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Abstract. A palladiun-catalysed _ intramoleculi] catalysis®® On the other hand, the intramolecular
nucleophilic addition of aryl iodides to aldehydeading to| Pd-catalysed direct acylation of aryl halides with
tetrahydroisoquinolin-4-ols is reported. A varietyf | aldehydes, though scarcely explored, has been
products were isolated in good to excellent yieldse joint| successfully used for the preparation of
experimental-computational study shows that althotwgp | benzocyclobutenon€s and for the synthesis of a
competitive reaction pathways can be promoted b0)Pd variety of azaheterocycles starting from 2-
starting ~ from  a-(2-iodobenzylamino)-aldehydes,  thejodoanilines”

selectivity of the process can be controlled by heper|  Two mechanistic scenarios (Scheme 1) have been
selection o_f the bas_e. While the nucleophilic a_ddlb_f the proposed for these intramolecular processes: (1)
aryl-Pd(ll) intermediate to the carbonyl group ésestively | carhopalladation of the aryl-Pd(ll) moiety acrose t
promoted by using the baseiit the GH bond activation  c=0 pond®**“! followed by B-hydride efimination

at the formyl group competes with the nucleoplatidition would affo’rd the ketone and regenerate the Pd(0)
only when the base is replaced byCB;. catalyst (mechanism Af or (2) GH bond
activation, loss of HX from the resulting Pd(IV)
intermediate, and reductive elimination from thglac

Pd complex would also form the ketone and

Keywords:. catalysis; palladium; cyclization; nucleophilid
addtion; DFT calculations

regenerate the catalyst (mechanisnf®).
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Introduction ©\)ﬁ @( ©\)ﬁ
N/\/CHO
Aldehydes are probably the most versatile syntimon i I k |
: . s e LnPd(0) oxidative LaPd(0)
organic chemistry. Consequently, it is not surpgsi base 2aition

that, in the last years, several alternativeC(oond ! i

forming methods have appeared based on th Pa, Lo
insertion of aldehydes into late transition metal @[ cho Pd
carbon bond8! Among the variety of available ¥ g @[
synthetic methodologies, the Pd-catalysed cross- ;... caopalacdion | cH bond i
coupling reactions of arylborons and aryl halidéthw elimination 1 —pagy. &aﬂon N O-/A
aldehydes have been attracting increasing intémest P base, L

the last decade. Thus, the intermolecular Pd-csedly @[

nucleophilic addition of arylborons to aldehydes E FéN

currently constitutes a powerful methodology foe th

synthesis of diarylmethandfs. Scheme 1. Proposed catalytic cycles for the intramolecular

In contrast, there are only a few reported exampleg.y|ation of aryl halides with aldehydes.
of the reaction between aryl halides and aldehyales,
transformation that always affords the correspagdin
acylation ~ product  (i.e.  arylketone). The oyr DFT calculations have shown that in the
intermolecular version of this process requireseaction of  (2-iodoanilino)-aldehydes  the
bimetallic systemd or occurs via a Heck-type carhopalladation of the C=0 group is kineticalldan

mechanism by means of Pd-amine cooperativgyermodynamically favoured over the-i& bond
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oxidative insertion. This preference may be asdribeThus, we hypothesised that the consequent decrease
to the high nucleophilicity of the carbon atom dihg  in the nucleophilicity of the corresponding aryl¢(Fd
attached to the transition metal because of tthe intermediate could overcome the nucleophilic attack
donor effect of thertho-nitrogen atony’® at the carbonyl group and perhaps favour tReHC
Continuing with our interest in these processes, wieond activation pathway commented above.
decided to study the Pd-catalysed reactioro¢f-
iodobenzylamino)-aldehydes (Scheme 2) as a
methodology for the synthesis of functionalisedResults and Discussion
tetrahydroisoquinolines, which are  important
scaffolds present in a number of natural prodtitts. The reactivity of aldehydel with several Pd
precatalysts, ligands, and bases was first studieel.
| X v most representative results are summarised in Table
Me O Me The reaction conditions previously employed for
@/N% Paeat @Me the acylation of (2-iodoanilino)-aldehyd@dailed to
H N< e promote the reaction from (2-iodobenzyl)amite
1 Me Me ) (entries 1-3). Nor was acylation observed under the

X=Y
X =H,Y = OH conditions used for the  synthesis  of
benzocyclobutenones (entry'%) .Nevertheless, since
Scheme 2. Synthesis of tetrahydroisoquinolines. we observed the formation of small amounts of what

seemed to be an aryl-Pd complex when using (
tolyl)sP as the ligand (entry 3), we decided to modify
Moreover, the process is not only interesting fronthe reaction conditions by using equimolar amounts

a synthetic point of view but also from a mechanist of Pd(0) and ligand, which led to the isolation of
point of view, because in aldehydethe nitrogen COmplex2a (45%) and the ketori(10%) (entry 5).

atom has been separated from the aryl ring to avoid
the delocalisation of its LP into the aryliesystem.

Table 1. Optimization of the reaction conditioli.

L o 0 (0] OH
e ¥ ve ve
| [Pd], ligand \ M Me Me
N -CHO b > N e N N
X ase Me “Me “Me
) 3 4

o
1 ME Me toluene, 120 °C 2a, L = (o-tolyl)sP

2b, L = PPh,
2¢, L = Ph,P(CH,),P(O)Ph,

Entry [Pd] (mol%)/Ligand (mol%) Base Time  Produgtseld [%])"!

Pd(dba), (5)/dtpf (10) CsCOJEtN 24 h 1 (99%)

2 Pd(dba); (10)/(Bu);PH-BF, (20) CsCOJEtN 24 h 1 (46%)

3 Pd(dba), (10)/(o-tolyl)sP (20) CsCOJEtN 48 h 1 (not quantifiedy!

4 Pd(OAc) (10)/rac-BINAP (15)  C£CO;, 24 H" 1 (not quantified)

5 Pd(dba); (55)/(-tolyl)sP (120)  CsCO; 24h  2a(45%),3 (10%)

6 Pd(dba), (10)/PPh (25) CsCO; 72h 1 (not quantified’

7 Pd(dba), (55)/PPh (120) CsCO; 24h  2b (27%),3 (26%),4 (25%)

8 Pd(OAc) (20)/dppe (25) GEO, 72h 1 (not quantifiedy

9 Pd(OAc) (100)/dppe (110) GEO, 15h 1 (10%),2c (42%)"

10 Pd(dba); (10)/PPh (25) EtN 72h  4(97%)

11 Pd(PPY, (20) EtN 72h 4 (86%)

12 Pd(OAc) (20)/dppe (25) EN 72h  4(93%)

13 Pd(OAc) (20)/rac-BINAP (25)  EN 48h 4 (76%)

14 Pd(dba); (5)/PPh (11) EtN 24h  4(83%)

[l Reaction conditionsi (0.2 mmol), [Pd] and ligand (see table), angG®; (3.0 equiv.) and/or BN (6.0 equiv.) in
toluene at 120 °C in a sealed tube.
Pl |solated yield.
[ Minor amounts oa were observed in the reaction mixture.
[ Either THF or toluene was used as the solvent.
] Minor amounts ofb and3 (= 10%, 2:1 ratio) were observed in the reaction omxt
M Minor amounts ofc were observed in the reaction mixture.
9 Minor amounts o8 and4 (=~ 5%, 1:1 ratio) were observed in the reaction nmixtu
Similar behaviour was observed when PRhd mainly in the recovery of the aldehyde and the
dppe were used as the ligand. Thus, the use f@rmation of minor amounts of the corresponding Pd
catalytic amounts of a Pd source and ligand resultecomplexe<b (entry 6) andc (entry 8). On the other
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hand, equimolar amounts of both Pd and At to All our attempts to locate a transition state
complex2b (27%), ketone3 (26%), and alcoho#f  associated with the direct—€& activation reaction
(25%) (entry 7), while the use of equimolar amount$eading to a Pd(IV) intermediate similar to that
of Pd and dppe resulted mainly in the formation oflepicted in Scheme 1 met with no success.
the Pd comple®c (42%) (entry 9). Fortunately, we found an alternative concerted
The structures of complexes2a-c were metalation-deprotonation (CMD) process which is
unambiguously assigned from their spectroscopimediated by C@ (Figure 1). Thus, intermediate
data? Moreover, tridentate [C,N,0] Pd(ll) complex INTO evolves to INT1 by initial loss of PPh
2b was prepared independently starting from théntramolecular saturation of its coordination vécan
corresponding methyl ester (Schemé&3). by the nitrogen atom lone-pair occurs then to pcedu
INT2 via transition statd S-N in a highly exergonic
o transformation £Gzg3 = -20.3 kcal/mol). This species
e o ) R is transformed into the Pd(ll) intermedidteT3 via
@/,{I PAPPho)s 100 Moo \“ve the transition stateTSl. This saddle point is
*J\OMe EtN (10 equlv.) \iMe  associated with the concerted hydrogen migration
toluene, 120 °C M .
(58%) 20 from the aldehyde to the carbonate ligand and
Pd-C(=0) bond formation. In this sense, this process
Scheme 3. Alternative synthesis of tridentate [C,N,O] IS analc’gous. to th.e pallad_lum-catalysed—I-C
Pd(Il) complexzh arylation reactions which is assisted by ac&fater
) 6] O .
carbonaté'® Indeed, the computed activation barrier
for this processAG* = 38.1 kcal/mol, at 120 °C) is
Density Functional Theory (DFT) calculations@SO similar to that found for AcO-assisted CMD
were carried out at the PCM-B3LYP/def2- arylation reaction€® Then,INT3 is transformed into

TZVP//B3LYP/def2-SVP levéf! to gain more INT4 Dby releasing of the HCO ligand and

insight into the mechanism of the above Pd-promotegPordination of PPhin an exergonic procesAGses
reactions of 1, which led to the completely = -7.3 kcal/mol). SpecieENT4 is finally converted

unexpected formation of Pd complex@a-c. The INto the observed compleb very likely via reaction

computed reaction profile starting from intermeeiat With O leading to the peroxo-compledNTs, as
INTO, readily formed from the initial oxidative previously described in the literature for relaseyl-

addition of 1 upon iodide ligand exchange by thePalladium systemS!! _Alternatively, INT4 can
CO;2 is showed in Figure 1, which gathers theoroduce keton® via TS2, a saddle point associated

; i ith the reductive elimination forming the new
corresponding computed free energigsGds at Wit ! g
393.15 K) in toluene as solvent. C(aryl)-C(=0) bond.

Me Me

oh T TS-0
@L' 14.8 o=
0_..0
PhsP /737 CHO
’ ‘péfho/ me™ "¢ TS-N

T A(”\,t?-{"*‘ I e
NV UINTZ N TS2 70

ME  \— \ . L
\ 1 . INT4 Me_.- -5.8 N
' I INT7 -7.3 \— .~ PdPPh
g : TE g INTS N ° 9 e
2R \ ' + N — N
SO : l 2 T 92 oy ! ©
CHO!, ! R N N
(:ijN—éM LLLES 2 ve PhsP 020 PhaP\Pd'o ° o 3 M
Me Mee -14.8 Me Pd I B — \Nf
N @/N Me \ Me -40.1
~Me Me Me see Me Me
4 2b ref. [17] INT5

Figure 1. Computed reaction profile starting froMTO. Free energy value?\Gsgs, computed at 120 °C) and bond
distances are given in kcal/mol and angstroms, ectly. All data have been computed at the PCM¢ie)-
B3LYP/def2-TZVP//B3LYP/def2-SVP level.

In addition, ketone3 and alcohol4 can be also starting from the same intermediatdT1. Indeed,
produced from an alternative reaction pathwayur calculations indicate that this species can be
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converted intoINT6 via TS-O, a transition state
associated with the intramolecular coordinatiothef  p.p |
carbonyl oxygen atom. This process is endergon Yo " ‘
and proceeds with a higher activation barrier ttten Q \j; 188, 4
analogous process involvingS-N (AAG" = 5.6 N We®
kcal/mol). Despite that, the formelNT6 readily Me
evolves toINT7 in a highly exergonic nucleophilic
addition reaction&Gsg3 = -20.5 kcal/mol) with a very
low activation barrier of only 3.6 kcal/mol. Theoed,
although the formation ofNT2 is kinetically and |

INT6-1

thermodynamically favoured oveiNT6, the high @éﬁ“ﬂi ©é<\/m{
barrier of the process involvingS1 makes the N, seeref Ny e
pathway involving TS3 competitive. FromINT?7, . (86 21] INTS

ketone3 is formed through $-hydride elimination
reaction vialT $4 (computed barrier of 7.4 kcal/mol), Figure 2. Computed nucleophilic addition reaction.

whereas alcohol is_alternatively produced in a gnergy values are given in kcal/mol. See Figureot f

Cs(l)-assisted reaCtidHﬂ_ additional caption details.
The above computational data show that, although

ketone 3 could be derived from both reaction

pathways, the formation of complex@a-c can only ~ As shown, the results obtained during the
be explained by a bias towards the-HCbond gptimisation studies with aldehyde (Table 1) and
activation process. The formation of the quite Istab the DFT calculations clearly indicate a competition
Pd complexes2, which is due to the adventitious petween the nucleophilic addition and theHCbond
presence of @in the reaction mixtur€;! would activation processes in the Pd-mediated reactions
divert the metal from the productive cycle leading when using G£CO; as the base. In order to check the
ketone3, thus explaining why the acylation reactioneffect of the aromatic ring substituents on thexbed

is not really catalytic when using £X0; as the base. petween both processes, the Pd-promoted reactions o

Moreover, the above computational data alsgldehydessab in the presence of @805 were also
suggest that the &1 activation process needs €0 explored (Table 2).

to take place. Therefore, in the absence ofCCs

the reaction pathway should switch from—KC Taple 2. Reactions of aldehydém-b using CsCO; as the
activation to nucleophilic addition, allowing us topgsd®

develop a catalytic coupling process. Indeed, to ou

delight, this is exactly what occurred when theebas . L;,dzoio ¢ e

CsCO; was changed to BM. Thus, whenl was /Q;,L S —— NN me Me

treated with a catalytic amount of fdba) and PPy~ " TS e e ¢ e n Mve

in the presence of i, tetrahydroisoquinolin-4-o R R

was isolated in 97% yield (entry 10, Table 1). $ami - oo b L PR CHIPO ety o
results were obtained when using either Pd¢RPh 7ba, L=PPhy 8a,X=Y=0
Pd(OAc)y/dppe or Pd(OAgjrac-BINAP as the 0. L=PRP(CHIPOP2 8 XZYZO
catalyst (entries 11-13). Both the amount of cataly Entry Aldehyde [Pd](mol%)/  Products
and reaction time were successfully reduced (entry Ligand (mol%)  (Yield [%])™
14). 9

As proposed above, our DFT calculations confirm1 = g%éd?go()%)/ Sgﬁi}z@))
that the formation of alcohod in the presence of 8a (24%)
EttN also derives from a nucleophilic addition, Ea Pd(OAC) (100)/ 6a (33%)
reaction (Figure 2). Thus, intermedialdNT6-I, dppe (100) 7ab (26%)
formed through the initial oxidative addition stapd 8a (30%)
subsequent coordination of the carbonyl groug; ER Pdy(dba) (55)/  7ba (32%)
evolves to INT7-1 via TS3-I, a transition state PPh (120)° 6b (10%)
analog¢ous td S3, with a computed activation barrier 8b (35%)
of AG"™ = 16.6 kcal/mol in a highly exergonic , ER Pd(OAC) (100)/ 7bb (47%)
transformation £Gse3 = -15.1 kcal/mol). As clearly dppe (100) 8b (9%)

seen in Figure 2, the coordination of the nitrogets 3 T
atom to thg transition metal iINNT7-1 hinders theg pesctichiconct
cisoid conformation essential to[3-hydride sealed tube for 15 h
elimination®” which explains the non-formation of solated vield.
ketone 3. As a consequencdNT7-1 exclusively [ 24 h -
evolves to alcoholt via a EtN-mediated reductive '
protonation process througN T 8.18>2!]

ons5 (0.2 mmol), [Pd] and ligand (see
table), and G£0; (3.0 equiv.) in toluene at 120 °C in a

When starting fromb5a, which bears a strong
electron-donating dimethylamino group on the



aromatic ring, an increase in the nucleophilic iddi @ Reaction conditionss (0.2 mmol), Pg(dba); (5 mol%),
alcohol-to-Pd-complex ratio was observed (comparPPh (11 mol%), and EN (6.0 equiv.) in toluene at 120 °C
entries 7 and 9 of Table 1 with entries 1 and 2 cin a sealed tube for 24 h.
Table 2, respectively). Interestingly, thedonor [ Isolated yield.
effect of the dimethylamino group was almost® 6a (73%) and5a (20%) were obtained when using
completely neutralised by the introduction of arPd(OAc) (20 mol%) and dppe (25 mol%) as the catalyst.
additional Cl substituent at the aryl group. Thilig @ 4-[(N,N-Diethylamino)methyl]N,N-dimethylaniline was
use of PPhas the ligand (entry 3, table 2) gave arisolated from the reaction mixture (24%).
alcohol-to-Pd-complex ratio similar to that obtalne
when starting fronl under similar conditions. On the
other hand, when starting from aldehyateand using The examples presented in Table 3 demonstrate the
dppe as the ligand, the formation of the Pd-complegenerality and functional group tolerance of the
became, once again, the predominant reacticreaction. Overall, the introduction of substitueats
pathway (entry 4, table 2). the aromatic ring had little effect on the succeks
These results confirm that the nucleophilic additio the reaction. Thus, aldehydes bearing electron-
is strongly related to the electron density on thdonating or electron-withdrawing groups, as welaas
C(aryl) atom, as suggested previously by[#s. combination of both, on the aromatic ring afforded
Indeed, the lower nucleophilicity of this carbowrat the corresponding nucleophilic addition alcohols in
in INT6 (measured by the corresponding NBO-good yields. It is important to note that the fegéluo
charge ofg = -0.176) compared to the analogous Pdprepare 6d was mainly a consequence of the
intermediate derived from a 2-iodoaniling € - instability of the 4-,N-dimethylamino)benzylamino
0.2451° would also explain why the competition moiety at the starting aldehyde, which underwent
between €H bond activation and nucleophilic fragmentation under the reaction conditions. On the
addition is observed in (2-i0dobenz§/lamino)-other hand, the bromo-substituted aldehy8p
aldehydes but not in (2-iodoanilino)-aldehy&&s. selectively underwent the cyclisation reaction iteeg
Finally, with the optimised conditions for the 6j, which would allow further synthetic
intramolecular Pd-catalysed nucleophilic addition i transformations by transition metal-catalysed
hand, we examined the scope of the reaction for tlcoupling reactions. Spirocyclic and naphtho-fused
synthesis of diversely functionalised heterocycles were also smoothly prepared.

tetrahydroisoquinolin-4-ols (Table 3).

Table 3. Synthesis of tetrahydroisoquinolin-4-&¥s.
OH

R\/ Iy Pd,(dba); (5 mol%) R R’
2 e 2
| | PPh3 (11 mol%) O R
™ N.__CHO . A N
K Et;N (6.0 equiv.) “Me
5 R'R*  toluene, 120 °C 6!
OH OH OH
Me Me cl Me
Me Me Me
No NG NS
Me,N Me Me,N Me Me,N Me
6a, 75%!°] Cl 6b, 65% 6c, 71%
OH Cl  OH OH
Me,N Me  Me,N Me e Me
Me Me Me
N N N
“Me “Me “Me
6d, 0% 6e, 58% 6f, 71%
OH OH OH
Me MeO. Me Me
Me Me Me
No NS
MeO Me MeO Me O,N Me
69, 94% 6h, 55% 6i, 60%
OH OH OH

61, 83%

H 0,
6j, 67% (1.3:1 mixture)

6m, 71% Me

In summary, we have developed an efficient
protocol for the synthesis of tetrahydroisoquinglin
ols by means of the Pd-catalysed intramolecular
nucleophilic addition of aryl halides to aldehydes.
The use of EN as the base was found to be essential
for the formation of isoquinolin-4-ols. In contrast
competition between a GBmediated concerted
metalation-deprotonation process and nucleophilic
addition to the carbonyl group was observed when
using the base @S0s;, which generated mixtures of
the acylation product (i.e. tetrahydroisoquinolin-4
one) and stable tridentate [C,N,O] Pd(ll) complexes
The outcome of these reactions provides new insight
into the nucleophilic addition versus—-B bond
activation dichotomy in Pd-catalysed reactions of
amino-tethered aryl iodides and aldehydes. Further
exploration to expand the scope of the nucleophilic
addition reaction to other heterocyclic systems, as
well as to develop an enantioselective process, is
underway in our laboratories and will be reported i
due course.

Experimental Section

Typical Procedurefor the Pd(0)-Catalysed Reactions
(Table 1, Entry 10)

A mixture of aldehydél (70 mg, 0.22 mmol), Bt (0.18
mL, 1.32 mmol), Pg(dba) (20 mg, 0.022 mmol), and PPh
14.5 mg, 0.055 mmol) in toluene (8 mL) was stiried
20 °C in a sealed tube for 72 h. The reactionunixivas
partitioned between saturated NaHC&gueous solution
and E$O. The organic extracts were washed with brine,
dried, and concentrated. The residue was purifigd b
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chromatograph

| (from Ci€l, to CHCI,-MeOH 8%) to
give4 (41 mg,

7%).
Supporting Information

Detailed experimental data, characterization arglesoof

NMR-spectra of new compounds, and computational

details.
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