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ABSTRACT: 2-(1-Naphthyl)-pyridine (1) possesses sp’ C-H bonds in both the y- and &-positions and is therefore a

suitable substrate for studying the cyclometallation selectivity with different reagents and conditions. Such selectivity

www.rsc.org/

studies are reported. Based on deuterium-exchange experiments it is concluded that cycloruthenation with RuCl,(p-

cymene) dimer is reversible with kinetic and thermodynamic preference for y-substitution. Electrophilic cycloborylation,

on the other hand, shows unusual §-substitution. The previously published cyclopalladation and cycloauration of the

substrate was studied in detail and was shown to be irreversible; they proceed under kinetic control and give y- and &-

substitution for palladium and gold, respectively.

INTRODUCTION

Although major advances in the area of C—H activation have
been done in the last decades, selectivity remains a critical
issue. Ligand-directed C—H activation has been a successful
approach towards selectivity and here, typically, the positiony
to the directing atom is ultimately functionalised,1 since five-
membered metallacycles are normally preferred, especially for
palladium. This is also the selectivity found in the majority of
ortho-metallation reactions of aromatic substrates, where it is
dictated by the geometric accessibility. However, certain
procedures allowing other selectivities are known. To override
the y-selectivity, the most common approach is to make the y-
position of the substrate hindered® or unavailable for
substitution®, and only in a few cases an inherent, preferential
substitution of the B-position has been observed.*

One of the substrates used in the screening of novel catalytic
protocols, 2-(1-naphthyl)-pyridine (1), possesses sp’ C-H
bonds in both the y- and &-positions. This is unusual, and 1 is
therefore an excellent substrate to use as a model for
investigating the regioselectivity ligand-directed C—H activation
with different reagents and conditions. As expected, ligand-
directed substitution reactions performed with 1 almost
always resulted in y-substitutions,® the only exception being
the work by Pan and Chen and co-workers™ in which the
selectivity remains unclear, since different substitution
patterns are reported in the main article and the supporting
information, cf. Scheme 1.
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Scheme 1. Selected examples of metal-catalysed substitutions of 2-(1-naphthyl)-

[Ru], ArBr

pyridine.

In a recent study we could show that 1 can be cyclometallated
with palladium or gold precursors and while cyclopalladation
occurred at the expected y-position (as previously indicated in
catalysis),5a the cycloauration took place with exclusive 6-
selectivity and the so formed gold complex could be
functionalised with N-bromo succinimide, cf. Scheme 25

N~ N N
ClAy NaAuCl; H,0 Pd(OAC), pdoAc
OO MW, 140°C OO DCM, 40°C
3 1 2

Scheme 2. Cyclometallation of 1 with Au and Pd precursors.

This unusual orthogonal regioselectivity could open up for
development of catalytic reactions giving isomeric products
based on a choice of the metal catalyst. Therefore, we decided
to investigate the reactivity of 1 further, and here we report its

J. Name., 2013, 00, 1-3 | 1

Please do not adjust margins




Dalton Transactions

reactivity with other standard cyclometallating agents, viz.
ruthenium and boron precursors, and we also report further
studies with all reagent to unravel kinetic and thermodynamic
preferences for the different reactivities.

EXPERIMENTAL SECTION

General. All manipulations were conducted under ambient
conditions, unless noted. Solvents and chemicals were
purchased from commercial suppliers and used as received.
Compounds 1 and 3 were synthesised according to the
literature.® NMR spectra were acquired on a Bruker Avance
400 FT-NMR spectrometer (*H: 400.1 MHz) or a Varian Unity
INOVA 500 spectrometer (lH: 499.76 MHz). Residual solvent
peaks were used as an internal reference. Elemental analyses
were performed by H. Kolbe Microanalytisches Laboratorium,
Milheim an der Ruhr, Germany. Microwave experiments were
performed on Biotage Initiator 2.5 microwave synthesiser with
automatic power adjustment using “high absorption” setting.
Synthesis of ruthenacycle (C*N)Ru(p-cymene)Cl (4).
Compound 4 was synthesised using a modification of the
procedure for the corresponding phenylpyridine complex.7 To
a solution of 1 (131 pumol, 27 mg, 1 equiv) and KOAc (357
pumol, 35 mg, 2.7 equiv) in 2 ml of methanol [RuCl,(p-
cymene)], (65 pmol, 40 mg, 0.5 equiv) was added. The mixture
was kept in an ultra-sonication bath at room temperature for
30 min, and then heated in a screw-cap vial at 70°C for 30 min,
decanted and kept on a rotary evaporator until the volume
decreased 4 times. Then, the vial was kept at -18°C for 12h.
The solution was decanted and the precipitate was washed
with cold ether and dried in vacuum. This yielded 35 mg (56%)
of yellow orange-crystals, which were directly suitable for X-
ray diffraction. The compound undergoes decomposition on
silica, in contact with air and slowly decomposes in inert
conditions and therefore failed to give a satisfactory
microanalysis. The NMR spectrum shows the presence of
minute amounts of unidentified aliphatic impurities.

"H NMR (400 MHz, CDCl3) 6 9.36 (d, J = 6.7 Hz, 1H), 8.34 (vt, J =
8.2 Hz, 2H), 8.25 (d, J = 8.4 Hz, 1H), 7.85 (dd, J = 8.1, 1.4 Hz,
1H), 7.71 (ddd, J = 8.3, 7.3, 1.7 Hz, 1H), 7.59 (d, J = 8.2 Hz, 1H),
7.47 (ddd, J = 8.5, 6.8, 1.4 Hz, 1H), 7.33 (ddd, J =7.9, 6.8, 1.1
Hz, 1H), 7.05 (ddd, J = 7.2, 5.7, 1.3 Hz, 1H), 5.58 (dd, J = 11.1,
6.0 Hz, 2H), 5.27 (d, J = 6.0 Hz, 1H), 5.04 (d, J = 4.9 Hz, 1H), 2.40
(hept, J = 7.0 Hz, 1H), 2.07 (s, 3H), 0.96 (d, J = 6.8 Hz, 3H), 0.89
(d, J = 7.2 Hz, 3H). 3¢ NMR (101 MHz, CDCl3) & 188.0, 165.3,
155.4, 138.4, 136.9, 136.5, 132.1, 131.1, 129.6, 128.4, 126.4,
123.2, 123.1, 121.9, 120.2, 101.6, 101.5, 91.6, 89.8, 84.9, 82.3,
31.0, 22.6, 22.0, 19.0. HR-MS ES+ (H,O-CH5CN): 440.0951,
calculated for C,5H,4NRu ([M-Cl]+) 440.0952

Deuteration of 1. A solution of 2-(1-naphthyl)-pyridine (1) (141
pmol, 29.1 mg, 1 equiv) in dichloromethane was added to a J.
Young NMR tube. The solvent was removed under reduced
pressure followed by addition of CD;COOD (2.82 mmol, 180
mg, 20 equiv), 0.5 mL of CDs;CN and [RuCl,(p-cymene)], (14.1
pumol, 8.5 mg, 0.1 equiv). The mixture was heated and the
reaction was followed by "H NMR spectroscopy. After 30 min
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at 70°C, the intensity of the multiplet at 7.70-7.45 ppm
(overlapping multiplet, which includes the resonance of the y -
position) had decreased by 78% and the resonance at 7.90-
7.80 (6-position) by 15% relative to the resonance at 8.92-8.81.
After heating at 150°C for 1h, the intensities of both multiplets
had decreased by 84%. Without the ruthenium compound
there was no change in the spectrum under the same
conditions.

Compound 1-d2 was isolated in the following way: the
reaction mixture above was partitioned between 5% HCI and
dichloromethane. The aqueous phase was separated and
neutralised with aqueous potassium carbonate and extracted
with diethyl ether. The new organic phase was dried over
potassium carbonate and evaporated. This yielded 26 mg
(90%) of a colourless oil. Alternatively, the deuteration can be
performed with lower loading of ruthenium catalyst (0.05
equiv) and at lower temperature (80°C) if the heating is
extended to 3 days. A higher percent of deuteration can be
achieved if the isolated product is subjected to the same
procedure again.

'H NMR (400 MHz, CDCl;) & 8.81 (ddd, J = 4.9, 1.8, 1.0 Hz, 1H),
7.92 (dd, J = 7.9, 2.0 Hz, 2H), 7.83 (td, J = 7.7, 1.8 Hz, 1H), 7.65
— 7.44 (m, 4H), 7.34 (ddd, J = 7.6, 4.9, 1.2 Hz, 1H). ESI-MS m/z-
208 ([M+H])"

Deuterium exchange in the synthesis of 2 and 3-d. Compound
3 was synthesised from compound 1 according to a literature
procedure (Method B).6 When the reaction was reproduced in
D,0 at 140°C or 160°C, the isolated product was identical to
the product of the reaction in H,0. When 1-d2 was subjected
to the same procedure in H,O, the intensity of the resonance
at 8.67 ppm in the product NMR was decreased by 90%.
Kinetic isotope effect of cycloauration. Compounds 1 and 1-
d2 were mixed as ether solutions. The relative ratio between 1
and 1-d2 was calculated from the relative intensities of [M+H]"
peaks (206 and 208 m/z respectively) in an ESI-MS spectrum
and adjusted to be equivalent.8 The solvent was removed
under vacuum and 14.0 mg (68 umol, 2.3 eq) were placed in a
microwave vial followed by water (4ml) and sodium
tetrachloroaurate dihydrate (11.8 mg, 30 umol, 1 eq). The
mixture was sonicated for 10 min and heated under MW
irradiation at 140C for 1h. The precipitated product was
centrifuged, washed with water, cold acetonitrile and ether
and dried to yield 3.1mg (22%) of yellow powder. The relative
content of 3 and 3-d was measured from the intensity of the
'H NMR resonance at 8.67 ppm and found to be 0.6. The result
was confirmed by the comparison of intensities of MS [M+Na]"
(495 and 496 m/z respectively) peaks, relative to those of pure
3 and 3-d.

Synthesis of boracycle (C*N)BF, (6). Crude compound 5 was
synthesised using a modification of the procedure for the
corresponding phenylpyridine compound.9 To a solution of 1
(1.64 mmol, 252 mg, 1 equiv) and i-Pr,NEt (1.64 mmol, 204
mg, 1 equiv) in dry dichloromethane BBr; (4.92 mmol, 4.92 mL,
1M solution in dichloromethane, 3 equiv) was added at -10°C.
The mixture became orange and was allowed to warm to room
temperature and then stirred for 24h. The mixture was
quenched with a saturated, aqueous solution of K,CO5; and was
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stirred overnight. The phases were separated, the aqueous
phase was washed twice with dichloromethane and the
organic phase was washed once with water and once with
brine. The organic phase was dried with MgSO, and
evaporated to yield 504 mg of a brown oil. The crude
compound 5 was taken up in a 1:1 mixture of MeOH/HFaq
(48%), and the mixture was stirred for 30 minutes. Water and
dichloromethane were added, followed by aqueous potassium
carbonate. The layers were separated and the organic phase
was washed with 10% HCI to eliminate the byproduct 1. Drying
over MgS0O, and filtering through a short plug of silica yielded
303 mg (73%) of product as a white powder after evaporation
of the solvent. X-ray quality crystals were obtained by vapour-
exchange crystallisation using dichloromethane as a solvent
and pentane as a counter-solvent.

"H NMR (400 MHz, CDCl5) & 9.06 (dd, J = 6.0, 1.7 Hz, 1H), 8.47
(d,J = 8.5 Hz, 1H), 8.32 (dd, J = 7.5, 1.0 Hz, 1H), 8.20 — 8.13 (m,
2H), 8.08 (d, J = 8.1 Hz, 1H), 7.91 (dd, J = 8.1, 1.3 Hz, 1H), 7.71
(dd, J = 8.2, 6.8 Hz, 1H), 7.64 — 7.53 (m, 2H).

3C NMR (101 MHz, CDCl;) & 152.4, 143.2 (br.t.,, J = 3.5 Hz),
141.6, 134.3, 132.8, 131.6, 130.9, 128.2, 127.7, 125.7, 125.0,
124.8, 123.3, 122.2. Elemental analysis, calcd for C;5H;oBF,N:
C,71.19; H, 3.98; N, 5.54; found: C, 71.27; H, 3.93; N 5.49.
Synthesis of 2-(8-D-naphth-1-yl)-pyridine (1-8d). To a solution
of 6 (6.0 mg) in CH3;COOD 0.5 mL of DCl 20%/D,0 was added.
The mixture was heated to 100°C for 15 minutes. The
completion of the reaction was checked by TLC (Pet.
Ether:EtOAc 9:1). The mixture was quenched with 3M NaOH
and extracted with 3x5 mL of DCM. The organic phase was
dried over K,CO; and evaporated to result in 4.5 mg (93%) of
colourless oil.

"H NMR (400 MHz, CDCl;) & 8.80 (ddd, J = 4.9, 1.8, 0.9 Hz, 1H),
7.92(d, J=7.2 Hz 2H), 7.83 (td, J = 7.7, 1.8 Hz, 1H), 7.67 — 7.43
(m, 5H), 7.34 (ddd, J = 7.6, 4.9, 1.2 Hz, 1H).

Crystallography. XRD-quality crystals of compounds were
obtained as described above for 4 and 6. Intensity data were
collected with an Oxford Diffraction Excalibur 3 system, using
w-scans and Mo Ko (A = 0.71073 A) radiation.’® The data were
extracted and integrated using Crysalis RED.™ The structures
were solved by direct methods and refined by full-matrix least-
squares calculations on F2 using SHELXL and SIR-92.*3
Molecular graphics were generated using Diamond 3.2i."
CCDC deposition numbers are 1404269 for 4 and 1404270 for
6.

Results and discussion
Selectivity in cycloruthenation

Ruthenium metallacycle 4 was synthesised by cyclometallation
of 1 with ruthenium(p-cymene) dichloride dimer as shown in
Scheme 3. The "H COSY NMR spectrum indicates the presence
of three chains of neighbouring 'H resonances, containing 4, 4
and 2 resonances each. From this we concluded that the
structure of the compound contained a five-membered ring,
meaning that the y-position was functionalised, which is in
agreement with previous results from Inoue and co—workers,‘r’d

This journal is © The Royal Society of Chemistry 20xx

where ruthenium-catalysed arylation takes place in the y-
position.

[ [
_N _N cl
[(cymene)RuUCl,], \Ru/
OO CH30H, KOAc, 70°C OO /@)\
1 4 56%
| X
_N Inoue®d

Ph
T

Scheme 3. Isolation of metallacycle 4 —a possible intermediate in the catalytic arylation
published by Inoue.*

The structure was unambiguously assigned with the help of X-
ray crystallography, cf. Figure 1. The structure contains
moderate distortions: the exocyclic C—C bond and the C-H
bond in the peri-position are found to have a dihedral angle
(C5-C6-C14-H14) of 14°, which is almost coplanar compared to
the 40° observed for similar positions in auracycle 3.5 The
ruthenium atom is tilted away from the naphthalene ring,
creating a dihedral angle C5-C6-C7-Rul of 6°, which is less than
the corresponding angle in palladacycle 2.5 The ruthenium
atom has a distorted octahedral geometry with a C7-Rul-N1
angle of 77°, which is substantially lower than expected for an
octahedron, but in good agreement with what is found in the
square-planar complexes with Au and Pd.

Figure 1. Molecular structure of 4 at the 30% probability level. Hydrogen atoms are
omitted for clarity. Selected bond lengths (A) and bond and torsion angles (°) with
estimated standard deviations: Rul-N1 2.088(3), Rul-C7 2.051(3), C7-Rul-N1 76.6(1),
C5-C6-C7-Rul 6.2, C5-C6-C14-H14 14.3.

It should be noted that the catalytic reaction published by
Inoue and co-workers proceeds under different conditions and
they proposed cyclometallation to take place at a Ru(lV) metal
centre. In our view, the present results suggest that
cyclometallation can also proceed also at a Ru(ll) centre, and a
compound similar to 4 could be an intermediate in the
reaction published by Inoue, if oxidation takes place after the

J. Name., 2013, 00, 1-3 | 3
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cyclometallation, contrary to the original proposal. (Scheme 3).
5d

A similar ruthenacycle with a 2-(1-naphthyl)-pyridine ligand
was previously synthesised by Wright and t:o—workers,‘r’alb but it
was made via transmetallation from an organomercury
compound, rather than in a direct cyclometallation (Scheme

4).
[ L
N AN
— Hg RUHCHCONPPhs); RuCI(CO)(PPha),
CO T
1 2

Scheme 4. Synthesis of ruthenacycle by WrightSab

In order to gain some mechanistic insight we decided to run a
deuterium exchange experiment using catalytic amounts of
the ruthenium salt (Scheme 5). Compound 1 was dissolved in
acetonitrile-d3 and heated in a J. Young tube with an excess of
acetic acid-d4 and 10 mol% of ruthenium(p-cymene) dichloride
dimer. Following the disappearance of certain 'H resonances
we were able to detect the reaction progress. The deuterium
exchange is superstoichiometric indicating that the
cycloruthenation process is reversible and catalytic in Ru,
which is in agreement with previous mechanistic studies by
Dixneuf and Jutand.” At 70°C the deuterium exchange occurs
in both y- and &-positions, but y-deuteration is significantly
faster, as shown by a ca 5-fold excess of deuterium in the y-
position after 1 h. At elevated temperatures or prolonged
reaction times the &-position can be fully deuterated as well.
Thus, the y-position is both kinetically and thermodynamically
preferred.

[ [ |
g
%N

N
-
[(cymene)RuChp, CDsCN, D [(cymene)RuClyl, CDACN, D

CH,COOD, 70°C, 1h D' CH,CO0D, 150°C, 1h E
CO oL CO

1 1yd 1-d2

N

Scheme 5. Ru-catalysed deuterium exchange in 1.

Interestingly, the substitution ambiguity does not present itself
in the arylation reaction. Repeating the reaction published by
Inoue and co—workers,su| we did not observe any disubstituted
product even at elevated temperatures in the presence of
excess of the arylating agent. A probable explanation for this
difference between deuterium exchange and the arylation
process is that the substitution in the y-position creates a
rotational restriction for the pyridine ring, thus blocking the
potential §-cyclometallation (Scheme 6).

| X
_N [(cymene)RuCl,],
3eq p-TolBr, PPhy
OO NMP,120°C

1

Scheme 6. Attempted bis-arylation of 1.

4| J. Name., 2012, 00, 1-3

Selectivity in cycloborylation

We were also interested in comparing the selectivity in
reactions with transition metals to that of main-group
cyclosubstitution reagents. As a test reaction electrophilic
cycloborylation with boron tribromide was chosen, a reaction
which was previously performed on similar 2-aryl-pyridine
substrates by Murakami and co-workers.” The direct product
of the cycloborylation decomposes on a silica gel column, but
after an anion exchange with HF, a more stable difluoride
could be purified and isolated in good yield (Scheme 7). The
COSY spectrum and the X-ray crystallographic study show that
the product contains a six-membered ring, and that, hence,
the substitution proceeds with &-selectivity. The molecular
structure is shown in Figure 2. The cycloborylation presumably
proceeds via a highly electrophilic borenium cation,”® and,
under kinetic control, the nucleophilicity of the different
positions determine the selectivity. Hence, the observed
selectivity is in agreement with our previous assumption6 that
the 6&-position, belonging to the less substituted ring is
significantly more nucleophilic.

N N N
= BrB” FB

MeOH-H,0,
oo e
5 6

73%
Scheme 7. Synthesis of the boracycle 6.

BBr, (i-Pr),NEt,

_BBrg (i-Pr,NEt,
OO DCM, 0°C to r.t.

1

It is important to note that the geometric requirements for the
tetrahedrally substituted boron atom are different compared
to the square-planar d®-metal complexes. In the six-membered
ring the angles around the atom of boron are negligibly
different from the expected 109° and the whole structure is
almost flat with a dihedral angle between exocyclic C-C and C-
B bonds of 5°. It would therefore seem that for boron, six-
membered cycle is not only kinetically preferred, but also
thermodynamically more stable.

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 8



Page 5 of 8

Dalton Transactions

Figure 2. Molecular structure of 6 at the 30% probability level. Selected bond lengths
(A) and bond and torsion angles (°) with estimated standard deviations: B1-N1
1.604(2), B1-C14 1.576(2), N1-B1-C14 110.3(1), B1-C14-C6-C5 4.7, C5-N1-B1-C14 12.3.

Interestingly, the selectivity of this direct cycloborylation is
5q

. T . 5,
also orthogonal to the published iridium-,"9 rhodium->* and
. 5. cat 5. .
palladium-catalysed® and transition metal-free® borylations
(Scheme 8).
X = B
I [IrOMe(cod)], | N |
=N diamine ligand Pd(OAC),, H-BBN dimer = N\
BPin_ BoPiny HBPin, DCE, r.t. or H-BBN dimer BBN
DONNTMOOR 0
[Rh(IPr)(C2H,)Cll»
Lasaletta®® NaOEL, Cetls, it 1 Takai®?
Crudden5®®

Scheme 8. Published®** * protocols for the synthesis of five-membered boracycles of 1.

Acidic hydrolysis of this compound in deuterated acid afforded
a 6-monodeuterated 2-(1-naphthyl)-pyridine, isomeric to the
product of the low temperature ruthenium-catalysed
deuterium exchange (Scheme 9).

X
N
FB" N
DCI, CD,COOD, D,0
ok
6

Scheme 9. Acid-catalysed hydrolysis of 6.

Unfortunately, attempts to employ 6 in further
electrophilic substitutions failed. While 6 was unreactive in
electrophilic bromination and transmetallation to palladium
precursors, the Cu-catalysed iodination, which was previously
published16 for the similar 2-(phenyl)-pyridine
dibromoboracycles unfortunately resulted in predominant

formation of free 1, cf. Scheme 10.
g N /i E E I
trace

our

Br, or NBS Cuy0. NHzH0
<Br2orNBS
noreaction CDCl, A Nal EtOH 45°C

or [Pd], A

Scheme 10. Attempts of electrophilic substitutions of 6.

Deuterium labelling studies for gold and palladium

To gain more insight in the cycloauration and —palladation
reactions we performed some labelling studies for these
reactions. Heating 1 with catalytic amounts of palladium
acetate in the presence of acetic acid-d4 showed no H-D
exchange, which indicates that the cyclopalladation process is
irreversible and proceeds under kinetic control, which is in
agreement with previous studies by Dixneuf and Jutand.

(Scheme 11).17

This journal is © The Royal Society of Chemistry 20xx

AS
_N

Pd(OAc),, CD;COOD

OO up to 120°C

1

no D-exchange

Scheme 11. Attempted deuterium-exchange in 1 in the presence of palladium acetate.

Unfortunately, a similar experiment could not be performed
for the cycloauration procedure, since both 1 and 3 have very
poor solubility in water, which is the reaction solvent in this
case. Instead we performed a stoichiometric reaction in D,0.
The product formed showed no sign of deuteration in the y-
position. Similarly, when we used a bis-deuterated starting
material 1-d2 and performed the reaction in H,0, the y-
position remained completely deuterated. This is somewhat
surprising since it is known that the cycloauration in the y-
position is possible at these conditions for very similar
substrates.'® Thus, for cycloauration the reaction proceeds
irreversibly under kinetic control with the &-position kinetically
favourable (Scheme 12).

X
N
KAUCl, D:O,  ChAu" 7
l l uQ t0 160°C, l !
1 3
X
B
D KAUCIy, H,0,  ChAW %
I l Dugto 160°C, I l D
1-d2 3d

Scheme 12. Attempt of deuterium-exchange during the synthesis of auracycle 3.

While the mechanisms of the majority of cyt:lometallations,19
including cyclopalladation and cycloruthenation,17 have been
studied to some extent, little is known about the mechanism
of cycloauration. light on this
mechanism we decided to also study the kinetic isotope effect
for this reaction. Hence, we decided to run a reaction between
1 equivalent of sodium tetrachloroaurate, and 1.1 equivalent
of each 1 and 1-d2. The observed ratio of the deuterated and
non-deuterated metallacyclic products was 40:60, indicating a
k.i.e. of 1.5, cf. Scheme 13. This observed value is potentially
lower than the real value since the concentration of the non-
deuterated starting material is dropping faster than the
concentration of the non-deuterated starting material.
However, we believe that this effect has very little significance
since the total conversion in C-H activation at this conditions is
very low. Assuming an electrophilic aromatic substitution-type
mechanism, we can conclude that the value is somewhat
higher than what is found for standard electrophiles,20 but
significantly lower than the value for electrophilic
mercuration’’ where C-H bond cleavage is proposed to be
rate-determining.

In order to shine more

J. Name., 2013, 00, 1-3 | 5
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I\
~N
SN
1

11eq

N N~ _N__~
D Y NaAuCly, 1eq,  ChAu ChAu
D H,0140°C . D
(T ww OORNG®
3 3-d

1-d2
60:40

11eq 22% total yield

Scheme 13. Kinetic isotope effect of the cycloauration

Conclusions

In summary we have studied the regioselectivity of directed
aromatic substitution of 2-(1-naphthyl)-pyridine and shown
that the choice of metal precursor dictates the reactivity. Thus,
palladium gives an irreversible y-selective cyclometallation, on
one hand, whereas gold gives an irreversible &-selective
cyclometallation. Hence, it is clear that both positions can be
kinetically preferred. Cycloruthenation, on the other hand, is
reversible and the y-position is both kinetically and, as
expected, preferred. Electrophilic
cycloborylation, finally, also resulted in formation of a 6-
substituted product. The probable origin of the observed
regioselectivity for gold and boron is the higher nucleophilicity
of the unsubstituted naphthalene ring, which leads to its
higher reactivity towards the electrophilic metal centres.

thermodynamically

Simultaneously, the cyclopalladation and cycloruthenation
proceed via a CMD-type mechanism,?> which poses less
restrictions on the nucleophilicity of the reactive carbon atom.
Accordingly, the relative thermodynamic stability of five-
membered rings is relevant for the case of ruthenium, since
equilibrium conditions.
These results show the possibility of controlling the selectivity

cycloruthenation proceeds under
in ligand-directed C—H activation reactions forming a variety of
substituted products in a selective manner. Accordingly, 2-(1-
naphthyl)-pyridine can be used as a model compound to study
the properties and preferences of different new catalytic
systems.
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