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Abstract: This paper presents effects of varying bidentate phosphine steric properties, electronic properties,
and bite angle on product ratios in the amination of aryl bromides. Comparisons of the ratios of amine products
to dehydrohalogenation products showed that catalysts containing electron rich, modestly hindered phosphines
with small bite angles+90°) gave the best selectivities. Surprisingly, the arene side product formed from
reaction of alkylamines deuterated in the-N position or deuterated in the positiorto the nitrogen showed

low levels of deuterium incorporation in many examples. Steric properties and ligand bite angle had the
greatest impact on the selectivity for monoarylation versus diarylation of primary amines; ligands with small
bite angles gave higher monoarylation-to-diarylation ratios, as did ligands with increased steric bulk. Electron
poor or sterically hindered bidentate phosphines reduced the amount of product resulting from aryl exchange
of electron rich palladium-bound arenes with those of aryl groups on the phosphine ligands.

Introduction

The use of chelating phosphine ligands has greatly improved
the palladium-catalyzed chemistry that forms arylamines from

aryl halides or aryl triflate$-3 This development is syntheti-

cally important because aromatic amines are fundamental

building blocks in natural products and organic materafs,

but classical methods to prepare mixed alkylarylamines can be
tedious, and nucleophilic aromatic substitution of aryl halides

is limited to strongly electron deficient aryl halides or high-
temperature processes involving-tlefined copper reagents.
Originally, palladium complexes containing the labile, steri-

cally encumbered, monodentate triarylphosphine ligands such

as P6-tolyl)s were the only catalysts for the intermolecular

amination chemistry involving amines in the presence of tin

amides” 12 Kinetic studies, along with investigations of the
ligand steric effects on selectivity, showed thav-Rflyl); was

unusually effective because each intermediate in the catalytic
cycle was a highly unsaturated, monophosphine complex and
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because the selectivity for amination over reduction was en-
hanced by steric bulk:13 It was, therefore, remarkable when
a very different class of phosphine ligand, tightly bound che-
lating phosphines such as DPPF (dhis(diphenylphosphino)-
ferrocene and BINAP (2;is(diphenylphosphino)-1:binaph-
thyl), were found to be more effective thanoR0lyl); in the
amination chemistry for many amine and aromatic substfétes.

A chelating ligand possesses three major characteristics: elec-
tron-donating ability, steric properties, and theM—P angle
often called “bite angle”. The effect of these three properties
on the selectivity in hydroformylatiorid; 16 carbon dioxide
hydrogenatiod/ and alkyne hydrosilylatiof¥1° has been in-
vestigated over the years. However, chelating phosphines are
often used in cross coupling chemistry, and few systematic
studies have been conducted to reveal how all three factors affect
this palladium- and nickel-catalyzed chemistry. Most of the
focus has been placed upon the effect of the bite a#giepn
electronic and steric properties of monodentate phospFines.

In rough terms, chelation inhibifg-hydrogen elimination of
alkyl groups??23 and a similar effect appears to control the
selectivity of amido complexes that are intermediates in the

(13) Hartwig, J. F.; Paul, RI. Am. Chem. S0d.995 117, 5373-5374.

(14) Unruh, J. D.; Christenson, J. B. Mol. Catal. 1982 14, 19-34.

(15) Kranenburg, M.; Kamer, P. C. J.; van Leeuwen, P. W. N. M.; Vogt,
D.; Keim, W.J. Chem. Soc., Chem. Commua®895 2177-2178.

(16) Casey, C. P.; Whiteker, G. T.; Melville, M. G.; Petrovich, L. M;
Gavney, J., J. A.; Powell, D. R. Am. Chem. S0d992 114, 5535-5543.

(17) Angermund, K.; Baumann, E. D.; Fornika, R.;iGoH.; Kessler,
M.; Kriiger, C.; Leitner, W.; Lutz, FChem. Eur. J1997, 3, 755-764.

(18) Hofmann, P.; Meier, C.; Englert, U.; Schmidt, M. Ghem. Ber.
1992 125, 353-365.

(19) Hofmann, P.; Meier, C.; Hiller, W.; Heckel, M.; Riede, J.; Schmidt,
M. U. J. Organomet. Chen1995 490, 51-70.

(20) Brown, J. M.; Guiry, P. dnorg. Chim. Actal994 220, 249-259.

(21) Farina, V.; Krishman, Bl. Am. Chem. S04991, 113 9585-9595.

(22) Hayashi, T.; Konishi, M.; Kobori, Y.; Kumada, M.; Higuchi, T.;
Hirotsu, K.J. Am. Chem. S0d.984 106, 158-163.

(23) Whitesides, G. M.; Gaasch, J. F.; Stedronsky, EJ.FAm. Chem.
Soc.1972 94, 5258-5270.

© 1998 American Chemical Society

Published on Web 03/31/1998



Systematic Variation of Bidentate Ligands J. Am. Chem. Soc., Vol. 120, No. 15, 3698

@_pA,Z Ar =pn DPPF Scheme 1.General Procedure for Ligand Synthesis
o-tolyl DTPF
Fe i
p-MeOCgH,  p-MeODPPF . Li
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Fe ° Fe
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=27 PP > pan Cip <>
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o-tolyl DTPDPE o-tolyl DTPX Scheme 2.Model Reactions Studied

Figure 1. Structures of the bidentate phosphine ligands.
5% Pd(dba), 10% Ligand
NaO'Bu, Toluene, 90 °C

BUOBT+ HoNBu

amination chemistry. We have recently shown {hydrogen H
elimination from amido complexes occurs from a 14-electron, 5% Pa(dba), 10% Ligand Ph

. . . ~ ~ . o 2 o /
three-coordinate intermediate.In contrast, G-N bond-forming N Br+ HoNPh O™, Toluene, 90 °C /N—O'N\ @
reductive elimination of amines from square planar Pd(Il) H

complexes can occur from either a four- or three-coordinate

intermediaté?® Thus, chelating ligands provide enhanced

selectivity for reductive elimination ovéhydrogen elimination

in the amination chemistry. . 5% Pd(dba); 10% Ligand /
However, not all chelating ligands are equally effective, and BUOBr+ HeN B NaO™Bu, Toluene, 80 °G BUO—N‘H

no systematic studies have revealed why one ligand is more

effective than another in the aryl halide amination chemistry. dBr+ HoNBy e Pd(dba), 10% Ligand

One might expect that more hindered chelating ligands would NaO'Bu, Toluene, 50°°C "

combine the benefits of the hindereR¢lyl); with the benefits

of chelation. One might also expect that electron poor ligands 2. Selection of Model Reactions and Methods for Analy-
would enhance the formation of amination products, since sjs. We chose the amination reactions in Scheme 2 for our
reductive elimination is accelerated by I’educing the electron studies because these reactions produced mixed secondary
density at the metal Centé}. Fina”y, reductive elimination is amines in modest y|e|ds and W0u|d, therefore' reveal both
typically faster for complexes with chelating ligands containing peneficial and detrimental effects of ligand steric and electronic
large bite angles than it is for complexes with small bite anffles.  perturbations. The reaction between (4-bromobutyl)benzene and
Thus, one might expect that increasing the size of the bite anglen.pytylamine and the reaction between (4-bromobutyl)benzene
created by the chelating phosphine would increase the yieldsand isobutylamine occurred in yields between 55% and 65%
of amination product. for the parent DPPF ligand. The reaction between 4-bromo-
We have tested these hypotheses in a systematic fashion byn,N-dimethylaniline and aniline occurred in 75% yield when
varying DPPF (1,1bis(diphenylphosphino)ferrocene). We have the parent DPPF was used as ligand. Thus, these three reactions
chosen to use this ligand as a parent structure because it iSvere used for our studies on how ligand properties affect
effective in the amination chemistry, it is simple to modify, and aminations of aryl halides using both primary alkylamines and
it has been used in many other transition-metal-catalyzed primary arylamines.
reactions. We have prepared ligands that are more hindered, The reactions were conducted using a combination of 5 mol
more electron poor, or more electron rich than DPPF. We have o, Pd(dba) and 2 equiv of the chelating ligand. However,
also prepared bis(diarylphosphino) ligands that produce pal- similar results were obtained with two other catalyst precursors,
ladium complexes with both larger and smaller bite angles. The Pd(OAc) and Pd[P¢-tolyl)s],. In addition to the major ami-
results from these studies are uneXpeCted, and show that thqlation product, Competing products were arene, resumng from
rate fOI’ reductive elimination Sh0u|d not be the dominant dehydrohalogenanon of the ary| hallde' and dlary|alky|am|ne
consideration when ligands for the next generation amination (or triarylamine in the case of aminations involving aniline)
catalysts are designed. resulting from diarylation of the primary amine. Reactions
involving 4-bromoN,N-dimethylaniline also showed products
from aryl group exchange between the phosphine and aryl
halide. The relative amounts of the reaction products were
assessed by gas chromatography, correcting for response factors
obtained from isolated materials. Arylamine products were also
isolated in selected cases to ensure that the GC values accurately
corresponded to product distributions in larger scale reactions.
3. Results from Varying Ligand Steric, Electronic, and
Geometric Properties. 3.a. Effect of Steric Perturbations.
The results in Tables 1 and 2 show the effect of varying the
steric bulk of the phosphine ligands on reaction 1 in Scheme 2.

5% Pd(dba), 10% Ligand
NaOBu, Toluene, 90 °C

BuOBr + HoNBu

Results

1. Ligand Preparation. The ligands employed in this study
are shown in Figure 1, along with their abbreviations. Typically,
the ligands were prepared in multigram quantities by dilithiation
of the backbone (Cp, diaryl ether, or bromonaphthalene)
followed by quenching with a chlorodiarylphosphine (Scheme
1)1427.28 Alternatively, some of these ligands were prepared
in small quantities by addition of aryllithium or aryl Grignard
reagents to bis(dichlorophosphino)ferrocene (Schenié 1).

(24) Hartwig, J. FJ. Am. Chem. Sod.996 118 7010-7011.

(25) Driver, M. S.; Hartwig, J. FJ. Am. Chem. So0d.997, 119 8232.

(26) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, RR@ciples
and Applications of Organotransition Metal Chemistdniversity Science
Books: Mill Valley, CA, 1987; pp 324 329.

(27) Hillebrand, S.; Bruckmann, J.; Kgar, C.; Haenel, MTetrahedron
Lett. 1995 36, 75-78.

(28) de Lang, R.-J.; van Soolingen, J.; Verkruijsse, H. D.; Brandsma, L.
Synth. Commuril995 25, 2989-2991.

A comparison of DPPF and tteetolyl version DTPF showed

that the amount of arene product increased by roughly 8-fold
with this increase in ligand size. Similar comparisons of phenyl-
ando-tolylphosphine ligands based on diaryl ether backbones

(29) Nifant'ev, I. E.; Boricenko, A. A.; Manzhukova, L. F.; Nifant'ev,
E. E. Phosphorus, Sulfur, Silicoh992 68, 99—106.
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Table 1. Steric Effects on Reaction 1 in Scheme 2 To Give Table 3. Electronic Effects on Reactions 1 and 4 in Scheme 2 To
BuGCsHs 1, p-BuCsH4NHBuU 2, and p-BuCsH4),NBu 3 Give BuGHs 1, p-BuCGsHsNHBuU 2 or 6, and @-BuCsH.).NBu 3 or
ligand %12 % 22 % 3 !
DPPE 445 0.2 52+ 2.5 (46) 2211.0 ligand amine %d? % 2 or 62 2:30r6:7°
DTPF 34+ 1.0 36+ 2.0 5.8+ 0.4 p-MeODPPF n-butyl 40+06 55+1.0 2.6+ 0.1
DPPDPE 40t 2.5 11+ 15 3.6+ 0.9 p-MeODPPF isobutyl 9.%0.8 68+ 1.5 156
DTPDPE 46+ 8.0 25+ 5.0 2.0+ 0.7 DPPF n-butyl 4.4+ 0.2 52+ 2.5 (46) 2.4+ 0.1
DPPX 24+ 1.2 47+ 3.0 7.0+1.4 DPPF isobutyl 9.2015 69+1.0(42) 15+1.8
DTPX 22+ 15 35+ 4.0 7.6+ 1.8 p-CRDPPF  n-butyl 55+ 05 53+05 29+0.1
- - . p-CRDPPF isobutyl 17415 49+10 25+ 8.1

?Yields are based on the average of two or more runs. Yields in 3 5.CEDPPF n-butyl 14+25  49+5.0 8.8+ 0.2

parentheses are isolated yields. DFPF nbutyl 16+15 40+15 14+ 3.0

Table 2. Steric Effects on Aryl Migration for Reaction 2 in
Scheme 2 To Give M&IPh 4, Me;:NCgH:NHPh 5, and a

2Yields are based on the average of two or more runs. Yields in
parentheses are isolated yieldRatio of monoarylation to diarylation

Diarylamine product.c Diarylation product was less than the GC observation limits.
ligand %42 % 5° 5:Ph,NH®P )

DPPFE 0% 0.2 69+ 6.2 (75) 15z 14 bly ktnowr_] ﬁry| Igroup exchaknge prtoct;essei_ F:alllad|um-b(;_l:)rl1d
DTPE 0.4+ 0.4 784 7.3 89+ 96 electron rich aryl groups are known to be particularly susceptible
DPPDPE) 0.4+ 0.4 264+ 6.1 21+ 8.4 to these exchange proces$es? In the case of the diphenyl-
DTPDPE 17403 76+ 5.9 150 phosphino ligands, diphenylamine would be the diarylamine
DPPX 0+0.2 70+ 1.1 4.9+ 0.5 product resulting from rearrangement prior to amine formation.
DTPX 0.5+0.3 62+ 4.1 3.9+0.3

In the case of the di-tolylphosphino ligands,cttolylphenyl)-
aYields are based on the average of two or more runs. Yields in amine would be the product from rearrangement.

parentheses are isolated yiel@3he migration product is a tolylphen-
ylamine wherp-tolylphosphine derivatives were usédreactions only
went to 60% and 55% completiofiDiarylation product was less than
the GC observation limits.

Scheme 3.Equilibrium and Rate Constants Involved in the
Relative Rates for Mono- and Diarylation of Primary
Amines

BU ardr
Bu<©—8r+ HaNBu —— BUON Alr, u N-Bu
ki H >

Keq

Consistent with previous data on palladium-catalyzed Heck
reactions’® we found that an increase in steric bulk of the
phosphine aryl group led to a significant reduction in the amount
of amine product that results from prior aryl group migration
in reactions catalyzed by complexes containing DPPF and
DTPF. A similar effect of steric properties on aryl group rear-
rangements was observed for reactions catalyzed by DPPDPE
and DTPDPE. However, no significant difference in the amount
of rearrangement was observed for reactions catalyzed by the
two types of ligands based on a xanthene backbone.

3.b. Effects of Perturbing Ligand Aryl Group Electronic

PO AR amHR L NAR Properties. The influence of phosphine aryl group electronic
<P/Pd\A THHNR CP/P"\A properties was evaluated by employing ligands that contained
d ' electron-donating and electron-withdrawing groups on the phos-

Hprimary hsscondary \ phine aromatic rings. As stated in the Introduction, one would
ANHR Ar2NR expect that electron poor phosphines would accelerate the rate

of reductive elimination and increase the amine:arene ratio. The

again showed no enhancement of the amine:arene ratio uporeffect of perturbing the phosphine aryl group electronic proper-
increasing the ligand steric properties, although the amine:areneties was small, but the observed effect contradicted our expec-
ratio was not altered substantially in these cases. tation that was based on conventional principles.

Selectivity for arylation of the primary alkylamine over The reaction ofn-butylamine with (4-bromobutyl)benzene
arylation of the alkylarylamine product must rely on the was conducted with a combination of Pd(dband several
product's increased size and/or its decreased basicity. Equi-modified DPPF ligands. The results of experiments conducted
librium between the palladium amido complexes as well as the with these modified ligands are provided in Table 3. Reactions
relative rates of reductive elimination for the primary and conducted with the ligands 3,5-@PPPF and DFPF, which
secondary amido complexes will determine the monoarylation would be less electron rich than DPPF, showed an increase in
vs diarylation products (Scheme 3). Steric effects are important, arene formation. Altering the phosphine-bound aromatic ring
as ligand size was found to have a pronounced effect on thewith a single substituent gave less substantial variation in the
selectivity for the formation of monoarylamine product over ratios of amination to reduction products. However, reactions
diarylamine product (Tables 1 and 7). A comparison between involving p-CFs-modified DPPF did give a slight increase in
DPPF and DTPF showed almost a 3-fold increase in the the amount of arene product relative to reactions with DPPF,
selectivity for formation of secondary alkylarylamine over while reactions conducted with the more electron pekleO-
tertiary diarylamine when DTPF was used as ligand along with modified DPPF ligand gave slightly decreased amounts of arene
1.2 equiv ofn-butylamine. Similar effects on selectivity were  product.
observed when diphenylphosphino- andogtalylphosphino- The effect of reducing the phosphine aryl group electron
substituted diphenyl ether ligands were employed. density had a larger effect on the reactions of isobutylamine

In addition to evaluating ligand steric effects on the amination -
of electron neutral aryl bromides with primary alkylamines, we 3%0) Kong, K.-C.; Cheng, C.-HJ. Am. Chem. S0d991, 113 6313-
examined the impact of varying ligand steric properties on the
amination of the electron rich aryl halide 4-brorigN-
dlmethyla_nlllne with ar!lhne (reaction 2 in Sch_eme 2, Table 2). 3. Organomet. Chem995 491, Ci—C4.

Electron rich aryl bromides often exchange with the aryl groups " (33) ziegler, C. B., Jr.; Heck, R. Al. Org. Chem.197§ 43, 2941
on the phosphine during catalytic and stoichiometric reactions 2945.

(3i) Segelstein, B. E.; Butler, T. W.; Chenard, BJLOrg. Chem1995
60, 12—13. B
(32) Herrmann, W. A.; Br@mer, C.; Gele, K.; Beller, M.; Fischer, H.
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Table 4. Electronic Effects on Aryl Migration for Reaction 2 in Table 5. Effect of the Bite Angle on Reaction 1 in Scheme 2 To
Scheme 2 To Give M&IPh4, Me;:NCsHsNHPh 5, and a Give BuGHs 1, p-BuGsHsNHBuU 2, and -BuCsH4),NBu 3
Diarylamine ligand  bite angle (deg) i % 22 % 32
H a a .
ligand %4 %5 SAIPANH DPPN 82 1.4+1.0 78+3.8 5.7+ 0.7
p-MeODPPF 0.9:0.9 71+ 5.7 21+ 6.5 BINAP 92.7¢8% 0.9+0.2 91+2.0(75) 3.0+:0.3
DPPF 0+ 0.2 69+ 6.2 (75) 45+ 14 DPPF 99.0 44402 52+25(46) 22+1.0
p-CRDPPF 2.0+1.0 74+ 3.1 88 DPPR 10t 36+ 2.0 12+ 1.0 5.2+ 34
3,5-CRDPPF 0+0.2 67+ 2.0 27+ 4.0 DPPDPE 101 40+25 11+1.0 3.6+ 0.9
DFPF 2.3t 04 65+ 2.3 150 DPPX 109 24+1.8 47+ 3.0 7.0+ 14

@Yields are based on the average of two or more runs. Yields in 2 Yields are based on the average of two or more runs. Yields in
parentheses are isolated yield#ryl group is that of the phosphine parentheses are averaged isolated yiél@alculated values for the
ligand.¢ These examples had at least one trial where the migration natural bite angle; see refs 15 and 3¥alues from crystallographic

product was less than GC observation limits. structure determination of the palladium dichloride complexes; see refs
22 and 39-41.
OMe
( ) ( Q) the DPPF ligands than might be expected on the basis of changes
2 2 in vco that resulted from variations in the aryl groups of
<R <o <R <o monodentate triarylphosphine ligands. For comparison, previous
Fe . Nigo Fe  NiSco changes in para substituents from Phpt€@F;CsH42° or from
>R R Ph to p-MeOGH4%¢ on Vaska’s complex [Ir(PRjp(CO)CI],
(Q) (@) which contains two phosphine ligands, led to changescin
2 2 of roughly 10 wavenumbers. Further, these changes led to
OMe differences in oxidative addition reaction rates that varied by
veo =2002, 1938 1999, 1940 2—3 orders of magnitude for Mel addition and an order of
e magnitude for H addition33
8 Our data for the DPPF ligands show that substantial changes
(DCFS) in electron density can be detectedilgy, for the di-Ck; ligand,
g 2 OO Ph, CO but only small changes were observed for the OMe-substituted
<=7 R GO ,F,";Ni ligand. Thus, these ligands perturb the electron density at the
5‘; p}\“co OO Phy coO metal much less than do analogous monodentate ligands, and
the resulting differences in selectivity will, therefore, be sub-
( CFa) tle. These data also demonstrate that the electronic donating
FsC 2 abilities of BINAP and DPPF are more similar than one might
voo= 2017, 1965 1904, 1840 expect, and that differences in selectivity between DPPF and

BINAP most likely arise from structural, rather than electronic,
Figure 2. Changes in CO stretching frequency as a function of the (ifferences.

phosphine aryl group and backbone. 3.c. Effect of Altering the Ligand Bite Angle. As noted
) ) . . in the Introduction, reductive elimination rates are typically
(Table 3). For the reactions involving isobutylamipeCFs- accelerated by increased bite angle. In contrast to this estab-

DPPF gave a substantially increased amount of arene relativejished trend, the yields of arylamine were generally higher for
to the amount of arene in reactions involving DPPF and (aactions involving ligands with small bite angles (Table 5).
p-MeODPPF. This set of results from perturbing the aryl group The xanthene-based ligand gave more amination product than
electronic properties shows that electron poor ligands do not pppRr or the diphenyl ether based-ligand DPPDPE, but this
provide enhanced rates for reductive elimination relative t0 gifference is more likely to originate in the preorganized
competing processes that form arene. structure of this ligand relative to the flexible DPPDPE. A
No trends were observed in monoarylation to diarylation correlation between ligand bite angles and the amount of
selectivities as the electronics were perturbed. However, yeduction product clearly showed that reducing the size of the
reactions involving the 3,5-GBPPF ligand with butylamine  pite angle led to decreasing amounts of reduction products,
or p-MeODPPF with isobutylamine did show significant dif- particularly for preorganized bidentate ligands such as BINAP
ferences relative to DPPF. Aryl exchange processes wereang the naphthalene-based ligand DFPM!
affected by the electronic properties of the phosphine aryl group.  Reducing the size of the bite angle also led to increased
During the coupling of the electron rich aryl bromide 4-bromo-  sejectivity for monoarylation over diarylation products. For the
N,N-dimethylaniline with aniline, reactions involving the elec-
tron poor and electron neutral DPPF derivatives gave less amine (gg) J\;’.:ma”',\/lc-£;ihe’m BF?- 1?(77&7,7(';313- WD i
resulting from prior aryl group migration than did reactions 195()3 )12' '2%(21’_ P HL Pl ek, A lering, T Forganometatics
involving the more electron rich-MeODPPF (Table 4). (36) Lawson, H. J.; Atwood, J. DJ. Am. Chem. Socl989 111,

i 6223.
To understand the extent to which the4znd OMe groups (37) Several ligands that create small bite angles such as bis(diphen-

altereq the eleCtrO_n density at the metgl center and to determir‘E‘ylphosphino)ethane, bis(diphenylphosphino)ethylene, and bis(diphenylphos-
potential electronic affects of changing the backbone from phino)benzene, were shown previously to give poor product:arene ratios.

ferrocenyl to binaphthyl, we prepared carbonyl complexes In some cases, the low yields of amination product may be due to ligand
. : ; ; decomposition under the reaction conditions; see refs 2 and 3.
containing the different ligands to evaluate changesds. (38) Casey, C. P.. Whiteker, G. Tr. J. Chem199Q 30, 299304,

Figure 2 shows theco values for four Ni(0) complexes that (39) Ozawa, F.; Kubo, A.; Matsumoto, Y.; Hayashi, T.; Nishioka, E.;
were prepared by reaction of the modified DPPF ligands with Yanagi, K.; Moriguchi, K.Organometallics1993 12, 4188-4200. _
[Ni(CO)2(PPh);]. The electronic properties of monodentate , (40)Hayashi, T.; Ohno, A.; Lu, S.-j.; Matsumoto, Y. Fukuyo, E.; Yanagi,
. . . . K. J. Am. Chem. S0d.994 116 4221-4226.

ligands have been evaluated previously using IR data on [Ni- "~ (41)1i, S.: Wei, B.; Low, P. M. N.; Lee, H. K.; Hor, T. S.; Xue, F.;

(COXL] complexes®* Less change inco was observed for Mak, T. C. W.J. Chem. Soc., Dalton Tran$997, 1289-1293.
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Table 6. Product Ratios for Diarylation Reaction 3 in Scheme 2~ Scheme 4. Amount of Arene Formed frong-Hydrogen

To Give BuGHs 1, p-BuCsHsNHBU 2, and f-BuCeH4):NBu 3 Elimination vs Arene from Competing Reactions
ligand %12 % 22 % 32 5% Pd(dba),
10% Ligand
DPPN 3.3+ 0.1 43+0.4 49+ 0.6 Bu-@Br + HaNCD3(CHg)oPh —————
BINAP 17+ 4.0 8.7+ 1.3 39+ 11 1 NaOBu,
DPPF 3.9+-0.8 3.1+ 1.0 106+ 8.0 (85) Toluene, 90 °C
DTPF 27+ 1.0 17+ 1.0 24+ 4.0 R
DPPDPE 38 1.0 21+21 7.5+ 3.6 /
DPPX 15+ 1.5 5.4+ 0.8 63+ 11 B”O_N\ * HO_B” * D'QB”
p-MeODPPF 3 A23 5.0+ 0.6 97+ 8.5 3 H % vield of % Vield of
p-CRDPPF 3.8£ 0.5 1.9+19 106+ 15 Ligand t:tzl Arene Arene from B-Elim.
aYields are based on the average of two or more runs. Yields in 8?,':; “3'2 1:2
parentheses are isolated yields. DPPDPE 40 1
DPPX 24 15
Table 7. Effect of Amine Sterics: Product Ratios for Reaction 4
of Scheme 2 To Give Buls 1, p-BuCsHsNH-i-Bu 6, aryl halides. The reaction of 2-bromotoluene witbutylamine
(p-BuGsH4)-Ni-Bu 7 gave the monoarylation product in 99% yield for BINAP, 96%
ligand %12 % 62 6:72 yield for DPPF, 77% yield for DTPF, 50% yield for DPPDPE,
DPPN 15502 83+ 09 48+ 14 89% yield for DPPX, and 96% yleldi_(l.o%) fo_rp-Me(_)DPPF
BINAP 1.0+ 0.2 91+ 05 150 by GC. The product was isolated in 92% vyield using DPPF.
DPPF 9.2+15 69+ 1.0 (42) 15+ 1.8 These yields are substantially increased over those for reactions
B;EEPE ?;é:it 8-3 32?&1-8 6 Sggi 03 of n-butylamine with (4-bromobutyl)benzene. No diarylation
DPPX 331 0.4 A0L 05 08t 17 products were seen in any of these reactions.

5. Labeling Experiments. The unexpected effects of ligand
2Yields are based on the average of two or more runs. Yields in properties on amine:arene ratios led us to evaluate whether the
parentheses are isolated yieldThese examples had at least one trial  grene was actually formed from competifidydride elimina-
where the diarylation product was less than the GC observation limits. ... A mination reactions between (1,1-dideuterio-3-phenyl-
propyl)amine and (4-bromobutyl)benzene were, therefore, con-
ducted (Scheme 4). Butylbenzene formed from these reactions
was then analyzed by mass spectrometry to determine the
percent deuterium incorporation. The reactions were carried

ine b on af-butvlami ith 2 v of arvl bromid out under the same conditions as the coupling for butylamine
amine by reaction af-butylamine with 2 equiv of aryl bromide |, (4 hromobutyl)benzene. The reaction of (1,1-dideuterio-

(reaction 3 in S_cheme 2, Table 6). It appears tha’g DPPF h?‘S a:%-phenylpropyl)amine with (4-bromobutyl)benzene was con-
large enough bite angle to accommodate the formation of tertiary ycted using 10 mol % DPPF, DTPF, DPPDPE, and DPPX
amine. Yet, the re_action does not suffer from producing _Iarge with 5 mol % Pd(dba) or Pd[P6-tolyl)s],. Results from GC/
amounts of reduction product as has been observed with the,vIS for reactions using Pd(dhas precursor showed only 37%

ligands that POSSess Ia_r_ger b_ite angles. . o deuterium incorporation into the arene for reactions involving
For the reaction of aniline with 4-brome:N-dimethylaniline, DPPF, 14% for those involving DTPF, 27% for those with
no trend was observed between the bite angle and the amounypppPE  and 64% for those with DPPX. These numbers

of product resulting from aryl migration. increased slightly to 49%, 22%, 52%, and 73%, respectively,

4. Effect of Substrate Steric Properties. It was not clear  \ hen pd[Pg-tolyl)s], was used as the catalyst precursor (errors
whether increasing the size of the amine would hinder formation ogtimated at-5.0%). Little or no hydrodehalogenation product

of the geometry required fof-hydrogen elimination while  ,ccyrred from chemistry involving the amine- position.
accelerating the reductive elimination process, as was seen folRaaction of N N-dideuterio-(3-phenylpropyl)amine and (4-
reactions involving I_:t_(-tolyl)g,42 or whether increased size of bromobutyl)benzene catalyzed by Pd(dkm)d any of the four
the amide would facilitatg-hydrogen elimination. In fact, the ligands showed little or no deuterated arene. Reactions

opposite effect of that detected previously fopfglyl)s was conducted with protiated substrates in toluegesolvent also
observed with the catalysts containing chelating phosphines. Agpowed no deuterium incorporation.

modest increase in the size of the amine led to an increase in Because the imines that would be produced in reactions

the amount of arene, rather than arylamine, product. involving primary alkylamines are unstable, it is difficult to
Reactions with isobutylamine (reaction 4 in Scheme 2 and aggess the mass balance of aminations using these substrates.
Table 7) catalyzed by PeDPPF gave a 2-fold increase in the  pyriher, we were concerned that a simfiaydrogen elimina-
amount of arene product relative to analogous reactions with ion and subsequent reductive elimination would appear to be
n-butylamine. A larger incre_ase in arene product was ob_servedmore complex because proton-transfer processes involving a
when DTPF was used as ligand. Perhaps more predictably,pjadium hydride intermediate may occur and reduce the
increasing the size of the amine substrate led to substantialyercent deuterium incorporation. Thus, we conducted reactions
improvement in the ratio of monoarylation to diarylation yith HNPh(CD:Ph) that would produce a stable imine. In this
products for reactions involving both DPPF and DTPF. Infact, ¢ase we observed an amount of deuterated arene that matched
only trace amounts of diarylation product were ever observed the amount of imine within experimental error. This result
in runs involving DTPF. _ demonstrates that deuterium is not being lost by proton transfers
In contrast to increased amounts of arene that accompanleqnvoh,ing a hydride intermediate. However, a substantial
increasing size of the amine, substantially decreased amountsymount of undeuterated arene was again observed, and there
of arene were observed from reactions involving more hindered \y55 not enough imine byproduct to account for this arene. Thus,

(42) Rartwig, J. F.; Richards, S.; Bamm, D.; Paul, FJ. Am. Chem. there are pathways other thghhydrogen elimination and
Soc.1996 118 3626-3633. reductive elimination of arene that lead to dehydrohalogenation

aminations involvingn-butylamine, the ratio of monoarylation
to diarylation product was highest for BINAP and DPPN. As
this result would predict, ligands with large bite angles such as
DPPF were superior for the one-pot formation of diarylated
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of the aryl halide, and these pathways are most important with noted many years ago by He#k.These aryl exchanges have
substrates containing unactivated hydrogeris the nitrogen. been studied more thoroughly recerily32

The source of the proton in the arene product is not clear, but  Effects of Perturbing Ligand Aryl Group Electronic

it is evident that much of the arene is formed by a process more properties. In contrast to the expectations that ligand electronic

complex than expected. properties would effect the selectivity of the amination reactions
. . by accelerating reductive elimination, little effect was observed.
Discussion Further, the small trend that was observed was in the opposite

At the outset of this study, our expectation and that of offers  direction of what one would expect. The small difference in
based on knowledge of the relationship between the propertiesselectivity resulting from variation of the aryl group electronic
of a metal complex and rates for reductive elimination and Properties is explained by a weak transmission of the aryl group
B-hydrogen elimination was an enhancement in the amount of electronic properties to the metal center. The small differences
amination product vs reduction product with sterically hindered in vco values for the ENi(CO), complexes suggest that the
and electron poor bidentate phosphine ligands. The experi- metal center’s electronic properties are less affected by variation
mental results of this study have shown the logic behind this in the chelating ligand aryl groups than they are by monodentate
prediction to be flawed at two levels. First, the majority of the triarylphosphine ligands. Although we cannot explain precisely
arene in reactions of DPPF and DTPF is not formed by the unexpected observation that decreasing electron density at
B-hydrogen elimination. Second, the amount of areneithat the metal center increases the amount of arene, the labeling study
formed fromg-hydrogen elimination increases with increasing shows that most of the arene does not arise ffbhydrogen
size of the bidentate phosphine ligand and with increasing size €limination. It should not be surprising, therefore, that the
of the bite angle. A modest increase in arene is formed by observed trends deviate from those predicted by trends in
catalysts with the more weakly donating ligands. Thus, the reaction rates for reductive elimination aftéhydrogen elimina-
effect of ligand properties on the amount of arene formed by tion. In fact, the dehydrohalogenation may occur during the
B-hydrogen elimination is the opposite of the simple effects one aryl halide addition step or during formation of the palladium
would expect from previous studies on the chemistry of alkyl amido complex, rather than after the palladium amide is
groups. The details of the steric, electronic, and bite angle generated.
properties and their effects on the reaction selectivities are The basicity of the phosphine ligands also did not have a
discussed in the subsequent sections. pronounced influence on the monoarylation to diarylation

Effects of Perturbing Ligand Aryl Group Steric Proper- selectivities of primary amines. This result is consistent with
ties. Increased steric bulk in either the ligands or the amine the conclusion drawn above that steric effects are the dominant
substrates caused an increase in the amount of reduction producfactor that control mono- vs diarylation of primary amines.
First, an increase in size of the rigid, bidentate phosphine ligand  The phosphine electronic properties did have significant
DPPF created by incorporatimgtolyl groups led to a dramatic  influence on the degree of aryl migration observed during the
increase in the amount of arene formed by reactions other thancoupling of the electron rich aryl bromide 4-brorgN-dimeth-
B-hydrogen elimination. Second, the amount of arene formed y|aniline with aniline (Scheme 2). Strongly electron donating
by -hydrogen elimination increased rather than decreased, albeitphosphines gave larger amounts of rearranged product than did
less dramatically. less donating ligands (Table 4). The equilibrium constant in

Apparently the steric properties of the ligand had two effects these aryl exchange processes favors the placement of more
on the catalyst selectivity. First, increased steric effects electron rich aryl groups onto the phosphorus and the more
accelerated a dehydrohalogenation process that competes witlelectron poor aryl groups on the metal, but the exchange is more
the amination and more standard dehydrohalogenation byfacile when electron rich aryl groups are on the starting phos-
B-hydrogen elimination. Second, the increasing size of the phines3®-32 |t has been proposed that electron poor phos-
ligand had a greater effect on the rategeifiydrogen elimination  phines undergo reductive elimination with the aryl group to
than on the rate of reductive elimination. The second result form phosphonium salts less readily than electron rich phos-
may occur because of partial dissociation of the bidentate phines (Scheme §},making the aryl exchange process slower

phosphine, providing a three-coordinate palladium amide aryl for electron poor phosphines compared to electron rich phos-
complex that can readily undergdelimination. The steric phines.

effects are not simple, however, since reactions of the sterically  g¢acts of Altering the Ligand Bite Angle. Increasing
hindered sub_strate 2-br_omoto|uene_catalyzed by u_nmodified"gand bite angle gave decreased ratios of amine to arene
DPPF gave little reduction. One might expect the increased qqcts; exactly the opposite result that would be expected
steric bulk of the palladium-bound aryl group to also favor ¢qnsigering the known effects of the bite angle on reductive
formation of a three-coordinate palladium species. elimination rates. This result can be explained by two factors.
Increasing the size of the phosphine ligands gave betterAgain, much of the arene does not result from competing
monoarylation to diarylation selectivities. This effect is more -hydrogen elimination and reductive elimination, and so
simple to rationalize. Clearly, reaction of a sterically hindered g|actronic effects on the rates for reaction of the amido
complex with the larger secondary alkylarylamines is less complexes may not be important. Instead, electronic effects
favorable than reaction with the corresponding primary amine. op, the oxidative addition of aryl halide or formation of the amido
These resqlts a}lso sugg.est.that the hlgher reactivity of the complexes are likely to be more important. Second, the
primary amines in the amination process is largely due to steric phosphines that provide larger bite angles can partially dissociate
effects. o more readily than those with bite angles neaf, @fenerating
Aryl group migration was also reduced when DTPF or {hree-coordinate intermediates that can undefguoydrogen
DTPDPE was employed instead of DPPF or DPPDPE, respec-gjimination. Since a greater proportion of the arene results from
tively. Steric effects on aryl group exchange reactions were g_nygrogen elimination during reactions involving phosphines

(43) Marcoux, J.-F.; Wagaw, S.: Buchwald, S...Org. Chem1997, that provide large bite angles than those involving phosphines
62, 1568-1569. that create small bite angles, it is likely that partial phosphine
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Scheme 5. Previously Proposed Pathway for Aryl Group Exchange
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dissociation does occur with these ligands. Thus, the increaseby a factor of 9, and gave the monoarylamine in 67% yield as

in rates forS-hydrogen elimination and competing dehydroha- determined by GC analysis.

logenation processes is greater than the increase in rate for Ortho substituents on the aryl bromide gave a large increase

reductive elimination as a result of increasing the ligand bite in yields mostly because diarylation is inhibited, but also because

angle. aryl halide reduction is minimized. For reactions catalyzed by
Surprisingly, the monoarylation to diarylation selectivities a combination of Pd(dbaand DPPF, the yield of monoarylated

were highest for ligands with small bite angles. We do not amine from reaction witho-methylbromobenzene was high.

have a firm explanation for this result. However, this empirical Although the reduced product toluene could not be detected by

observation may be useful for future ligand development. GC techniques, the high yield requires that little reduction

Further, this effect is useful in selecting a ligand for diarylation occurred.

of primary amine$? Because the ligands that generate small _ )

bite angles are selective for monoarylation, they give lower Experimental Section

yields for diarylations than do the ligands that create medium-  ynless otherwise specified, all reagents were purchased from

sized bite angles. The ligands with larger bite angte8<) commercial suppliers and used without further purification. THF and

seem to accommodate more readily the secondary arylaminetoluene were distilled from sodiurbenzophenone ketyl under nitrogen.

substrates than do those with smaller bite angles, but too largeThe following phosphine ligands were prepared according to literature

a bite angle leads to an increase in the amount of arene. Thusprocedures: DPPR,DPPDPE® DPPX?"4¢p-MeO-DPPF]"“®p-CFs-

Pd(dbayDPPF is a good compromise in ligand properties for DPPF* DPPN o _
diarylation of primary amines. Reactions were set up in an inert atmosphere glovebox. Amines
. . were added by syringe without degassirig, 13C{'H}, and3'P{*H}
There was a poor correlation between bite anglg and the \ g spectra were obtained on a GE QE 300 MHz, @B00 MHz,
amount of observed rearrangement product for reaction of the 5, gy cker AM500 MHz Eourier transform spectrometetd and

electron rich arene 4-bromig;N-dimethylaniline with aniline.  13c{14} NMR spectra were recorded relative to residual protiated
However, it was clear that BINAP, typically a ligand that gives solvent; a positive value of the chemical shift denotes a resonance
clean reaction products, was one of the worst ligands of those downfield from TMS. 3'P{'H} NMR spectra were recorded relative
tested and gave many different side products in addition to to 85% HPOQO,; a positive value of the chemical shift denotes a
diphenylamine formed after aryl group exchange. resonance downfield from4RQy. Samples for elemental analysis were

In many cases, an alteration of the ligand bite angle requires Submitted to Robertson Microlit Labs, Inc., Madison, NJ 07940.

a change in the structure of the ligand backbone, which may Sam_ple_s for mass sp_ectrum analysis were submltt_ed to T_he University
. . . ' . of lllinois at Champaign-Urbana, School of Chemical Sciences. GC

Igad to potential electronic pertur,batlons' The US,e Of, nickel(0) analyses were conducted on a Hewlett-Packard 5890 instrument
dicarbonyl complexes to determine the electronic differences connected to a 3395 integrator.
between binaphthyl and ferrocene as backbone in an admittedly 1 1-Bjs[bis(2-methylphenyl)phosphino]ferrocene®5! Ferrocene
crude fashion showed that the backbone did not substantially (2.280 g, 12.26 mmol) was mixed with 2.1 equiv mbutyllithium
change the metal electronic properties. The tagvalues for (2.66 M in hexanes, 9.68 mL, 25.74 mmol), 2.1 equiv of TMEDA (3.88
the nickel complexes containing DPPF and BINAP varied by 5 mL, 25.74 mmol), and hexane (50 mL) in an oven-dried flask fitted
and 0 cn?, while the vco values varied by 15 and 27 crth with a condenser, an addition fu_nnel, andaiMet. The reacti(_)n was
when the aryl substituent was varied frgpMeOGsH, to 3,5- heated to reflux foS h before being cooled te40 °C. A solution of
CFRCgHa. Thus, the influence of changing the ligand backbone PiS(2-methylphenyl)chlorophosphiie6.400 g, 25.73 mmol) in THF
from binaphthyl to ferrocene on the metal electronic properties (15 mL) was added dropwise to the reaction over 10 min. The reaction
appeared to be minimal. (45) Kalck, P.; Randrianalimanana, C.; Ridmy, M.; Thorez, A.; tom

; ; ; Dieck, H.; Ehlers, JNew J. Chem1988 12, 679-686.
Effects of Substrate Steric Properties. Monoarylation to (46) Kranenburg, M.: van der Burg, Y. E. M.. Kamer, P. C. J.: van

diarylation selectivities are higher for branched, primary aliphatic | eeuwen, P. W. N. M.; Goubitz, K.; Fraanje,Grganometallicsi995 14,
amine substrates. A small change in the amine steric properties 3081-3089.
n-butylamine versus isobutylamine, produced an approximately ~ (47) Unruh, J. D. U.S. Pat. Appl. 822,859, 1977.

6-fold increase in monoarylation to diarylation selectivity for 115(5‘;?)1\{221_6‘9”0“’ M.; Kido, Y.; Omata, K.; Hirama, Meynlett1995

reactions conducted with a combination of Pd(glaeyd DPPF. (49) van Soolingen, J.; de Lang, R.-J.; den Besten, R.; Klusener, P. A.
Of course, the use of excess amine also led to improved product?.; Veldman, N.; Spek, A. L.; Brandsma, ISynth. Communl995 25,

. - : : : 1741-1744.
ratios. Reaction of 12 equiv oFbutylamine with (4-bromobu- (50) Jackson, R. D.: James, S.: Orpen. A. G.: Pringle, B. Grganomet.

tyl)benzene gave a monoaryl.diaryl product ratio that improved chem.1993 458 C3-C4.

(51) Kumobayashi, H.; Taketomi, H.; Akutagawa, S. Jpn. Kokai Tokkyo
(44) For an application of this diarylation in materials chemistry, see: Koho 80 02,627, 80 02,627.

Thayumanavan, S.; Barlow, S.; Marder, SGhem. Mater1997, 9, 3231~ (52) Clark, P. W.; Mulraney, B. J. Organomet. Cheni981 217, 51—

3235. 59.
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was allowed to warm slowly to room temperature and stir for 12 h.
The crude reaction was concentrated to approximately 20% of its
original volume, and the yellow solids were filtered. The solids were
then washed wit 1 M HCI (20 mL), HO (20 mL), ethanol (20 mL),
and ether (20 mL). The solids were dried under vacuum to give 6.214
g of product in 83% yield.'H NMR: (CDCl) 6 7.17-6.96 (m, 16H),
4.25 (brs, 4H), 4.06 (br s, 4H), 2.46 (s, 12HFC{*H} NMR: (CDCl)
0 141.64 (d,J = 26.3 Hz), 137.51 (dJ = 10.6 Hz), 133.29, 129.41
(d,J = 5.1 Hz), 128.4, 125.50, 76.52, 74.15 (W= 15.1 Hz), 72.13
(d, J = 3.0 Hz), 21.29 (dJ = 21.6 Hz). 3'P{*H} NMR: (CDCl) ¢
—36.81. Anal. Calcd for gHssFeR: C, 74.76; H, 5.94. Found: C,
74.31; H, 6.08.
1,1-Bis[bis[3,5-bis(trifluoromethyl)phenyl]phosphino]ferro-
cene*” To an oven-dried flask fitted with a Ninlet were added 8
equiv of 3,5-bis(trifluoromethyl)iodobenzene (2.00 mL, 11.28 mmol)
and 6.0 equiv of TMEDA (1.28 mL, 8.47 mmol) in THF (15 mL). The
solution was cooled te-78 °C, and 6.0 equiv oh-butyllithium (2.5
M in hexanes, 3.38 mL, 8.47 mmol) was added dropwise over 5 min.
The reaction was stirred f@ h at—78 °C (WARNING: the reaction
may explode if allowed to warm). A solution of I1;his(dichloro-
phosphino)ferrocer®(0.547 g, 1.411 mmol) in THF (5 mL) was added
dropwise to the reaction over 10 min. The reaction was stirree78t
°C for 30 min and then allowed to warm slowly to room temperature,
and stirring was continued for 12 h. Methanol (1 mL) was added to

J. Am. Chem. Soc., Vol. 120, No. 15, 3208

7.11 (m, 10H), 7.04 (t) = 7.5 Hz, 4H), 6.97 (tJ = 7.4 Hz, 2H),
6.79-6.71 (m, 8H), 2.28 (s, 12 H)**C{'H} NMR: (CDCls) 6 159.69
(d, J = 18.5 Hz), 142.30 (dJ = 27.4 Hz), 134.61 (dJ = 13.0 Hz),
134.17, 133.01, 130.08, 129.80 = 3.3 Hz), 128.32, 127.41 (d,
= 15.3 Hz), 125.79, 123.58, 118.01, 21.17Jd; 23.2 Hz). 31P{*H}
NMR: (CDCls) 6 —32.62. Anal. Calcd for gHzsOP:: C, 80.79; H,
6.10. Found: C, 80.52; H, 5.98.
9,9-Dimethyl-4,5-bis[bis(2-methylphenyl)phosphino]xanthené’
9,9-Dimethylxanthene (0.363 g, 1.726 mmol), 2.5 equiwndiutyl-
lithium (2.5 M in hexanes, 1.73 mL, 4.32 mmol), and 2.5 equiv of
TMEDA (0.651 mL, 4.32 mmol) were dissolved in heptane (10 mL)
under N and heated to reflux for 20 min. The reaction was then cooled
to 0 °C and quenched with a solution of bis(2-methylphenyl)-
chlorophosphing (0.816 g, 5.178 mmol) in THF (5 mL) over 10 min.
The reaction was then allowed to stir at room temperature for 12 h.
The reaction was diluted with ethyl acetate and washed wié (2x).
The organic layer was then dried with 0, and concentrated in
vacuo. The product was purified first by flash chromatography through
a short layer of silica using 30% ethyl acetate in hexanes as the eluent.
The partially purified solids were washed with hexanes to give 0.425
g of purified product in 39% yield.!H NMR: (CDCl) ¢ 7.45 (dd,J
= 0.9, 7.8 Hz, 2H), 7.247.14 (m, 8H), 7.026.94 (m, 6H), 6.71 (d,
J= 7.7 Hz, 4H), 6.51 (ddJ = 1.3, 7.5 Hz, 2H), 2.29 (s, 12H), 1.71
(s, 6H). BC{*H} NMR: (CDCl3) 6 152.90 (apparent t] = 9.7 Hz),

the reaction; it was then concentrated in vacuo. The black residue was142.45 (apparent t] = 13.5 Hz), 135.62 (apparentd,= 7.2 Hz),

filtered through Celite using 5% ethyl acetate in hexane as the eluent.

132.62, 132.38, 129.72 (d= 1.9 Hz), 128.09, 126.26, 125.69, 124.29

The orange filtrate was concentrated to give the crude product. Purified (d, J = 8.5 Hz), 124.15 (dJ = 9.1 Hz), 123.37, 34.47, 31.84, 21.25

product, 0.741 g, was obtained as a yellow powder in 48% yield by
crystallization from hexanestH NMR: (CDCl;) 6 7.89 (s, 4H), 7.69
(d, J = 6.3 Hz, 8H), 4.44 (dd) = 1.6, 1.7 Hz, 4H), 4.01 (m, 4H).
BC{'H} NMR: (CDCl) 6 140.31 (d,J = 17.5 Hz), 132.82 (dJ =
21.8 Hz), 132.07 (dq] = 6.2, 33.3 Hz), 123.43 (d,= 4.0 Hz), 122.93
(9, = 273.2 Hz), 73.81, 73.57 (d, = 15.6 Hz), 73.26 (br s).3'P-
{H} NMR: (CDCl3) 6 —14.99. Anal. Calcd for GHoF4FeP: C,
45.93; H, 1.84. Found: C, 46.24; H, 1.90.
1,2'-Bis[di-2-furylphosphino]ferrocene. Using literature proce-
dure$® 6.0 equiv of 2-lithiofuran was prepared in THF (10 mL) and
cooled to—78°C. A solution of 1,1-bis(dichlorophosphino)ferrocetie
(0.200 g, 0.516 mmol) in THF (5 mL) was added dropwise to the
reaction over 10 min. The reaction was stirred for 90 min-@8 °C
and allowed to warm to room temperature and stir for an additional 12

(apparent tJ = 11.5 Hz). 3'P{*H} NMR: (CDCl;) 6 —31.93. Anal.
Calcd for GsHaOP:: C, 81.37; H, 6.35. Found: C, 81.03; H, 6.27.
Dicarbonyl[bis(diphenylphosphino)ferrocene]nickel(0)>* Bis-
(triphenylphosphine)dicarbonylnickel(0) (64.5 mg, 0.101 mmol) was
mixed with 1 equiv of 1,%(diphenylphosphino)ferrocene (55.9 mg,
0.101 mmol) in 10 mL of THF solvent. Afte4 h the reaction was
filtered through Celite and concentrated under vacuum to yield a yellow
oil. Ether (10 mL) was added to the oil, and a precipitate formed. The
yellow solids were filtered, washed with ether, and dried under vacuum
to give 53.9 mg of product in 79.9% yieldH NMR: (C¢D¢) 6 7.81
(m, 8H), 7.03 (m, 12H), 4.16 (df,= 1.8, 1.8 Hz, 4H), 3.86 (= 1.8
Hz, 4H). 3P{H} NMR: (CsDs) 6 25.91. IR (KBr, cnm®): 1999 (s),
1940 (s).
Dicarbonyl[bis[bis(4-methoxyphenyl)phosphino]ferrocene]nickel-

h. The reaction was then concentrated in vacuo and dissolved in ether(0). Bis(triphenylphosphine)dicarbonylnickel(0) (73.3 mg, 0.115 mmol)

(100 mL). The ether solution was washed withCH(30 mL, 3x)
followed by brine. The ether solution was then dried with,8(&;,
filtered, and concentrated. The product was purified first by flash
chromatography through a short layer of silica using.Cll as the
eluent followed by crystallization from cyclohexane. The product,
0.224 g, was obtained as orange needles in 84% yiéttl. NMR:
(CDCls) 6 7.63 (d,J = 0.9 Hz, 4H), 6.67 (ddJ = 2.5, 1.9 Hz, 4H),
6.39 (m, 4H), 4.32 (dd) = 1.6, 1.8 Hz, 4H), 4.17 (dd) = 1.5, 1.8
Hz, 4H). *C{!H} NMR: (CDCl;) ¢ 152.05 (d,J = 8.6 Hz), 146.63,
119.79 (dJ = 24.5 Hz), 110.46, 74.41 (d,= 17.8 Hz), 73.31, 72.20
(d, J= 3.7 Hz). 3'P{*H} NMR: (CDCl;) d —64.92. Anal. Calcd for
CoeHaoFeQP,: C, 60.73; H, 3.92. Found: C, 60.47; H, 3.89.
Bis[2-[bis(2-methylphenyl)phosphino]phenyl] Ether#® Diphenyl
ether (1.75 mL, 9.58 mmol), 2.2 equiv afbutyllithium (2.66 M in
hexanes, 7.9 mL, 21.08 mmol), and 2.2 equiv of TMEDA (3.18 mL,
21.08 mmol) were stirred in THF (10 mL) undes &t room temperature
for 16 h (see ref 27 for an improved lithiation procedure). The reaction
was quenched with a solution of bis(2-methylphenyl)chlorophosphine
(5.242 g, 21.08 mmol) in THF (5 mL) over 15 min. ;8 and ether

was mixed with 1 equiv of 1;1bis[bis(4-methoxyphenyl)phosphino]-
ferrocene (77.3 mg, 0.115 mmol) in 10 mL of THF solvent. After 18
h the reaction was diluted with 10 mL of pentane, and a precipitate
formed. The yellow solids were filtered, washed with ether, and dried
under vacuum to give 83.2 mg of product in 91.9% yieltH NMR:
(CeDs) 6 7.82 (t,J = 8.7 Hz, 8H), 6.69 (dJ = 8.3 Hz, 8H), 4.27 (br
s, 4H), 3.95 (br s, 4H), 3.19 (s, 12H§*P{1H} NMR: (CsD¢) 0 22.29.
IR (KBr, cm™): 2002 (s), 1938 (s). Anal. Calcd for 436
FeNiROgs: C, 60.88; H, 4.60. Found: C, 60.88; H, 4.65.
Dicarbonyl[1,1'-Bis[bis(3,5-bis(trifluoromethyl)phenyl)phosphino]-
ferrocene]nickel(0). Bis(triphenylphosphine)dicarbonylnickel(0) (79.9
mg, 0.125 mmol) was mixed with 1 equiv of 1:His[bis(3,5-bis-
(trifluoromethyl)phenyl)phosphino]ferrocene (137 mg, 0.125 mmol) in
10 mL of THF solvent. After 48 h the reaction was concentrated under
vacuum to give a yellow oil. The product was purified via column
chromatography using 2% ethyl acetate in hexanes as the eluent to
give 61.4 mg of purified product in 40% yield. This complex slowly
underwent disproportionation that yielded {isl'-bis[bis(3,5-bis-
(trifluoromethyl)phenyl)phosphino]ferroceiréckel(0), which prevented

were added to the reaction, and the layers were separated. The etheour obtaining satisfactory elemental analysis détd. NMR: (CsDs)

layer was dried with N8O, and concentrated in vacuo. The residue
was heated in boiling ethanol. Not all of the DTPDPE product
dissolved in the ethanol, but the impurities were soluble. The mixture
was then cooled to OC, and the resulting solids were collected by
filtration and washed with ethanol. The solids were dried under vacuum
to give 2.682 g of product in 47% yield*H NMR: (CDCL) 6 7.27—

0 8.21 (d,J = 9.4 Hz, 8H), 7.64 (s, 4H), 3.89 (df,= 1.8, 1.8 Hz,
4H), 3.71 (br s, 4H).3"P{1H} NMR: (CsDg) 4 29.25. IR (KBr, cnl):
2017 (s), 1965 (s).
Dicarbonyl[2,2'-bis(diphenylphosphino)-1,1-binaphthyl nickel-
(0). Bis(triphenylphosphine)dicarbonylnickel(0) (112 mg, 0.176 mmol)
was mixed with 1 equiv of 2;2bis(diphenylphosphino)-1/binaphthyl

(53) Perri, S. T.; Rice, P.; Moore, H. @rganic SynthesegViley: New
York, 1993; Collect. Vol. 8, pp 179182.

(54) Vasapollo, G.; Toniolo, L.; Cavinato, G.; Bigoli, F.; Lanfranchi,
M.; Pellinghelli, M. A. J. Organomet. Chen1994 481, 173-178.
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(109 mg, 0.176 mmol) in 10 mL of THF solvent. After 24 h the yellow
solid was filtered, washed with THF, and dried under vacuum to give
74.2 mg of product in 58% yield!H NMR: (THF-ds) 6 8.04 (m,
4H), 7.5%7.20 (m, 18H), 7.00 (tJ = 8.4 Hz, 2H), 6.84 (dJ = 8.6
Hz, 2H), 6.54 (tJ = 7.1 Hz, 2H), 6.45 (1) = 7.1 Hz, 4H). 3P{H}
NMR: (THF-dg) 6 34.36; IR (KBr, cnt): 1994 (s), 1940 (s).
N-Butyl-2-methylaniline.5>% A reaction vial was charged with
2-bromotoluene (0.267 g, 1.57 mmol), 1.2 equiv of N&D(0.181 g,
1.88 mmol), 0.05 equiv of Pd(DBA)0.045 g, 0.078 mmol), 0.10 equiv
of DPPF (0.087 g, 0.157 mmol), and 8 mL of toluene under,a N

Hamann and Hartwig

mL of toluene under a Natmosphere in a drybox. The reaction was
capped using a PTFE septum and removed from the drybox. Butyl-
amine (51.4«L, 0.520 mmol) was added via syringe and the reaction
heated to 90C for 12 h. The reaction was cooled to room temperature
and concentrated in vacuo to give the crude product. The purified
product, 0.156 g, was obtained in 89% isolated yield, based on
butylamine, by flash chromatography using 5% diethyl ether in hexanes
as the eluent!H NMR: (CDCl) 6 7.12 (d,J = 8.4 Hz, 4H), 6.90 (d,

J = 8.4 Hz, 4H), 3.65 (tJ = 7.5 Hz, 2H), 2.57 (tJ = 7.5 Hz, 4H),
1.60 (m, 6H), 1.37 (m, 6H), 0.980.88 (m, 9H). °C{*H} NMR:

atmosphere in a drybox. The reaction was capped using a PTFE septun{CDCls) 6 146.05, 135.28, 129.02, 120.63, 52.20, 34.88, 33.81, 29.61,

and removed from the drybox. Butylamine (165, 1.88 mmol) was
added via syringe and the reaction heated t6®@€br 6 h. The reaction

was cooled to room temperature and filtered through Celite, and the

Celite was washed with ether (20 mLx3 Aqueous HCI (20 mL, 1

M) was added to the filtrate and the mixture stirred. An orange
precipitate formed. Both layers were filtered together and then
separated. The organic layer was washedwitM HCI (10 mL)
followed by HO (10 mL). The three agueous washings were combined
and made basic with NaHGO This basic solution was washed with
hexane (20 mL, ). The hexane solutions were combined, dried over
N&SQ,, and concentrated in vacuo to give 0.239 g of purified product

22.42,20.30, 14.00. HRMS calcd fopEisN (M) 337.2769, found
337.2766.

N,N-Dimethyl-N'-phenyl-1,4-benzenediamin&® A reaction vial
was charged with 4-bromis;N-dimethyl aniline (0.165 g, 0.825 mmol),
1.2 equiv of Na@u (0.0951 g, 0.990 mmol), 0.05 equiv of Pd(DBA)
(0.0237 g, 0.0412 mmol), 0.10 equiv of DPPF (0.0457 g, 0.0825 mmol),
and 8 mL of toluene under aMditmosphere in a drybox. The reaction
was capped using a PTFE septum and removed from the drybox.
Aniline (90.2uL, 0.990 mmol) was added via syringe and the reaction
heated to 90C for 12 h. The reaction was cooled to room temperature
and concentrated in vacuo to give the crude product. The purified

in 94% vyield. 'H NMR: (CDCL) 6 7.14 (dd,J = 8.0, 7.5 Hz, 1H),
7.02 (d,J = 7.6 Hz, 1H), 6.66-6.70 (m, 2H), 3.44 (br s, 1H), 3.18 (t,
J = 7.1 Hz, 2H), 2.15 (s, 3H), 1.68 (m, 2H), 1.48 (m, 2H), 1.00J(t,
= 7.4 Hz, 3H). 5C{*H} NMR: (CDCL) 6 146.36, 129.94, 127.08,
121.60, 116.55, 109.54, 43.59, 31.69, 20.34, 17.40, 13.90.
N-Butyl-4-butylaniline.>” A reaction vial was charged with (4-
bromobutyl)benzene (0.140 g, 0.657 mmol), 1.2 equiv of BaO 115.19, 114.19, 40.85.
(0.0758 g, 0.789 mmol), 0.05 equiv of Pd(DBAP.0189 g, 0.0328 N-Butyl-2-methylaniline. Procedure for Gas Chromatography
mmol), 0.10 equiv of DPPF (0.0360 g, 0.0657 mmol), and 8 mL of Yields. A stock solution was prepared by dissolving 2-bromotoluene
toluene under a Natmosphere in a drybox. The reaction was capped (0.155 g, 0.908 mmol) and the naphthalene standard (0.0820 g, 0.640
using a PTFE septum and removed from the drybox. Butylamine (78.2 mmol) in toluene (15 mL). A second stock solution was prepared by
uL, 0.789 mmol) was added via syringe and the reaction heated to 90 dissolving Pd(DBA) (26.0 mg, 45.3:mol) in toluene (7.5 mL). Into
°C for 12 h. The reaction was cooled to room temperature and a reaction vial was weighed 0.10 equiv of a bidentate phosphine ligand
concentrated in vacuo to give the crude product. The purified product, (6.1 #mol) and 1.2 equiv of NaBu (7.0 mg, 72.6umol). To each
0.065 g, was obtained in 48% isolated yield by flash chromatography reaction vial was added 1.0 mL of the 2-bromotoluene stock solution
using a gradient of 5% diethyl ether in petroleum ether to 10% diethyl followed by 0.5 mL of the Pd(DBA)stock solution. The reaction
ether in petroleum ether as the eluefdt! NMR: (CDCk) ¢ 7.03 (d, vials were capped with a PTFE septum and removed from the drybox.
J = 8.4 Hz, 2H), 6.59 (d] = 8.4 Hz, 2H), 3.45 (br s, 1H), 3.12 ({, Butylamine (7.2uL, 72.6 umol) was added to each vial via syringe,
= 7.1 Hz, 2H), 2.54 (tJ = 7.6 Hz, 2H), 1.66-1.50 (m, 4H), 1.47 and the reactions were heated to°@for 12 h before 1.GL aliquots
1.34 (m, 4H), 0.99 () = 7.3 Hz, 3H), 0.95 (tJ = 7.3 Hz, 3H). 3C- were injected onto the gas chromatograph.
{*H} NMR: (CDCl) ¢ 146.28, 131.62, 129.03, 112.81, 44.05, 34.68, N-Butyl-4-butylaniline. Procedure for Gas Chromatography
34.01, 31.67, 22.30, 20.28, 13.96, 13.89. HRMS calcd faH&N Yields. A stock solution was prepared by dissolving (4-bromobutyl)-
(M*) 205.1830, found 205.1837. benzene (0.164 g, 0.772 mmol) and the naphthalene standard (0.0772
N-Isobutyl-4-n-butylaniline. A reaction vial was charged with (4- g, 0.602 mmol) in toluene (15 mL). A second stock solution was
bromobutyl)benzene (0.140 g, 0.657 mmol), 1.2 equiv of 1BaO prepared by dissolving Pd(DBAJ22.1 mg, 38.5umol) in toluene (7.5
(0.0758 g, 0.789 mmol), 0.05 equiv of Pd(DBAY.0189 g, 0.0328 mL). Into a reaction vial was weighed 0.10 equiv of a bidentate
mmol), 0.10 equiv of DPPF (0.0360 g, 0.0657 mmol), and 8 mL of Phosphine ligand (5.kmol) and 1.2 equiv of NaBu (5.9 mg, 61.6
toluene under a Natmosphere in a drybox. The reaction was capped #mol). To each reaction vial was added 1.0 mL of the (4-bromobutyl)-
using a PTFE septum and removed from the drybox. Isobutylamine benzene stock solution followed by 0.5 mL of the Pd(DBAjock
(78.3uL, 0.789 mmol) was added via syringe and the reaction heated solution. The reaction vials were capped with a PTFE septum and
to 90°C for 12 h. The reaction was cooled to room temperature and removed from the drybox. Butylamine (L, 61.6umol) was added
concentrated in vacuo to give the crude product. The purified product, to each vial via syringe, and the reactions were heated t€C90r 12
0.056 g, was obtained in 42% isolated yield by flash chromatography h before 1.QuL aliquots were injected onto the gas chromatograph.
using 5% diethyl ether in petroleum ether as the eluéht. NMR: N-Isobutyl-4-n-butylaniline. Procedure for Gas Chromatogra-
(CDCl) 6 7.02 (d,J = 8.2 Hz, 2H), 6.58 (dJ = 8.2 Hz, 2H), 3.59 (br phy Yields. A stock solution was prepared by dissolving (4-
s, 1H), 2.94 (dJ = 6.8 Hz, 2H), 2.53 (tJ = 7.5 Hz, 2H), 1.92 (m, bromobutyl)benzene (0.166 g, 0.779 mmol) and the naphthalene
1H), 1.59 (m, 2H), 1.37 (m, 2H), 1.02 (d,= 6.6 Hz, 6H), 0.96 (] standard (0.0710 g, 0.554 mmol) in toluene (15 mL). A second stock
= 7.3 Hz, 3H). 1¥3C{1H} NMR: (CDCl) ¢ 146.39, 131.41, 129.03,  solution was prepared by dissolving Pd(DBA22.4 mg, 38.%umol)
112.67, 52.14, 34.67, 34.02, 27.98, 22.32, 20.48, 13.97. HRMS calcd in toluene (7.5 mL). Into a reaction vial was weighed 0.10 equiv of a
for CrHosN (M*) 205.1830, found 205.1827. bidentate phosphine ligand (5u2nol) and 1.2 equiv of NaBu (6.0
N-Butyl- N-(4-butylphenyl)-4-butylaniline. A reaction vial was mg, 62.2umol). To each reaction vial was added 1.0 mL of the (4-
charged with (4-bromobutyl)benzene (0.246 g, 1.156 mmol), 1.2 equiv bromobutyl)benzene stock solution followed by 0.5 mL of the Pd-
of NaOBuU (0.133 g, 1.387 mmol), 0.025 equiv of Pd(DBAD.0166 (DBA); stock solution. The reaction vials were capped with a PTFE

g, 0.0289 mmol), 0.05 equiv of DPPF (0.0321 g, 0.0578 mmol), and 8 Septum and removed from the drybox. Isobutylamine (8.262.2
umol) was added to each vial via syringe, and the reactions were heated

to 90 °C for 12 h before 1.QuL aliquots were injected onto the gas
chromatograph.

(58) Barchiesi, E.; Bradamante, S.; Pagani, GJAChem. Soc., Perkin
Trans. 21987, 1091-1096.

product, 0.141 g, was obtained in 80% isolated yield by flash
chromatography using a gradient of 5% ethyl acetate in hexanes to
10% ethyl acetate in hexanes as the eluéht.NMR: (CsDg) 6 7.13
(dd, J = 7.3, 8.2 Hz, 2H), 6.98 (dJ = 8.8 Hz, 2H), 6.8+6.77 (m,

3H), 6.57 (dJ = 8.9 Hz, 2H), 4.91 (br s, 1H), 2.53 (s, 6H}3C{H}
NMR: (Ce¢Dg) 0 147.56, 146.78, 132.69, 129.49, 123.82, 118.93,

(55) Louie, J.; Driver, M. S.; Hamann, B. C.; Hartwig, J.J-Org. Chem.
1997 62, 1268-1273.
(56) Makoto, O.; Koju, I.; Yusuke, U. Inclusion Phenonl984 2, 359—
66

366.
(57) Louie, J.; Hartwig, J. FTetrahedron Lett1995 36, 3609-3612.
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N-Butyl-N-(4-butylphenyl)-4-butylaniline. Procedure for Gas of a bidentate phosphine ligand (5nol) and 1.2 equiv of NaBu
Chromatography Yields. A stock solution was prepared by dissolving (6.3 mg, 66.Qumol). To each reaction vial was added 1.0 mL of the
(4-bromobutyl)benzene (0.1104 g, 0.518 mmol) and the naphthalene 4-bromoN,N-dimethylaniline stock solution followed by 0.5 mL of
standard (0.0375 g, 0.293 mmol) in toluene (10 mL). A second stock the Pd(DBA) stock solution. The reaction vials were capped with a
solution was prepared by dissolving Pd(DBA)4.9 mg, 25.%«mol) PTFE septum and removed from the drybox. Aniline (6L0 66.0
in toluene (5.0 mL). Into a reaction vial was weighed 0.10 equiv of a umol) was added to each vial via syringe, and the reactions were heated
bidentate phosphine ligand (5nol) and 1.2 equiv of NaBu (6.0 to 90 °C for 12 h before 1.Q:L aliquots were injected onto the gas
mg, 62.1umol). To each reaction vial was added 1.0 mL of the (4- chromatograph.
bromobutyl)benzene stock solution followed by 0.5 mL of the Pd- Ack led t W tefull K led tf
(DBA); stock solution. The reaction vials were capped with a PTFE c nO,W e gmerj - Ve grateiully ac nowg ge suppor .rom
septum and removed from the drybox. Butylamine (2.323.3umol) the _ Natlona_l Institutes of _Health, Boehrmg_er Ingelheim, a
was added to each vial via syringe, and the reactions were heated toNational Science Foundation Young Investigator Award, a
90 °C for 12 h before 1.QuL aliquots were injected onto the gas  Dreyfus Foundation New Faculty Award, and a Camille Dreyfus
chromatograph. Teacher Scholar Award for support for this work. J.F.H. is a

N,N-Dimethyl-N’'-phenyl-1,4-benzenediamine. Procedure for Gas  fellow of the Alfred P. Sloan Foundation. We thank Johnson-
Chromatography Yields. A stock solution was prepared by dissolving  Matthey Alpha/Aesar for donation of palladium chloride. We

lene standard (0.110 g, 0.854 mmol) in toluene (15 mL). A second syntheses of ferrocene derivatives.

stock solution was prepared by dissolving Pd(DB&3.7 mg, 41.3
umol) in toluene (7.5 mL). Into a reaction vial was weighed 0.10 equiv. JA9721881



