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The oxidative coupling of N-aryl tetrahydroisoquinolines with nucleophiles has inspired the
development of novel C-H functionalization reactions as well as mechanistic studies. Here, we
investigate the oxidation step that forms iminium ions as key intermediates in the method using
CuCl, as catalyst and oxygen as terminal oxidant. A strong electronic effect of substituents in the N-
aryl ring was found by synthetic studies and a Hammett plot analysis, supporting initial electron
transfer from the amine to Cu(ll). The importance of the mechanism of oxidation on the substrate

scope with differently substituted tetrahydroisoquinolines is discussed.

INTRODUCTION

The oxidative coupling of N-aryl tetrahydroisoquinolines 1 with various nucleophiles is a reaction that
has attracted a lot of attention from organic chemists (Scheme 1).! Following pioneering reports from
various groups,?> especially from 2004 onwards by the group of C.-J. Li,® numerous methods
comprising different catalysts, oxidants and nucleophiles have been reported. The majority of those

methods is limited to tertiary N-aryl amines, most substrates besides 1 and N,N-dimethylanilines fail.
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While the tetrahydroisoquinoline core is pharmaceutically interesting,* the N-aryl group is rarely
desired and difficult to remove.> Nevertheless, this type of reaction serves as a model and inspiration
for the development of novel oxidative C-H functionalization reactions.® By now, several methods
have overcome these limitations and succeed with N-alkyl, N-acyl or secondary

tetrahydroisoquinolines.®”

Scheme 1. Oxidative coupling reactions of N-aryl tetrahydroisoquinolines 1 with nucleophiles via

intermediate iminium ions

[catalyst]

e) oxidant
N + Nu _— N
“Ar ~Ar
1 2 N
&)iidation I\W !

In recent years, a number of detailed experimental and theoretical studies have uncovered many
aspects of the reaction mechanisms with N-aryl tetrahydroisoquinolines 1, depending on the catalyst
and oxidant used. Well-investigated systems are the combination of CuCl, as catalyst with oxygen,®
CuBr as catalyst with tert-butylhydroperoxide (tBuOOH),8>2° Rh,cap, with tBuOOH (albeit using N,N-
dimethylanilines, not 1),'° a binuclear Cu-catalyst with oxygen,*' photocatalytic reactions with and
without photocatalyst,’> as well as the use of the oxidant DDQ (2,3-dichloro-5,6-dicyano-1,4-

benzoquinone) without catalyst.!3

All of these reactions are suggested to share a common key intermediate, the iminium ion 3, which is
formed by oxidation and reacts with nucleophiles of sufficient reactivity to the final products 2
(Scheme 1). The iminium ion has been observed and characterized in several cases,'* including
reactions using CuCl,/0,,83f CuBr/tBUOOH in the presence of acid,®® DDQ,'3* as well as under

irradiation with light.12
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The actual mechanism of the oxidation is more complex. A key step suggested for the combination of
catalytic CuCl, and O, is electron transfer (ET) from the amine to the catalyst (Scheme 2, step (1)),
forming an ammoniumyl radical cation intermediate 4. This was based on the observation that
oxidation with CuCl, in the absence of oxygen forms an iminium 3 with a Cu(l) counterion.t* The
radical cation 4, formed from 1 by reaction with CuCl,, has actually been observed recently by mass
spectrometry.® The iminium ion could be formed from 4 either by direct hydrogen atom transfer
(HAT, step (2), supported by a computational study from Morgante et al.?9) or by sequential proton
transfer (PT, step (3)) and ET (4) via C-radical 5.8%8 Alternatively, the conversion could take place in a
concerted proton-coupled electron transfer (PCET), as suggested by Cheng et al. in a computational
study.® Initial ET has also been suggested to occur under photocatalyzed conditions,’?® and when

using DDQ as oxidant without additional catalyst.132

Scheme 2. Overview of suggested pathways of oxidation to the iminium ion 3. Abbreviations: ET:

electron transfer, HAT: hydrogen atom transfer, PT: proton transfer
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In contrast, direct formation of 5 by HAT (5) to oxyl and peroxyl radicals formed in situ has been
suggested for reactions with CuBr and tBuOOH.8®? Under these conditions, 5 would couple with a
peroxyl radical to the observable peroxide intermediate 6 (step 6), which is a precursor to the

iminium ion 3 via heterolytic C-O bond cleavage (7). The system of Rh,cap, with tBUOOH has been
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suggested to follow an ET-mechanism (steps (1)-(3)-(4)-(7)), with peroxyl radicals acting as electron
acceptors,® while this has more recently been questioned, arguing in favour of a HAT-mechanism
(steps (5)-(6)-(7)).° However, N,N-dimethylanilines instead of 1 were used in the Rh-catalyzed
reactions. A third type of mechanism via hydride transfer, directly furnishing the iminium ion 3 in a

single step (8), has been proposed for a reaction with an ortho-quinone as oxidant.?

We have recently investigated the CuBr/tBuOOH system with respect to the formation of peroxide 6,
relying to a large degree on Hammett plot analyses with 1 bearing different substituents on the N-
aryl ring.? A small slope (p = -0.55 vs. 0 and p = -0.41 vs. ¢*) was found, i.e. a weak substituent effect
on the oxidation step, supporting HAT (5) via an uncharged intermediate 5. For a mechanism via
initial ET, a larger slope would be expected, due to the generation of positive charge on the nitrogen
atom in 4. However, p values from reactions with amines 1 that were suggested to run via an ET-

mechanism were not available at the time for comparison.

Several studies with substituted N,N-dimethylanilines as substrates and a variety of catalysts,
oxidants and reaction conditions are known, though. Four cases using oxygen as oxidant have been
proposed to proceed via initial ET, reporting a large span of negative slopes (p =-3.35vs. 0,6 p=-2.2
vs. 0%, p =-1.9 vs. 6%,'81% and p = -0.61 vs. 62°). While they are mostly rather large, the latter is not
and very close to the value we had obtained previously for the CuBr/tBuOOH-system. Reactions
suggested to proceed via initial ET but using other oxidants also span a large range of negative slopes
(p =-3.8vs. 04,2 p=-25vs. 6,22 p = -1.09 vs. 0*3 and p = —-0.88 vs. 0*?*). And while slopes for
reactions suggested to proceed via initial HAT would be expected to be rather low, very different
values have been reported (p = -3.26 vs. 6% and p = -0.42 vs. 0%°). A slope for a proposed hydride
transfer has also been reported (p = -3.15 vs. 62%), and recently, Tsang et al. have actually reported a
slope from an oxidative coupling reaction with N-aryl tetrahydroisoquinolines 1 and DDQ as oxidant
(p = -2.1 vs. 6'%2). Due to this large variety in the reported slopes, substrates, catalysts and oxidants,
we decided to analyze a reaction with 1 ourselves, using conditions that would likely favour a

mechanism via initial ET.
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Here, we present a Hammett plot study of the oxidation step in the oxidative coupling of N-aryl
tetrahydroisoquinolines, catalyzed by CuCl, dihydrate and using O, as terminal oxidant. We use
reaction conditions as developed previously by our group, which we had suggested to proceed via
initial ET from the amine based on several mechanistic studies.®><?”7 Also included is the aerobic
preparation of several iminium ions 3 from substituted N-aryl tetrahydroisoquinolines, many of

which could be characterized by X-ray crystallography.

RESULTS AND DISCUSSION

Initially, we tested in situ IR and UV-VIS spectroscopy to monitor the known® oxidation of amines 1
to the iminium ions 3 with stoichiometric amounts of CuCl, dihydrate. However, these attempts
failed to give reliable data in our hands.?® We then looked at the oxidative coupling reaction as
shown in Scheme 1, searching for a highly reactive nucleophile that would make the addition step
zero order, so the oxidation step become rate controlling. We found trimethylsilyl cyanide to react
significantly faster than several other nucleophiles tested before®< (see the Supporting Information,
chapter 1). However, the reaction rate was very sensitive to the amount of water in the system, the
NMR-spectra were often too broadened for reliable analysis, and reproducing the reactions turned

out to be problematic.

During these experiments, it appeared that the very electron-poor para-nitrophenyl-substituted
amine 1k was unreactive, regardless of the nucleophile employed. This is in contrast to results
obtained with the CuBr/tBuOOH system, with which we had observed significant conversion of 1k.°
Investigating this case more carefully in the oxidative coupling with dimethylmalonate as a
representative nucleophile in acetone, a preferred solvent for reactive nucleophiles,® we found that

1k does in fact form the desired product, but only exceedingly slow (Scheme 3).

Scheme 3. Comparison of N-phenyl and N-(p-nitrophenyl) tetrahydroisoquinoline in the oxidative
coupling with dimethylmalonate, using the currently investigated method (CuCl, / O,) and the

method developed by the Li group3¢ (CuBr / tBuOOH)
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CuCl, - 2 H,0
N (10 mol%)
1 \©\ 0O, (balloon), N
R acetone, r.t. R
o o MeO,C~ “CO,Me

7e (R =H): 13 h, 94% (in MeOH)®e®
(3.0 equiv.) 7k (R =NO,): 16 d, 4%

CuBr (5 mol%)
tBUOOH (1.0 equiv., N
5.5 M in decane), R
DCE, r.t., over night MeO,C”~ ~CO,Me

7e (R = H): 74% (no solvent)®
7k (R = NO,): 35%

After 8 days, about 2% of the product 7k could be observed by H-NMR spectroscopy, and about 4%
after 16 days. In contrast, the coupling product of the phenyl-substituted 1e with dimethylmalonate,
7e, was reported to form in 94% after less than a day.8® Using the CuBr/tBuOOH system for
comparison, 7e was reported to give 74% vyield after reaction overnight,3® and we received an
isolated yield of 35% of the p-nitro substituted product 7k with the same method in 1,2-
dichloroethane (DCE), a solvent we had found to give very good results® (Scheme 3). While this is a
rather low yield from a synthetic perspective, it clearly shows that the strongly electron-withdrawing
nitro group lowers the performance of the CuBr/tBuOOH method only slightly, but the CuCl,/0,
method nearly fails. These reactions were also performed in switched solvents without a remarkable
change (CuCl,/0, in DCE: 5% after 8 d; CuBr/tBuOOH in acetone: 24 h, 39%), confirming that the

different reactivities are not merely due to solvent effects.

In order to investigate the electronic effect of substituents in the N-aryl group more quantitatively,
we turned our attention again to the oxidation step in the absence of any nucleophile. We
discovered that we could monitor the Cu(ll)-mediated formation of the iminium ions 3 by *H-NMR
under diluted conditions. This way, the evaluation of the NMR spectra was generally not hampered
by line-broadening due to paramagnetic Cu-species. We synthesized the para-substituted iminium
ions 3a-k by reaction with stoichiometric amounts of CuCl, dihydrate, in order to later use them as

references in competition experiments (Scheme 4a).
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Scheme 4. Oxidation of substituted N-aryl tetrahydroisoquinolines to the iminium ions 3 with
Cu(ll), a) synthesis of reference compounds; b) selected ORTEP structures of iminium salts;

displacement ellipsoids are drawn at the 50% probability level.
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We also managed to grow crystals suitable for X-ray structure analysis from most products, including
the p-nitro-substituted iminium 3k (selected ones are shown in Scheme 4b, see the Supporting
Information, chapter 5, for all structures). Interestingly, while the counterions were in most cases of
dichlorocuprate(l) or dimeric bis-dichlorocuprate(l) type (e.g. 3g and 3h, Scheme 4b), as seen
before,® we also obtained three crystal structures with Cu(ll) counterions (e.g. 3j and 3k, Scheme

4b).

In order to obtain a Hammett plot for this oxidation step, we performed competition experiments

between the differently substitued N-aryl tetrahydroisoquinolines (except for 1k, which was too
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slow) (Scheme 5). This way, relative rates of iminium ion formation were measured. A reliable
determination of absolute rates by separate kinetic measurement of each substituted amine by NMR
spectroscopy was considered as impossible, as the more electron-rich amines 1a-1e react too fast,
giving full conversion after a few minutes. Competition experiments can be used in these cases even
at high conversion, provided some of each starting material is left unreacted by the time of
measurement, by calculating the relative rates from the conversion of each amine with the Ingold-
Shaw equation? (see the Supporting Information, chapter 2.3). Note that relative rates from
competition experiments reflect not necessarily the rate-controlling step but the product- or
selectivity-controlling step. The reactions were performed with stoichiometric amounts of Cu(ll) in
order to achieve high conversions without the necessity for aerobic reoxidation of Cu(l), which might

otherwise perturb the measurement of relative rates of amine oxidation.

Scheme 5. Competition experiments, conducted to measure relative rates of oxidation.

®
1 CuCl, - 2 H,0 3
. (1.0 equiv.) _ N

R

1,3,5-trimethylbenzene
m (internal standard), ©©\l
acetone-dg, r.t. “®
1 3
(0.5 equiv.) R'
a.R=0Me; b:R=0Ph;c:R=1Bu;d: R=F;e:R=H;f: R=Cl;
g: R=Br; h: R=CO,Me; i: R=CFj3;j:R=CN

Rl

The relative rates thus measured are reported in Table 1. The rate for 1a can only be estimated since
it was fully converted already in the first measurement (see the Supporting Information, chapter 2.4).
Also shown are the relative rates obtained previously for the oxidation of amines 1 to the peroxides 6
using CuBr and tBuOOH, where available for the given substituents.® It is obvious from this
gualitative comparison, that the oxidation with Cu(ll) is subject to a much stronger substituent effect

than the oxidation with tBuOOH. While the para-methoxy substituted amine is reacting
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approximately 600 times faster than the para-cyano substituted one, it is only 3-4 times faster in the

CuBr/tBuOOH-case (compare Table 1, entries 1 and 9).

oNOYTULT D WN =

9 Table 1. Relative rates of differently substituted amines 1 in the oxidation with Cu(ll) and tBuOOH,

11 respectively?

14 entry Amine R Ire (CuCly) I're (t(BUOOH)?
17 1 la OMe ca. 600 3.7
19 2 1b OPh 229
22 3 1c tBu 119

4 1d F 39
27 5 le H 36 2.1
30 6 1f l 18 1.8
32 7 1g Br 14
35 8 1h CO,Me 2.940.2
37 9 1i CFs 2.4 1.3
40 10 1j CN 1.0 1.0

9Relative rates in the oxidation of substituted amines 1, as shown in Scheme 5; frelative rate of
45 oxidation to the peroxide 6 using the CuBr/tBuOOH-system for comparison, reported previously;®
47 ‘standard deviation given for measurements from competition experiments with different reference

49 compounds.

56 The decadic logarithm of the relative rates was found to correlate very well with Hammett sigma
58 parameters, with the best linear fit versus o* (Figure 1. Amine 1a was left out, judging the data as not

60 reliable enough. For alternative plots, see the Supporting Information, chapter 2.7). The slope was
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determined as p = 2.0 against o* and p = -2.6 against o. This is a significantly larger slope than the
one obtained from the CuBr/tBuOOH-system (p = -0.41 against ¢%),° supporting a different
mechanism, namely ET from the amine’s lone pair, resulting in a positive charge on the nitrogen
bound to the substituted arene. This fits very well with the slope of p = -2.1 against o, as measured
for the reaction with DDQ that was suggested to start with ET,'32 and also with the generally steep

slopes of related reactions via ET, that were discussed above.

. 1.00 - T
* . 0.75 -
oph .. tBu N y =-1.98x-0.10
-9 050 | "ap R? = 0.98

T~ 0.25 -

-0.6 -0.4 02 F o 0.2 04 0.6 058

-0.50 -

-0.75 A S

-1.00 - R
"\ CF3
-1.25 - COZMe \\\\’

-1.50 - & CN

-1.75 -

Figure 1: Hammett plot of the oxidation of amines 1 by Cu(ll), determined from competition

experiments as shown in Scheme 5.

The suggested mechanism of oxidation by multiple steps as shown in Scheme 2 above raises the
guestion whether the product-controlling step responsible for the relative rates is actually the initial

ET (step (1)) and not a subsequent one. We think this is the case, for the following reasons:

One could imagine that coordination of the amine’s lone pair to Cu(ll) is preceding the actual ET step,
and that the relative rates mirror this equilibrium involving Cu(ll) and two different amines. However,

we often observed strong line broadening of the 'H-NMR signals of unreacted amine starting
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material during the competition experiments, while all other peaks remained sharp (see
Supplementary Figure 5-1). This indicates binding of paramagnetic Cu(ll) to the amines prior to any
further step, and that these complexes apparently are a resting state of the reaction. Thus,
complexation is fast and one can rule out that this is the product-controlling step. After the
presumed ET (step (1)), two pathways from the ammoniumyl radical cation 4 to the observed
iminium ion 3 appear possible (Scheme 2): via two steps by proton transfer (PT, forming C-radical 5)
and ET (steps (3) and (4)), or via one step by HAT (step (2)). If the PT step were product-controlling,
the radical cations 4 with the most electron-withdrawing substituents should be most acidic,
resulting in faster rates and thus a positive slope of the Hammett plot. This is obviously not the case.
If the second ET (step 4) were product-controlling, the Hammett plot would have a negative slope, as
is observed. However, if this were the case, the resting state of the reaction would be C-radical 5.
Especially in the case of very slowly reacting amines like the p-NO,-substituted 1k, this species would
easily react in alternative ways, for example with oxygen, forming a hydroperoxide or amide as major
products. This is not the case, discounting the second ET step as product-controlling. Conversion of 4
to 3 by HAT (step (2)) would not change the charge of the molecule, so the slope of the Hammett
plot would be expected to be less steep, as in the case we had measured previously for the
CuBr/tBuOOH-system (p = -0.41 against o*).° Additionally, we had previously measured a low
intermolecular kinetic isotope effect of 1.3, which indicated that C-H bond cleavage (by whichever
mechanism) is not product-controlling.® A concerted proton-coupled electron transfer (PCET) would
most likely be subject to opposing electronic effects, as outlined above for sequential PT and ET, and
thus exhibit a rather insignificant slope. Thus, we consider it most likely that the Hammett plot in

Figure 1 actually reflects the initial ET step as suggested in Scheme 2.

From the separate oxidative coupling and oxidation reactions, resp., shown above in Schemes 3 and
4, we could estimate a few absolute rate constants. The Hammett plot slopes thus obtained are
certainly less reliable, but nevertheless correlate very well with the one obtained from competition

experiments (see the Supporting Information, chapter 3, for details). This indicates that the product-
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controlling step is actually also the rate-controlling step in reactions with a single amine substrate.
We also measured one competition experiment of amines 1g and 1i under argon instead of under air,
which was slower but gave the same relative rate as measured before (see the Supporting
Information, chapter 2.8, for details). This supports the notion that the oxidation of the amines takes
place by reaction with Cu(ll) and that oxygen is only involved in the reoxidation of Cu(l). Finally, we
also measured kinetic isotope effects for the oxidation of the parent amine 1le. Due to line-
broadening of leftover starting material by the presence of paramagnetic Cu-species, the values
could not be determined with satisfactory precision. Nevertheless, the estimated values fully support
the conclusion of this study, that the reaction proceeds via a rate-controlling ET pathway (see the

Supporting Information, chapter 4, for details).

This does not provide any information by which pathway the proposed ammoniumyl radical cation 4
actually reacts to the iminium ion. We had previously observed that the parent amine 1le can be
oxidized to the iminium 3e in the absence of oxygen by stoichiometric CuCl, dihydrate, thus
proposing that Cu(ll) would be involved in the further conversion of 4e, which might make sequential
PT-ET or PCET most likely.®* A recent computational study, however, favoured formation of 3e from

radical cation 4e by direct HAT to oxygen or a hydroperoxyl radical, provided that oxygen is present.&

CONCLUSIONS

Hammett plots, together with KIE-experiments, are decisive mechanistic probes to distinguish
between ET-PT and HAT mechanisms in the oxidation of amines. As has been discussed above, the
slope values p found in the literature span a relatively broad range for each case. While some
conclusions from the discussed publications may be wrong, it also underlines that the Hammett plot
slopes are dependent on the catalysts and substrates employed. Here, we present a Hammett plot
study with N-aryl tetrahydroisoquinolines as substrates, a very common amine in oxidative coupling
(or CDC) reactions with nucleophiles. We investigated the method using CuCl, dihydrate as catalyst

and oxygen as oxidant, in order to compare the results with those previously reported for the
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method using CuBr as catalyst and tBuOOH as oxidant. In both systems, the same substrate type was
investigated and we looked at the oxidation step only, leaving out any potential influence of the
bond formation to the nucleophile. Together, these values for very similar reactions and catalyst give
a clear distinction: the significantly larger p-value found here (p = -2.0 against o*) supports the

previous assignment of a reaction mechanism via electron transfer (ET).

Does it matter very much whether these synthetic methods proceed via initial ET or HAT? It does
indeed, because the mechanism affects the product scope. ET reactions are more susceptible to
electronic changes of the substrate, so amines with strongly electron-withdrawing substituents may
easily fail or give very poor yields. This was shown here for the case of the para-NO,-substituted
amine 1k, which only gave traces of product even after extended reaction times. Possibly related to a
lack of stabilization of the intermediate ammoniumyl radical cation is the often observed failure of
secondary or N-alkyl substituted tetrahydroisoquinolines. For such substrates, one should utilize
synthetic methods that proceed via HAT, which is much less affected by changes of the N-substituent
(Scheme 6). For example, employing peroxides appears suitable, which easily generate intermediate

oxyl radicals that are well-known HAT-acceptors.3°

Scheme 6. Effect of the mechanism on the product scope in oxidative coupling reactions with

tetrahydroisoquinolines

slow or impossible for R = EWG, alkyl, H

+e

N.
ET R \
/

R

N\R

less affected by nature and electronics of R

e

For the substrate 1k or the closely related p-nitro-N,N-dimethylaniline, six successful methods using

tBuOOH as oxidant are reported,®?%3! but also three methods using oxygen.3? The latter may work
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better than our CuCl,/O,-method due to higher oxidation potentials of the catalyst or higher reaction
temperatures. However, tetrahydroisoquinolines bearing N-acyl or carbamate groups — providing
even less stabilization of an ammoniumyl radical cation formed by ET'3? — no aerobic method is

known but only those using synthetic oxidants like tBuOOH.727¢33

EXPERIMENTAL SECTION

General Information. Unless otherwise indicated, all reagents and solvents were purchased from
commercial distributors and used as received. Solvents (ethyl acetate, pentane) used for column
chromatography were of technical grade and used after distillation in a rotary evaporator. TLC was
used to check the reactions for full conversion and was performed on Macherey-Nagel Polygram Sil
G/UV254 thin layer plates. TLC spots were visualized by UV-light irradiation and staining with
KMnO4. Flash column chromatography was carried out using Merck Silica Gel 60 (40-63 um). Yields
refer to pure isolated compounds. *H and 3C NMR spectra were measured with Bruker AV 400, AV
500 and AV 600 spectrometers. All 3C NMR spectra are broadband 'H decoupled. All chemical shifts
are given in ppm downfield relative to TMS and were referenced to the solvent residual peaks.3* 'H-
NMR chemical shifts are designated using the following abbreviations as well as their combinations: s
= singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad signal. High resolution mass
spectra were recorded with a Bruker APEX IIl FTICR-MS or a Finnigan SSQ 7000 quadrupole MS or a
Finnigan MAT 95 double focusing sector field MS instrument. Melting points were determined in
open capillary tubes on a EZ-Melt Automated Melting Point Apparatus and are uncorrected. For
details of X-ray structure analysis, see the corresponding CIF-files. The substituted N-aryl
tetrahydroisoquinolines 1a (OMe),?® 1c (tBu),®? 1d (F),*® 1e (H),3> 1f (Cl),3” 1g (Br),3® 1i (CF3)37 1j (CN)3¢
and 1k (NO,)%* were synthesized according to previously published methods. Amine 1k was also
synthesized by a different method (see below), which gave significantly higher yields. The iminium

ion 3e has been synthesized as described before.8
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General procedure for the synthesis of N-aryl tetrahydroisoquinolines 1b, 1h and 1k. This general
method was previously published,*® but had not been used to isolate the amines listed below. A
solution of 1-(2-iodoethyl)-2-(iodomethyl)benzene (1 g, 2.69 mmol), a substituted aniline (2.69 mmol,
1.0 equiv.), NaHCO; (451.7 mg, 5.38 mmol) and sodium dodecylsulphate (ca. 9 mg) in 10.8 mL of
water was stirred under reflux for 3 h. The reaction solution was cooled to room temperature and
extracted with ethyl acetate. The combined ethyl acetate phases were washed with water and dried
over magnesium sulfate. The solvent was removed by rotary evaporation and the residue was

purified by column chromatography.

2-(4-Phenoxyphenyl)-1,2,3,4-tetrahydroisoquinoline ~ (1b).  Purification ~was performed by
chromatography on silica gel using 5% EtOAc /pentane as the eluents. Yield: 720 mg, 88.9%, white
solid, mp 84.1 °C. 'H NMR (500 MHz, DMSO-d6): & 7.36-7.30 (m, 2H), 7.23-7.15 (m, 4H), 7.08-
7.02(m,3H), 6.99-6.92 (m,2H), 6.93-6.88 (m, 2H), 4.35 (s, 2H), 3,50 (t, J = 5.90 Hz, 2H), 2.92 (t, / = 5.90
Hz, 2H); 13C{*H} NMR (125 MHz, DMSO-d6): 6 158.3, 147.8, 147.0, 134.5, 134.4, 129.8, 128.4, 126.6,
126.2, 125.8, 122.3, 120.5, 117.1, 116.4, 50.5, 46.4, 28.2; HRMS-(ESIpos) (m/z): M* + H calcd for

C,1H20N;0;: 302.1539; found 302.1545.

Methyl  4-(3,4-dihydroisoquinolin-2(1H)-yl)benzoate (1h). Purification was performed by
chromatography on silica gel using 10% EtOAc /pentane as the eluents. Yield: 1.583 g, 88.1%, white
solid, mp 102.2 °C. *H NMR (500 MHz, DMSO-d6): § 7.84-7.79 (m, 2H), 7.27-7.16 (m, 4H), 7.02-6.96
(m, 2H), 4.52 (s, 2H), 3.77 (s, 3H), 3.63 (t, J = 5.94 Hz, 2H), 2.92 (t, J = 5.94 Hz, 2H); 3C{1H} NMR (125
MHz, DMSO-d6): 6§ 166.2, 152.8, 134.9, 134.0, 130.8, 128.1, 126.5, 126.5, 126.1, 117.0, 112.2, 51.4,

48.2,44.2, 28.1; HRMS m/z: calcd for C;7H;7N;0,Na; [M*+Na]: 290.1152; found: 290.1153.

2-(4-Nitrophenyl)-1,2,3,4-tetrahydroisoquinoline ~ (1k).  Purification = was  performed by
chromatography on silica gel using 10% EtOAc /pentane as the eluents. Yield: 1.279 g, 62.4%, orange
solid, mp 141.3 °C. *H NMR (500 MHz, DMSO-d6): 6 8.12-8.06 (m, 2H), 7.29-7.18 (m, 4H), 7.05-6.98

(m, 2H), 4.62 (s, 2H), 3.69 (t, J = 5.87 Hz, 2H), 2.95 (t, J = 5.87 Hz, 2H); 3C{*H} NMR (125 MHz, DMSO-
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de6): 6 153.8, 136.2, 135.0, 133.6, 127.9, 126.8, 126.5, 126.3, 125.8, 111.6, 48.0, 44.3, 28.0; HRMS-(EI)

(m/z): M* calcd for C15H4N,0,: 254.1055, found: 254.1054.

General procedure for the synthesis of iminium ions 3. The amine (0.4 mmol, 1.0 equiv.) and
CuCl,*2 H,0 (0.8 mmol, 2.0 equiv.) are dissolved in sufficient ethanol, methanol or acetonitrile to
give a homogeneous solution (3-12 ml). A layer of pentane or hexane may be added to enhance
crystallization. After standing overnight, the crystals formed are collected by filtration and washed

with a small amount of solvent.

2-(4-Methoxyphenyl)-3,4-dihydroisoquinolin-2-ium dichlorocuprate(l) (3a). Synthesized in ethanol,
yield: 128.9 mg, 82.9%; yellow solid, mp 135.2 °C; *H NMR (500 MHz, DMSO-d6): § 9.54 (s, 1H), 8.02-
7.98(m, 1H), 7.90-7.80 (m, 3H), 7.64-7.58 (m,2H), 7.25-7.20 (m, 2H), 4.56 (t, J = 7.94 Hz, 2H), 3.87 (s,
3H), 3.41 (t, J = 7.94 Hz, 2H); 3C{'H} NMR (125 MHz, DMSO-d6): § 165.4, 160.7, 137.9, 136.6, 135.7,
134.3, 128.1, 128.1, 125.5, 124.1, 114.8, 55.8, 50.7, 24.8; HRMS m/z: calculated for C;gHsN;0; [M*]:
238.1226, found: 238.1224 (M-CucCly’). The nature of the inorganic counterion was determined by X-

ray crystallography (see the Supporting Information).

2-(4-Phenoxyphenyl)-3,4-dihydroisoquinolin-2-ium di- or trichlorocuprate (3b). Synthesized in THF,
yield: 62 mg, 43.0%; black solid, mp 88.7 °C (decomp.); *H NMR (500 MHz, DMSO-d6): & 9.58 /brs,
1H), 8.10-6.99 (brm, 13H), 4.58 (brs, 2H, 3.43 (brs, 2H); 3C{*H} NMR (125 MHz, DMSO-d6): § 165.7,
157.8, 154.5, 137.5, 136.9, 136.0, 133.9, 129.6, 127.5, 124.7, 124.0, 123.8, 118.7, 118.0, 50.2, 24.3;
HRMS-(ESI pos) (m/z): calcd for Cy;H13N;04,300.1383; found 300.1378 (M*- CuCl,_3). The crystals were
received as fine needles and structure determination by X-ray crystallography was not successful.
The exact nature of the counterion could therefore not be determined. However, the significant line
broadening observed in the NMR spectra indicates a paramagnetic Cu(ll) counterion (CuCl;y’), as

observed in the case of 3¢, 3j and 3k.

2-(4-(tert-Butyl)phenyl)-3,4-dihydroisoquinolin-2-ium di- or trichlorocuprate (3c). Synthesized in

ethanol, yield: 104.6 mg, 69.9%; yellow solid, mp 186-188 °C, *H NMR (500 MHz, DMSO-d6): 6 9.59
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1

2

3 (s, 1H), 8.07-7.55 (m, 8H), 4.59 (s, 2H), 3.42 (s, 2H), 1.32 (s, 9H); 13C{H} NMR (125 MHz, DMSO-d6): &
4

Z 166.0, 153.1, 139.7, 137.7, 136.3, 134.1, 127.7, 126.2, 124.9, 121.8, 50.1, 34.1, 30.3, 24.4; HRMS m/z:
7

8 calculated for CygH,,N; [M*]: 264.1747, found: 264.1741 (M-CuCl,). The nature of the inorganic
9

10 counterion was determined by X-ray crystallography (see the Supporting Information).

11

12

13 2-(4-Fluorophenyl)-3,4-dihydroisoquinolin-2-ium dichlorocuprate(l) (3d). Synthesized in ethanol, yield:
14

12 134.4 mg, 84.9%; yellow solid, mp 149.5-150.5 °C; *H NMR (500 MHz, DMSO-d6): § 9.62 (s, 1H), 8.06-
17

18 7.87(m, 4H), 7.67-7.55 (m, 4H), 4.58 (t, J = 7.90 Hz, 2H), 3.43 (t, J = 7.90 Hz, 2H); B3C{'H} NMR (125
19

20 MHz, DMSO-d6): 6 167.3, 162.7 (d, J = 248.8 Hz), 139.3, 139.2, 138.4, 136.9, 134.7, 128.2, 128.2,
21

22 125.4, 125.4, 125.3, 116.8 (d, J = 24.04 Hz), 50.9, 24.8; HRMS m/z: calculated for CysHq3F;N; [M*]:
23

;2’ 226.1026, found226.1022 (M-CuCly). The nature of the inorganic counterion was determined by X-
26 . .

27 ray crystallography (see the Supporting Information).

28

29

30 2-(4-Chlorophenyl)-3,4-dihydroisoquinolin-2-ium dichlorocuprate(l) (3f). Synthesized in methanol,
31

32 yield: 109.8 mg, 70.9%; yellow solid, mp 150-151 °C; *H NMR (500 MHz, DMSO-d6): 6 9.64 (s, 1H),
33

;‘5‘ 8.04-8.00(m, 1H), 7.94-7.88 (m, 3H), 7.83-7.78 (m, 2H), 7.66-7.59 (m, 2H), 4.58 (t, J = 7.95 Hz, 2H),
;? 3.43 (t, J = 7.95 Hz, 2H); 3C{*H} NMR (125 MHz, DMSO-d6): 6 167.5, 141.6, 138.5, 137.1, 135.3, 134.9,
38

39 129.9, 128.3, 128.3, 125.4, 124.7, 50.7, 24.8; HRMS m/z: calculated for Cy5H;3CliN; [M*]: 242.0731,
40

41 found: 242.0722 (M-CuCly). The nature of the inorganic counterion was determined by X-ray
42

ji crystallography (see the Supporting Information).

45

j? 2-(4-Bromophenyl)-3,4-dihydroisoquinolin-2-ium dichlorocuprate(l) (3g). Synthesized in methanol,
48

49 yield: 113.7 mg, 77.7%; yellow solid, mp 148-149 °C; *H NMR (500 MHz, DMSO-d6): & 9.64 (s, 1H),
50

51 8.04-7.79(m, 6H), 7.66-7.58 (m, 2H), 4.58 (t, J = 7.90 Hz, 2H), 3.42 (t, J = 7.90 Hz, 2H); B3C{'H} NMR
52

53 (125 MHz, DMSO-d6): 6 167.4, 141.9, 138.5, 137.0, 134.8, 132.7, 128.2, 128.2, 125.3, 124.8, 123.9,
54

22 50.5, 24.7; HRMS m/z: calculated for CisHyNiBr; [M*]: 286.0226, found: 286.0227 (M-CuCl,). The
57 . , . . .
58 nature of the inorganic counterion was determined by X-ray crystallography (see the Supporting
59

60 Information).

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Organic Chemistry

2-(4-(Methoxycarbonyl)phenyl)-3,4-dihydroisoquinolin-2-ium dichlorocuprate(l) (3h). Synthesized in
methanol, yield: 112.3 mg, 74.9%; yellow solid, mp 150-155 °C; *H NMR (500 MHz, DMSO-d6): 6 9.74
(s, 1H), 8.27-8.22(m, 2H), 8.07-8.00 (m, 3H), 7.95-7.90 (m,1H), 7.67-7.60 (m, 2H), 4.63 (t, J = 7.91 Hz,
2H), 3.92 (s, 3H), 3.45 (t, J = 7.91 Hz, 2H); 3C{*H} NMR (125 MHz, DMSO-d6): § 168.1, 165.0, 146.1,
138.8, 137.3, 135.1, 131.3, 130.7, 128.3, 128.3, 125.4, 123.2, 52.6, 50.5, 24.8; HRMS m/z: calculated
for C;7H6N,0, [M*]: 266.1176, found: 266.1173 (M-CuCl,’). The nature of the inorganic counterion

was determined by X-ray crystallography (see the Supporting Information).

2-(4-(Trifluoromethyl)phenyl)-3,4-dihydroisoquinolin-2-ium di- or trichlorocuprate (3i). Synthesized in
ethanol, yield: 72 mg, 44.8%; orange solid, mp 124.5 °C; 'H NMR (500 MHz, DMSO-d6): 6 9.72 (brs,
1H), 8.31-7.97 (brm, 5H), 7.91 (brs, 1H), 7.63 (brs, 2H), 4.64 (brs, 2H), 3.47 (brs, 2H); 3C{*H} NMR
(125 MHz, DMSO-d6): 6 168.0, 144.9, 138.2, 136.5, 134.6, 129.7 (q, Jz=32.2 Hz), 127.7, 126.6, 124.6,
123.9 (q, J=272.6 Hz), 123.8, 123.2, 121.6, 50.2, 24.4; HRMS-(ESI pos) (m/z): calcd for CigH13F3N,
276.0995; found 276.0990 (M* - CuCl,.;3). The crystals were received as fine needles and structure
determination by X-ray crystallography was not successful. The exact nature of the counterion could
therefore not be determined. However, the significant line broadening observed in the NMR spectra

indicates a paramagnetic Cu(ll) counterion (CuCls™), as observed in the case of 3c, 3j and 3k.

2-(4-Cyanophenyl)-3,4-dihydroisoquinolin-2-ium trichlorocuprate (3j). Synthesized in acetonitrile,
yield: 68 mg, 39.5%; orange solid, mp 193.7 °C; *H NMR (500 MHz, DMSO-d6): 6 9.69 (brs, 1H), 8.37-
7.49 (m,8H), 4.63 (brs, 2H), 3.47 (brs, 2H); 3C{tH} NMR (125 MHz, DMSO-d6): & 167.6, 144.4, 137.9,
135.9, 134.2, 133.0, 127.2, 124.0, 122.6, 116.1, 111.6, 49.7, 24.0; HRMS-(ESI pos) (m/z): calcd for
Ci6H1sN,, 233.1073; found 233.1073 (M* - CuCls). The nature of the inorganic counterion was

determined by X-ray crystallography (see the Supporting Information).

2-(4-Nitrophenyl)-3,4-dihydroisoquinolin-2-ium trichlorocuprate (3k). Synthesized in acetonitrile,
yield: 79 mg, 61,4%; dark green solid, mp 206 °C; *H NMR (500 MHz, DMSO-d6): & 9.74 (brs, 1H),

8.68-7.45 (m, 8H), 4.65 (brs, 2H), 3.48 (brs, 2H); 33C{*H} NMR (125 MHz, DMSO-d6): 6 168.1, 146.8,
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145.9, 138.1, 136.2, 134.5, 127.4, 124.4, 123.2, 50.0, 24.2; HRMS-(ESI pos) (m/z): calcd for
Ci5H13N,0,, 253.0972; found 253.0971 (M* - CuCl;). The nature of the inorganic counterion was

determined by X-ray crystallography (see the Supporting Information).

Dimethyl  2-(2-(4-nitrophenyl)-1,2,3,4-tetrahydroisoquinolin-1-yl)malonate  (7k). ~ Using  the
CuBr/tBuOOH method: to a mixture of CuBr (2.58 mg, 0,018mmol), dimethyl malonate (0.123 ml;
1.08 mmol, 3.0 equiv,) and 1k (91.54 mg; 0.36 mmol, 1.0 equiv.) in 1,2-dichloroethane (1 mL) was
added tert-butyl hydroperoxide (65.5 pL; ca. 5.5M solution in decane; 0.36 mmol, 1.0 equiv.). The
resulting mixture was stirred at room temperature over night. Purification was performed by
preparative thin layer chromatography on silica gel using 0.7% isopropanol in CH,Cl, as the eluent.
Yield: 48.3 mg, 34.9%; yellow oil, *H NMR (500 MHz, DMSO-d6): & 8.12-8.06 (m, 2H), 7.28-7.23
(m,2H), 7.22-7.15 (m, 2H), 7.11-7.05 (m, 2H), 5,83 (d, J = 9.75 Hz, 1H), 4,18 (d, J = 9.75 Hz, 1H), 3.79-
3.67 (m, 2H), 3.62 (s, 3H), 3,44 (s, 3H), 3.14-3.02 (m, 2H); 3C{*H} NMR (125 MHz, DMSO-d6): 6 167.3,
166.8, 152.9, 137.0, 134.7, 134.7, 128.7, 128.1, 126.9, 126.1, 125.6, 112.3, 57.1, 56.5, 52.6, 52.6,
42.2, 25.9; HRMS-(ESI pos) (m/z): M*+ H calcd for C,oH,;,N,06, 385.1394; found 385.1390. Using the

same method in acetone instead of 1,2-dichloroethane, 39.0% were isolated.

Using the CuCl,/O, method: to a solution of 1k (0.36 mmol, 91.54 mg) in acetone (1.5 mL), dimethyl
malonate (1.08 mmol, 0.123 mL) and CuCl,*H,0 (0.036 mmol, 6 mg) are added and the mixture is
stirred under an atmosphere of oxygen (1 atm) at room temperature. At regular time intervals,
aliquots of 50 pl were taken from the reaction mixture, diluted to 0.4 ml with DMSO-d6 and
measured by H-NMR immediately. The yield was determined by the ratio of starting material and
product (3 d: 1.2%, 8 d: 1.8%, 16 d: 3.7%, 29 d: 8.3%). The reaction was stopped after 29 days, no
attempt was made to isolate the product due to the low yield. Using the same method in 1,2-

dichloroethane instead of acetone, a yield of 4.8% was determined after 8 d.
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