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Catalytic hydrophosphination is a useful technitprehe synthesis of phosphines, however
phosphine products have been little exploited ganlils in catalysis. We have selected 1
phosphines prepared by iron catalyzed hydrophosfibmand used them as ligands in a s

of cross-coupling reactions: Heck, Suzuki-Miyauna 8uchwaldHartwig. Rather than limit tt
chemistry to simple crosssupling partners which are almost guaranteed tfope well in
these transformations, industrially relevant sudietsr which are challenging from and electronic
and/or steric perspective, along with substratesclwitontain several heteroatoms, v
explored in order to gauge the true potential eséhphosphine ligands.

2009 Elsevier Ltd. All rights reserved

1. Introduction

Phosphines, particularly when used as ligands inssero
coupling reactions for the synthesis of small organotifs, form
the bedrock of modern catalytic technolodidesearch into the
development of novel phosphines plays a vital ioldeveloping
new catalytic reactions and the development of gsitlthat
implement ambitious substrates. This is particylgrertinent
when considering the prevalence of phosphines inusimnil
transformations, not least in the pharmaceuticdustry for the
cross-coupling or organohalides and organometalliostrate$.
With this in mind, hydrophosphination, the functidimation of
an unsaturated bond with a primary or secondarypgfios, is an
efficient method to make alkyl-phosphirie$he chemistry also
benefits from high levels of functional group taece, allowing
the synthesis of phosphines with a diverse rangegrofips
including esters, halides and heterocycles, whichoisalways
the case when implementing classical methodold§iaghough
hydrophosphination is an ideal methodology to matkesphines
that could be used as ligands, there are limitediss of the
applications of these structures in synthetic ckémi in
particular if we consider the hydrophosphination aativated
alkenes, such as styrenes and acrylates, with djtgtersphine,
which are classic benchmarking substrates for dataly
hydrophosphination. Ethyldiphenylphosphines, thedpcts of
hydrophosphination of an alkene by diphenylphosphinave
been shown by Aguirreet al. to be effective ligands in

methoxycarbonylatiochand by Chou and Raines as reagents for
use in chemical biologyHowever, although the motifs can be

prepared by hydrophosphination, in the aforemeption
examples, classical synthetic methods were used. @

research has shown that these ligand architectarede easily
prepared using room temperature hydrophosphinatétalyzed
by a low loading of a simple iron(lll) complex, whil&aumont
has used Feght 30 mol% loading but in the absence of ligahds.
The resulting phosphine products can be used im d¢atalyzed
Negishi cross-coupling. Meanwhile Leung has shown that
enantiopure cyclometalated phosphines prepared atlpdum
catalyzed hydrophosphination have potential as earanc
therapeuticé. Leung and Pullarkat have elegantly shown that
these cyclometalated phosphines can also be useaffaad
enantioselective hydrophosphinatibnBeyond these limited
examples, it is apparent that developing applioaticfor
hydrophosphination products remains an area of tnewd. We
herein report the results of our investigationso inthe
applicability of hydrophosphination products asaligs in
catalysis, where a small selection of phosphinese hiagen
applied to palladium cross-coupling reactions irirad
challenging substrates (Scheme 1). We selectedpphes that
we suspected would be suitable ligands in catalgdiesphines
with heteroatoms, which have the potential to stabithe metal
centre during catalysis.

Hydrophosphination R(\ + HPPh,

) [cat]
Cross-coupling
Al
R/\/PPh2
Z R pd(0Ac),
Base

Cross-coupled

Ar—X + Ar—BOH, roduet

or
Ar—NHR®

solvent
Additives
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Scheme 1. Hydrophosphination and proposed use in cross2.2.1. Heck reactions

coupling.
2. Results and Discussion
2.1. Ligands

Using the air stable iron(lll) complek three ligands that can
easily be prepared on a large scale that we postiNabuld have
interesting electronic and coordinating propertiegiere
synthesized (pro-ligandg, 3, 4, Scheme 2). In this case, all the
ligands were isolated in high yield (at least 1 geath material
was prepared). The reagents used to prepare thesplphes are
all commercially available and, although Schlenkhtéques
were employed in this particular synthesis, we halveady
shown that iron catalyzed hydrophosphination capdréormed
in a round bottom flask with a balloon of,Nwith HPPh
dispensed from a commercially available Sure/Se&lottle®
Once isolated using silica gel column chromatographythe
bench, these ligands are stable in air in the stéite for several
weeks. As previously stated, pro-ligarsd has been used in
methoxycarbonylation chemistrand analogues ¢f have been
used as reagents in synthésisjt2 to 4 have not been exploited

in cross-coupling.
1
‘ (35 mg, 1 mol%)

N, O
[ Fe—to
i
R/\ + HPPh2 K@ P R
6.7 mmol 4.8 mmol MeCN (10 mL) PPhQ
RT, 18 h 2-4
OMe MeO
X
mth mph
PPh, 2
2 3 4
1179, 76% 117 g, 84% 1.00 g, 80%
Scheme 2. Ligands prepared using iron catalyzed
hydrophosphination.
2.2. Cross-coupling methodology
Our approach is to use a general set of reactiodittons that

can be applied to each class of cross-couplings Bhilds upon

previous studies of this tyfeand uses reagents, solvents and

additives that are not only commercially availalblet that are, as
realistically as possible, close to industrial dtinds that can be
reproduced on a small scale (1 mmol) in a reselatmtratory™!
The substrates chosen test a range of parametech vene
necessary when considering ‘real-life’ examples @bss-
coupling on scalé?!01001041%Thig includes strongly electron
withdrawing and donating groups, unprotected alcqlaisdes,
unmasked aldehydes, sterically encumbered sulbstritero-
and heterocycle-containing substrates. Both cogpfartners
(aryl halide and organometallic reagent) were testeder these
limiting conditions. We decided to benchmark ougahds

against PP& which, although it does not have the potential for
chelating stabilityia a heteroatom, it is the simplest and most

inexpensive mono-phosphine which can be readilyleyed by
industry.

Investigations were initiated by studying the prigficy of the
pro-ligands in Heck cross-coupliigRather than select simple
substrates, a range of sterically and electronjicaierous aryl
bromides were employed. 4-Bromobenzonitrile is thestfiacile
coupling partner to bench-mark the reactivity (Eab| Entry 1),
followed by 3-bromophenol, which is perceived to be a
moderately challenging substrate for electronicoea, not least
due to the presence of the free hydroxyl (EntryE2¢ctron rich
4-bomoanisole (Entry 3), sterically encumbered dni-2-
ethylbenzene (Entry 4) and methyl-2-bromobenzoatgch is
problematic from both steric and electronic stariligo(Entry 5),
were cross-coupled with styrene (a relatively singhkene as an
entry point into Heck chemistry). It is clear thdtogphine3 is
not a good ligand, surpassed by PBhd phosphineg and4.
Phosphinoestet, matches the reactivity of PPtor the simplest
Heck reaction (Table 1, Entry 1) and when using thestm
challenging aryl bromide (Table 1, Entry 5). Thespbl coupling
partner performs best with (Entry 2) and in all cases the yield
of the 2-ethyl substituted product is poor (EntyyHowever, the
proficiency of4 surpasses that of all the other pro-ligands when
cross-coupling is performed with the electron richl &romide
(Entry 3).

Table 1. Aryl bromide substrate scope cross-coupling with
styrene.

Phosphine
Entry Product PPh2 3 4
1 Xx_Ph
/©/\/ 92 11 64 95
NC
2
45 58 7 23
3 X Ph
/©/\/ 13 27 1342
MeO
4 Xx_Ph
@(\/ 18 16 7 10
Et
5 Xx_-Ph
66 36 53 65
COzMe

General reaction conditions: aryl bromide (1 mmalkene
(2.2 mmol), Pd(OAg) (2 mol%), phosphine (4 mol%),

tetrabutylammonium chloride (10 mol%), CyNMé€1.5 eq),

DMA (10 mL/g), 80 °C, 24 h. Yields determined by NMR
using 1,3,5-trimethoxybenzene as an analyticaldstaii*

Increasing the complexity of the alkene couplinggent starts

to reveal a distinct improvement in reactivity wheising



hydrophosphination products (Table 2). 4-Bromobeitrite is
efficiently cross coupled usirgand4 (Entry 1), the phenol and
4-methoxy substrates perform best usihd@Entries 2 and 3),

whilst PPR remains the most competent ligand for the ester

(Entry 5). Although it is worth noting that gives the desired
product with less than a 10% deficit of yield comgmhto PPh
The sterically encumbered 2-ethyl substituted peodarms in
poor yield, irrespective of ligand (Entry 4).

Table 2. Aryl bromide substrate scope cross-coupling with
methylacrylate.

Phosphine
Entry Product PPh 2 3 4
X _-COsMe
1 /©/\/ 53 24 94 98
NC
/\/002Me
2 36 46 7 26
COzMe
3 /©/\/ 47 17 31
AN COzMe
4 @(\/ 8 13 0 15
52 45 16 43

@(\/COZMe
COzMe

General reaction conditions: aryl bromide (1 mmalkene
(2.2 mmol), Pd(OAg) (2 mol%), phosphine (4 mol%),
tetrabutylammonium chloride (10 mol%), CyNMé€1.5 eq),
DMA (10 mL/g), 80 °C, 24 h. Yields determined By NMR
using 1,3,5-trimethoxybenzene as an analyticalstai®

Next, methylmethacrylate was used, screening the sange
of variety aryl bromides (Table 3). Surprisinglygooyields are
achieved with 4-bromobenzonitrile (Entry 1) and PPh
substantially out-performs all the other ligands ewh 3-
bromophenol is used in cross-coupling (Entry 2@dnd?2 gives
substantially higher yield when 4-bromoanisole isplayed
(Entry 3) and although the yield is very low, eigihtes the yield
of the 2-ethylbenzene product is achieved with ligend (Entry

4). Again, PPhgives the best yield of diester product (Entry 5).

It should be noted that for many of the examplezb(@s 1 to 3),
the spectroscopic yields obtained are competitivenosome
cases surpass those reported with commercially ablailbut
expensive Pd(0) and Pd(ll) pre-cataly$fs.

3
Table 3. Aryl bromide substrate scope cross-coupling with
methylmethacrylate.

Phosphine
Entry Product PPh 2 3 4
COzMe
1 /©/\r 20 7 25 26
NC
/YCOZMe
2 84 36 2 52
COzMe
3 /©/\r 16 47 9 13
MeO
COzMe
4 m 2 16 10 7
Et
CO,Me
5 m 43 7 25 22

COZMe

General reaction conditions: aryl bromide (1 mmalkene
(2.2 mmol), Pd(OAg) (2 mol%), phosphine (4 mol%),
tetrabutylammonium chloride (10 mol%), CyNMé€1.5 eq),
DMA (10 mL/g), 80 °C, 24 h. Yields determined by NMR
using 1,3,5-trimethoxybenzene as an analyticaldstat®*

2.2.2. Suzuki-Miyaura cross-coupling

We then investigated the proficiency of our pratigs in
Suzuki-Miyaura cross-couplifg®©****"®Once more, we do not
want to study reactivity with simple substrates gotsad to
demonstrate exceptional reactivity irrespectivdigdnd system;
we wish to use challenging substrates under indilgtrielevant
conditions. Starting with a sterically and electoatly
demanding aryl boronic acid, 2-methoxyphenyl boraagid, we
carried out the cross-coupling with a selection iyt Aromides
(Table 4). Use of the bromide allows for more faail®ss-
coupling, but the functionality selected providesextra level of
difficulty in synthesis: an aldehyde, 2,3,5-metl24phenyl, and
naphthol substituted reagents were implementedarnrehction.
In general 2 out-performs the other ligands with the exceptibn o
PPh in the cross-coupling of 4-bromobenzaldehyde (Enif.
Overall 3 appears to be a poor ligand for this Suzuki-Migaur
cross-coupling.
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Table 4. Aryl bromide substrate scope cross-coupling with  Table 5. Aryl chloride substrate scope cross-coupling with

2-methoxyphenyl boronic acid.

phenylboronic acid.

Phosphine Phosphine
Entry Product PPh 2 3 4 EntryProduct Time(h) PR 3 4
O O 24 2 67 10
1 94 76 49 80 1
®) OMe 48 38 4312 31
MeO
H
O 24 0 1814 17
g 2
2 3% 4 13 28 48 3 219 17
OMe CN
oh O . O 24 11 1814 9
3 7287 60 84 O 48 14 2320 22
OMe
24 23 3334 26
® e
. OMe w2 w38 46 Y 48 28 6134 40
0y
General reaction conditions: aryl bromide (1 mma)yl H O 24 7 1230 11
boronic acid (1.2 mmol), Pd(OAcX1l mol%), phosphine (2 S N
mol%), K;,CO; (1.5 mmol), MeCN/HO (2 mL, 1:1 v/v), 60 °C, 1 N\ 48 9 1932 17
h. All vyields determined by'H NMR using 1,3,5-
trimethoxybenzene as an analytical standard.
24 12 4822 25
Aryl chlorides are highly desirable substrates farzuki- 6 S
Miyaura cross-coupling due to the larger numbecarhpounds \ | 48 25 6226 31

that are commercially available. However, irrespectiof
functionality on the aryl ring, the aryl chlorideotd does not
undergo oxidative addition as readily as an argntide bond
making the aryl-aryl bond forming process overabirendifficult.
We tested aryl chlorides with a range of propertieduding
heterocycles; vital functionality in the preparatio of
pharmaceutically relevant compounds (Table 5). &hesre
cross coupled with phenylboronic acid. Across allsstattes, the
hydrophosphination products performed better thaig;motably

pro-ligand 2 furnishes almost double the yield of product

compared to the other ligands when 2-chloropyridamel 2-
chlorothiophene are employed (Entries 4 and 6)eggimg 61%
and 62% respectively (compared to 28% and 25% wikdg iR
used). 6-Chloroindole is a poor substrate, giviag lyield of
biaryl with all ligands. However, the hydrophosphioatligands
generate a moderately higher yield compared to;,Riftere the
yield is negligible; the highest yield of 6-phemgble (Entry 5)

General reaction conditions: aryl chloride (1 mmol),
phenylboronic acid (1.2 mmol), Pd(OAdL mol%), phosphine
(2 mol%), KCO; (1.5 mmol), MeCN/HO (2 mL, 1:1 v/v), 60
°C, 24/48 h. All yields determined bjy-i NMR using 1,3,5-
trimethoxybenzene as an analytical standard.

2.2.3. Buchwald-Hartwig cross-coupling

Finally, for Buchwald-Hartwig cross-couplifg,we initially
targeted electron rich aryl chlorides; difficultthoin terms of
oxidative addition of the starting material and uetive
elimination of the product. 4-Chloroanisole, giyasor yield of
product irrespective of ligand and when a strongeelNa¢Bu)
is used in the reaction (Table 1, Entry 1, paresghethere is no
real increase in yield. Ligan® does give approximately double
the amount of product, but this remains low at 3586r

is achieved witl8. We are pleased to report cross-coupling withcomparison, changing to the aryl bromide (4-bronmsxa)

2-chlorothiophene, where the yield of product udiggnd 2 is
around double that achieved using the other ligéBdsy 6).

would be envisioned to give higher yield due to weaker aryl-

halide bond, but this is not the case and only derate increase
in yield is obtained. This result is in line withettanticipated

difficulty associated with reductive elimination sfich electron
rich arenes.



We are particularly interested in maintaining ahhlgvel of
activity in the presence of multiple heteroatomsjcivtdecrease
the efficacy of the catalyst and often necessitégher catalyst
loadings. Pleasingly, amination to form multipledreatom
containing products does work well with all ligandslamol%
Pd(OAc) and 2 mol% ligand loading (Entries 4 to 6). Buisi
clear that, once again? is a superior pro-ligand for this
transformation, in particular note the much higyietd achieved
when couplingN-phenylpiperazine to 2-chloropyridine (Entry 4).

Table 6. Aryl halide and amine cross-coupling substrate
scope.

Phosphine
EntryAmine Halide PPh2 3 4

11 19 18 18
1a

(16) (35)(12)(15)
2 14 15 15 14

15 24 21 18
3b

(28) (35)(29)(30)
4P 62 92 77 57
5P 77 90 84 76
6° 49 60 56 58

General reaction conditions: amine (1 mmol), aryidea(1.2
mmol), Pd(OAc) (1 mol%), phosphine (2 mol%), &X0; (1.4
mmol), tert-amyl alcohol (0.5 M), 110 °C, 18 h. Alields

5

centrosymmetric mononuclear compléx Figure 1) with the
phosphines ligated in &ans geometry. In the solid state, no
interactions between the metal centre and the mgthmups are
observed, however, we envisage that coordinationdchappen
in solution and would not be restricted by ring istraf the
resulting metallacycle.

Figure 1. Complex5 is formed wher? is ligated to Pd(OAg) Solvent
and hydrogen atoms have been omitted for claritipdbids are represented
at 30% probability. Atoms with primed labels artated to those in the
asymmetric unit by the 1-x, 1-y, -z symmetry operat

3. Conclusions

Overall, 2-methoxy substituted phosphine liga2d has
demonstrated itself to be a good ligand across & widiety of
cross-coupling reactions involving challenging dtdiss. In the
vast majority of cases, it out-performs RPPhe phosphinoester
ligand, 4, also shows good reactivity that appears to be
complementary to that o2, giving good vyields in reactions
which are otherwise poor wit2 or even PPh Somewhat
surprisingly, the 2-pyridyl ligand3, is not a good ligand at
facilitating the cross-coupling of troublesome dtdies. We
anticipated that transient coordination by the gyirigroup may
help to stabilize intermediates during the catealyycle, thus
making it a good ligand for catalysis. Unfortunatelhis
coordinating ability appears to be inconsequenfi this
particular ligand and, coupled with the solid stateicture5,
could indicate that electronics are more importdtdwever,
ethylphosphines prepareda hydrophosphination clearly have
potential as ligands in chemical synthesis; thislgtas only just
started to demonstrate their potential.

4. Experimental

Phosphines were prepared using methods previously
described”’” Reaction conditions are as described in table
footnotes. The reagents and analytical standard weighed in
air into sealable reaction vials and heated to thesired

determined bylH NMR using 1,3,5-trimethoxybenzene as antemperature for the stated reaction time in a @atdd oil bath.
analytical standard®Result in parentheses depict change inOnce the reaction mixture had cooled to room tentpegaa 30

reaction conditions: 4-bromoanisole (1 mmol), N&®D(1.4 eq),
toluene.’Amine (1 mmol), aryl halide (1.2 mmol), Pd(OAdL
mol%), phosphine (2 mol%), N&8u (1.4 mmol), toluene (0.5
M), 110 °C, 18 h. All yields determined By NMR using 1,3,5-
trimethoxybenzene as an analytical standard.

We assume that the benefits of usidje in the enhanced
electronic properties proffered by the electronatomy methoxy
group. We also postulated that the coordinatinditpalof the
heteroatom may help to stabilize reactive intermedi
Complexation of two equivalents @fwith Pd(OAc) results in a

pL aliquot was removed and the sample diluted with G@H
analyzed byH NMR. Yields are based on the uptake of starting
material and/or the formation of the known reactwaduct (all
products are either commercially available or réegmbrin the
literature, see Tables 1 to 6 for references). Saepporting
Information for crude NMR spectra.

(2-Methoxyphenethyl)diphenylphospharg (

White solid, 1.17 g (76%)*H NMR (300 MHz, 298 K,
CDCly) 6 7.64 - 7.59 (m, 2H), 7.47 - 7.42 (m, 6H), 7.32 -37.2
(m, 2H), 7.01 (app. td, 1H,= 7.4, 1.0 Hz), 6.93 (d, 1H,= 8.1
Hz) 3.88 (s, 3H), 2.94 - 2.86 (m, 2H), 2.52 - 2.47, @h);
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®C{*H} NMR (75 MHz, 298 K, CDC})  157.3, 138.7 (dJ =
12.7 Hz), 132.8 (dJ = 18.3 Hz), 131.0 (d] = 13.6 Hz), 129.6,
128.4 (dJ = 6.5 Hz), 127.4, 120.4, 110.2, 55.1, 28.4)&,12.1
Hz), 27.2 (dJ = 18.3 Hz);*P{*"H} NMR (121.5 MHz, 298 K,
CDCL) & -14.5; IR (solid)v 3059, 2948, 2922, 2902, 2830,
1600, 1583, 1490, 1464, 1432, 852, 742, 696 ;cHRMS (EI)
[M + H]" 321.1403 (calcd.), 321.1404 (obs.); m.p. 67 °C.

2-(2-(Diphenylphosphanyl)ethyl)pyridin&)( (4)

White solid, 1.17 g (84%)'H NMR (300 MHz, 298 K,
CDCk) 8 8.56 (d, 1H,J = 4.1 Hz), 7.62 - 7.43 (m, 5H), 7.43 - (5)
7.29 (m, 6H), 7.20 - 7.03 (m, 2H), 3.05-2.82 (m, 2M§4 - 2.48
(m, 2H); ®C{*H} NMR (75 MHz, 298 K, CDCJ)  161.9 (dJ=  (6)
13.3 Hz), 149.5, 138.5 (d,= 13.0 Hz), 136.4, 132.9 (d,= 18.6
Hz), 128.7, 128.6 (d] = 6.8 Hz), 122.8, 121.3, 34.7 @= 17.7
Hz), 28.1 (d,J = 12.4 Hz); *P{*H} NMR (121.5 MHz, 298 K,
CDCL) & -14.6; IR (solid)v 3046, 2920, 2949, 1590, 1567,
1470, 1479, 1433, 843, 781, 749, 735, 723, 697+; dARMS
(EI) [M + H]" 292.1250 (calcd.), 292.1249 (obs.); m.p. 68-69 °C. @

Methyl 3-(diphenylphosphanyl)propanoatg (

Colourless oil, 1.00 g (80%JH NMR (300 MHz, 298 K, &
CDCly) 6 7.50 - 7.47 (m, 4H), 7.37 - 7.35 (m, 6H), 3.66 (4),3
2.45 - 2.42 (m, 4H)®*C{'H} NMR (75 MHz, 298 K, CDC)) &
173.5 (d,J = 14.9 Hz), 137.7 (d) =12.1 Hz), 132.7 (d] = 18.3
Hz), 128.8, 128.5 (d] = 6.5 Hz), 51.7, 30.5 (dl = 19.3 Hz),
22.9 (d,J = 11.5 Hz)*'P{*H} NMR (121.5 MHz, 298 K, CDG)
8 —14.9; IR (solid)v 3054, 2950, 1735, 1585, 1481, 1433, 1354,
848, 736, 694 ci HRMS (El) [M + H[' 273.1039 (calcd.),
273.1040 (obs.)

©)
Complex5

Isolated as yellow plates. Crystal data for for
CgHs:Cl,06P,Pd, 2(GH,Cl,) (5, CCDC 1496173)M = 1035.03,
A = 0.71073 A, monoclinic, space group P1 21/el,=
11.6809(5),b = 24.1157(9),c = 8.9898(4)A, o = 90, B =
110.174(5)y = 9, U = 2376.99(18) A z=2,D, = 1.446 g
cm?, 4 = 0.730 mri, F(000) = 1064. Crystal size = 0.516 x
0.482 x 0.11 mm, unique reflections = 54&.{ = 0.0324], (1)
observed reflectiond}2a(l)] = 4910, data/restraints/parameters
= 1064.0/0/279. Observed daRf; = 0.0422wR2 = 0.0814. All
data;R1 = 0.0490,wR2 = 0.0798. Max peak/hole = 0.439 and
-0.693 e&® respectively.
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