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1,4-Conjugate Addition of Arylboronic Acids and Arylsiloxanes to
Enones
Robin B. Bedford,* Michael Betham, Jonathan P. H. Charmant, Mairi F. Haddow,
A. Guy Orpen, and Lukasz T. Pilarski
School of Chemistry, Unérsity of Bristol, Cantock’s Close, Bristol BS8 1TS, United Kingdom
Simon J. Coles and Michael B. Hursthouse

Department of Chemistry, EPSRC National Crystallographyi8er University of Southampton, Highfield
Road, Southampton SO17 1BJ, United Kingdom

Receied July 19, 2007

A range of palladacyclic, platinacyclic, and pincer-based catalysts have been tested for activity in
1,4-conjugate addition reactions-Acidic palladacycles show excellent activity at room temperature in
the reaction of enones with arylboronic acids and reasonable activity when the arylboronic acids are
replaced by arylsiloxanes. The X-ray structures of three new palladitifRCP’-pincer complexes are
presented; surprisingly, these complexes show no activity, despite the fact that notionally related phosphine
and carbene adducts of palladacycles do.

Introduction Scheme 1. 1,4-Conjugate Addition of Arylboronic Acids to
Enones
The 1,4-addition of arylboronic acids to enones (Scheme 1) o o
and related substrates is a versatile method for the formation of HK [cat] rk
new C-C bonds. To date, the catalysis of these reactions has | —Rrn * AB(OH) "> —Rn
been dominated by rhodium-based compléxes. o~ AT

By contrast, the use of palladium-based systems remains less
well developed, despite the lower cost associated with palladium It may be anticipated that lowering the net electron density
catalysis>® This is in part due to the propensity of palladium ©n the palladium center would lead to a further increase in
catalysts to promote the competitive formation of Heck coupling activity in Lewis acid catalysis. Indeed, several of the most
products vias-elimination pathway3.Very recently, Hu and  €fficient catalysts based on Pd(ll) are catiohithe lowering
co-workers demonstrated that electron-rich palladacycles, in Of electron density of a neutral palladacyclic catalyst could be
particular complext, show excellent activity in the conjugate ~achieved if the electron-donating orthometalated phosphine
additions of arylboronic acidsThey reasoned that the superior Moieties in complexes are replaced by more-acidic ortho-
activity that palladacyclel showed over complexe® and 3 metalated aryl phosphite or phosphinite groups. In this regard,
was due to a combination of the smaller size of the substituentsit is worth noting that the activity of PCP™-bis(phosphite)
on the P donor and the higher electron density on the metalatedPincer complexes in the nucleophilic allylation of benzaldehyde
aromatic ring; factors that should lead¥showing a reduced ~ With allyltributyltin is markedly enhanced as compared to that
propensity to undergo reductive elimination in the presence of Of more electron-rich bis(phosphinite) compleXes.

an aryl nucleophile, a process that would generate inactive If the rate of catalysis is significantly faster than the rate of
palladium(0) species. reductive elimination to inactive Pd(0) species, then pallada-

cycles withsz-acidic ligands may be expected to be very active
catalysts. For this reason, we decided to compare the activity

F|’th O of a range of phosphite- and phosphinite-based palladacycles,
Pd-OAc P(0-Tol), PtBu, pincer c.omplexes., apd platlnacyclgs with varying steric and
e T | | electronic properties in the 1,4-conjugate addition reactions of
@ Pd-OAc ‘ Pd-OAc arylboronic acids and arylsiloxanes, and the results from this
I I
1 b2 2 3 study are reported below.
* Corresponding author. E-mail: r.bedford@bristol.ac.uk. Results and Discussion
(1) For recent reviews on Rh(l)-catalyzed addition reactions of arylbo- ) )
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2003 103 2829. (c) Fagnou, K.; Lautens, Mhem. Re. 2003 103 169—
196 and references cited therein.
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examined the use of the new palladium bis(phosphinite)
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Chart 1
R'  O-PR?
| 2 4a:M=Pd; R" = tBu; R? = OCgH3-2,4-tBu,
- b:M = Pd; R" = H; R? = OPh
M-Cl ; )
— c: M =Pd; R'=1tBu; R*=Ph
R 2 d:M=Pd;R"=Bu; R?=/Pr
5:M = Pt; R! = tBu; R? = OC¢H5-2,4-Bu,
tBu  O—-P(OAr),
tBu  O-P(OAr),
Pd-Cl
Pd-PRs
cl BUAT~=N" "N-A"
tBu
7a: Ar'=mes
6a:R=Cy b: Ar' = CgH3-2,6-iPr,
b:R = Ph
c: R=0Ph
d: R = OEt

TMez
{;§Rd-OZCCF3

i,
8
NMe,
F’Id'OZCCF3
PCY3
9 10
O—F|’Ph2
Pd-TFA
| 11a
O-PPh,

Scheme 2. Synthesis of Pincer Complexes

tBu  O-PiPry tBu O—T/Prz
@i
—_— P|d-X
tBu O-PiPry tBu  O-PiPry
11b: X =TFA
13 c:X=Cl
iProN iProN
tBu O-PCl, Bu  O-P~N/Pr, tBu O_TVNjPrz
(ii) (III)
—_— —_— P|d'C|
tBu O-PCl, tBu o—g"N/Prz tBu o—g-“NiPrz
iProN iProN
15 14 12

a Conditions: (i) Pd(TFA), THF, rt, 2 h or[PdACL(NCMe),], 1,2-
dichloroethane, reflux, 18 h. (iiN,N'-Diisopropylethylene diamine,
Et:N, toluene, 90°C, 18 h. (iii) 1,2-Dichloroethane, reflux, 18 h.

“PCP’-pincer complexesllb and ¢ and the related pincer
complex12, which were prepared by reaction of appropriate
Pd(Il) precursors with the free pincer liganti3and14 (Scheme
2).

The bis(diamidophosphinite)pincer ligadd was prepared
from the resorcinol bis(dichlorophosphité} in situ and used
without purification in the synthesis of comple2. The 3P
NMR spectra of complexe$lb andc show singlets at 186.4
and 185.9 ppm respectively, close to that reported for the
analogous complex [Pd{#3-P,C,P-CgHs-2,6-(PPr)2} ] (187.7
ppm)’ The 3P NMR spectrum of complex2 shows a singlet
at 132.6 ppm.

The structures of complexeslb,c and 12 were confirmed
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Figure 1. The molecular structure of compleklb. Thermal
ellipsoids set at 50% probability.

c3

Figure 2. The molecular structure of complekic Thermal
ellipsoids set at 50% probability.

11b and c are essentially identical to each other and that in
[Pd(O,CCR3){ x3-P,C,P-CeH3-2,6-(PPr),}],” while the Pd-C
bond in complexi2 (1.974(3) A) is about 0.15 A longer.

(8) For full crystallographic data, see Supporting Information. Crystal
data: 11b, CogHa7F304P.Pd,M = 673.00, monoclinica = 14.7332(4) b
=10.3695(7)c = 23.1394(14) Ap = 96.308(43, V=13513.7(3) B, T =
120(2) K, space group2i/c, Z= 4, u = 0.662 mnTl, R,y = 0.0334 (for
35909 measured reflectiondy; = 0.0326 [for 6494 unique reflections
with >20(1)], wR; = 0.1047 (for all 8037 unique reflections)ic CeHar-
CIO,P,Pd,M = 595.43, monoclinica = 10.4540(13)b = 13.929(3)c =
20.714(6) A8 = 100.759(19), V = 2963.2(11) & T = 120(2) K, space
groupP2i/n, Z = 4, u = 0.844 mnT?, Riy = 0.0334 (for 35 376 measured
reflections),R; = 0.0245 [for 5827 unique reflections with2o(1)], wRy

by single-crystal X-ray analysis and the molecules are shown = 0.0661 (for all 6776 unique reflections)2, CsoHssCIN4OP,Pd, M =

in Figures 1328 The lengths of the PdC bonds in complexes

(7) Morales-Morales, D.; Grause, C.; Kasaoka, K.; Red®.; Cramer,
R. E.; Jensen, C. Mnorg. Chim. Acta200Q 300-2, 958.

707.57, triclinic,a = 13.335(3),b = 15.403(3),c = 18.835(4) A,a. =

85.42(3), f = 89.33(3y, y = 65.45(3y, V = 3506.8(15) &, T = 100(2)
K, space groufPl, Z = 4, u = 0.728 mn1%, Ry = 0.0395 (for 39 545
measured reflectionsi; = 0.0433 [for 12 756 unique reflections with2o-

(D], wR, = 0.1116 (for all 16 023 unique reflections).
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Table 1. Screening of Metallacycles (Pd, Pt) and Pincer
Complexes in the Coupling of Phenylboronic Acid with

Chalcone
[e] [¢]
J)\ Ph+ PhB(OH), ﬁ» Ph
toluene

Ph KsPO, Ph” “Ph

Entry Catalysts [mol% Pd] Solvent Time (h) Conversion, % b

1 8[5] Toluene 1 0

2 9[5] 0

3 10 [5] 0

4 4a [5] >99

5 4a[l1] 0.5 >99

6 4a [5] Hexane 29

7 CH:CL 90

8 1,4-dioxane 37

9 THF 97

10 Et,O 16

11 Toluene >99°¢
Figure 3. The molecular structure of complek2. Thermal 4afo . “
ellipsoids set at 50% probability. a[0.1]

13 4a [0.1] 18 44

In the first instance, we screened the catalyistd2 in the 14 b [5] 1 79
addition of phenylboronic acid to chalcone, and the results of |, adqi) | 78
this study are summarized in Table 1. As can be seen, all of
the N-based palladacycles and their phosphine adducts tested'® delll ! %
show no activity (entries-13), and rapid catalyst deactivation 17 def0.1] 6 22
is observed on addition of the boronic acid. This is in accord 18 5(5] 1 71
with Hu and co-workers observation that ByC-palladacycle 19 sa ] ) .
based on 2-phenyl-4,4-dimethyloxazoline is inacfive.sharp
contrast, all of the P-based palladacycles and platinacycles tested™ G 3
show moderate to excellent activity. 21 6e[1] 56
The phosphite-based palladacyclic comph efficiently 2 6d [1] 24
catalyzes the coupling of phenylboronic acid with chalcone at 7a[5] 44
room temperature, with essentially quantitative conversion to s o
product being obtained in less than 30 min at 1 mol % Pd
loading in toluene. On changing the solvent (entrie<8), it % Ha[s] 0
was found that both dichloromethane and THF give satisfactory 26 11b [3] 0
perfqrmaqce, although thg rgsults are not qqite as good as those,, 1es] 0
obtained in toluene. Gratifyingly, the reaction proceeds well e [5] + AgBE o
c gBF4

under aerobic conditions (entry 11).

At 0.1 mol % loading ofda, 43% conversion to the desired
product is seen within 6 h; increasing the reaction time further 29 12[5] 0
does not lead to improved results (entries 12 and 13). Comparing
entries 4 and 14, it can be seen that reducing the size of the aClonditilor\S:t PQB(?_I-B(lt-SCmmol), _Chalﬁonflf 20-35tmnr1]0|),a|RO4 (0.5

i i i i mmol), solven mL), rt?Conversion to 1,5,s-lriphen ropanone
orthometalated triarylphosphite leads to a reduction in perfor- deter%ine o bt N(MR Sp)ectroscopy (L.3.5-(MeQ T in{’ema?’sﬁan%ar o),
mance. Similarly a comparison _of entru_e_s 5, 15, and 16 s_hows average of two runs.Under air.
that the catalyst performance is sensitive to changes in the
electronic properties of the orthometalated ligands, with the less
sr-acid diisopropyl phosphinite-based palladacytdieshowing
reduced activity compared witha. This is in agreement with
the suggestion that moreacidic ligands should render the metal
center more electron-deficient, thus facilitating Lewis acid
catalysis. Ther-acidity of the diphenylphosphinite ligand in
complex4c is intermediate between the ligands4a and 4d
and so is the activity, although it is closer to that observed for
the more electron-deficient complefa with a significant
diminution only apparent at 0.1 mol % Pd loading (compare
entries 12 and 17).

The platinum analogue @fa, complex5, shows moderately

good activity (entry 18), comparable to that shown by the  (g) ongmire, J. M.; Zhang, X.: Shang, Mrganometallics1998 17,
palladacyclic complexd, but is not as efficient ada; Zhang 4374,

(4 equiv.)

and co-workers have shown a similar ordering of activity in
platinum and palladiunfPCP-pincer complexes in Lewis acid
catalysis’ The use of phosphine, phosphite, and carbene adducts
of the phosphite palladacycka, complexes6 and 7, gives
variable results, but in all cases the activity obtained is lower
than that for the parent palladacycle irrespective of size,
electronic factors, or isomerism (entries—124).

The pincer complexe$1 and12 showed no activity regard-
less of electronic and steric variation of the pincer ligand or
the nucleofugicity of the “X” group (Cl or TFA) on palladium.
This is perhaps surprising considering that they are notionally
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related to the phosphine, phosphite, and carbene ad@actd 20 mol % Ag[BF] as an activator. This is perhaps a little

7 and that palladiumPCP-bis(phosphinite) and related bis- surprising when it is considered that in analogous rhodium-
(phosphite) pincer complexes have been successfully used in ecatalyzed reactions the active nucleophile is suggested to be
range of catalytic nucleophilic additiof$° Presumably, the lack  the hydrolyzed arylsiland¢ Increasing the loading of PhSi-

of activity in these cases is due either to the structural rigidity (OMe); proved beneficial until a maximum was encountered
or a lack of lability associated with the pincer motif at lower at 3 equiv, which gives 76% spectroscopic yield. The mostly

reaction temperatures. The addition of AgiBRwhich should likely function of the Ag[BR] additive is that it generates a
lead to the in situ formation of a cationic complex with a vacant cationic palladacyclic species in situ, which further increases
coordination site, proved ineffective. the electron deficiency of the palladium center, increasing the

In all of the successful reactions, thd NMR spectrum of propensity of a coordinated substrate to react with nucleophiles.
the product mixture indicated no Heck coupling byproducts, By contrast, activation of the siloxane seems to work less well;
suggesting that competitive-elimination is not a problem  the addition of fluoride or phosphate anions gives no activity
with palladacyclic catalysts. The results of this screen show the (entries 6 and 7).
best catalyst system to be the phosphite-based conmfaex Having established the best conditions for the reaction of
furthermore, the commercial availability of both the parent PhSi(OMe}with chalcone (entry 4), these conditions were used
triarylphosphite ligand and the palladacyderenders this the  for the rest of the studies. In general, the results are noticeably
catalyst of choice, and it was therefore exploited in the remainder poorer than when the arylboronic acids are used as substrates.
of the catalytic studies. The results of the usedafin the The introduction of either electron-withdrawing or, more
coupling of various arylboronic acids with,-unsaturated  surprisingly, electron-donating groups into {pera-position of
ketones and related Michael acceptors are summarized inthe arylsiloxane is deleterious to performance (compare entries
Table 2. 4, 8, and 9). Interestingly, the use g@fnitrostyrene as the

As can be seen, very high activity is observed in most cases Michael acceptor does not give a substantial reduction in yield
at room temperature and 5 mol % Pd catalyst loading, (entry 16) compared with enone substrates, which is in contrast
irrespective of whether the arylboronic acid used is electron- with results obtained with phenylboronic acid (Table 2, entry
rich or electron-deficient. The introduction of steric hindrance 14).

into the arylboronic acid leads to a lowering in activity with In terms of catalyst stability, it is interesting to note that in
2-tolylboronic acid, giving only 37% conversion to the desired the absence of an unsaturated substrate, the pallada¢gcle
product in the coupling with chalcone at room temperature (entry undergoes rapid (seconds) decomposition in the presence
5), however, when the reaction is repeated Goh at 50°C, of phenylboronic acid and #0, liberating palladium black.
then conversion increases to 96% (88% isolated yield, entry GC/MS analysis of the product mixture after acid
6). Changing the enone t&)-4-phenylbut-3-en-2-one, cyclo-  hydrolysis indicates the presence of the coupled pha6df
hexenone, 5,6-dihydraH-pyran-2-one, or cyclopentenone again - formed by the reductive elimination of the orthometalated ligand
leads to between very high and essentially quantitative conver-and the phenyl group introduced by the arylboronic acid
sion to the desired products (entriesI711). Lower activity is (Scheme 3).

observed with the open-chain alkyl-substituted enone pent-3- - gjijar reduction processes have been observed previously

ene-2-one. Replacing enones withnitrostyrene leads to with arylphosphinite-based palladacyclé8y contrast, all of

E::g?fﬁ?rféér?gggazg%e’.nevincr\"\’:;sne tc:qel ti%ﬁ’%g;uﬁsag‘:the successful catalytic reactions remain yellow at completion
lon i ! » In Wh y 0 VETSION,yith no obvious precipitation of palladium metal; this is despite

to product is obrt]alneg (en|t_r|y 1k3)- Agaln, 'g a_II cgsfjéﬂ;,NMR . the fact that the boronic acid substrates are used in excess. This
spectro?cqpys O_Wed nc(; ﬁc pro UCtSh erlvel romdcompeg- suggests that both the starting enone and the product ketone
?(\E/Sei f&gllr;g]r?:o%g:eﬁzls’ the spectra show only product and o a6 to stabilize the palladium with respect to decomposition
. 9 ) ’ o ) in the presence of arylboronic acids. TH® NMR spectrum

We next investigated the possibility of replacing the arylbo- yacorded at 50 min of a catalytic reaction between 2-tolylboronic
ronic acids with arylsiloxanes. While such substrates have beengqiq and chalcone catalyzed Bgi® shows the presence of the
exploited as the.nucleophile in rhodium-catglyzed .react}én's, starting complexta as by far the most significant component.
much less attention has been focused on their use in palladium-, 5qgition, there are smaller peaks observed further downfield

catalyzed addition reactiod$>1213The results from this study 4t 126 7 129.8 and 132.3 ppm, consistent with intermediates
are summarized in Table 3. In the first instance, we performed containir;g orth(;palladated triary,lphosphite ligands.

a brief optimization study. Compared with the use of anhydrous
- . The use of adducts of palladacycles not only seems to slow
toluene as solvent, aqueous dioxane proved to be deleterious . . . ;
down catalysis, but also leads to a considerable increase in the

In the reaction of phenyl timethoxysilane with chalcone, using stability of the arylated intermediates with respect to reductive
elimination. Thus, the reaction of compkhwith MeOGH4B(OH),

(10) (a) Johansson, R.; Wendt, O. Balton Trans.2007, 488. (b)
Wallner, O. A.; Olsson, V. J.; Eriksson, L.; SZatka J. Inorg. Chim. Acta

2006 359 1767. (c) Wallner, O. A.; Szahd. J. Chem.-Eur. J2006 12, (12) (a) Gini, F.; Hessen, B.; Feringa, B. L.; Minnaard, A.Chem

6976. (d) Solin, N.; Wallner, O. A.; Szab&. J. Org. Lett.2005 7, 689. Commun2007, 710. (b) Denmark, S. E.; Amishiro, N. Org. Chem2003

(e) Solin, N.; Kjellgren, J.; Szabh&. J.J. Am. Chem. So2004 126, 7026. 68, 6997.

(f) Wallner, O. A.; SzabpK. J. Org. Lett.2004 6, 1829. (13) For the use of aryltifluorosilanes as substrates in palladium-catalyzed
(11) (a) Huang T.-S.; Li, C.-Chem. Commur2001, 2348. (b) Murata, reactions, see: Nishikata, T.; Yamamoto, Y.; Gridnev, I. D.; Miyaura, N.

M.; Shimazaki, R.; Ishikura, M.; Watanabe, S.; MasudaSynthesi2002 Organometallics2005 24, 5025.

717. (c) Koike, T.; Du, X.; Mori, A.; Osakada, KSynlett2002 301. (d) (14) Identical retention time and fragmentation pattern as compared to

Mori, A.; Danda, Y.; Fujii, T.; Hirabayashi, K.; Osakada, K.Am. Chem. a genuine sample df6 prepared according to a literature method: Bedford,

Soc.2001, 123 10774. (e) Oi, S.; Honma, Y.; Inoue, rg. Lett 2002 R. B.; Limmert, M. E.J. Org. Chem2003 68, 8669.

4, 667. (f) Hargrave, J. D.; Herbert, J.; Bish, G.; Frost, CAgg. Biomol. (15) Bedford, R. B.; Hazelwood, S. L.; Horton, P. N.; Hursthouse, M.

Chem.2006 4, 3235. (g) Oi, S.; Taira, A.; Honma, Y.; Inoue, rg. B. Dalton Trans.2003 4164.

Lett. 2003 5, 97. (h) Oi, S.; Taira, A.; Honma, Y.; Sato, T.; Inoue, Y. (16) Conditions: 2-tolyl-B(OHy (0.6 mmol), chalcone (0.3 mmol),sK

Tetrahedron: Asymmetr006 17, 598. PO, (0.3 mmol),4a (0.011 mmol), GDsCDs (0.6 mL), rt.
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Table 2. Coupling of ArB(OH), with a,f-Unsaturated Ketones and Related Substrates Catalyzed by #@a

o) 0
4a
J)L R' + AB(OH), — > R
2 toluene >
R K4PO, Ar” TR
Time Conversion,
Entry  Acceptor Aryl Product (h) %"°
(o] (o]
1 ﬁph Ph ﬁph 05 >99(93)¢
Ph Ph Ph
4—MeC5H4 0]
2 Ph 1 >99(90)°
Ph
o
3 4-MeOCeH, Ph >99 (89) ¢
Ph
OMe
o
4 4-FCeH, Ph >99
Ph
F
0
5 2-MeCeH, Ph 37
Ph
6 69 96(88)°
o 0
7 )|/U\ Ph ﬁ 1 94
Ph Ph” Ph
o o
8 ﬁj Ph b 1 96 (89)
Ph
0 0
9 b 4-MeOCeH, MeOO—d >99
o o
10 fjo Ph b >99
Ph
o o
11 é é >99
Ph
o 0
12 )|)k /ﬁj\ 2 170
Ph
jNoz NO,
| Je
13 Ph Ph” >Ph 24 474

aConditions: ArB(OH) (1.0 mmol), unsaturated substrate (0.5 mmoBP&y (0.5 mmol),4a (0.025 mmol), toluene (2 mL), re. Conversion to coupled
product determined byH NMR spectroscopy (1,3,5-(Me&sH3 internal standard), average of two rufssolated yield 4 Reaction temperature 50 °C.

and KgPQOy in CgDsCD3 at room temperature shows the slow assigned as the arylated Pd(Il) palladacyclic complégn the
formation (96 h) of two isomers of a new complex tentatively basis of the similarity of thé'P data obtained compared with
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Table 3. Coupling of Aryl Siloxanes with a,f-Unsaturated Ketones and Related Substrates Catalyzed by #a

o]

’ 4a
‘ RY 4+ ArSi(OR); ——»
2 additive

0]
R!

R R2
Entry  Additive Acceptor Siloxane [equivs.] Product Solvent [Temp. (°C)] Conv.
[mmol] {Time (h)} %°
1 AgBF, [20] o PhSi(OMe); o Dioxane/H,O ¢ 79
Ph Ph
o o
Ph Ph Ph
2 AgBF; [20] Toluene [75] {16} 63
3 Toluene [90] {16} 50
4 [3] Toluene [75] {21} 76
5 [4] Toluene [75] {16} 66
6 KF [150] [3] Toluene [75] {21} 0
7 K5POs 0
[150]
[¢]
. Ph
8 4-CIC¢H4Si(OMe); 52
Ph
Cl
o
. Ph
9 4-MeOC¢H,Si(OMe); 35
Ph
OMe
o (0]
: 0 o :
Ph
(e} o
Ph
[¢] [¢]
: s o .
Ph Ph Ph
(0] (0]

g L
14 Ph Ph 53

aConditions: ArSi(OR) (1.5 mmol), unsaturated substrate (0.5 mmol), AgBF mol %),4a (0.025 mmol), toluene (2 mL), 75C. ® Conversion to
coupled product determined Big NMR spectroscopy (1,3,5-(Me@JsHs, internal standard), average of two rufd,4-Dioxane:water 2:1, 9 mL, 1 mol %
Pd catalyst loading.

6b,17 as well as the observation of characteristic peaks, for the sole P-donors are seen at 24.4 and 24.3 ppm, and a small
instance for the methoxy groups, in thed NMR spectrum. singlet is seen at 132.6 ppm, which is in the range for a non-
coordinated triarylphosphite ligand.

In conclusion, the palladacyclic phosphite-based catdlgst
shows excellent activity in the coupling of aryl boronic acids
with a range of Michael acceptors, and the ease of synthesis

Bu O-P(OAr),

|
17

5
PPhy
tBu

(17)3P NMR of 17 (CsDsCDs): major isomer, doublets at 137.2 and
36.6 ppm Jpp = 575.4 Hz); minor isomer, 155.1 and 22.5 ppfdeb =
26.7 Hz). By contrast, th&'P spectrum in toluene &b shows doublets at
133.8 (phosphite) and 18.9 (phosphine) with a mutual coupling of 39.1
Hz.

A substantial amount of starting complék is also seen in
the 31P NMR spectrum (ratio ol.7:6b ~ 60:40). In addition,
small amounts of palladium species containing PRfands as
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Scheme 3. Synthesis of 16 and Probable Mechanism of

Formation
tBu O—-P(OAr) tBu O—-P(OAr)
| PhB(OH),
Pd-Cl "o > Pd
T K3PO,
tBu Bu
(i) PhB(OH),, K3POy, toluene 1
J(ii) H* i
¥
tBu  OH y Bu  O-P(OAr)
decomposition Pd
o= e &
“ hydrolysis
tBu 16 tBu

and commercial availability of complesal® makes it particu-
larly attractive for such reactions. More modest activity is

Bedford et al.

dichloroethane (10 mL), and the resultant solution was heated at
reflux for 18 h. The solution was allowed to cool, and the solvent
was removed under reduced pressure. The crude product was
redissolved in ChLCI, (20 mL), filtered through Celite, and then
the solvent was removed under reduced pressure to give a yellow
powder, which was then recrystallized from &Hb:ethanol.
Yield: 0.201 g (57%). Crystals df1c suitable for X-ray analysis
were grown by slow diffusion of ethanol into a concentrated,CH
Cl, solution. Anal. Calcd for gH47CIO,P,Pd: C, 52.44; H, 7.96.
Found: C, 51.95; H, 8.28P{*H} NMR (CDCl;, 121.5 MHz, 298

K): 0 185.9 (s).H NMR (CDCls, 300 MHz, 298 K): 1.141.35

(m, 42H, C(QHs)3 and CH(CH3),), 2.41 (heptet) = 7.5 Hz, 4H,
CH(CHjy),), 6.88 (br s, 1H, AH). 13C{*H} NMR (CDCl;, 75 MHz,

298 K): 0 16.77 (br s, CH), 17.18 (apparent tJcp = 4.0 Hz,
CHjy), 28.65 (apparent tlcp = 12 Hz, CH), 29.85 (s, C§J, 34.42

(s, C), 123.01 (s, CH), 127.40 (apparenids = 6.0 Hz, C), 127.99

(s, C), 133.43 (tJcp = 4.0 Hz, Pd-C), 161.76 (apparent 8cp =

observed when arylsiloxanes are used as the nucleophilic6.0 Hz, C-O). HRMS (ESI) calcd for GgHa7O.P.Pd (M* — ClI)
coupling partners. Phosphine, phosphite, and carbene adduct$59.208063, found 559.209451.

of 4a show variable activity, but they demonstrate that the

Preparation of Ligand 14. A solution of N,N'-diisopropylethyl-

coordination sphere of the catalysts can be easily modified while enediamine (0.460 g, 3.20 mmol) in toluene (20 mL) was added to

retaining moderate to good levels of activity; this should allow
for the facile introduction of chirality into the catalysts, and we

a stirred solution ofl5 (0.660 g, 1.56 mmol) and g (1 mL, 7.18
mmol) in toluene (20 mL). The resultant mixture was stirred

are currently exploring the application of such complexes in overnight at 9CC. It was then cooled to room temperature, filtered

asymmetric versions of the reactions.

Experimental Section

through Celite to remove the [EMH]CI precipitate, and reduced
in vacuo to give ligandl4 as a pale yellow oil (0.796 g, 90%),
which was used without further purificatiofP{*H} NMR (CDCl,,
121.5 MHz, 298 K): 6 112.2 (s)*H NMR (CDCls, 300 MHz, 298

General. All reactions and preparations were carried out under K): 6 1.02 (d,J = 6.0 Hz, 24H, CH(C®l3),), 1.26 (s, 18H, C(E)3),
a nitrogen atmosphere either in a glovebox or using standard 2.76 (hept.]J = 6.0 Hz, 4H, G4(CHs)), 3.07—3.27 (m, 8H, ¢1,),
Schlenk techniques. Unless specified otherwise, all solvents were7.03 (s, 1H, AH), 7.48 (t,J = 4.5 Hz, 1H, AH).

anhydrous. Complexes-11a%1%22 and compound$3*® and15°
were prepared according to literature methods.

Preparation of Complex 11b.Ligand 13 (0.310 g, 0.68 mmol)
and Pd(TFA) (0.226 g, 0.68 mmol) were dissolved in THF (10

Preparation of Complex 12.Ligand 14 (0.455 g, 0.839 mmol)
and [PdC}(NCMe),] (0.173 g, 0.671 mmol) were dissolved in 1,2-
dichloroethane (30 mL), and the resultant solution was heated at
reflux for 18 h. The solution was cooled, filtered through Celite,

time, the solvent was removed under reduced pressure, and the crudgas subsequently washed with,@t(10 mL). The washings were

product was redissolved in GBI, (20 mL) and then filtered

concentrated under reduced pressure to give a pale cream-colored

through Celite. The solvent was removed under reduced pressureyowder. Yield: 0.278 g (47%). Crystals G2 suitable for X-ray

to give a gray powder, which was then recrystallized from,CH
Cla:hexane. Yield: 0.317 g (69%). Crystals dib suitable for
X-ray analysis were grown by slow diffusion of hexane into a
concentrated CKCl, solution. Anal. Calcd for gH47-F304P,Pd: C,
49.96; H, 7.04. Found: C, 49.32; H, 7.37P{'H} NMR (CDCl,,
121.5 MHz, 298 K): 6 186.4 (s)*H NMR (CDCl;, 300 MHz, 298
K): 6 1.15-1.32 (m, 42H, C(®l3); and CH(Hs3),), 2.43 (heptet,
J = 7.5 Hz, 4H GH(CHjy),), 6.89 (br s, 1H, AH). 13C{'H} NMR
(CDCls, 75 MHz, 298 K): 6 17.05 (br s, Ch), 17.13 (apparent t,
Jep = 4.0 Hz, CH), 29.26 (apparent tlcp = 12.0 Hz, CH), 30.08
(s, CHy), 34.64 (s, C), 116.43 (dcr = 216.8 Hz, CR), 123.59 (s,
CH), 127.58 (apparent gcp = 6.0 Hz, C), 128.09 (tJcp = 4.0
Hz, Pd-C), 161.54 (qJcr = 18.8 Hz, CQ), 162.16 (apparent t,
Jcp = 6.0 Hz, C—O) HRMS (+E8|) calcd for QsH470zP2Pd (|\/|+
— CyF30;,) 559.208063, found 559.209431.

Preparation of Complex 11c.Ligand13(0.268 g, 0.59 mmol)
and [PAC}(NCMe),] (0.153 g, 0.59 mmol) were dissolved in 1,2-

(18) Sigma-Aldrich.

(19) Bedford, R. B.; Hazelwood, S. L.; Limmert, M. E.; Albisson, D.
A.; Draper, S. M.; Scully, P. N.; Coles, S. J.; Hursthouse, MCBem.-
Eur. J. 2003 9, 3216.

(20) Bedford, R. B.; Betham, M.; Blake, M. E.; Frost, R. M.; Horton, P.
N.; Hursthouse, M. B.; Lpez-Nicol&, R.-M. Dalton Trans.2005 2774.

(21) Bedford, R. B.; Cazin, C. S. J.; Coles, S. J.; Gelbrich, T.; Horton,
P. N.; Hursthouse, M. B.; Light, M. EOrganometallics2003 22, 987.

(22) Bedford, R. B.; Draper, S. M.; Scully, P. N.; Welch, S.New J.
Chem.200Q 745.

(23) Bedford, R. B.; Betham, M.; Blake, M. E.; Coles, S. J.; Draper, S.
M.; Hursthouse, M. B.; Scully, P. Nnorg. Chim. Acta2006 359, 1870.

analysis were grown by slow evaporation of a L solution
under air. Anal. Calcd for €HesCIN,OsP,Pd(Et,O): C, 52.24;
H, 8.38; N, 7.17. Found: C, 52.14; H, 7.98; N, 7.9%®{'H} NMR
(CDCl;, 121.5 MHz, 298 K): 0 132.6 (s).!H NMR (CDClz, 300
MHz, 298 K): 1.16-1.41 (m, 42H, C(€l3); and CH(QH3),, 3.19-
3.36 (m, 8H, ®&,), 3.61 (heptet, 4HJ = 6.41 Hz NGH(CHy),),
6.91 (br s, 1H, AH). 13C{'H} NMR (CDCl;, 75 MHz, 298 K): 6
21.94 (t,J = 2.25 Hz, CHCHa),), 21.97 (t,J = 2.25 Hz, CH-
(CH3),), 30.11 (s, CCH3)3), 34.67 (s,C(CHg)s), 43.27 (s, CH),
47.36 (t,J = 7.5 Hz,CH(CHa),), 123.46 (s, CH), 127.30 (apparent
t,J = 7.5 Hz,CC(CHg)3), 135.74 (tJ = 3.75 Hz, C-Pd), 153.41
(apparent tJ = 8.25, C-OP). HRMS (+ESI) calcd for GoHss-
CIN4O,P,Pd (M — CI) 559.208063, found 559.209451.

General Method for the Reaction of Arylboronic Acids with
Catalyst Loading of 1—-5 mol % Pd (Tables 1 and 2).To a stirred
solution of ArB(OH} (1.0 mmol) in the appropriate solvent (1 mL)
were added the appropriate unsaturated substrate (0.5 mmel), K
PO, (0.106 g, 0.5 mmol), the required amount of appropriate
catalyst, and then extra solvent (1 mL) to ensure all reagents were
washed down the side of the reaction vessel. The resulting mixture
was stirred for the required time at the temperature indicated,
gquenched with water (50 mL), extracted with dichloromethane (3
x 50 mL), and dried (MgSg). The filtrate was concentrated under
reduced pressure, and 1,3,5-trimethoxybenzene (28 mg, 0.166
mmol, internal NMR standard) was added. The conversion to the
coupled product was determined 1y NMR spectroscopy (CDG).

The data obtained were comparable with literature values, and
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representative examples of the products were isolated by column2.30-2.73 (m, 4H, CH), 2.94-3.10 (m, 1H, CHPh), 7.097.49

chromatography (silica gel).

General Method for the Reaction of Arylboronic Acids with
Chalcone at 0.1 mol % Pd Catalyst Loading (Table 1, Entries
12, 13, and 17)To a mixture of ArB(OH} (1.0 mmol), chalcone
(0.104 g, 0.5 mmol), and #0, (0.106 g, 0.5 mmol) was added

(m, 5H, ArH).13C NMR (75.5 MHz, CDC}, 298 K): ¢ 25.6, 32.8,
41.3,44.8,49.0, 126.6, 126.7, 128.7, 144.4, 211.2. IR (neat):
2936, 1708, 1450, 1223, 753, 698 chnmvz (El): 174 (M*), 131,
104, 91.

Spectroscopically Charaterized Products. 3-(4-Fluorophenyl)-

the appropriate catalyst as a 0.1 M solution in toluene (1.00 mL), 1,3-diphenyl-1-propanone (Table 2, Entry 4%* 'H NMR (270
and then extra toluene (1 mL) was added to ensure all reagentsMHz, CDCk, 298 K): 6 3.64 (d,J = 7.6 Hz, 2H, CHC,), 4.74
were washed down the side of the reaction vessel. The reaction(t, J = 7.6 Hz, 1H, GiCH,), 6.94-6.82 (m, 2H, ArH), 7.43-7.33
was then stirred for the time indicated in Table 1 and was quenched(m, 2H, ArH), 7.54-7.44 (m, 1H, ArH), 7.287.01 (m, 7H, ArH),

and worked up as described above.

Isolated Products. 1,3,3-Triphenylpropan-1-one (Table 2,
Entry 1).12¢ Colorless solid, 93% isolated yiel& = 0.45 (E$O/
hex 1:10), mp= 94—-96 °C. 'H NMR (300 MHz, CDC}, 298 K):
0 3.68 (d,J = 7.3 Hz, 2H, CHQ®y), 4.76 (t,J = 7.3 Hz, 1H,
CHCH,), 7.04-7.15 (m, 2H, ArH), 7.157.28 (m, 8H, ArH), 7.32
7.42 (m, 2H, ArH), 7.43-7.57 (m, 1H, ArH), 7.827.98 (m, 2H,
ArH). 13C{1H} NMR (75.5 MHz, CDC}, 298 K): 0 44.8, 46.0,

7.90-7.79 (m, 2H, ArH).13C{H} NMR (67.9 MHz, CDC}, 298

K): 44.8, 45.1, 115.2, 115.4, 126.5, 127.6, 128.0, 128.6, 129.2,

129.3, 133.3, 137.0, 139.9, 144.1, 197.9.
4,4-Diphenylbutan-2-one (Table 2, Entry 7 I1H NMR (300

MHz, CDCl, 298 K): 6 2.00 (s, 3H, CH), 3.11 (d,J = 7.56 Hz,

2H, CH,), 4.51 (t,J = 7.56 Hz, 1H, GICH,), 7.06-7.28 (m, 8H,

ArH). 13C{H} NMR (75.5 MHz, CDC}, 298 K): 6 206.7, 127.7,

127.9, 126.4, 49.6, 55.3, 46.0, 30.8.

88.3, 103.3, 127.9, 128.2, 128.7, 128.7, 133.2, 144.2, 197.0. IR  3-(4-Methoxyphenyl)cyclohexanone (Table 2, Entry 9}.H
(neat): v = 3063, 3026, 1676, 1594, 1494, 1448, 1262, 1184, 1034, NMR (300 MHz, CDC}, 298 K): 6 1.72-1.85 (m, 2H, CH),

746, 694 cml. m/z (El): 286 (M), 167, 165, 152, 105, 103, 77.
3-(4-Methylphenyl)-1,3-diphenylpropan-1-one (Table 2, Entry
2).24 Colorless solid, 90% isolated yiel& = 0.6 (CHCl,), mp=
97-98 °C. 'H NMR (400 MHz, CDC}, 298 K): 6 2.28 (s, 3H,
ArCHg), 3.72 (d, 2H,J = 8.0 Hz, CHQH,), 4.79 (t, 1H,J = 8.0
Hz, CHCH,), 7.04-7.11 (m, 2H, ArH), 7.1%7.20 (m, 3H, ArH),
7.21-7.31 (m, 4H, ArH), 7.39-7.47 (m, 2H), 7.56-7.57 (m, 1H),
8.00-7.89 (m, 2H).13C{H} NMR (100.5 MHz, CDC}, 298 K):

2.01-2.16 (m, 2H, CH), 2.31-2.59 (m, 4H, CH), 2.97 (m, 1H,
CHA), 3.80 (s, 3H, OCH), 6.87 (d,J = 8.4 Hz, 2H, ArH), 7.14
(d, J = 8.4 Hz, 2H, ArH).13C{1H} NMR (100.5 MHz, CDC},
298 K): 25.63, 33.15, 41.32, 44.11, 49.36, 55.39, 114.09, 127.58,
158.36, 161.61, 211.32.

4-Phenyl-tetrahydropyran-2-one (Table 2, Entry 10?7 H
NMR (CDClz, 300 MHz, 298 K): 6 1.95-2.24 (m, 2H, CH),
2.64-2.70 (m, 1H, CH), 2.85-2.98 (m, 1H, CH), 3.23 (m, 1H,

020.9,44.7,455,126.2, 127.6, 127.7, 128.0, 128.5, 128.5, 129.2,CHPh), 4.33-4.56 (m, 2H, CH), 7.15-7.45 (m, 5H, ArH).1%C-

133.0, 135.8, 137.0, 141.1, 144.3, 198.0. IR (neat;: 3059, 3027,
2159, 1674, 1514, 1255, 1212, 1077, 1037, 746 cmvz (El):
300 (M"), 285, 181, 105, 91, 77.
3-(4-Methoxyphenyl)-1,3-diphenylpropan-1-one (Table 2, En-
try 3).25 Colorless solid, 89% isolated yielgs = 0.30 (EtO/hexane
1:5), mp= 93.1-94.0°C. *H NMR (300 MHz, CDC}, 298 K): o
3.70 (d,J = 7.2 Hz, 2H, CH®,), 3.73 (s, 3H, OCH), 4.78 (t,J
= 7.3 Hz, 1H, GiCH,), 6.80 (dt,J = 9.1 and 2.0 Hz, 2H, ArH),
7.05-7.35 (m, 7H, ArH), 7.42 (tt) = 6.6 and 1.7 Hz, 2H, ArH),
7.53 (tt,J = 7.3 and 1.3 Hz, 1H, ArH), 7.92 (dd,= 8.6 and 1.7
Hz, 2H, ArH).3C{'H} NMR (67.5 MHz, CDC}, 298 K): ¢ 44.8,

{*H} NMR (CDCl;, 75.5 MHz, 298 K): 6 29.7, 30.1, 38.3, 68.0,
128.3, 130.2, 144.2, 177.1.

3-Phenylcyclopentanone (Table 2, Entry 1132 'H NMR (270
MHz, CDCk, 298 K): 6 2.02-1.82 (m, 2H, CH), 2.48-2.14 (m,
2H, CHp), 2.62 (dd,J = 18.9 and 8.1 Hz, COC}), 3.46-3.26 (m,
1H, CHPh), 7.347.12 (m, 5H, ArH).13C{'H} NMR (67.9 MHz,
CDCl;, 298 K): 6 31.3, 39.0, 42.3, 45.9, 92.9, 126.8, 128.8, 143.1,
218.1.

4-Phenylpentan-2-one (Table 2, Entry 12) Lit ITH NMR (270
MHz, CDCl, 298 K): ¢ 1.20 (d,J = 8.1 Hz, GHsCH), 1.99 (s,
COCH), 2.67-2.48 (m, 2H, CHE,), 3.32-3.14 (m, 1H, GICH),),

45.0,55.1, 113.8, 126.2, 127.6, 127.9, 128.4, 128.5, 128.6, 132.9,7.27—7.03 (m, 5H, ArH).*3C{*H} NMR (67.9 MHz, CDC}, 298

136.1, 136.9, 144.4,157.9, 198.0. IR (neat}= 3086, 3028, 2987,

K): ¢ 21.9, 30.4, 35.4, 51.9, 126.2, 126.7, 128.4, 146.1, 207.6.

2925, 1687, 1598, 1513, 1494, 1448, 1363, 1203, 1113, 1077, 759  1-Nitro-2,2-diphenylethane (Table 2, Entry 13), Lit?° 'H NMR

cm L. mvz (EI): 316 (M), 300, 181, 165, 105, 91, 77.
3-(2-Methylphenyl)-1,3-diphenyl-1-propanone (Table 2, Entry

5).26 Colorless solid, 88% isolated yiel& = 0.83 (CHCl,), mp

= 81.2-83.1°C. *H NMR (300 MHz, CDC}, 298 K): 6 2.32 (s,

3H, ArCHs), 3.72 (dd,J = 8.1 and 5.4 Hz, 2H, B,CH), 5.01 (t,

1H,J = 8.1 Hz, CHCH), 7.01-7.38 (m, 14H, ArH)13C{H} NMR

(75.5 MHz, CDC}, 298 K): 6 20.1, 42.0,45.1, 126.1, 126.3, 126.4,

(270 MHz, CDC}, 298 K): 6 4.94-4.79 (m, 3H, CHCH), 7.40-
7.15 (m, 10H)3C{1H} NMR (67.9 MHz, CDC}, 298 K): 6 49.0,
79.3, 127.7, 127.8, 129.1, 139.3.
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