeCN solution of the com-
pound. "H NMR (CD;CN, 400 MHz): § 9.04 (s, 2H, Hy,), 7.15
(s, 4H, Hyes), 4.32 (s, 6H, NCH;), 3.17 (t, 4H, J;;y = 7.8 Hz,
C,CH,), 2.48 (quintet, 2H, *J;;y; = 7.8 Hz, CCH,CH,), 2.37 (s,
6H, CH; para), 2.10 (s, 12H, CHj ono). *C{'"H} NMR (CD;CN,
100 MHz): § 145.4 (Cuy), 143.5 (Cpara)y 135.7 (Coreno)y 132.4
(Cipso)y 132.1 (Cu=H), 130.6 (Cpera), 39.7 (NCHj;), 24.6
(CCH,CH,), 23.9 (C,CH,), 21.2 (CHspara), 17-8 (CHs orno)-
ESI-MS (m/z): 222.1477, caled for [C,;Hz6Ng|" 222.1500. Anal
caled for C,,HzeI,Ng (698.42): C, 46.43; H, 5.20; N, 12.03%.
Found: C, 46.11; H, 5.06; N, 11.94%.

Synthesis of 6a(I). Compound 4a (0.85 g, 3.6 mmol) and Mel
(0.9 mL, 14.4 mmol) were refluxed for 3 days in MeCN. After
purification as described in the general procedure, the product
was obtained as an off-white solid (1.44 g, 77%), and further
purified by recrystallization from MeCN/Et,0. 'H NMR
(CD;CN, 400 MHz): § 8.92 (s, 2H, Hyy,), 5.05 (s, 4H, OCH,),
4.64 (q, 4H, Jyy = 7.3 Hz, NCH,), 4.26 (s, 6H, NCH;), 1.60 (t,
6H, Jun = 7.3 Hz, NCH,CH,). “C{'H} NMR (CD;CN, 100 MHz):
8 140.3(Cyy), 130.9 (Cyp-H), 61.4 (OCH,), 50.5 (NCH,), 39.8
(NCH;), 14.7 (NCH,CHj;). ESI-MS (m/z): 133.0876, calcd for
[C12H2,NO*" 133.0928. Anal caled for C;,Hy,Nel,O (520.15):
C, 27.71; H, 4.26; N, 16.16%. Found: C, 27.74; H, 4.06; N,
15.93%.

Synthesis of 6b(I). Compound 4b (0.59 g, 1.78 mmol) and
Mel (0.44 mL, 7.10 mmol) were refluxed in MeCN for 20 h.
After purification according to the general procedure, the
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product was obtained as a white solid (0.84 g, 77%), which was
recrystallized by slow diffusion of Et,O into an MeCN solution
of the ditriazolium salt. "H NMR ((CD3),SO, 400 MHz): 5 9.62
(s, 2H, Hy,), 8.04-8.00 (m, 4H, Hyppo), 7.78-7.74 (m, 6H, Hpy,),
5.12 (s, 4H, OCH,), 4.43 (s, 6H, NCH;). “C{'H} NMR
((CD3),S0, 100 MHz): § 140.3(Crr,), 134.8 (Cipso) 132.0 (Cpara),
130.6 (Ceta); 128.6 (Cerr=H), 121.7 (Copeno), 60.1 (OCH,), 38.9
(NCH;). ESI-MS (m/z): 180.0915, caled for [C,oH,oNgO]*
180.0928. Anal caled for C,oH,,NeI,O (615.99): C, 38.98; H,
3.60; N, 13.64%. Found: C, 38.88; H, 3.37; N, 13.52%.

Synthesis of 6¢(I). Compound 4c¢ (0.38 g, 0.91 mmol) and
Mel (0.12 mL, 2.00 mmol) were refluxed for 2 days. After purifi-
cation (see general procedure), the product was obtained as an
off-white solid (0.44 g, 69%). Subsequent recrystallization from
MeCN/Et,O yielded pure compound 6¢(I). 'H NMR (CD;CN,
400 MHz): § 8.89 (s, 2H, Hyy,), 7.17 (s, 4H, Hyes), 5.14 (s, 4H,
OCHS,), 4.39 (s, 6H, NCH3), 2.38 (S, CHs para), 2-09 (CHs orino)-
C{'"H} NMR (CD;CN, 100 MHz): 5 143.8 (Cpara), 141.5 (Cyry),
135.6 (Cortno)y 133.0 (Cori=H), 131 (broad, Cipso), 130.7 (Cprera),
62.1 (OCH,), 40.5 (NCHj), 21.2 (CHspura)y 17-6 (CHsoorno)-
ESI-MS (m/z): 222.1308, caled for [CyeH34NoO]*" 223.1397. Anal
caled for C,H34NgI,O (700.40) x 0.5 Et,0: C, 45.60; H, 5.33; N,
11.40%. Found: C, 45.94; H, 4.93; N, 11.66%.

General procedure for halide exchange and formation of
ditriazolium salts 5(BF,) and 6(BF,)

The ditriazolium iodide was suspended in MeCN (10 mL) and
AgBF, (2 mol equiv.) was added. The reaction mixture was
stirred at room temperature for a set time. The crude reaction
mixture was filtered through a short pad of Celite and evapo-
rated to dryness.

Synthesis of 5a(BF,). According to the general procedure
from 5a(I) (0.22 g, 0.42 mmol) and AgBF, (0.18 g, 0.93 mmol)
for 16 h, the product was obtained as a waxy yellow solid
(0.182 g, quantitative). "H NMR (CD;CN, 400 MHz): § 8.28 (s,
2H, Hy,), 4.54 (q, 4H, *Jyy = 7.3 Hz, NCH,), 4.13 (s, 6H,
NCH3;), 2.93 (t, 4H, *Juy = 7.8 Hz, Cy,CH,CH,), 2.11 (quintet,
2H, fy = 7.8 Hz, Cy,CH,CH,), 1.56 (t, 6H, Jyy; = 7.3 Hz,
NCH,CH3). C{'"H} NMR (CD;CN, 100 MHz): § 144.2 (Cy,),
128.5 (Cep-H), 50.0 (NCH,), 38.1 (NCHj,), 24.7 (C¢,CH,CH,),
22.7 (C4zCH,CH,), 14.4 (NCH,CH;). ESI-MS (m/z): 132.0949,
caled for [Cy3Hp4Ng| 132.1031. The high viscosity of the
product precluded removing of all solvent for satisfactory
microanalysis even after repeated precipitations, irrespective of
the solvent combinations used (see also ESI{).

Synthesis of 5b(BF,). According to the general procedure
from 5b(I) (110 mg, 0.179 mmol) and AgBF, (70 mg,
0.358 mmol) for 1 h, the product was obtained as an off-white
solid (96 mg, quantitative). Recrystallization from MeCN/Et,O
gave microanalytically pure material by slow diffusion of solu-
tion of the compound. "H NMR (CD;CN, 400 MHz): § 8.77 (s,
2H, Hyy), 7.90-7.87 (m, 4H, Hoppo), 7.74-7.71 (m, 6H, Hpy),
4.28 (s, 6H, NCH3), 3.08 (t, 4H, *Jy = 7.7 Hz, C,CH,), 2.30
(quintet, 2H, *Jyy = 7.7 Hz, CCH,CH,). “*C{*"H} NMR (CD;CN,
100 MHz): 6 145.2 (Cyy), 136.0 (Cipso)y 132.9 (Cpara), 131.5
(Cmeta)y 1275 (Cyp=H), 122.5 (Copno), 38.8 (NCH;), 24.6
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(Cer,CH,CH,), 22.9 (Ce,CH,). ESI-MS (m/z): 180.1006, caled for
[Ca1HauNg|** 180.1031. Anal caled for C, H,4B,FgNg (534.06):
C, 47.23; H, 4.53; N, 15.74%. Found: C, 47.12; H, 4.27; N,
15.67%.

Synthesis of 5¢(BF,). According to the general procedure
from 5¢(I) (0.28 g, 0.4 mmol) and AgBF, (0.17 g, 0.88 mmol)
for 16 h, the product was obtained as an off-white solid
(0.25 g, quantitative). A microanalytically pure sample was
obtained by slow diffusion of Et,O into an MeCN solution of
the compound. "H NMR (CD;CN, 400 MHz): § 8.42 (s, 2H,
Hy,), 7.17 (s, 4H, Hyes), 4.28 (s, 6H, NCH;), 3.09 (t, 4H, *Jiyyy =
7.9 Hz, Cy,CH,), 2.39 (S, 6H, CHj para), 2.31 (quintet, 2H, *Jup
= 7.9 Hz, CCH,CH,), 2.06 (s, 12H, CHj onno). “C{'H} NMR
(CD,CN, 100 MHz): § 145.3 (Cir,), 143.5 (Cpara)y 135.6 (Corno),
132.3 (Cipso)y 131.1 (CirmH), 130.5 (Cprera), 38.9 (NCHy), 24.2
(CazCH,CH,), 23.2 (Cw,CH,), 21.1 (CHj.para); 17.1 (CHj.ort0)-
ESI-MS (m/z): 222.1485, caled for [C,;Hz6Ng]" 222.1500. Anal
caled for C,,H;6B,FgNg (618.22): C, 52.45; H, 5.87; N, 13.59%.
Found: C, 52.38; H, 5.81; N, 13.56%.

Synthesis of 6a(BF,). According to the general procedure
from the triazolium iodide 6a(I) (0.50 g, 0.96 mmol) and AgBF,
(0.41 g, 2.11 mmol) for 2 h, the product was obtained as an
off-white solid (0.42 g, quantitative). Microanalytically pure
material was obtained by slow diffusion of Et,O into an MeCN
solution of the ditriazolium salt. "H NMR (CD;CN, 400 MHz):
5 8.44 (s, 2H, Hy,), 4.86 (s, 4H, OCH,), 4.58 (q, 4H, Jiy = 7.3
Hz, NCH,), 4.19 (s, 6H, NCH;), 1.57 (t, 6H, Jun = 7.3 Hz,
NCH,CH3). "*C{'"H} NMR (CD;CN, 100 MHz): § 140.2 (Cyy,),
130.1 (Cy,~H), 60.8 (OCH,), 50.3 (NCH,), 39.0 (NCH;), 14.4
(NCH,CH3). ESI-MS (m/z): 133.0871, caled for [Cy,Hy,NgO*
133.0928. Anal caled for C;,H,,NgB,FgO (439.95) x 0.2 H,0: C,
32.49; H, 5.09; N, 18.95%. Found: C, 32.49; H, 4.75; N, 18.59%.

Synthesis of 6b(BF,). According to the general procedure
from the triazolium iodide 6b(I) (0.43 g, 0.70 mmol) and
AgBF, (0.41 g, 2.11 mmol) for 1 h, the product was obtained as
an off-white solid (0.38 g, quantitative). Microanalytically pure
material was obtained by slow diffusion of Et,O into an MeCN
solution of the compound. "H NMR (CD;CN, 400 MHz): § 8.92
(s, 2H, Hyy), 7.91-7.87 (m, 4H, H,yp0), 7.74-7.70 (m, 6H, Hpy,),
5.02 (s, 4H, OCH,), 4.36 (s, 6H, NCH;3). *C{'"H} NMR (CD;CN,
100 MHz): § 141.2 (Cuy), 135.9 (Cypso) 133.0 (Cpar)y 131.4
(Crmeta)y 129.1 (Ce=H), 122.7 (Copreno), 61.0 (OCH;), 39.6(NCHj).
ESI-MS (m/z): 180.0900, caled for [CyoH,,NO]** 180.0928. Anal
caled for C,H,,N¢B,F,0 (536.04): C, 44.81; H, 4.14; N,
15.68%. Found: C, 44.50; H, 3.93; N, 15.48%.

Synthesis of 6c¢(BF,). According to the general procedure
from the triazolium iodide 6¢(I) (0.40 g, 0.57 mmol) and AgBF,
(0.22 g, 1.14 mmol) for 16 h, the product was obtained as an
off-white solid (0.35 g, quantitative). Microanalytically pure
material was obtained by slow diffusion of Et,O into an MeCN
solution of the compound. "H NMR (CD;CN, 400 MHz): § 8.62
(s, 2H, Hy,), 7.16 (s, 4H, Hyses), 5.06 (s, 4H, OCH,), 4.36 (s, 6H,
NCH3), 2.37 (CHz para), 2-05 (CHjz.omn0)- *C{"H} NMR (CD;CN,
100 MH2): § 143.6 (Cpara), 141.4 (Cury), 135.6 (Coreno) 132.6 (Ciri=H),
132.1 (Cipso)y 130.5 (Cpera), 61.6 (OCH,), 39.8 (NCHj), 21.1
(CH3.para);, 17.1 (CHj.opn0). ESI-MS (m/z): 223.1395, caled for
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[CreH34NcO*" 223.1397. Anal caled for C,gHzuNgB,F50
(620.21) x 0.5 CH,Cl,: C, 47.87; H, 5.14; N, 12.61%. Found: C,
48.03; H, 5.32; N, 12.68%.

Synthesis of 7. Triazolium salt 5a(BF,) (68 mg, 0.16 mmol),
Me,NCI (296 mg, 1.55 mmol) and Ag,0O (72 mg, 0.31 mmol)
were refluxed in MeCN (10 mL) for 1 h. After cooling to room
temperature the suspension was filtered through Celite and
the solvent was removed under reduced pressure. The residue
was dissolved in CH,Cl, (10 mL) and filtered through cotton to
remove Me,NCl by washing with CH,Cl, (2 x 10 mL). Then
[CP*RhCL,], (47 mg, 0.076 mmol) was dissolved in CH,CI,
(10 mL) and the solution was frozen. The silver triazolylidene
solution (10 mL) was added dropwise to the frozen rhodium
solution and the solution was allowed to warm to room temp-
erature. The mixture was stirred at room temperature for 1 h.
After filtration through Celite and removal of the solvent under
reduced pressure the residue was purified by column
chromatography (SiO,; CH,Cl, then CH,Cl,/CH;0H, 9:1)
yielding the title complex as an orange solid (75 mg, 85%).
Crystals of 7 suitable for X-ray diffraction studies were
obtained by diffusion of pentane into a CH,Cl,/MeCN (20: 1)
solution of the complex.

"H NMR (CD;CN, 400 MHz): 6 4.81, 4.42 (2 x dq, 2H, *Jyy =
12.9 Hz, %y = 7.2 Hz, NCH,), 4.06 (s, 6H, NCHj,), 2.70, 2.40 (2
x ddd, 2H, Yy = 14.9 Hz, YJuy = 8.6 Hz, *Juy = 4.6 Hz,
C,CH,), 1.88-1.69 (m, 2H, CCH,CH,) 1.45 (t, 6H, *Jyy = 7.1
Hz, NCH,CH3), 1.43 (s, 15H, Cp-CHj3). ">C{'"H} NMR (CD;CN,
100 MHz): 6 154.4 (d, Yorn = 50.3 Hz, Cy,Rh), 145.5 (d, *Jorn
= 3.3 Hz, Cqy), 100.2 (d, “Jern = 5.2 Hz, Cgp), 50.2 (NCH,), 37.5
(NCH3;), 24.4 (CCH,CH,), 22.5 (Cy,CH,), 17.0 (NCH,CHj3;), 9.5
(Cp-CHj;). ESI-MS (m/z): 535.1844, caled for [C,3H3,NgRhCI]"
535.1823. Anal calced for C,3H37Bg21F¢.84Cli 70NgRh (582.17) x
0.3 CH,Cl,: C, 46.05; H, 6.24; N, 13.83%. Found: C, 46.44; H,
5.85; N, 13.44%.

Synthesis of 8. The triazolium salt 5b(BF,) (177 mg,
0.33 mmol) and Ag,0 (298 mg, 1.29 mmol) were stirred at
room temperature in MeCN (100 mL) for 2 days under exclu-
sion of light. The mixture was filtered through Celite and all
volatiles were removed under reduced pressure. The residual
crystalline white solid was suspended in CH,Cl, (200 mL) and
[Cp*RhCL,], (50 mg, 0.08 mmol) was added. The mixture was
stirred for 10 minutes and filtered through Celite. After solvent
evaporation, the residue was purified by column chromato-
graphy (SiO,; CH,Cl, then CH,Cl,/acetone, 1:1) yielding the
title complex as a yellow solid (38 mg, 35%). Crystals of 8 suit-
able for X-ray diffraction studies were obtained by diffusion of
Et,0 into a CH,Cl, solution of the complex.

'H NMR (CD;CN, 400 MHz): § 7.47 (tt, 1H, *Jyy = 7.5 Hz,
YJun = 1.2 Hz, Hpy), 7.37 (dd, 1H, *Jyy = 7.8 Hz, Yy = 1.3 Hz,
Hph_rn), 7.28 (t, *Jug = 7.9 Hz, 2H, Hpy), 6.82 (ddd, 1H, *Jy =
7.8 Hz, *Jyuy = 7.2 Hz, YJun = 1.3 Hz, Hpp_gn), 6.64 (d, 2H, *Juy
= 7.3 Hz, Hpy), 6.59 (d, 1H, *Jyy = 7.7 Hz, Hpp_gn), 6.46 (dt, 1H,
Yum = 7.5 Hz, Yun = 1.4 Hz, Hpp_gn), 4.01, 3.86 (2 x s, 3H,
NCH;), 3.32-3.11 (m, 4H, Cg,CH,), 2.38-2.29 (m, 1H,
Cu,CH,CH,), 1.76 (s, 15H, Cp-CH,), 1.68-1.56 (m, 1H,
C,CH,CH,). *C{'"H} NMR (CD;CN, 100 MHz): § 164.2 (d,
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Jern = 47.0 Hz, Cyy~Rh), 159.5 (d, Jern = 36.2 Hz, Cpp-Rh),
158.2 (d, Ycrn = 50.3 Hz, Cq,~Rh), 149.6 (d, *Jcrn = 1.4 Hz,
Cers), 146.2 (d, YJern = 3.7 Hz, Cyy), 144.0 (Cpp_gn), 141.3 (Cpp),
139.6 (Cp_gn), 130.4 (Cpp), 129.9 (Cpp,), 127.9 (d, *Jegrn = 1.7 Hz,
Cpngrn), 126.5 (Cpp), 122.5 (Cpn_gn), 113.4 (d, *Jcgn = 1.2 Hz,
Cph-rn); 99.2 (d, J = 4.1 Hz, Ccp), 37.1, 37.0 (2 x NCH;), 26.4
(Ce,CH,CH,), 26.0, 25.7 (2 x C¢,CH,), 10.7 (Cp-CH,). ESI-MS
(m/z): 595.2040, caled for [C3;H36NgRh]" 595.2056. Anal caled
for C3,H;36BF;NgRh (595.56) x 0.2 CH,Cl,: C, 53.58; H, 5.25; N,
12.02%. Found: C, 53.69; H, 5.13; N, 11.95%.

Synthesis of 9. The triazolium salt 6b(BF,) (0.20 g,
0.37 mmol), Ag,O (0.35 g, 1.49 mmol), and KCI (0.28 g,
3.73 mmol) were stirred at room temperature in MeCN (80 mL)
for 2 days under exclusion of light. The mixture was filtered
through Celite and all volatiles were removed under reduced
pressure. The resulting white solid was suspended in CH,Cl,
(200 mL) and cooled to —30 °C. Then, [Cp*RhCL], (0.12 g,
0.19 mmol) in CH,Cl, (5 mL) was added dropwise while stir-
ring. Stirring was continued for 2 h at —30 °C and for 16 h at
room temperature. After filtration through Celite, the crude
product was purified by column chromatography (SiO,;
CH,Cl, then CH,Cl,/acetone, 9: 1) yielding complex 9 as a pale
yellow solid (93 mg, 36%). Crystals suitable for X-ray diffrac-
tion studies were obtained by diffusion of Et,O into a CH,Cl,
solution of the complex.

'H NMR (CD,CN, 400 MHz): § 7.50 (tt, 1H, 3J;; = 7.5 Hz,
Yun = 1.2 Hz, Hpy,), 7.37 (dd, 1H, *Jyy = 7.8 Hz, Yy = 1.3 Hz,
Hpy), 7.34-7.29 (t, *Jyu = 8.0 Hz, 2H, Hpy,), 6.86 (ddd, 1H, *Jyy
= 7.9 Hz, *Juy = 7.2 Hz, Yy = 1.3 Hz, Hpp_gp), 6.70 (dd, 2H,
*Jun = 8.3 Hz, *Jyy = 1.1 Hz, Hpy,), 6.57 (d, 1H, *Jyy = 7.7 Hz,
Hph_grn), 6.50 (dt, 1H, *Jyy = 7.2 Hz, *Jyy = 1.4 Hz, Hpp_gpp),
5.12 (d, 1H, *Jyy = 14.7 Hz, OCH,), 5.10, 4.99 (2 x d, 1H, *Jyyq =
14.9 Hz, OCH,), 4.96 (d, 1H, */yy = 14.7 Hz, OCH,), 4.08, 3.95
(2 x s, 3H, NCH3), 1.75 (s, 15H, Cp-CH3). “C{'H} NMR
(CD5CN, 100 MHz): § 167.9 (d, “Jcrn = 46.9 Hz, Cy,~Rh), 160
(Ce~Rh), 158.7 (d, Ycrn = 46.9 Hz, Cpp-Rh), 147.1 (d, *Jcrn =
1.3 Hz, Cy,), 144.1 (d, Ycrn = 3.8 Hz, Cy,), 144.0 (Cpp_gn), 140.9
(Cpn), 139.5 (Cpp_gn); 130.7 (Cpp), 129.4 (Cpy), 128.0 (d, *Jcrn =
1.6 Hz, Cph_gn), 126.6 (Cpp), 122.8 (Cph_gn), 113.6 (d, *Jcrn = 1.3
Hz, Cpn_gn), 994 (d, J = 4.0 Hz, Cgp), 65.3, 64.8 (2 x OCH,),
37.4, 37.3 (2 x NCH3), 10.6 (Cp—-CHj3). ESI-MS (m/z): 597.1878,
caled for [C30H3NgORh]' 597.1849. Anal caled for
C30H34BF;NGORh (684.34) x 0.25 CH,Cl,: C, 51.49; H, 4.93; N,
11.91%. Found: C, 51.53; H, 4.88; N, 11.84%.

Synthesis of 10. According to the procedure described for
the synthesis of 9, complex 10 was obtained from 6b(BF,)
(0.20 g, 0.37 mmol), Ag,0 (0.35 g, 1.49 mmol) and KCI (0.28 g,
3.73 mmol) and [Cp*IrCl,], (0.14 g, 0.18 mmol). Purification
by column chromatography (SiO,; CH,Cl, then CH,Cly/
acetone, 2:1) yielded complex 10 as a pale yellow solid
(113 mg, 39%).

'H NMR (CD;CN, 400 MHz): § 7.50 (tt, 1H, *Ji; = 7.5 Hz,
Y = 1.2 Hz, Hpy), 7.37 (dd, 1H, *Jyy = 7.8 Hz, Yy = 1.2 Hz,
Hpy_1), 7.33-7.28 (m, 2H, Hpy), 6.85-6.80 (m, 1H, Hpp y),
6.70-6.67 (m, 2H, Hpy), 6.51 (dd, 1H, *Jyy = 7.7 Hz, Yy = 1.1
Hz, Hpp_yy), 6.46-6.41 (m, 1H, Hpp_y), 5.12 (d, 1H, ¥y = 14.7
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Hz, OCH,), 5.11, 4.90 (2 x d, 1H, *Jy; = 14.9 Hz, OCH,), 4.82
(d, 1H, *Jy; = 14.7 Hz, OCH,), 4.09, 3.95 (2 x s, 3H, NCHj,),
1.81 (s, 15H, Cp-CHj3). *C{'H} NMR (CD;CN, 100 MHz): §
149.0 (Cyry), 148.8 (CorpmIr), 143.9 (Cpp_rr), 143.1 (Ciry), 141 (Corpm
Ir), 140.7 (Cpp), 139.5, 138.6 (2 X Cpnyr), 130.7 (Cpp), 129.9
(Cpn), 128.4 (Cpp_ry), 126.7 (Cpp), 121.9, 113.5 (2 X Cpp_y,), 93.9
(Ccp)s 65.2, 64.3 (2 x OCH,), 37.5, 37.3 (2 x NCH3), 10.3 (Cp-
CH;). ESI-MS (m/z): 687.2411, caled for [CzoH34NgOIr]"
687.2424. Anal caled for C3,H3,BF,NgOIr (773.65): C, 46.57; H,
4.43; N, 10.86%. Found: C, 46.15; H, 4.31; N, 10.60%.

Synthesis of 13. Triazolium iodide 5b(I) (180 myg,
0.293 mmol) and KO¢Bu (55 mg, 0.49 mmol) were suspended
in dry, degassed MeCN (5 mL). The mixture was stirred at
room temperature for 10 minutes. To the pink suspension,
RhCl;-3H,0 (26 mg, 0.098 mmol) was added and the mixture
was heated to reflux for 16 h. After cooling to room tempera-
ture, the mixture was filtered in air through Celite, and all vola-
ties were evaporated. The residue was purified by column
chromatography (SiO,; CH,Cl, then Nal, CH,Cl,/acetone,
1:1), which afforded complex 13 as a pale yellow solid (52 mg,
56%). Crystals suitable for X-ray diffraction studies were
obtained by layering a CH,Cl,/MeCN (2 : 1) solution with Et,O.

'H NMR (CD;CN, 400 MHz): § 7.23 (t, 2H, *Jy = 7.5 Hz,
Hpp), 6.92 (t, 4H, *Juy = 7.5 Hz, Hpy), 6.75 (d, 2H, *Juy = 7.6
Hz, Hpy gn), 6.57, 6.45 (2xt, 2H, *Jyy = 7.6 Hz, Hpy gp), 6.25
(br, 4H, Hpy), 6.08 (d, 2H, */yy = 7.6 Hz, Hpp_gp), 4.15, 4.03
(2 x s, 6H, Hyy), 3.06-2.97, 2.94-2.87, 2.61-2.54, 2.48-2.38 (4 x
m, 2H, Cy,CH,), 2.12-2.04 (m, 4H, C,CH,CH,). ">C{'"H} NMR
(CD;CN, 100 MHz): § 176.2 (Yorn = 34.3 Hz, Cy,~Rh), 171.3
(Yern = 30.2 Hz, Cyp-Rh), 164.9 (Yern = 25.7 Hz, Cpn—Rh),
146.7 (Cpp_gn), 145.5 (Cir), 143.9 (Ciy), 139.9 (Cpp), 137.1
(Cph-grn), 129.2 (Cpp), 128.8 (Cpp), 126.7 (Cpp_rn), 126.2 (Cpp),
121.3, 115.0 (2 % Cppgn), 36.8, 36.5 (2 x NCHj), 26.2
(CCH,CH,), 22.6, 21.3 (2 X Cy,CH,). ESI-MS (m/z): 817.2750,
caled for [C4;,H4,NipRh]"  817.2710. Anal caled for
C4HyINpRh (944.67) x 0.75 CH,Cly: C, 50.92; H, 4.35; N,
16.67%. Found: C, 50.95; H, 4.28; N, 16.37%.

Synthesis of 14. Following the same procedure as for the
synthesis of 13, the triazolium salt 5b(I) (125 mg, 0.203 mmol)
and KOtBu (38 mg, 0.339 mmol) and IrCl;-3H,0 (24 mg,
0.068 mmol) yielded crude complex 14, which was purified by
column chromatography (SiO,; CH,Cl, then CH,Cl,/acetone,
1:1) to give the title complex as a pale yellow solid (12 mg,
17%). Complex 14 decomposes upon extended time in solu-
tion. Because of this behaviour and due to the low yield and
quantity, we did not succeed in purifying the compound to
analytical purity (see also ESIT).

"H NMR (CD;CN, 400 MHz): § 7.22 (tt, 2H, *Juy = 7.5 Hz,
YJun = 1.1 Hz, Hpy), 6.90 (br, 4H, Hpy,), 6.72 (dd, 2H, *Jyyy = 7.7
Hz, Yun = 1.1 Hz, Hp_y), 6.55 (m, 2H, Hpy_p,), 6.42 (td, 2H,
*Juu = 7.3 Hz, Yy = 1.3 Hz, Hpy,_1,), 6.25 (br, 4H, Hpy,), 6.07
(dd, 2H, *Jyy = 7.3 Hz, Yy = 1.1 Hz, Hpy 1), 4.15, 4.03 (2 x s,
6H, NCH;), 3.05-2.87 (m, 4H, C¢,CH,), 2.67-2.60, 2.46-2.36
(2 x m, 2H, C,CH,), 2.11-2.01 (m, 4H, CCH,CH,). “*C{'H}
NMR (CD;CN, 100 MHz): § 158.9 (Cy,~1r), 152.4 (Ce,-Ir), 147.9
(Cpn-1Ir), 146.9 (Cy), 146.7 (Cpnyr), 143.3 (Cyy), 139.9 (Cpn),
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136.6 (Cpp-1r), 129.1 (Cpp), 128.6 (Cpp), 127.3, 120.7, 115.1 (3 %
Cph_1r), 36.9, 36.5 (2 x NCHj3), 25.8 (CCH,CH,), 22.8, 21.1 (2 X
C,CH,), one Cp, not resolved. ESI-MS (m/z): 907.3322, caled
for [C4,H4,N1,Ir]" 907.3285.

Crystal structure determinations

Crystal data for 7-9, and 13 were collected using a Rigaku
(former Agilent Technologies) Oxford Diffraction SuperNova A
diffractometer fitted with an Atlas detector and using mono-
chromated Mo-K, radiation (0.71073 A) (7-9) or Cu-K,
(1.54184 A) (13). A complete dataset was collected, assuming
that the Friedel pairs are not equivalent. The structures were
solved by direct methods using SHELXS-97 and refined by full-
matrix least squares fitting on F* for all data using
SHELXL-97.%* Hydrogen atoms were added at calculated posi-
tions and refined by using a riding model. Anisotropic thermal
displacement parameters were used for all non-disordered
nonhydrogen atoms. The solvent in 13 could not be modelled
in terms of atomic sites. The SQUEEZE option as incorporated
in PLATON?? was used to compensate for the spread electron
density. The B-F bonds of the tetrafluoroborate anion in
7 were restrained to be equal using SADI. Further crystallo-
graphic details are compiled in Tables S1-S3.7 Crystallo-
graphic data (excluding structure factors) for all three
complexes have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC
1477830 (7), 1477829 (8), 1477828 (9) and 1477827 (13).
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