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Abstract: We present results on the amidation of aryl halides and sulfonates utilizing a monodentate biaryl
phosphine-Pd catalyst. Our results are in accord with a previous report that suggests that the formation of
«?-amidate complexes is deleterious to the effectiveness of a catalyst for this transformation and that their
formation can be prevented by the use of appropriate bidentate ligands. We now provide data that suggest
that the use of certain monodentate ligands can also prevent the formation of the «?-amidate complexes
and thereby generate more stable catalysts for the amination of aryl chlorides. Furthermore, computational
studies shed light on the importance of the key feature(s) of the biaryl phosphines (a methyl group ortho
to the phosphorus center) that enable the coupling to occur. The use of ligands that possess a methyl
group ortho to the phosphorus center allows a variety of aryl and heteroaryl chlorides with various amides
to be coupled in high yield.

Introduction reasonable rate of “transmetallation” to form the amidate
intermediate. Further complicating matters is that, in the catalytic
gycle for palladium-catalyzed amidation reactions, it is likely
that the formation ofc>-amidate compleR,e.g., complexi,
where the amidate is bound to the palladium center at both the
oxygen and nitrogen atoms, inhibits reductive elimination and
therefore catalytic turnover. Recently, a study concerning Pd-

The copper and palladium-catalyz&damidation of aryl
bromides and iodides have become well-established processe
in organic synthesis. However, largely absent from the literature
on Pd-catalyzed amidation reactions is the description of an
efficient and general method for coupling aryl chloriddsis
unlikely that this is due to the inability of phosphine-Pd catalysts
to oxidatively add to aryl chlorides, as numerous ligands, in tBu_ ,+Bu
the past 10 years, have been shown to promote oxidative ©/P
addition to even extremely hindered aryl chloridédore likely,

a ligand has yet to be developed that is capable of promoting
oxidative addition to aryl chlorideand reductive elimination @ P
of an amidate ligand from Pd(ll) centers, while supporting a
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(1) (a) Klapars, A.; Antilla, J. C.; Huang, X.; Buchwald, S.1.Am. Chem. Kk°-Amidate (1)

Soc. 2002 124, 7421-7428. (b) Jiang, L.; Job, G. E.; Klapars, A.; . . . L .

Buchwald, S. LOrg. Lett.2€|>03 5, 3667—36f9. I(g)guang, XC ﬁnderéon, catalyzed amidation suggested that reductive elimination to form
K. W.; Zim, D.; Jiang, L.; Klapars, A.; Buchwald, S. 0. Am. Chem. Soc. - . :

2003 125 6653 6655, (d) Klapars, A. Paris, S.; Anderson, K. w.; € C-N bond of N-aryl amides can occur more readily from
Buchwald, S. LJ. Am. Chem. So2004 126 3529-3533. () Strieter, E. complexes generated from bidentate phosphine ligands than
R.; Blackmond, D. G.; Buchwald, S. L1. Am. Chem. SoQ005 127,

4120-4121. R ‘ ’ from monodentate phosphine ligands as a result of the inhibition
(2) (&) Yin, J; Buchwald, S. LOrg. Lett.200Q 2, 1101-1104. (b) Yin, J.; of the formation of ac?-amidate compleX.Since reports from

Buchwald, S. LJ. Am. Chem. So@002, 124, 6043-6048. (c) Huang, X.; | c I herad:3c h |

Anderson, K. W.; Zim, D.; Jiang, L.; Klapars, A.; Buchwald, S.J_Am. our laboratory?® as well as other&!3c on the Pd-catalyzed

Chem. S02003 125 6653-6655. (d) Willis, M. C.; Brace, G. M.; Holmes,  gmijdation of aryl halides and sulfonates have demonstrated
I. P. Synthesi®005 3229-3234. (e) Klapars, A.; Campos, K. R.; Chen, ry . K .
C.-y.; Volante, R. POrg. Lett. 2005 7, 1185-1188. monodentate biaryldialkyl phosphines as components of highly

(3) Pd-catalyzed intermolecular amidation of aryl chlorides: (a) Hartwig, J. active catalyst systems, we felt that it was important to
F.; Kawatsura, M.; Hauck, S. I.; Shaughnessy, K. H.; Alcazar-Roman, L. . . g ! . .
M. J. Org. Chem1999 64, 5575-5580. (b) Arterburn, J. B.; Rao, K. V.: investigate the origin of the enhanced activity that is observed
Ramdas, R.; Dible, B. ROrg. Lett.2001, 3, 135171354. (c) Ghosh, A i ; i
Sieser, J. E.; Riou, M.; Cai, W.; Rivera-Ruiz,Qrg. Lett.2003 5, 2207~ with these partICUIar monc,)dentate Ilgands. .
2210. (d) Manley, P. J.; Bilodeau, M. Qrg. Lett.2004 6, 2433-2435. Herein we present the first general catalytic system capable
(e) Shen, Q.; Shekhar, S.; Stambuli, J. P.; Hartwig, JArfigew. Chem., ; idati ; iz ;
Int. Bd. 2005 44, 13711375, (7 Shi, F.+ Smith. M. R., 1Il: Maleczka, K. of the facile amidation of aryl chlorides by utilizing a finely
E., Jr.Org. Lett. 2006 8, 1411-1414. Examples of the intramolecular
amidation of aryl chlorides: (g) Poondra, R. R.; Turner, NOdg. Lett. (5) For an example of a2-bis(amidate) titanium complex, see: Zhang, Z.;
2005 7, 863-866. (h) McLaughlin, M.; Palucki, M.; Davies, |. WOrg. Schafer, L. L.Org. Lett.2003 5, 4733-4736.
Lett. 2006 8, 3311-3314. (6) Fujita, K.-i.; Yamashita, M.; Puschman, F.; Alvarez-Falcon, M. M.;
(4) Littke, A. F.; Fu, G. CAngew. Chem., Int. EQR002 41, 4176-4211. Incarvito, C. D.; Hartwig, J. FJ. Am. Chem. So2006 128 9044-9045.
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Table 1. Optimization of Reaction Conditions for the Amidation of
Aryl Chlorides O
H
J@/CI )OI\ Pddbag Ligand N\n/Ph P(BUY F’Eg
+ _ i-Pr. i-Pr
Ph™ "NH Base, Solvent /©/ S P-Pr) @_ 2
MeO 2 MeO o = 2 o F'Cnge
conversion yield @— P(i-Pr)a P

entry ligand base solvent (%)> (%)° Fer

1 Xantpho§  CsCO;  t-BuOH 13 ) 2 3 4: R=Cy

2 2 KsPQy t-BUOH 0 o 5: R=tBu

3 3f K3sPOy t-BuOH 0 o] Me P «

4 4 K3POy t-BuOH 1 r Me Me © \ g

5 5 K3POy t-BuOH 9 9 _ ‘T ‘*\;

6 6 K3POy t-BuOH 94 94 (Y\/)

7 6 KsPOy toluene 89 89 Me P(t-Bu)z A

8 6 K3POy 1,4-dioxane 79 79 i-Pr i-Pr — !' |

9 6 K:CO;  t-BUOH 45 4% O oy, N

10 6 CsCO; t-BuOH 97 97 /Y LY\

1 6 t-BuONa  t-BUOH 28 28 - ML

2 6 LHMDS  toluene 1 ) r «

6

a2 Reaction conditions: 1.0 equiv of aryl chloride, 1.2 equiv of amide,
1.2 equiv of base, solvent ([aryl chloride] 0.5 M), 0.5 mol % Peibas,

2.5 mol % ligand®Determined by GClsolated yields?1.5 mol % Xantphos The scope of the palladium-catalyzed amidation of aryl
was used®2 mol % 2. f1 mol % 3. . .
chlorides was subsequently explored usingdBe; as precata-

o ) lyst, 6 as ligand, KPO, as base, andBuOH as solvent (Table
tuned monodentate phosphine ligand. These results confirm thatz)l Both unactivated (entries-17) and activated (entries 18
monodentate phosphines can indeed be superior ligands forygy a5 well asrtho substituted aryl chlorides (entries 11 and
reactions of t_hls type. Additionally, we proylde a_ratlonallzatlpn 12), were coupled with a variety of amides in good to excellent
for the (in)efficacy of catalysts based on dialkylbiaryl phosphine yields. A number of functional groups were tolerated under this
ligands for the Pd-catalyzed amidation of aryl halides through set of reaction conditions. Of particular interest, aryl chlorides
the use ofall-atom density functional theory (DFT). Finally,  and amides containing a free hydroxy group (entries 13 and
kinetic data suggest that transmetallation is the rate-limiting step 14) and a secondary amine on the aromatic ring (entry 15) were

in the amidation sequence. converted to desired products in high yields. To the best our
knowledge, these are the first examples of a palladium-catalyzed
Results amidation reaction where phenols and secondary amine groups

are compatible. A variety of primary amides, both aliphatic and
We initiated our investigation by examining the conditions aromatic, were also coupled in high yield. Molecular sieves (3
under which the coupling reaction of 4-chloroanisole and A) were employed to suppress the formation of phenol
benzamide proceeded efficiently (Table 1). Not unexpectedly, derivative$? for some activated aryl chlorides (entries 19 and
Xantphos [9,9-dimethyl-4-5-bis(diphenylphosphino)xanthene], 20). Notably, formamide (entries 4 and 9), sulfonamide (entry
which is a fairly general and efficient ligand for amidation 5), and 2,2,2-trifluoroacetamide (entries 6 and 18) can be
reactions of aryl iodide and bromide substr&&®was inactive coupled with aryl chlorides effectively under slightly modified
for the intermolecular amidation of chloroanisole (entry 1). reaction conditions. Formamide and trifluoromethylamide de-
Catalysts derived from ferrocene-based bisphosphine ligandsfivatives are particularly interesting as they can be used as
such as 1/1bis(dii-propylphosphino)ferrocen@)and JosiPhos ~ Precursors of free amifieand methylamin€ compounds.
{(R)-(—)-1-[(9-2-(dicyclohexylphosphino)ferrocenyljethyldi-  Lactam (entry ?_>) and second_ary formamide (entry 10) co_uld also
tert-butylphosphing (3) were also found to be ineffective D€ coupled with aryl chlorides. However, the coupling of
(entries 2 and 3yinder all conditions studie@lAlthough bulky hindered secondary amides is problematic, most likely due to
biaryl monophosphine ligandé and 5 provided the desired the reduced nucleophlllcn_les of th(_ase amides relative to
coupling product, yields were10% (entries 4 and 5). Based hydromdel unp]er the reaction conditions (e”tfy 21). Conse-
on other work from our laboratory, we postulated that increasing quently, significant gmognts of phenolsl apd diaryl ethers are
. . S formed from aryl halides in these casé# is important to note
the bulk of the phosphine-containing aromatic ring may be

necessary for mediating Pd-catalyzed amidation reactions of arylthat although the coupling of amides with moactho substi-

chlorides. Indeed, the use of “g"’“ﬁ)8 with four additional (7) We are not suggesting that these ligands cannot be the supporting ligand

methyl groups on the upper ring &f promoted the catalytic in successful coupling reactions of this type; however, their use did not
. . . . . . . lead to satisfactory results.
amidation of 4-chloroanisole with benzamide in 94% isolated (g) (a) Anderson, K. W.; Ikawa, T.; Tundel, R. E.; Buchwald, S.JLAM.

P H i Chem. Soc2006 128 10694-10695. (b) Burgos, C. H.; Barder, T. E.;
yield (entry 6). We also determined theBuOH was the optimal Huang, X.. Buchwald, S. LAngew. Chem., Int, EQ00G 45, 4321 4326.

solvent for this transformation presumably because amides and/ (9) (a) Stt?\t/);ens,kM. F. Q. ChenkL Soc., Perkin Trans. 1975 16, %lsgsr

. . . 1556. Nakagawa, M.; Yokoyama, Y.; Kato, S.; Hino,Tetrahedron
or deprotonated amides are much more soluble in a protic  1og5 41, 2125-2132. (c) Fleming, I.. Loreto, M. A': Wallace, 1. H. M.
solvent rather than in ethereal or hydocarbon solvents (entries  Chem. Soc., Perkin Trans. 1986 349-359.

. (10) (a) Brown, S. A.; Rizzo, C. Bynth. Commuril996 26, 4065-4080. (b)
6—8).1c Finally, phosphate and carbonate bases were found to Minutolo, F.; Antonello, M.;” Bertini, S.; Ortore, G.; Placanica, G.;

i Rapposelli, S.; Sheng, S.; Carlson, K. E.; Katzenellenbogen, B. S;
be more effective than stronger bases such astiaCand Katzenellenbogen, J. A.; Macchia, M. Med. Chem2003 46, 4032
LHMDS (entries 6 and 912). 4042.
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Table 2. Coupling of Aryl Chlorides with Amides?

) Pd  Yield ! . Pd Yield
Entry ArCl Amide Product (mol %) %)° : Entry ArCl Amide Product (mol %) (%)°
al 16) H M | Cl H M
e ! | e
BN oo e n S N o G S oo S
: o]
2 e Me” “NH, o) 0.25 97 i Me Me” “NH, Mo
i cl H Ph
o o e T A YT e
3 1 95 ! 0
/©/ NH /©/ S : HO Ph"ONH, o
Me .
Me !
: o)
Cl (o] N : “ N\'(Q
N _H P14 2 92
4 PR Y 2 god /©/ Nz
H” “NH, o : MeO O OH
Me Me : OH MeO
: H
H o : Cl o] N__Me
Cl 0 N g T P hig 2 98
5 Ph—S-NH, S ph 2 87 Me” ~NH, 0
Me 3 " o] ' Me(H)N Me(H)N
e :
: H
: cl
H : N__Me
Cl o N__CF ! Q
° /© A W 2 g |16 P \g/ 2 o
Ve FsC~ “NHj, o} ; Me™ "NH,
Me ; N(H)Ac N(H)Ac
H : H
a o N__Me ! al 0 NWKA
! /©/ M T ey S
MeO NH, (@] ! NH (0]
o MeO : 2
; OMe OMe
H :
a 0 N _Cy ' cl R
; 0 N _CF
8 /©/ )J\NH /©/ \(f)l/ 1 % P18 /©/ J\ \ﬂ/ 3 1 %
MeO 2 MeO : NC FaC™ "NHp 0
' NC
H !
Cl 0 N _H H Cl 0 N
0 1 Y4 mer | g ’ e g
H” NH, o} : € NH o}
MeO MeO : MeOC 4 72 MeOC
Me .
c o N H : cl o) N _Me
z X oY o2 e, A o7 v -
H” N(H)Me ' Me” “NH
MeO (H) MeO o} i MeO,C e 2 Me0.C o

Q

Me

H Me
o N _Me ; ¢ 0 N_ _Ph
11 P ©: \g 1 9 1 2 P e 2 60°
OMe  Me” “NH, o | Mo Ph” “N(H)Me e 5

aReaction conditions: 1.0 equiv of aryl chloride, £D.5 equiv of amide, 1:21.5 equiv of KPQy, t-BuOH ([aryl chloride]= 0.5 M), Pddba; (0.125~
2.0%), Ligand6 (0.625-10.0%) (Pd/L= 1/2.5)."Yields represent isolated yields of compounds estimated tod%% pure as judged b}H NMR, GC, and
combustion analysis (average of two run&).2—1.5 equiv of KCO; was useddligand 5 was used (Pd/l= 1/2.5). ®Molecular sieves (3 A) were
used.

tuted aryl chlorides can be performed (entries 11 and 12), coupled with heteroaryl chlorides to afford heteroaromatic
reactions with substrates containing bulkier substituents (e.g.,amides in good to excellent yields.

2-chloroacetophenone) or with ditho substitution (e.g., Aryl and heteroaryl bromides, triflates, and tosylate=an
2-chlorom-xylene) do not afford the desired product in any giso be efficiently combined with a variety of amides (Table
appreciable amount. 4). Aryl bromides can be selectively coupled with acetamide

Although heteroaromatic amides are important biologically
active compounds} only a few examples of Pd-catalyzed
amidations using thes_e_substrate_s_ have been r(_ap’t'jri'téd. scope for this catalytic system (entries 8 andd).
Consequently, the optimized conditions were applied to the L L
amidation of heteroaromatic chlorides (Table 3). We found that AS. we were |ntr|gu.ed about the regsor\(s) for the superiority
both aliphatic (entries 1, 5, and 6) and aromatic (entries 3 and ©f 6 in promoting a wide range of amidation reactions, we used

4) amides, as well as formamide (entries 2 and 7), can be N SituIR spectroscopy to monitor several amidation reactions
employing various ligands. First, in order to test the stability

in the presence of a competing aryl chloride (entries 1 and 2).
The ability to utilize aryl tosylates further increases the substrate

(11) (a) Nayyar, A.; Malde, A.; Jain, R.; Coutinho, Bioorg. Med. Chen006 of the catalytic system based upd®) we monitored the
14, 847-856. (b) Raju, S.; Kumar, P. R.; Mukkanti, K.; Annamalai, P.; . . . L.
Pal, M. Bioorg. Med. Chem. LetR006 16, 6185-6189. (c) Amin, K.; formation of amidation product under two sets of conditions

Broddefalk, J.; Desfosses, H.; Evertsson, E.; Liu, Z.; Milburn, C.; Nilsson, ; i
K. Tremblay, M : Walpole, C.: Wei. Z-Y. Vang, H. WO 2005115986, (Figure 1). In run 1, chlorobenzene (1.5 mmol) and benzamide

(12) Manley, P. J.; Bilodeau, M. TOrg. Lett.2004 6, 2433-2435. (1.8 mmol) were allowed to react usingZda (0.0075 mmol)

J. AM. CHEM. SOC. = VOL. 129, NO. 43, 2007 13003
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Table 3. Pd-Catalyzed Coupling of Heterocyclic Aryl Chlorides
with Amides?

Table 4. Pd-Catalyzed Coupling of Aryl Bromides and Sulfonates

with Amides?

Entry ArCl Amide Product (mgd%) \E‘I,Zl)% Entry ArX Amide Product (mol %) T‘IZI)?,
cl Q N we Br o N
1 D L S 1 99 1 /©/ 1 NTMe o1
N Me™ "NH, N o) a Me” “NH, o 0
cl 0 H B H
5 | A HJ\NH | x NTH 5 75 ) ©: r (o} @[N Me o8
pZ 2 P> [e) M NH.
N N Cl € 2 CIO
i o]
cl Br o
3 S NTONH, NN 1 97 3 NS NN o8
P |  J 1 L. NH | v
N N N N N
Cl 0] H I\ B (e} H % A\
XN ~ B
a [ Se A, (D NN s 1 04 4 @\/\/]/ oA SN 60°
N \ | P> (e} N/ \ l 2 P> (e}
N N
Cl H H
5 (/jf //S Q @Nm 2 85 5 msr JCJ)\ Sy o
S NHz I & Wy N H” NH, @(Nj o}
cl o N Me H
6 (O e N NS 1 90 OTt 0 N._Ph
6 99
N Me N, | N 0 ©/ Ph)J\NHz ©/ \g/
cl N oTt H
7 X j\ N N\n/H ) ase , j\ N\H/F’h o
P HooNH, L o Ph” “NH, 0
N N MeO MeO
. - . . . . OTs (¢] H M
aReaction conditions: 1.0 equiv of aryl chloride, £D5 equiv of amide, s b Y e o
1.2-1.5 equiv of KgPOy, t-BuOH ([aryl chloride]= 0.5 M), Padba; (0.5~ +Bu Me” “NH, 0o
1.0%), Ligand6 (2.5-5%) (Pd/L= 1/2.5).bYields represent isolated yields #Bu
of compounds estimated to k95% pure as judged b4 NMR, GC, and OTs o H
combustion analysis (average of two ruikrCO; and Ligands were used. N god

and6 (0.01875 mmol). In run 2, chlorobenzene (0.5 mmol) and
benzamide (0.8 mmol) were employed with &g (0.0075
mmol) and6 (0.01875 mmol). The kinetic profiles of these two
systems show excellent overlap, which implies that significant

>
o:(g

MeO MeO

aReaction conditions: 1.0 equiv of aryl halide/pseudohalide;-1.6
equiv of amide, 1.21.5 equiv of KPO,, t-BuOH ([aryl bromide or aryl
sulfonate]= 0.5 M), Pddba (0.5-1.0%), Ligand6 (2.5-5%) (Pd/L=
1/2.5).bYields represent isolated yields of compounds estimated t0356%6

Cata|ySt decompOSItlon doeS not occur during the course Of thepure as Judged bw NMR, GC, and combustion ana|ysis (a\/erage of two

reactiont314 Additionally, the overlapping curves indicate that

the same quantity of active catalyst is present in both systems.

Thus, although the catalytic system based6ois extremely
reactive, it is also stable. The stability of this catalytic system

permits (as demonstrated in Table 2, entry 2) the use of relatively

low levels of catalyst without a negative effect on isolated yield.

runs).®Because of difficult purification, the product was isolated in relatively
low yield. 9Molecular sieves (3 A) were used.

Pd(ll) via the nitrogen of the amidate. However, compoahd
contains ax?bound amidate, which has previously been
proposed to inhibit reductive elimination and/or catalyst activa-
i 6

Because it has been difficult to obtain structural information tion

on intermediate complexes in the catalytic cycle, we turned to
computational chemistry in order to determine the role of the
ligand in amidation reactions using dialkylbiaryl phosphine
ligands. Usingall-atom DFT 1> we optimized several structures
of the type LPd(Ph)(acetamidate), where £ 5 and 6.
Additionally, we postulated that only the methyl groapgho

to the phosphorus center @nis required to efficiently promote

We postulated that the methyl groapghoto the phosphorus
center in6 and 7 (corresponding toA and D) may inhibit
rotation of the palladium center toxd-amidate geometry such
as that inC. In order to determine the extent to which thrtho
methyl group inhibits rotation of the palladium center to a
geometry that allows formation of&-amidate, we undertook
a potential energy scan varying the ©02—P—Pd dihedral

Pd-catalyzed amidation reactions. Hence, we also performed aangle from 180 to 40 (step size of 1%) in complexesB and

geometry optimization orrePd(Ph)(acetamidate), whereis
2-ditert-butyl-(2 ,4',6 -triisopropyl)-3-methylbiphenyl. From these
structures A—D), it is clear that the most favored geometry
around the Pd center is that with the acetamideias to the

D (Chart 1). The most striking feature of Chart 1 is the relative
energies of the global maxima, which correspond to the
activation energy of rotation about €2, for complexe8 and

D. From these data\G* ~ 17 kcal/mol for rotation around the

phosphorus, regardless of the ligand employed (Figure 2). ThreeC2—P bond in complexB, while AG* ~ 33 kcal/mol for an

of these structuresd| B, andD) contain an amidate bound to

(13) Blackmond, D. GAngew. Chem., Int. EQ®005 44, 4302-4320.

(14) Shekhar, S.; Ryberg, P.; Hartwig, J. F.; Mathew, J. S.; Blackmond, D. G.;
Strieter, E. R.; Buchwald, S. 3. Am. Chem. So€006 128 3584-3591.

(15) Barder, T. E.; Biscoe, M. R.; Buchwald, S. @Qrganometallic2007, 26,
2183-2192.
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analogous rotation in compléx These values strongly suggest
that theortho methyl group in ligand$ and7 does indeed play

a significant role in inhibiting rotation around €2 in
complexedB andD to complexes that could potentially possess
ax?-amidate. Specifically, rotation around €P inD is likely
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1.6
—14 M M
g M
12
B Run 1 +«1.5 mmol PhCI; 1.8 mmol benzamide; 6
=R Run 2 - 0.5 mmol PhCI; 0.8 mmol benzamide; 6
T
o f‘\
o ~ t, for Run 2

0.8 s
w 7
o 4 o ;
e I S c Pd,dbas, 6 N
£ 0.6 7 | © HN 2dbag I
£ I K4PO., t-AmOH 0

0.4 +

I
02 4
0k ; . . . .
0 2 4 6 8 10

Hours (Run 1)

Figure 1. Overlay ofin situ IR kinetic traces of the coupling of chlorobenzene and benzamide6withder different conditions for the determination of
catalyst stability.

Figure 2. Optimized local minima for the monoligated LPd(Ph)(acetamidate) complexes (phosphorus in purple, palladium in turquoise, nitrogen in blue,
oxygen in red). In structure A, & 6; in structures B and C, k= 5; in structure D, L= 7.

not viable under any reaction conditions employed in our work, the above data that demonstrate that the methyl gooth to

since the rate constant for rotation around-®2in complexD the phosphorus center in bodhand 7 inhibits rotation around
is on the order of 1.2« 1076 slat 110°C, while the rate ~ C2—P.
constant for rotation around G2 in complexB is on the order In order to corroborate the importance of the methyl sub-

of 1.6 x 108 s™Lat 110°C. Hence, the lack of aartho methyl stituent ortho to the dialkylbiarylphosphino group7 was
group, as in ligand, allows for rotation around G2P to occur ~ Prepared. For amidations employing isolated yields were
rapidly, which thereby allows for the formation of thdamidate ~ N€@rly identical to those achieved usifige.g., when7 was
(C). Itis important to note here that we assume that complexes used_ instead OB. in entr.y'6 n Table 1, a 95% yleld_ was
B andD exist in the geometry depicted in Chart 1 based upon obtayned). In addition, using situ IR spectroscopy, the kinetic
the X-ray crystal structure & which positions the lone pair of profiles of cross-coupling processes employtgnd 7 were

) A shown to be very similar (Figure 3). Thus, consistent with the
electrons on phosphorus proximal to the non-phosphine ring of computational model, the efficiency of amidations usieg

the ligand. We anticipate that the Pd center binds the phosphorus,pnears to stem directly from the addition of a single methyl
center in the conformation depicted in the X-ray crystal structure group to the upper biphenyl ring & When ligand5, which

of 6 and remains proximal to the non-phosphine-containing ring does not possesses artho methyl group, was employed in

of the ligand during oxidative addition and displacement of the the cross-coupling of chlorobenzene and benzamide, a greater
chloride ligand by the amidate. This assumption is based uponinitial rate was observed, but the reaction only proceeded to

J. AM. CHEM. SOC. = VOL. 129, NO. 43, 2007 13005
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1.6
14
1.2
§ + 1.5 mmol PhCl; 1.8 mmol Benzamide; L=5
g 1 )
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Figure 3. In situ IR kinetic traces for the coupling of chlorobenzene and benzamide using ligagdand7.
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~40% conversion of chlorobenzene and the formation of product(s) has not been identifiedis described above, the

palladium black was clearly visible (Figure 3). In contrast to formation of ax?-amidate is calculated to be suppressed when

this result, catalyst systems based @&rshow only nominal using6 or 7. Although6 and7 provide nearly identical reaction

decomposition over the same time frame (Figure 1). Although profiles, 6 is the preferred ligand due to the difficulty in
we are uncertain of the specific decomposition mechanism of preparing7 caused by the formation of regioisomers.

catalyst systems based bnwe hypothesize that palladium black

formation results from the self-catalytic aggregation of palladium
clusters'® It is possible that these clusters form via a pathway
that involves ac? intermediate. It has previously been shown
that k2-amidate complexes decompose with little formation of
amide product, though the identity of the decomposition

(16) de Vries, A.H. M

.; Mulders, J. M. C. A.; Mommers, J. H. M.; Henderickx,
H. J. W.; de Vries, J. GOrg. Lett.2003 5, 3285-3288.
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Furtherin situ IR spectroscopy studies demonstrated that the
rate of the reaction is highly dependent upon the nature of the
aryl halide/pseudohalide. The kinetic profiles for coupling
reactions demonstrate that the initial rate for the amidation of
phenyl triflate with benzamide is very rapid (6.5510~2 mmol/
s), while those of bromobenzene (1.3010-3 mmol/s) and
chlorobenzene (2.3 1074 mmol/s) show successive decreases
in initial rate (Table 5). These results suggest that reductive
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Table 5. Observed Initial Rates for Pd-Catalyzed Couplings of oxidative addition can readily occur with hindered aryl chlorides,
Phenyl Halides/Triflate with Benzamide= y the “transmetallation” step is likely slowed due to the added
X 0 Pdsdbag 6 N._Ph bulk of the arene bound to the Pd(Il) oxidative addition complex.
©/ ¥ ph)J\NH2 KsPO,, +tAmOH ©/ \g/ Finally, only a small change in initial rate is observed when
110°C the concentration of PhBr or PhOTf is doubled. These data
suggest that the rate-limiting step occurs following oxidative
equiv of initial rate® addition in amidations using aryl bromides and triflates. When
entry X PhX (x107* mmol’s) the number of equivalents of PhCl employed in the cross-
1 Cl 0.25 0.6 coupling is increased, saturation is observed (entrie®) 1This
g g: 2-5 21§ is consistent with two possible scenarios: (1) reversible oxida-
2 Cl 5 20 tive addition of PhCP or (2) comparable rates (and rate
5 cl 3 5.4 constants) of oxidative addition and “transmetallation” such that,
6 cl 5 7.3 at low concentrations of PhCl, oxidative addition is rate-limiting
; gf % ig-g while, at high concentrations of PhCI, “transmetallation”
5 OrTf 1 P becomes rate-limiting.
100 OTf 1 8.5 When 1.2 equiv of tetrabutylammonium chloride are added
114 oTf 1 67.7 to the coupling of PhOTf and benzamide (entry 10), the rate of
12 oTf 2 68.1 the reaction slows dramatically. Since the oxidative addition of

a@Reaction conditions: 1.5 mmol of aryl halidef/triflate, 1.8 mmol of PhOTf shopld not be slowed by the adt;iVuon of “eXOgenous
benzamide, 2.25 mmol of $*Qs, 3 mL of tert-amyl alcohol, 0.5 mol % chloride, this result supports our suggestion that “transmetal-
Pcbdbas, 2.5 mol %6. PAverage of two runséWith 1.8 mmol of BUNCI. lation” is the rate-limiting step in this catalytic system. When
‘With 1.8 mmol of BUuNOTf. an analogous reaction is conducted, employing non-nucleophilic
elimination from the amidate complex is not the turnover- BUWNOTT to control the ionic strength, only a nominal change
limiting step of the catalytic cycle, as the reaction rate is highly N rate is observed (entry 11) compared to the original coupling
dependent on the nature of the halide/pseudohalide. If reductiveWithout the tetrabutylammonium additive (Entry 9).
elimination were indeed the rate-limiting step in Pd-catalyzed
amidation reactions, the reaction rate would likely be indepen-
dent of the nature of the halide/pseudohalide. We suggest that | conclusion, we have demonstrated the ability of a finely
since benzamide reacts 5-fold faster with phenyl triflate than ned, monodentate, biaryl phosphine to promote the efficient
with bromobenzene, the coordination of benzamide and/or attack catalytic amidation of aryl chlorides. The use of DFT and kinetic

of benzamidate on the Pd(ll) oxidative addition species influ- stydies further elucidated the importance of the ligand archi-
ences the rate of reaction. Coordination of benzamide and/orectyre. Our results are in accord with a previous report that
attack of benzamid_ate on the Pd(Il) oxidative addition species suggests that the formation et-amidate complexes is deleteri-
would be more rapid with the LPd(Ph)OTf complex relative to oy to the effectiveness of a catalyst for Pd-catalyzed amidation
the LPd(Ph)Br complex due to the cationic nature of the yeactions. Kinetic data are provided that suggest that either
palladium center in LPd(Ph)O. Further support that coor-  oyidative addition (at low concentrations of PhCI) or “trans-
dination of benzamide and/or attack of benzamidate on the Pd-metallation” is the rate-limiting step in this catalytic system.
(I1) oxidative addition complex may influence the overall rate - aqditionally, DFT and kinetic studies suggest that the addition
of the reaction is prowde_d byla prior report by Hartwig which 4 5 single methyl group to the upper phenyl ring of a phosphine
demonstrates that reductive elimination from XantphRe(Ph)- s the source of the enhanced stability of the catalytic system.
(PhNC(O)Me) is relatively facile (93% yield of product is  Ag g result, a ligand that has typically been ineffective in the
obtained afte 7 h at 90°C).° Although this stoichiometric  amjdation of aryl chlorides was converted into a ligand that
reaction readily occurs, we have previously found that the creates a stable, yet highly active, catalyst capable of the

catalytic reaction only provides product in10% yield (the  amjdation of a large range of aryl halides and aryl sulfonates.
reaction of PhBr with acetanilide, catalyzed by Xantphos/Pd

dba). Since it is well-known that Pd catalysts based upon  Acknowledgment. We thank the National Institutes of Health
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Conclusion

(17) Displacement of X from complexes of the typeéPld(X) (where X= halide
or triflate) is more facile in palladium triflate complexes than palladium  (18) (a) Roy, A. H.; Hartwig, J. FOrganometallic2004 23, 1533-1541. (b)
halide complexes. For example, see: Oliver, D. L.; Anderson, G. K. Roy, A. H.; Hartwig. J. FJ. Am. Chem. So@003 125 13944-13945.
Polyhedron1992 11, 2415-2420. (c) Roy, A. H.; Hartwig, J. FJ. Am. Chem. So@001, 123 1232-1233.
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