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Abstract The dimeric iodo-iridium complex [IrCp*l 2]2 (Cp*=pentamethylcyclopentadiene) is an efficiel
catalyst for the racemisation of secondary and teidry amines at ambient and higher temperatures witha low
catalyst loading. The racemisation occurs with pselo-first-order kinetics and the corresponding four rate
constants were obtained by monitoring the time depelence of the concentrations of theR) and ()
enantiomers starting with either pure ®) or (5) and show a first-order dependence on catalyst coentration.
Low temperature 'H NMR data is consistent with the formation of a 11 complex with the amine coordinate
to the iridium and with both iodide anions still baund to the metal-ion, but at the higher temperaturs used fo
kinetic studies binding is weak and so no saturatiozero-order kinetics are observed. A cross-over pgriment
with isotopically labelled amines demonstrates thetermediate formation of an imine which can dissoate
from the iridium complex. Replacing the iodides inthe catalyst by other ligands or having an amic
substituent in Cp* results in a much less effectiveatalysts for the racemisation of amines. The rateonstant:
for a deuterated amine yield a significant primarykinetic isotope effect ki/ko= 3.24 indicating that hydride
transfer is involved in the rate-limiting step.

Introduction enantiomerically pure amines and alcohofs combining efficient and

Enantiomerically pure chiral amines and alcohols a& important
building blocks for pharmaceutical and agrochemical productst.
Even today, the most commonly used methods for thiésolation are
the classical resolution by crystallisation of digereomeric saltg and

enzymatic resolutiorf. The disadvantage of these resolution methods

is their inefficiency, with, at best, only 50% of tle desired
enantiomer produced and the undesired one wasted.atlysts that
can racemise the unwanted enantiomer may enable dgmic kinetic
resolution (DKR) using a suitable enzyme to yield % of the
required enantiomer’. We have reported the use of the dimeric iodo-
iridium complex [IrCp*l 2]z (Cp*=pentamethylcyclopentadiene) 1
(SCRAM) as an efficient racemisation catalyst for tie dynamic
kinetic resolution of secondary amines in combinatin with
immobilized lipases and a suitable acyl donéf and as epimerisation
catalysts in diastereomeric crystallisation

Although there are some catalysts for the direct sythesis of
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fast catalytic racemisation with an enantiomericaly selective

|

2B o
\ /’\,/'Q@
.

enzyme has many advantages. There are

relatively few catalytic systems capable of raceniigy amine$ and
some of those involve extreme conditions, such asiRy nickel or
cobalt or alkali metal hydroxides at high temperatwes® and Pd
catalysts which generally require long reaction tinas?. Other systems

have used electron-rich Shvo catalystsand cationic half-sandwich
ruthenium and iridium catalysts?2.

2aX=H
XD

It would be useful to more fully understand our iridium-based
catalytic systen¥® to enable its optimisation and herein is reported
kinetic and mechanistic studies to help achieve thgoal.

Results and Discussion

The dimeric iodo-iridium complex [IrCp*l 2]2
(Cp*=pentamethylcyclopentadiene) 1 is an efficientatalyst for the

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



racemisation of secondary and tertiary amines at abient and

higher temperatures with a low catalyst loading. Foexample, the
racemisation of both (R) and (S)-6,7-dimethoxy- 1-methyl-1,2,3,4-
tetrahydroisoquinoline 2a are quantitatively compleée within 2hrs.

in dichloromethane at 40C using 0.5 mol% catalyst 1. The
racemisation of 0.50 M amine 2a in dichloromethanwith 2.5x10°

M catalyst 1 at 40C occurs with pseudo-first-order kinetics and
the corresponding four rate constants were obtainedby

monitoring the concentrations of the R) and (S enantiomers
starting with either pure (R) or (S 2a (Figure 1). As the reaction
proceeds to equilibrium, the observed rate constastkebsare twice

those of the forward one: (Egn. 1, with the equilibrium constant

K = 1.0 for racemisation). All four rate constantswere identical

within experimental error and kobs= 5.82:0.29x 10* s1. These rate
constants show a first-order dependence on catalysbncentration,

giving a second-order rate constankcat= 0.93%0.056Ms?, based
on the dimer concentration.

kobs= ki + kr = ki (1 + 1/K) Eqgn. 1

Concentration/ (M}

&0

Time {mins)

Figure 1 The reaction rate profile for the racemisaibn of 0.50 M
(S)-6,7-dimethoxy-1-methyl-1,2,3,4-tetrahydroisoquinoline 2 at
40°C in dichloromethane catalysed by 6.25x1HM iodo-iridium
complex [IrCp*l 221 (+ decrease inS-enantiomer, o increase in
Renantiomer)

The iridium-catalysed racemisation of chiral aminespresumably
requires hydride transfer to the metal-ion, generabn of an imine
intermediate followed by hydride transfer back to te imine on its
opposite face (Scheme 1). Tertiary amines must foram iminiumion

intermediate, whereas those formed from primary andsecondary
ones may also deprotonate to form the neutral iminelf the

intermediate can escape from the complex before hgide-transfer

then other reactions may occur. The rates of racersation and
dissociation of the imine intermediate and productamine are
presumably dependent on the effective positive chge on the metal-
ion, which, in turn, controls its ability to act asa Lewis acid and to
donate/accept a hydride ion. A simple way to modifyhis effective
charge and hence change catalytic activity is to ahge or add
substituents to the ligands attached to the metalnal investigate the
effect of different solvents. The aim of this works to explore these

2 | J. Name., 2012, 00, 1-3
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factors and investigate its impact on catalytic actity through a
determination of the reaction mechanism.
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Scheme 1

(i) Complex formation

It was assumed that racemisation required initial omplex formation
between the iridium dimer 1 and the amine substratealthough the
absence of saturation zero-order kinetics and thebservation of first-
order ones suggest that this binding is not strongnder the reaction
conditions. However, at 40°C, the addition of the ©-secondary
amine 3 and the primary amine §-amethylbenzylamine 4 to a
solution of the iridium dimer 1 in deuterated chloroform showed the
presence of complexes as evidenced By NMR. An equimolar

mixture of 4 and 1 showed that all of the amine adstl formed a

N+
NHve

complex with the iridium. Both NH protons were stil present
indicating that HI is not liberated at this low temperature, which
also suggests that both iodide anions are still bod to the iridium 6.
However, the two NH hydrogens in the complex are nonequivalent,
shifting downfield from =1.62ppm in the free based an apparent
triplet (J = 10.4 Hz) at = 4.01ppm and a doublet (¥ 10.3 Hz) at =
4.22ppm. TheaCH shifts downfield from = 4.15ppm in the free
base to an unresolved multiplet at = 4.38ppm in theomplex,
whereas thea-methyl shifts from = 1.41 to 1.56ppm (d, J = 6.8 .
The cyclopentadienyl methyl groups shift slightly p-field from =
1.85 to 1.83ppm. All of which is consistent with # formation of a 1
: 1 complex with the amine coordinated to the iridim and with
both iodide anions still bound to the metal-ion. Afer adding further
amine 4, the excess remains uncomplexed and no 2 complex is
formed. It is probable that the iridium-amine complex has the
structure 5 which has no overall charge and in whic the formal
Ir 3+ is a four-coordinate eighteen electron species.

This journal is © The Royal Society of Chemistry 20xx
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diastereoisomeric excess (de). The secondary amin6,7-
dimethoxy1-methyl-1,2,3,4-tetrahydro-isoquinoline 2 shows a
higher reactivity with the iridium catalyst 1 with Ircat= 4.90M 151 at
8(PC in toluene compared withcis sertraline 8a Ircar= 0.351 Ms?,
This >10-fold difference in reactivity ensures thatusing 1-
I deuterated isoquinoline 2b the steady-state conceation of the

/r\\ X /H |//r"~,,,,// _H deuterated catalyst is the major species present dog catalytic
I Y ~H I "‘\M turnover. Using 0.25M concentrations of each of theamines,
deuterated 2b and 8a, in toluene at 8C and 1.0x1M iridium
catalyst 1, reaction samples were analysed by GCM&nd the
e ok e M proportion of isotopically labelled isoquinoline 2aand 2b and the
cis and trans diastereomers of 8a and 8b determined. The
5 deuterium content of each amine changes with time
o (Figure 2).

An equimolar mixture of the secondary amine 3 withl in deuterated X NHMe

chloroform at -40 °C shows ~78% of the amine uncomplexed, 2
indicating that the binding constant is lower thanwith the primary

amine 4. TheN-methyl group of 3 presumably hinders complexation

with the iridium. Increasing the concentration of anine 3 increases

the amount of the complex formed, from which an egibrium Al
constant of 0.33 M can be calculated. The Cp* methyl protons are
virtually unchanged in the new complex froms= 1.853 to 1.852ppm,
whereas the amine-CH shifts downfield from 6= 3.66 to 4.31ppm in
the complex, the=CHsmoves frome= 1.38 to 1.45ppm and theé\-
methyl changes froms= 2.31 to 2.70ppm and from a singlet to a The rate of deuterium-incorporation into cis-sertraline 8a is similar
doublet (J = 6.3 Hz). The structure 6 is suggestddr the complex !0 the rate of formation of thetransisomer and the rate of deuterium
and, although under the normal racemisation conditins there is at 10ss from the isoquinoline 2b is much slower thants rate of
least a fifty-fold excess of secondary amine, thagher temperature racemisation but similar to its incorporation into cis-sertraline. The
of 8C°C means that it is probab|e that on|y a small fradgon of the second-order rate constants at 8C are Ircar= 1.18x1Q** and Ircat=
Cata|yst is converted to the iridium-amine Comp|exc0nsequenﬂy, 1.35 x1@u = for deuterium inCOrpOratiOn into cis-sertraline 8a and
the iridium catalyst does not become saturated andhe kinetic its loss from 2b, respectively.

profiles are not zero-order in substrate amine corentration. The
difference in binding constants of primary and seaaodary amines
may explain the differences between their rates ofacemisation
which is discussed later.

8a X=H
8b X=D

There is no direct evidence that the expected imine
intermediates, such as 7, form stable complexes withe iridium
dimer 1 even at the lower temperature of40°C.

g
/
i
H/D Ratio of amines
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|
.59* ‘;
s{ |
\

0 20 4’1) 60 80 100 );u 140 160 180
7 Time / mins
(") Intermediate imine formation Figure 2 Reaction rate profile of the ratio of protonated todeuterated amine
for the racemisation ofcis- sertraline 8a in the presence of deuterated 2b
using the iridium catalyst 1 in toluene at 86C ( x ratio of 2a/2b, o ratio of
8a/8b,A ratio of H/D trans8).

It is a reasonable proposal that the racemisationfamines involves
hydride transfer from the amine to the iridium catalyst and
consequent intermediate formation of an imine andridium hydride

complex (Scheme 1). It is therefore important to kaw whether the
imine dissociates from the iridium prior to its reduction and, if so, can
it be readily trapped? The racemisation of two diférent amines

If amine dehydrogenation and imine hydrogenation tke place within
the coordination sphere or solvent cage of the iridm complex then

together enables a classical cross-over experimeiot be conducted.
Epimerisation at C1 of (1S4S 8a) the anti-depressantis-sertraline'*
(Ar = 3,4-dichlorophenyl) forms trans8 and causes a decrease in the

This journal is © The Royal Society of Chemistry 20xx

there would be no deuterium exchange between the d&vamines 8 and
2b whereas if the imine intermediate dissociates jar to reduction
then isotopic scrambling would occur and the deuténm

J. Name., 2013, 00, 1-3 | 3
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content become distributed in both amines (Scheme &here Ir-H

and Ir-D are the H and D hydrides of the catalyst 1D-Q is the
deuterated isoquinoline 2b and QIm its correspondig imine 7 and
cis-and trans H-S and D-S are the isomeric and isotopically lafled
sertraline 8a and SIm its associated imine ). Theatio of protonated
to deuteratedtrans8 is constant throughout the reaction profile and
the rate of racemisation ofcis- to trans8 is similar to the rate of
deuterium incorporation into cis-sertraline, both of which indicate
that almost complete dissociation of the imine-iricim hydride

complex occurs during turn-over. Furthermore there

Ir

Dy =—= I-D.m

\

Ir-T + QTm
H-{) &=—— = cis-anul trepis-D-§
Ir-H — SIm
ans-H-§ === [r-H.5Im _—  is-H-S
Ir
Scheme 2

are small amounts of the imines 7 (7%) and 9 (<5%)ofmed,
presumably due to loss of hydrogen from the iridium hyride
catalyst.

W]

e W
/i Ph A Ph
i NH { Phr N:<
Mo e
Ar

1n 11

The reaction of 1.0 M §-&methylbenzylamine 4 in toluene at 8T
with 1.0 x 10°M catalyst 1 gives, after 24 hrs., mainly the
diastereoisomers of the secondary amine dimer 10 tvia small
amount (<10%) of the enantiomers of the correspondo imine 11,
identified by GCMS and independent synthesis, but ith no
racemisation of 4. This is also consistent with thatermediate imine
dissociating from the complex (Scheme 1) and theeacting with the
amine starting material followed by loss of ammonido give 11 and
its subsequent reduction to give 10. The fact thato racemisation of
4 is observed indicates that its reaction with thenine intermediate is
considerably faster than the hydrogenation of themine by the
iridium hydride.

(iii) Effect of variables

The rates of hydride transfer to and from the iridium catalyst, those
of association and dissociation of the amine react#product to and
from the iridium catalyst and also those of dissoetion and re-
association of the imine and iridium hydride intermediates are
presumably dependent on the effective positive chge on the metal-

4| J. Name., 2012, 00, 1-3
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ion (Scheme 1). This effective charge and hence clggs in
catalytic activity can be modified by solvent and tk nature of
the ligands attached to the metal.

The rates of racemisation of (+}-cis-sertraline 8a are remarkably
constant in a variety of solvents, for toluene, méglene, cumene,
1,4-dioxane and t-butyl acetatekcat = 0.33+0.02M1s1 at 8C°C.
However, in polar solvents such as DMF and DMSO theatalyst 1
is inactive towards racemisation.

Replacing the iodides in the organo-iridium catalys1 by chloride or
bromide give iridium complexes which are much lesgffective in
catalysing the racemisation of amines under the cditions in which
the corresponding iodo-complex 1 is active. For eraple, the chloro-
derivative is more than 3-orders of magnitude lesffective in
catalysing the racemisation of $-2a, as well as producing more
impurities. This contrasts with the insignificant dfference between
chloride, bromide and iodide as anionic ligands in the
cyclopentadienylruthenium catalysed racemisation ofalcoholg®.
Replacing the halo-ligands by the diamine as in 12lso completely
reduces the racemisation activity.

Substituting an electron-withdrawing group in the g/clopentadiene
complex such as with the amide 13%also reduces the catalytic
activity. For example, the rates of racemisation ofR) and (S)-6,7-
dimethoxy-1-methyl-1,2,3,4-tetrahydroisoquinoline 2a in
dichloromethane at 40C occurs with pseudo-first-order kinetics
dependent on the catalyst concentration and the a@sponding
second-order rate constantkat = 0.134 M's?, based on the dimer
concentration. This corresponds to just a 7-fold réuction in catalytic
activity despite the decreased electron density ie cyclopentadiene
anion ligand due to the presumed charge transfer tdhe amide
substituent. In toluene as solvent and at at 40 the second-order
catalytic rate constant for the racemisation of 2aby the iridium
catalyst with the amide substituted cyclopentadiengand 13a iskcar=
1.37x1@ "= showing catalytic activity is 10-fold slower thanin
dichloromethane. The amide substituent in 13a presmably increases
the positive charge density on the iridium relativeo that in 1, although
the structural changes in the solid as determined yb x-ray
crystallography are small.

Cp*
!
1'5_\/ \NII T /I
<7 Ny
-,"/ \[/
I Pl
X
12

13a = CONMe,
13h=CF;

The analogous trifluoromethyl derivative 13b was notas well
characterised but it also was less effective as atalyst for
racemisation, showing about half the reactivity of te parent
complex 1.

As for varying the substrate, primary amines underg dimerisation
faster than racemisation as described earlier butefrtiary amines
are racemised by 1, although at a slower rate thasn analogous

This journal is © The Royal Society of Chemistry 20xx
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secondary amine. For example, the racemisation of thertiary
amine (9-N,N-dimethyl-&methylbenzylamine in toluene at 98C
with catalyst 1 showskcat= 1.70x1@*** which is 10-fold less than
that for the analogous secondary amine 4 at 80. In the case of
tertiary amines the intermediate iminium ion formed by hydride
transfer to the iridium cannot deprotonate which may affect its rate
of dissociation from the complex.

Compared with the dimethoxy amine 2a, the unsubstited
analogue, §-1-methyl-1,2,3,4-tetrahydroisoquinoline 14, undegoes
a 4-fold slower rate of racemisation with catalystl in toluene at
60°C, kcat= 1.37x1QM 151

e,

Fh

14

Substituting the 1-methyl for 1phenyl in the secondary amineR)-
6,7-dimethoxy-1-phenyl-1,2,3,4-tetrahydroisoquinofie 15 causes
more than a 100-fold lower reactivity with respecto racemisation
with catalyst 1 in toluene at 80C and the reaction also occurs with
significant amounts of imine and isoquinoline formation. The
second-order rate constantkeat = 1.74x1Q "= is presumably a
consequence of a steric effect and a more resonans&bilised
imine/iminium ion.

A summary of the catalytic rate constants for the raemisation of
amines by the iridium catalyst 1 is given in Table 2.

Table 2 Second order rate constant&catfor the racemisation of
amines catalysed by the iridium complex 1 in toluene &0°C

Amine ko /Mt
(8)-N-methyl-a-methylbenzylamine 3 2,16 x 102
(8)-N-benzyl-a.-methylbenzylamine 4 427 x 107
6,7-dimethoxy-1-methyl-1,2,3,4- 4.90
tetrahydroisoquinoling 2 i
cis-sertraline 8a 3.50 x 107!
(8)-N,N-dimethyl-c-methylbenzylamine® 170107
(8)-1-methyl-1,2,3 4-tetrahydroisoquineline® 14 | 1.37x10"
(?)-6,7-dimethoxy-1-phenyl-1,2,3,4- 2
tetrahydroisoquinoline 15 1.74x10

aat 90C; P at 60°C

(iv) Kinetic isotope effect and the reaction mechanism
The (§- and (R- enantiomers of 1-deuterated 6,7-dimethoxy- 1-
methyl-1,2,3,4-tetrahydroisoquinoline 2b were syntbsised in order to
determine any kinetic isotope effect. The racemisain of 0.25M ©-
and (R- 9 in dichloromethane with 6.25x16 M catalyst 1 at 40C
yielded four pseudo-first-order rate constants coresponding to the
decrease in the concentrations off-2b and R)-2b and increase in the
concentrations of R-2b and -2b, respectively. All four rate
constants were identical within experimental errorto give kob

This journal is © The Royal Society of Chemistry 20xx
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1.8G:0.06 X 104 s* and with a first-order dependence on catalyst
concentration, the second-order rate constarka:= 0.287 M's, based
on the dimer concentration. Comparing these rate awtants with
those for the analogous 1H derivative 2a yields a primary kinetic
isotope effect ki/ko= 3.24 (Table 3) indicating that hydride transfer
involved in the rate-limiting step'”. The rate of racemisation of(S)- 1-
deutero-2a catalysed by the amide substituted cygentadiene
iridium complex 13a in dichloromethane at 40C yields a second-
order rate constantkeat= 2.08 x 1¢ M-s?, giving a primary kinetic
isotope effect ki/ko=6.44.

Table 3 Observed pseudo-first-order rate constantskobs and
second order catalytic rate constantcatfor the isomerisation of
6,7- dimethoxy- 1-methyl-3,4-dihydroisoquinoline 2aand its 1-
deuterated analogue 2b catalysed by 0.5 mol % iridim complex
1 in dichloromethane at 40C

2a (1H) 2b (1D) 2a (1H) 2b (1D) ME
kobs/ S1 kobs/ S1 Keat/ m-1S1 keat/ M-1S1 kn/kp
5.82x10' | 1.80x 16 0.931 0.287 3.24

A reaction mechanism compatible with this data invives
dissociation of the catalytic dimer in the presencef reactant amine
to form a complex with no overall charge in which e formal Ir 3* is
four-coordinate and an eighteen electron species dnwith an
equilibrium constant K (Scheme 3). Hydride transfer from the
amine to iridium (step ki) generates a formally negatively charged
irdium complex that is still four-coordinate and an eighteen
electron species, but in an ion-pair with the posditely charged
iminum-ion. These two ions may dissociate (stép) before, or at a
rate competitive with, hydride transfer back to the iminium ion
(step ks) to generate the enantiomeric amine either after
conformational rotation of the iminium-ion or its re-association
(stepks). The primary kinetic isotope effect indicates thahydride
transfer is the rate-limiting step. As the reaction profile is
symmetrical for this reversible equilibrium process the free-
energies of the transition states for hydride tranfer from amine to
iridium and from iridium hydride to iminium ion are the same.

5

Nt !
P, e

)
| b
e oK,
R ' \r* k
T e
2l '/[ '/i\“ Y~
! -
Ay ~ .~
SR X AR

Scheme3
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Conclusions

The dimeric iodo-iridium complex [IrCp*| 2]21 is an efficient catalyst
for the racemisation of secondary amines at ambieréind higher
temperatures with a low catalyst loading. With lowconcentrations of
catalyst, the racemisation occurs with pseudo-firstder kinetics.

The corresponding pseudo-first-order rate constantsvere identical
within experimental error obtained by measuring the time

dependence of the concentrations of theR| and (§ enantiomers
starting with either pure (R) or (S and all show a first-order
dependence on catalyst concentration yielding seaborder rate

constants. Low temperature'H NMR data is consistent with the
formation of a 1:1 complex with the amine coordinatd to the
iridium and with both iodide anions still bound to the metal-ion.
However, at the higher temperatures used for the kietic studies
binding is weaker and therefore saturation zero-orér kinetics are
not observed. A cross-over experiment with isotopadly labelled
amines demonstrates the intermediate formation ofraimine which
can dissociate from the iridium complex. Replacinghe iodides in the
catalyst by other ligands or having an amide subgtient in Cp*

results in a much less effective catalysts for theacemisation of
amines. The rate constants for a deuterated aminegyd a significant
primary kinetic isotope effect ki/ko = 3.24 indicating that hydride
transfer is involved in the rate-limiting step.

Experimental

6,7-Dimethoxy-1-methyl-3,4-dihydroisoquinoline: -®, 4-
dimethoxyphenethyl) acetamide (20g, 0.09 mol) was spended
in o-xylene (200ml), cooled in an ice bath, to which veaadded

r%lgtrybd%?sglagl#g{ adjust

View Article Online
DOI: 10.1039/C60B00884D

(500MHz, CDCl) 8ppm 1.44 (3H,d, CHs, JHz 6.7), 1.90 (1H, br,
NH), 2.64; 2.67 (1H, dt, CH, JHz 16.1, 4.7 Hz), 2.78; 2.81 (1H,
ddd, CHz, JHz 16.1, 8.7, 5.5 Hz), 2.99, 3.02 (1H, ddd, gHHz
12.6, 8.7, 4.7 Hz), 3.23; 3.26 (1H, dt, CHJHz 12.6, 5.1 Hz), 3.85
(3H, s, OCHs), 3.86 (3H, s, OCH), 4.03 (1H, g, JHz 6.6 Hz), 6.57
(1H, s, ArH), 6.63 (1H, s, ArH)!3C-NMR (500MHz, CDCI3) éppm
22.8 (CHs), 29.5 (CH), 41.8 (CH), 51.2 (CH), 55.9 (OCH), 56.0
(OCHs) 109.3 (CH), 111.9 (CH), 126.8 (qC), 132.4 (qC)41L4
(qC), 147.4 (qC). MS [ESI]: m/z 208 [M+H}. Mp 51.5 °C

R and $ 6,7-dimethoxy-1 -deutero-1-methyl- 1,2,3,4-
tetrahydroisoquinoline (R) 0.95 g, 92 % and$ 0.92g, 89%HNMR
(500MHz, CDCI3) éppm 1.40 (2H, t, CHs, JHz 8.9Hz), 1.80 (1H,br,
NH), 2.63; 2.67 (1H, dt, CH, JHz 16.1, 4.9 Hz), 2.77; 2.80 (1H, ddd,
CHz, JHz 16.0, 8.5, 5.4 Hz), 2.98, 3.01 (1H, ddd, €HdHz 12.8, 8.7, 4.8
Hz), 3.23; 3.26 (1H, dt, CH JHz 12.7, 5.2 Hz), 3.85 (3H, s, OCH
3.85 (3H, s, OCH), 6.57 (1H, s, ArH), 6.62 (1H, s, ArH)}C-NMR
(500MHz, CDCI3) 5ppm 22.2 (CHzD, m), 29.6 (CH), 41.8 (CH), 50.5
(CD, m), 55.9 (OCH), 56.0 (OCH;), 109.3 (CH), 112.0 (CH), 126.9
(9C), 1325 (qC), 147.3 (qC), 147.4 (qC). Mpt =52@. Some
deuteration of the 1-methyl group occurred suggestg that there may
be some coordination of the enamine to the ruthenm catalyst as well
as the iminium ion.

Enantioselectivities were determined by gas chromagrraphy using
an Agilent 7890 GC system with FID detection. Theystem was
fited with a Restek Rt-bDEXsm (30m x 0.25mm x 0.2Blm)
column and analysis was carried out at 18C isothermal for 45
mins using 12 psi helium as carrier gas (0.564 mlin) the retention
times of the R)-amine, ©-amine and imine were 31.4, 30.0 and
32.7 mins., respectively.

The synthesis and characterisation of the dimeric @o-iridium

dropwise POCE (41.75ml, 0.445 mol) followed by heating to complex [IrCp*| 2]21.has been previously reported.

reflux for 3 hrs. After cooling, the mixture was paired into ice
water, basified to pH 11, extracted with ethyl acette, washed
with water and dried, to afford 6,7-dimethoxy-1-metlyl-3,4-
dihydroisoquinoline as a yellow solid (15.8g, 85.8%)H-NMR
(500MHz, CDCls) éppm 2.36 (3H, s, CHzs), 2.65 (2H,t, CH2),
3.64 (2H,dd, CH-N), 3.91 (6H,d, OCHs), 6.69 (1H, s, ArH),
6.99 (1H, s, ArH). *C-NMR (500MHz, CDCI3) éppm 23.1
(CHs), 25.4(CH), 46.72(CHN), 55.9(OCHs), 108.7(CH),
109.93(CH), 122.17(qC), 130.8(qC), 147.1(qC), 15@6),
163.2(qC). MS (M+H") = 206.1188. Mpt.108°C
6,7-dimethoxy-(R and S) 1H/D-1-methyl-1,2,3,4-thtdro-
isoquinoline: To a preformed ruthenium catalyst ([RuCyChl2
0.01221g, 0.02 mol ) and 1,2-diphenjd~tosylethane-1,2-diamine
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Notes and references

TsDPEN (R, R) or (S, SP.0146g, 0.04 mol) in acetonitrile was added

6, 7-dimethoxy-1-methyl-3, 4-dihydrasoquinoline (1.026g, 5 mmol )
and stirred for 5 minutes. An azeotropic mixture offormic acid or

deuterated DCCH (5mmol) and triethylamine (2 mmol) (2.6g) was
then added at 28 and stirred for 2 hrs. Dichloromethane (20ml) was
added, washed with 2M NaOH, water, dried to affordthe crude

amines as brown oils. The amines were converted ticeir salts with

methanolic HCI and then recrystallised from ethandhexane and
finally the free bases formed by treatment with Na®l and extraction

with dichloromethane to give pure samples ofR) and (S)- 67-

dimethoxy-1-methyl-1,2,3,4-tetrahydrasoquinoline  and their 1-
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6 | J. Name., 2012, 00, 1-3

1 M. Breuer, K. Ditrich, T. Habicher, B. Hauer, M. Kel3eler, R.
Sturmer and T. Zelinski, Angew.Chem. Int. EQ2004, 43, 788.
2 Pharmaceutical Salts and Co-crystals. J. Wouterd,uc Quere,

Eds. RSC Publishing, 2011; F. van Rantwijk and R. {gldon,

This journal is © The Royal Society of Chemistry 20xx

Page 6 of 7



Page 7 of 7 Orgamlc & B(Jomoleg_ular Chemistry
Please do not adjust margins
View Article Online
DOI: 10.1039/C60B00884D

Tetrahedron2004, 60, 501; R. M. Kellogg, B. Kaptein, T. R. Ves, 10 A. N. Parvulescu, N. Andrei, P. A. Jacobs, D. E. déos, Adv.

Top. Curr. Chem2007, 269, 159. Synth. Catal.2008, 350, 113.

3 E. N. Jacobsen, A. Pfaltz, and H. Yamamoto, Ed€omprehensive 11 M. T. Reetz, K. SchimossekChimia, 1996, 50, 668; A. N.
Asymmetric CatalysisSpringer, London, 1999; K. Drauz and H. Parvulescu, P. A. Jacobs, D. E. de Vo§hem. Eur. J.2007, 13,
Waldmann Eds En2yme Catalysis in Organic Synthesis: A 2034; M.-J. Kim, W.-H. Kim, K. Han, Y. K. Choi, J. Park, Org.

Comprehensive Handbookviley-VCH, Weinheim, 1995; U. T.  Lett.2007,9, 1157.

Bomnscheuer and R. J. Kaslauskas EdsHydrolases in Organicl12 C. E. Hoben, L. Kanupp and J.-E. BackvallTetrahedron Lett.

SynthesisWiley-VCH, Weinheim, 1999; E. Fogassy, M. Nogradi, 2008, 49, 977; L. K. Thalén, D. Zhao, J.-B. Sortais, Paetzold, C.
D. Kozma, G. Egri, E. Plovics and V. KissOrg. Biomol. Chem.  Hoben, J.-E. Béckvall,Chem. Eur. J2009, 15, 3403.
2006, 4, 3011. 13 T. Jerphagnon, A. J. A. Gayet, F. Berthiol, V. Rleng, N. Mrsic,

4 F.Huerta, A. Minidis and J-E. Backvall, Chem. Soc. Rev2001, 30,  A. Meetsma, M. Pfeffer, A. J. Minnaard, B. L. Feringa and J. G.
321; A. Lilieblad, A. Kiviniemi and L. T. Kanerva, Tetrahedron  de Vries,Chem. Eur. J2009, 15, 12780.

2004, 60, 671; B. Martin-Matute, M. Edin, K. Bogar,F. B. Kaynak 14 W. M. Welch, C. A. Harbert, B. K. Koe and A. R. Kreska, Patent
and J-E. Backvall,J. Am. Chem. Soc2005, 127, 8817; N. Kim, 8- No. 4,536,518, 1985.

Ko, M. S. Kwon, M-J. Kim, and J, Park, Org. Lett, 2005, 7, 4523; A.
Dijksman, J. Elzinga, Y-X. Li, I. Arends, |. and R. Skeldon,
Tetrahedron: Asymmetry2002, 13, 879; B. Martin-Matute, J. E.
Backvall, Curr. Opin. Chem. Biol.2007, 11, 226; b) J. E. Backvall in
Asymmetric Synthesis-The Essentigls.: M. Christmann, S. Brase,
Wiley-VCH, Weinheim, 2007, pp. 171-175 M.-J. Kim, Y. Ahn, J.
Park in Biocatalysis in the Pharmaceutical and Biotechnplog
IndustriegEd.: R. N. Patel), CRC-Press, Boca Raton, 2007, pp49—
272; H. Pellissier,Tetrahedror2008, 64, 1563.

15 G. Csjernyik, K. Bogar and J-E. Backvall,Tetrahedron Letters
2004, 45, 6799.

16 G. Sweeney, M. J. Stirling and M. . Pagi preparation

17 Organic and Bio-Organic Mechanisms, M.l. Page and A.
Williams, Longmans, Harlow p.80 (1997)

5 A. J. Blacker, M. J. Stirling and M. I. Page,Org. Process Res.
Dev.,2007, 11, 642.

6 M. J. Stirling, A. J. Blacker and M. |. Page, Tetrahedron Lett
2007, 48, 1247.

7 A. J. Blacker, S. Brown, B. Clique, B. Gourlay, CE. Headley, S.
Ingham, D. Ritson, T. Screen, M. J. Stirling, D. Tayr, G.
Thompson,Org. Proc. Res. Dev2009, 13, 1370.

8 S. Kobayashi and H. Ishitani,Chem. Rey.1999, 99, 1069; G-Q.
Lin, Y-M. Li and A. S.C. Chan, in Principles and Applications of
Asymmetric SynthesjsWiley-Interscience, New York, 2001, ch. 6.3,
pp. 373-377; T. Vilaivan, W. Bhanthumnavin and Y. 8tanaAnant,
Current Organic Chemistrg005, 9, 1315; B. Singaram,

C. T. Goralski, in Transition Metals for Organic Synthesi®l. 2,

M. Beller, C. Bolm Eds., Wiley-VCH, Weinheim, 1998, p. 147 -
154; H. U. Blaser, F. Spindler inComprehensive Asymmetric
Catalysis Vol. 1 E. N. Jacobsen, A. Pfaltz, H. Yamamoto Eds
Springer, Berlin, 1999, pp. 24#265; F. Spindler, H. U. Blaser in
The Handbook of Homogeneous Hydrogenativol. J. G. de
Vries, C. J. Elsevier 3 Eds., Wiley-VCH, Weinheim, 207, pp.
1193-1214.

9Y. Ji, L. Shi, M.-W. Chen, G.-S. Feng, and Y.-G. Zhg J.

Am. Chem. Soc2015, 137, 10496.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013,00,1-3 | 7



