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Pro-azaphosphatrariea [P(BuNCH,CH,)sN] reacts with iodine under mild conditions to give [IP-
(BUNCH,CH,)3N]I in excellent yield, which on subsequent reaction with ammonia followed by
deprotonation with K@u provided HN=P(BUNCH,CH,)3N (3a) in quantitative yield. Reaction @&a

with R',PCI afforded sterically bulky electron-rich phosphines of the typ®R=P(BuNCH,CH,)sN

(4) [R" = Ph @a), 'Pr (4b), Bu (40)]. The Pd(OAcY4c catalyst system was particularly efficient for the
coupling of arylboronic acids with aryl bromides as well as aryl chlorides to give biaryls in excellent
yields.

An added advantage of the Suzuiiliyaura reaction is that
the organoboron reagents used are fairly insensitive to water
Impressive advances have been made in palladium-catalyzed; 4 oxygen, generally stable thermally, and tolerant toward a

Introduction

cross-coupling reactions during the last 20 years, including their
use on an industrial scaleAmong such transformations, the
Suzuki-Miyaura reactiorf;* has emerged as a practical approach
to synthesizing biaryls; moieties that are found in a wide variety
of natural product$,chiral reagent8,chiral phases for chro-
matography,chiral liquid crystals,and pharmaceutical drugs.

(1) For examples of industrially feasible palladium-catalyzed cross-
coupling reactions see: (a) Beller, M.; Zapf, 8hem. Commun2005
431 and references cited therein. (b) Lee, C. K. Y.; Holmes, A. B.; Ley, S.
V.; McConvey, I. F.; Al-Duri, B.; Leeke, G. A.; Regina, Chem. Commun.
2005 2175. (c) Buchwald, S. L.; Mauger, C.; Mignani, G.; ScholzAdw.
Synth. Catal2006 348, 23 and references cited therein. (d) Schlummer,
B.; Scholz, U.Adv. Synth. Catal2004 346, 1599 and references cited
therein.

2816 J. Org. Chem2007, 72, 2816-2822

(2) For the pioneering work of Suzuki and Miyaura, see: (a) Suzuki, A
J. Organomet. Chenl999 576, 147. (b) Miyaura, N.Top. Curr. Chem.
2002 219 11. (c) Suzuki, A. InMetal-Catalyzed Cross-Coupling Reactipns
Diederich, F., Stang, P. J., Eds.; Wiley-VCH: New York, 1998; Chapter
2, pp 49-97, and references cited therein. (d) Miyaura, N.; SuzukCem.
Rev. 1995 95, 2457 and references cited therein.

(3) For additional references reporting Suzukiyaura cross-coupling
reactions, see Supporting Information.

(4) Lloyd-Williams, P.; Giralt, E.Chem. Soc. Re 2001, 3, 145 and
references cited therein. (b) Nicolaou, K. C.; Boddy, C. N. C.; Brase, S.;
Winssinger, NAngew. Chem., Int. Ed. Eng999 38, 2096.

(5) Yuan, X.-Y.; Li, H.-Y.; Hodge, P.; Kilner, M.; Tastard, C. Y.; Zhang,
Z.-P. Tetrahedron: Asymmetr006 17, 2401. (b) Inoue, S.; Takaya, H.
P.; Tani, K.; Otsuka, S.; Sato, T.; Noyori, R.Am. Chem. Sod99Q 112
4897. (c) Noyori, RJ. Am. Chem. Sod.989 18, 187.

(6) Sogah, G. D. Y.; Cram, D. J. Am. Chem. Sod.976 98, 3038.

10.1021/jo062452| CCC: $37.00 © 2007 American Chemical Society
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variety of functional groups. In addition, both the boron-
containing reagents and byproducts of the Suzikiyaura
reaction display low toxicity?

For achieving high efficiency in cross-coupling reactions, past

studies have focused mainly on the development of new ligands,

particularly phosphorus-containing ligands that can couple aryl

chlorides as well as bromides. Even though ligandless catalyst

systems are knowH, an ancillary ligand greatly enhances
catalytic performancé The long list of very efficient ligands

developed for Pd-catalyzed cross-coupling reactions includes

bulky electron-rich phosphines such as aryldialkylphospAfes
and P(t-Bu).!* There are also reports of efficient catalyst
systems containing non-phosphine ligands, such-agtero-
cyclic carbene® among other ligand$ for the synthesis of
biaryls.

Pro-azaphosphatranes of typdeveloped in our laboratories
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SCHEME 1
I, eth
1a 2, ether 2d
-40°C -RT/6 h

a) THF, NH3, RT, 15 min
b) KO'Bu, RT, 1 h

4a (R =Ph) R,P-Cl R,P-Cl t

or 4c (R= Bu)
4bR-= iPr) ether toluene
0°CtoRT, 3 h 80°C, 12 h

present in only two of the nitrogens in acyclic analogs such as
P(NMey)s. The second process is a lone pair donation from the
planar basal nitrogen to the phosphorus in the event of
transannulation during a catalytic transformation, leading to the
formation of structures modeled t&a and2b. We also report
herein the efficacy ofic as a ligand for Pd-assisted Suzuki

are very useful as organo-catalysts and promoters, and aSyjiyaura cross-coupling reactions of aryl bromides and chlorides.

efficient ligands for a variety of metal-catalyzed organic
transformations, including SuzukMiyaura cross-coupling
reactions.’-18 Herein we report the synthesis and structural
characterization of a new generation of bulky electron-rich
phosphines of typd, where in the pro-azaphosphatrane unit is
one of the three bulky electron-rich substituents. Recently, we

showed that the phosphorus in pro-azaphosphatranes derives

enhanced electron richness via two unusual procég8€ese
derives from the planarity of all three equatoriatR nitrogens,
which allows lone pair density from these atoms in their
unhybridized 2p orbital lying tangential to the molecular axis

to be donated to the phosphorus; a structural feature that is

(7) For the application of Suzuki coupling in the synthesis of liquid
crystals, see: (a) Pu, IChem. Re. 1998 98, 2405 and references cited
therein. (b) Larios-Lopez, L.; Navarro-Rodriguez, D.; Donnio, B.; Guillon,
D. Chem. Lett2006 35, 652 and references cited therein. (c) Lin, H.-C;
Lee, K.-W.; Tsai, C.-M.; Wei, K.-HMacromolecule2006 39, 3808.

(8) The key step in the synthesis of Losartan is a Suzuki cross-coupling
reaction: Smith, G. B.; Dezeny, G. C.; Hughes, D. L.; King, A. O.;
Verhoeven, T. RJ. Org. Chem1994 59, 8151.

(9) For reviews on Sartans and Losartan, see: (a) Birkenhager, W. H.;
de Leeuw, P. WJ. Hypertens1999 17, 873. (b) Goa, K. L.; Wagstaff, A.

J. Drugs 1996 51, 820.
(10) Suzuki, A. JOrganomet. Chenm2002 653 83.

(11) For some recent references in ligandless Suzuki couplings reactions,

see: (a) Korolev, D. N.; Bumagin, N. Aietrahedron Lett2006 47, 4225
and references cited therein. (b) Liu, L.; Zhang, Y.; Xin,JJBOrg. Chem.
2006 71, 3994 and references cited therein. (c) Liu, W.-J.; Xie, Y.-X.;
Liang, Y.; Li, J.-H. Synthesi2006 5, 860.

(12) (a) Strieter, E. R.; Blackmond, D. G.; Buchwald, SJLAm. Chem.
S0c.2003 125 13978. (b) Hooper, M. W.; Hartwig, J. Rrganometallics
2003 22, 3394. (c) Hooper, M. W.; Utsunomiya, M.; Hartwig, J.J Org.
Chem.2003 68, 2861.

(13) (a) Wolfe, J. P.; Singer, R. A.; Yang, B. H.; Buchwald, S.JL.
Am. Chem. Sod.999 121, 9550 and references cited therein. (b) Bei, X,;
Turner, H. W.; Weinberg, W. H.; Guram, A. S.; Petersen, JJ.LOrg.
Chem.1999 64, 6797 and references cited therein.

(14) Littke, A. F.; Fu, G. CJ. Am. Chem. So200Q 122, 4020 and
references cited therein.

(15) (a) Navarro, O.; Marion, N.; Mei, J.; Nolan, S. @hem—Eur. J.
2006 12, 5142 and references cited therein. (6Bo V. P. W.; Gstimayr,

C. W. K.; Weskamp, T.; Herrmann, W. Al. Organomet Chem 200Q
595, 186 and references cited therein.

(16) Cui, X.; Zhou, Y.; Wang, N.; Liu, L.; Guo, Q-XTetrahedron Lett.
2007,48, 163 and references cited therein.

(17) For reviews on proazaphosphatranes, see: (a) Verkade TdpG.
Curr. Chem.2002 223 1. (b) Kisanga, P. B.; Verkade, J. Getrahedron
2003 59, 7819. (c) Verkade, J. G.; Kisanga, P. 8drichim. Acta2004
37, 3. (d) Urgaonkar, S.; Verkade, J. Gpecialty Chem2006 26, 36.

(18) For [Pd]/proazaphosphatrane-catalyzed Suzuki cross-coupling,
see: Urgaonkar, S.; Nagarajan, M.; Verkade, JT&rahedron Lett2002
43, 8921.

(19) Karpdi, T.; Veszpfeni, T.; Thirupathi, N.; Liu, X. Wang, Z.; Ellern,
A.; Nyulaszi, L.; Verkade, J. GJ. Am. Chem. So2006 128 1500.
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Results and Discussion

The new sterically bulky electron-rich phosphidkes-c were
constructed from pro-azaphosphatrdaes depicted in Scheme
1. Earlier, we reported the room-temperature reactidraafith
bromine to give2c as a pale-yellow solfd and the synthesis
of the chloro-substituted saftf via the reaction oflb with
hexachloroethan®. Since it has been reported that the nature
of the product from the reaction of phosphines with iodine (ionic
or covalent) depends on the type of the solvent employed for
the reactior?? it was of interest to characterize the product from
the reaction of pro-azaphosphatrafa with iodine. Upon
treatment of a solution of iodine in dry ether with one equivalent
of la at —40 °C, the first example of an iodo-substituted
azaphosphatranium cati@ad was isolated in quantitative yield
as a white solid (Scheme 1).

(20) Kingston, J. V.; Ellern, A.; Verkade, J. @ngew. Chem., Int. Ed.
Eng. 2005 44, 4960.

(21) Liu, X. -D.; Verkade, J. Glnorg. Chem.1998 37, 5189.

(22) For reactions of phosphines with iodine, see: (a) Cross, W. |;
Godfrey, S. M.; McAuliffe, C. A.; Pritchard, R. G.; Sheffield, J. M,;
Thompson, G. M.J. Chem. Soc., Dalton Trand999 16, 2795. (b)
Bricklebank, N.; Godfrey, S. M.; McAuliffe, C. A.; Deplano, P.; Mercuri,
M. L.; Sheffield, J. M.J. Chem. Soc., Dalton Tran998 14, 2379. (c)
Bricklebank, N.; Godfrey, S. M.; Lane, H. P.; McAuliffe, C. A.; Pritchard,
R. G.; Morenao, J.-MJ. Chem. Soc., Dalton Tran&995 14, 2421.
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FIGURE 1. Computer drawing of the molecular structure 2uf at
the 50% probability level. Hydrogen atoms are omitted for clarity.

Although solutions o®d in polar solvents are highly air and
moisture sensitive2d can be safely stored at room temperature
either as a solid or in solution under inert atmosphéreand
13C NMR spectra showed characteristic peaks for e

symmetric azaphosphatranium cage structure (see Experiment

section). The® P NMR spectrum of2d featured a downfield

singlet at 15.5 ppm suggesting the presence of a weak

transannular N-P interaction compared witBf, 2g, and2h,

which possess strong transannular interactions, displaying

strongly upfield®!P NMR signals at-20.2,—35.3, and—40.3
ppm, respectively?2! A single crystal of2d suitable for X-ray
crystallographic study was obtained by cooling an acetonitrile
solution in a refrigerator for 2 days. Its molecular structure
revealed a cationic iodo-azaphosphatranium moiety with

trigonal-bipyramidal geometry around the phosphorus, showing

a P—Ngax bond length of 2.219(2) A (which is 34% less than
the sum of the P and N van der Waals radii of 3.35 A) and an
apical P-1 bond length of 2.581(8) A (Figure 1). A near-planar

eometry around the equatorial nitrogens is apparent from the
g y g 2) ar?d N(3) [526.46 351.32 IS noteworthy that steric shielding by bulky phosphines facilitate

sum of angles around N(1), N(
and 351.61, respectively], and the P(ZN(4) bond distance

of 2.219(2) A indicates a rather weak transannular interaction.

Although cation2f failed to react with ammonia owing to
decreased reactivity of the strong-Bl bond as we discussed
earlier?! compound®c and2d possessing relatively weak+Br

and P-I bonds, respectively, readily reacted. Subsequent

addition of two equivalents of KBu at room temperature

Kingston and Verkade

FIGURE 2. Computer drawing of the molecular structure3afat the
50% probability level. Hydrogen atoms are omitted for clarity.

from a single-crystal X-ray study of this compound. Two
chemically equivalent but crystallographically independent
molecules of3a were found in the asymmetric unit of its
monoclinic cell. The molecular structure &a (Figure 2)
revealed a pyramidal phosphorus geometry with=eNFbond

allength of 1.547(12) A, which as expected, is shorter than the

average of three equatoriaHieq bonds [1.661(13) A] and the
P—N distance of 1.626(2) A determined for the previously
known protonated analdj.3 The sums of angles around N(1),
N(2), and N(3) are 358.41, 359.03, and 358,8@spectively,
which suggest a near-planar geometry around thes&l P
nitrogens. The P(BN(4) distance of 3.288 A is consistent with
a lack of transannular interactions 3a

The presence of the NH functionality iBa permitted an
investigation of its reactivity with reagents such asRX, (n
= 1—-3; R=Ph,Pr,Bu) to form sterically hindered phosphines
of type 5. Bulky ligands for metal-assisted cross coupling
reactions are known for their role in promoting stereoelectroni-
cally driven coordinative unsaturation at the metal cefftét.

the formation of low-coordinate main group and transition metal
compoundg® Recent reports from several research grétips
indicate that sterically modified phosphines such azdibutyl

or dicyclohexyl substituted phosphines are also efficient ancillary

(23) Liu, X.; Thirupathi, N.; Guzei, I. A.; Verkade, J. Gorg. Chem.
2004 43, 7431.
(24) (a) Dai, Q.; Gao, W.; Liu, D.; Kapes, L. M.; Zhang, 3. Org.

provided the corresponding neutral imino-pro-azaphosphatranechem 2006 71, 3928. (b) Andersen, N. G.: Keay, B. &hem. Re. 2001,

3ain quantitative yield after simple workup (Scheme 1).

The IH and 3C NMR spectra of3a are consistent witlCs
symmetry for this molecule (see Experimental section). A
moderately broadH NMR signal, well separated from other
signals, was observed at 0.48 ppm in benzénéA/e assign
this peak to the imine=NH proton. The?’P NMR spectrum of
3a displayed a single signal at 38.9 ppm [close to 36.9 ppm
reported for its analogugb?!], which is significantly downfield,
compared with other azaphosphatranium s2disi, indicating
the lack of a transannular-NP interaction irBaand3b.17.20.21.23
These NMR features f@awere consistent with results obtained

2818 J. Org. Chem.Vol. 72, No. 8, 2007

101, 997 and references cited therein. (c) Bedford, R. B.; Cazin, C. S. J.;
Hazelwood, S. L.Angew. Chem., Int. Ed. EngR002 41, 4120 and
references cited therein.

(25) (a) BoefeR. T.; Zhang, Y.J. Organomet. Chen2005 690, 2651.
(b) Samuel, R. C.; Kashyap, R. P.; Krawiec, M.; Watson, W. H.; Neilson,
R. H. Inorg. Chem2002 41, 7113.

(26) (a) Barder, T. E.; Walker, S. D.; Martinelli, J. R.; Buchwald, S. L.
J. Am. Chem. So2005 127, 4685 and references cited therein. (b) Kataoka,
N.; Shelby, Q.; Stambuli, J. P.; Hartwig, J. F. Org. Chem.2002 67,
5553 and references cited therein. (c) Kirchhoff, J. H.; Dai, C.; Fu, G. C.
Angew. Chem., Int. EEng.2002 41, 1945 and references cited therein.
(d) Zapf, A.; Jackstell, R.; Rataboul, F.; Riermeier, T.; Monsees, A,;
Fuhrmann, C.; Shaikh, N.; Dingerdissen, U.; Beller, Ghem. Commun.
2004 38 and references cited therein.
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ligands for metal-mediated organic transformations, as may also
be the case for ligands of tyfe

%N\/R'

N P——N-1—PR;,
| /: X
N N
\/\/'\R'
R x=1,23
5

Although efforts to synthesize analogues of Schwesinger
bases, such a88uN=P[N=P(NMe)s]3,?’ by attaching an
=N'Bu group, for example, to the BR moiety in5 are ongoing
in our laboratory, our focus here is the reaction3af with
monochloro phosphines such as,P@l or 'PLPCIl. Such
reactions at 0C in dry ether in the presence t& as an HCI
scavenger readily afforded the first examples gPfmino-pro-
azaphosphatranes, name#ig and 4b in 89 and 75% yield,

respectively (Scheme 1). These compounds are moderately air

stable and are highly soluble in a variety of organic solvents.
The 3P NMR spectrum of4a in benzeneds featured two
characteristic doublets (38.4 and 24.8 ppde, p = 105.9 Hz)

as did4b (66.4 and 18.8 ppnJp_p = 64.2 Hz), which are
attributable to the presence of aR—P' linkage. The'H and

13C NMR spectra ofta and4b were also consistent with their
formulations (see Experimental section).
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FIGURE 3. Computer drawing of the molecular structuredafat the
50% probability level. Hydrogen atoms are omitted for clarity.

Itis clear from Table 2 that aryl bromides containing electron-
withdrawing groups such as trifluoromethyl, cyano, fluoro, ester,

Under reaction conditions analogous to those for the synthesis@"d kéto groups are coupled in excellent yields (Table 2, entries

of 4a and4b, 3a also reacted with'Bu),PCl, although rather
slowly at room temperature. When the reaction was carried out
in toluene at 8C°C for 12 h in the presence dfa as a base,
however, the corresponding substituted phosphicewas
isolated in excellent yield (95%, Scheme 1). THE NMR
spectrum o#c exhibited two doublets (83.0 and 21.7 ppids-p

= 73.8 Hz), which are indicative of the formation of aR—

P linkage. The molecular structure 4t depicted in Figure 3
confirms its formulation as proposed in the Introduction. The
P=N and N-P bond distances are 1.548(15) and 1.673(16) A,
respectively. The average of the threeNqbond distances is
1.666(15) A and the bond angle at the imino-nitrogen [P(1)
N(5)—P(2)] is 137.36(11)

To evaluate the usefulness of this new class of bulky electron-
rich phosphines4 in organic synthesis, we investigated its
application to SuzukiMiyaura cross-coupling reactions of aryl
bromides and chlorides. The results are tabulated in Tabi8s 1
Compared with data in our earlier report on Pd-mediated
Suzuki-Miyaura cross-coupling reactions employing the pro-
azaphosphatrane ligaid,'8 the analogous catalyst system using
ligand 4c was found to be twice as active. Thus, in Table 1
containing condition optimization data, for example, only 1 mol
% of Pd(OAc) and 2 mol % of4c was needed to effectively
couple aryl bromides with arylboronic acids (Table 1, entry 4),
and only 2 mol % of Pd(OAg)and 4 mol % o#ic was necessary
for the coupling of aryl chlorides (Table 1, entry 11). Among
the bases employed, £30; was found to be the best in the
present protocol (Table 1, entry 4). Excellent yields of the biaryl
products were isolated by carrying out the reaction in toluene
at 80°C.

(27) (a) Hartmann, F.; Mootz, D.; Hasenfratz, C.; SchwesingeiZ.R.
Naturforsch., B1996 51, 1375. (b) Schwesinger, R.; Schlemper, H.;
Hasenfratz, C.; Willaredt, J.; Dambacher, T.; Breuer, T.; Ottaway, C.;
Fletschinger, M.; Boele, liebigs Ann.1996 7, 1055. (c) Schwesinger,
R.; Willaredt, J.; Schlemper, H.; Keller, M.; Schmitt, D.; Fritz, Bhem.
Ber. 1994 127, 2435. (d) Schwesinger, R.; Schlemper, Ahgew. Chem.
1987 99, 1212.

1-8). The Pd(OAcy4c catalyst system also proved to be highly
efficient for electron rich (Table 2, entry-9.4) aryl bromides.
Coupling of 1-naphthyl boronic acid with 3-bromo-methylben-
zoate proceeded efficiently to afford the corresponding biaryl
product in 96% yield (Table 2, entry 6). It should be noted that
this is the first time this compound has been made via a Suzuki
coupling approach. Previously, this compound was made via a
six-step synthesis affording only a 41.6% of overall yield of
desired produc® Similarly, in the case of economically attrac-
tive but notoriously unreactive aryl chlorid&mpressive yields

of the biaryl products were isolated for substrates possessing
electron-withdrawing (Table 3, entries—86) and electron-
donating (Table 3, entries—8) functional groups. Perhaps not
surprisingly, heteroaryl chlorides are apparently also efficient
coupling partners under our conditions (Table 3, entry 9). Ano-
ther advantage of the present protocol is that the new phosphine
ligand 4c is air stable and can be easily handled under atmos-
pheric conditions. Gratifyingly, a tetrahydrofuran solution
containing4c (0.04 mmol), KOH (0.08 mmol), and 4@ (5.6
mmol) in an NMR tube showed no detectable decomposition
after heating at 80C for 24 h according téP NMR spec-
troscopy. Moreover, whefic was exposed to air for 24 h before
use, impressive yields of biaryl products were isolated (Table
2, entries 1, 5, and 7). Varying yields of cross-coupled biaryl
products have been reported in the literature under a variety of
reaction conditions employing different palladium sources and
ancillary ligands. These results are cited in Tables 2 and 3.

(28) House, H. O.; Bashe, R. W., . Org. Chem1967, 32, 784.

(29) The low reactivity of aryl chlorides in cross-coupling reactions is
generally ascribed to their reluctance to oxidatively add to Pd(0). Aryl
halides that bear an electron-withdrawing group oxidatively add to Pd(0)
more readily than do the corresponding unsubstituted aryl halides. For
discussions, see: (a) Grushin, V. V.; Alper,Ehem. Re. 1994 94, 1047.

(b) Grushin, V. V.; Alper, H. IPActivation of Unreactie Bonds and Organic
SynthesisMurai, S., Ed.; Springer, Berlin, 1999, pp £9226. (c) Herrmann,

W. A. In Applied Homogeneous Catalysis with Organometallic Compounds,
A Comprehense Handbook Cornils, B., Herrmann, W. A., Eds.; VCH:
Weinheim, 1996; Vol. 1, p 722.

J. Org. ChemVol. 72, No. 8, 2007 2819
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TABLE 1. Reaction Optimization on the Pd(OAc)/4c Catalyzed Suzuki-Miyaura Cross Coupling of Aryl Halides with Arylboronic Acids 2

e On v (Orsom —— w -

Kingston and Verkade

X=BrorCl
entry aryl halide solvent base Pd(OA¢inol %) 4¢ (mol %) T(°C) time (h) yield (%}
1 Br THF CsCOs 2.0 4.0 RT 24 17 (23)
2 Br THF CsCO; 2.0 4.0 80 24 38 (49)
3 Br toluene CgCO; 2.0 4.0 80 4 93 (98)
4 Br toluene CsCO; 1.0 2.0 80 8 96 (98)
5 Br toluene KOtBu 1.0 2.0 80 12 53 (67)
6 Br toluene KPOy 2.0 4.0 80 16 69 (74)
7 Br xylene kPO, 2.0 4.0 110 16 73 (79)
8 Br iPrOH KOtBu 1.0 2.0 RT 12 43 (53)
9 Br DME CsCOs 2.0 4.0 RT 24 57 (66)
10 Cl toluene C£L£0Os 1.0 2.0 80 12 82 (88)
11 Cl toluene C£L£0Os 2.0 4.0 80 12 96 (99)

a Reaction conditions: 2.0 mmol of aryl halide, 3.0 mmol of arylboronic acid, 4.0 mmol of base, Pd(@t)igand4c, 5 mL of solvent.? Isolated
yields. Yields in parenthesis refer to gas chromatography conversions.

TABLE 2. Pd(OAc)/4c-Catalyzed Suzuki Cross Coupling of Aryl Bromides with Arylboronic Acids?

Entry Arylhalide Arylboronic acid ~ Time (h) Product Yield (%)°
@B(OH)z 8 97 (Lit: 15-99)
89°

b4
(@]

Br <j>—3(0|—{)2 16 98 (Lit: 87-100)

Me

CSsome e
@B(OH)z 10

=
®

93 (Lit: 85-94)

w
P4
o
[oy)
=

ele

98 (Lit: 87-94)

92

-

MeOOC F MeOOC
5 @—Br <j>—|3(0H)2 8 99 (Lit: 87-99)
c
MeOOC MeOOC 91
Br Q 12 O O 96 (Lit: 42)
O -
7 >\—®& B(OH), 8 94 (Lit: 72-100)
87°

100 (Lit: 82-99)

z

OMe MeO
10 MeOBr MeOOB(QH)z 14 MeOMe 91 (Lit: 83-97)
Qoo w4
1 Me Br O 16 O 99 (Lit 86-91)
12 MezNO—Br @B(OH)Z 14 MezN 96 (Lit: 73-96)
13 MeZNOBr MeO@—B(OH)z 14 MezNOMe 92 (Lit: 26-96)
14 MeOOBr MeOOB(OH)z 16 MeOOMe 95 (Lit:46-98)

aReaction conditions: 2.0 mmol of aryl halide, 3.0 mmol of arylboronic acid, 4.0 mmol g€Gs 1.0 mol % Pd(OAg), 2.0 mol % ligand4c, 5 mL
of toluene, 80°C, 8—16 h." Isolated yields. Yields in parenthesis refer to literature reports (see reR&action using ligandc pre-exposed to the atmosphere.
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TABLE 3. Pd(OAc)/4c-Catalyzed Suzuki Cross Coupling of Aryl Chlorides with Arylboronic Acids?

Entry Arylhalide Arylboronic acid  Time (h) Product Yield (%)b

@—Cl <i>—|3(0H)2 10
2 NCOCI @B(OH)z 12
@m <j>—|3(o|-|)2 10 MeOOC
4 02N~@—0| <j>—|3(0H)2 12
@—m QB(OH)z 16
6}
5y )o C)som,
cl <j>—|3(0H)2 16

C O Qe

MeG Me

9 @CI @B(OH)Z 18 \N / 93 (Lit: 65-99)

aReaction conditions: 2.0 mmol of aryl halide, 3.0 mmol of arylboronic acid, 4.0 mmol g€Qs 2.0 mol % Pd(OAc), 4.0 mol % ligand4dc, 5 mL
of toluene, 80°C, 10-18 h.? Isolated yields. Yields in parenthesis refer to literature reports (see ref 3).

98 (Lit: 24-96)

P4
(¢}

96 (Lit; 42-99)

98 (Lit: 66-100)

97 (Lit: 92-100)

o
I
(¢}

53

95 (Lit: 62-99)

92 (Lit: 22-100)

=
)

o8

96 (Lit: 48-100)

97 (Lit; 64-98)

O

Conclusions Synthesis of 3aDry ammonia gas was bubbled into stirred slurry
of 2d (1.00 g, 1.68 mmol) in dry THF (30 mL) for 15 min at room

We have shown that proazaphosphatraaean be structur-  temperature. The reaction mixture was further stirred for an
ally modified to provide new phosphines with tunable steric additional hour under an argon atmosphere and then soli@O
bulkiness and electron richness for metal-mediated cross-(0.41 g, 3.7 mmol) was slowly added. After stirring foh atroom
coupling reactions. The Pd(OA#3a system utilized herein  temperature, volatiles were removed under reduced pressure. The
efficiently catalyzes SuzukiMiyaura cross couplings of aryl  solid residue was then extracted with dry hexanes (20 mL).
bromides and chlorides at relatively low catalyst loadings with Evaporation of volatiles from the hexane filtrate under reduced

good tolerance of functional groups such as methoxy, ester,Pressure gavéaas a creamy white solid in near quantitative yield
amino, aldehyde, keto, fluoro, cyano, and nitro substituents. (0-59 9, 99%). A single crystal suitable for X-ray study was obtained

! . . ; - by cooling a concentrated hexane solutiorBafin a refrigerator
Explorations of the synthesis and chemistry of phosphines W|th_ for 2 days. Mp. {C): 80-81. 3P NMR (161.8 MHz, GDs, 25

up to three iminp-pro-aza.phqsphaltrane .substi.tuents qnd thelroc): 6 = 38.94 ppmiH NMR (400 MHz, GDg, 25 °C): 6 =
chglcoggno and imino dgrlyat|ves, including chlral versions of g 4g (br, 1H), 0.96 (d, 18H), 2.09 (sep, 3H), 2.48 (t, 6H), 2.65 (br,
4 in which the PR moieties are PRR are in progress. 6H), and 2.75 ppm (br, 6H}3C NMR (100.6 MHz, GDg 25 °C):
Expanding the scope of the present methodology to othery = 58.6, 50.1, 48.1, 29.2, and 21.1 ppm. Elemental analysis
synthetically useful substrates (e.g., vinyl halides/triflates and calculated for GgHsNsP: C, 60.47; H, 11.28; N, 19.59. Found:
alkylboronic acids) as well as employing ligands of type C, 60.32; H, 11.46; N, 19.77.
other important Pd-assisted cross-coupling reactions are under- Compound3a can also be prepared analogously starting with
way. azaphosphatranium sdt.
Synthesis of 4aTo a stirred solution 08a (1.00 g, 2.80 mmol)
in dry diethylether (20 mL) cooled to @C was added.a (0.96 g,
2.8 mmol) followed by P}PCI (0.62 g, 2.8 mmol). A white
Synthesis of 2d.To a stirred solution oia (2.76 g, 8.05 mmol) precipitate formed almost immediately. The reaction mixture was
in dry ether (30 mL) at-40 °C was added dropwise a solution of  brought to room temperature av@ h and stirring was continued
iodine (2.00 g, 7.87 mmol) in dry ether (40 mL) over 15 min, for an additional 6 h, after which it was filtered to remove it
resulting in the immediate formation of a yellow precipitate. The Evaporation of volatiles from the filtrate under reduced pressure
reaction mixture was then slowly brought to room temperature, and left a slightly sticky solid. Addition of about 2 mL of dry acetonitrile
after further stirring for 6 h, the pale-yellow solid was filtered and resulted in the formation of a white solid that was quickly filtered
was dried under reduced pressure (4.42 g, 94%). A single crystalunder an argon atmosphere. The white solid was then dried under
suitable for X-ray structural study was obtained by cooling a reduced pressure (1.35 g, 89%). MPCY: 154-156. 3P NMR
concentrated acetonitrile solution2d in a refrigerator for 2 days. (161.8 MHz, GDg, 25°C): 0 = 38.40 (d,2Jp—p = 105.9 Hz) and
Mp. (°C): 115-116 (dec)3!P NMR (161.8 MHz, CRCN): ¢ = 24.78 ppm (d2Jp_p = 105.9 Hz).!H NMR (400 MHz, GDs, 25
15.5 ppm.*H NMR (400 MHz, C}CN, 25°C): ¢ = 0.98 (d, °C): 6 = 0.88 (d, 18H), 2.18 (sep, 3H), 2.40 (t, 6H), 2-60.90
18H), 2.21 (sep, 3H), 2.91 (t, 6H), 3.00 (dd, 6H), and 3.21 ppm (br m, 12H), 7.07 (t, 2H), 7.25 (t, 4H), and 8.01 ppm (t, 4HC
(dt, 6H).3C NMR (100.6 MHz, CQCN, 25°C): 6 = 55.4, 51.2, NMR (100.6 MHz, GDg 25 °C): 6 = 132.5, 129.9, 128.4, 126.8,
46.3, 27.9, and 19.7 ppm. Elemental analysis calculated for 54.1, 49.4, 48.6, 28.6, and 20.5 ppm. Elemental analysis calculated
CigHsdl2N4P: C, 36.25; H, 6.59; N, 9.40. Found: C, 36.63; H, 7.27; for C3H4oNsP,: C, 66.52; H, 9.12; N, 12.93. Found: C, 66.58; H,
N, 9.36. 9.21; N, 12.46.

Experimental Section
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Synthesis of 4b.This compound was synthesized fr@a and phosphines. In a typical procedure usitiguLi, 1.0 equiv of"-
iPr,PCI by employing the analogous procedure described above for BuLi was added t@ain 15 mL of dry THF at—45°C. The reaction
the synthesis ofla. Yield: 75%. Mp. (C): 132-134.3P NMR mixture was slowly brought to room temperature and stirred for
(161.8 MHz, GDs, 25°C): 6 = 66.41 (d,2Jp—p = 64.2 Hz) and an additional 3 h. The mixture was cooled t6®©, and 1.0 equiv
18.77 ppm (d2Jp—p = 64.2 Hz).'H NMR (400 MHz, GDs, 25 of R,PCl was added followed by stirring for another 12 h at room
°C): 6 = 0.80 (d, 18H), 1.01 (m, 12H), 1.45 (m, 2H), 1.85 (sep, temperature. After removing the volatiles under reduced pressure,
3H), 2.98 (m, 6H), 3.15 (m, 6H), and 3.75 ppm (br, 6HC NMR the residue was extracted with hexanes«(25 mL). Evaporation
(100.6 MHz, GDg 25°C): 0 = 59.0, 52.1, 47.2, 29.2, 21.2, 20.6, of the extracts gavda—c in 50—60% yield.
and 17.9 ppm. Elemental analysis calculated fesHgsNsP.: C, General Procedure for Suzuki-Miyaura Cross Coupling. An
60.86; H, 11.28; N, 14.79. Found: C, 60.49; H, 11.37; N, 14.68. oven-dried Schlenk tube equipped with a magnetic stir bar was

Synthesis of 4cTo a stirred solution 08a (1.00 g, 2.80 mmol) charged with aryl halide (2.0 mmol), arylboronic acid (3.0 mmol),
in dry toluene (20 mL) at room temperature was adtla(0.96 g, base (4.0 mmol), Pd(OAc)2 (1 mol % for aryl bromide and 2 mol
2.8 mmol) followed byBu,PCl (0.51 g, 2.8 mmol). The reaction % for aryl chloride), ligand4c (2.0 mol % for aryl bromide and 4
mixture was then heated at 8C for 12 h. Evaporation of the  mol % for aryl chloride), and 5 mL of solvent. The tube was capped
solvent and other volatiles under reduced pressure left a colorlesswith a rubber septum and immersed in an oil bath at@0Upon
sticky solid residue, which was extracted into dry diethylether (30 complete consumption of starting material as judged by thin-layer
mL) leaving sal2a behind. Volatiles were removed under reduced chromatography analysis and/or gas chromatography mass spec-
pressure, which provided a sticky solid residue. Addition of about trometry, the reaction mixture was adsorbed onto silica and the
2 mL of dry acetonitrile quickly resulted in the formation of a white  biaryl product was isolated by column chromatography (hexanes/
solid that was filtered and dried under reduced pressure (1.34 g,EtOAc). All the biphenyl products reported in Tables 2 and 3 are
95%). A single crystal suitable for X-ray study was obtained by known compounds and were characterized by favorable comparison
cooling a concentrated hexane solutiortofin a refrigerator for 2 of their 'H and 3C NMR to the previously reported data in the

days. Mp. ¢C): 106-108.3P NMR (161.8 MHz, GDg, 25 °C): literature (see Supporting Information).

0 = 83.01 (d,2Jp_p = 73.8 Hz) and 21.72 ppm (dJp-p = 73.8

Hz). 'H NMR (400 MHz, GDs, 25°C): 6 = 1.05 (d, 18H), 1.39 Acknowledgment. We thank the National Science Founda-
(d, 18H), 2.17 (sep, 3H), 2.51 (t, 6H), 2.79 (br, 6H), and 3.02 ppm tjon for financial support and we thank Dr. Arkady Ellern of
(br, 6H). 1°C NMR (100.6 MHz, GDs 25 °C): 6 = 55.1, 50.2,  |owa State University Molecular Structure Laboratory for the

48.8, 30.0, 28.9, and 21.6 ppm. Elemental analysis calculated forsingle-crystal X-ray results.
CoeHsNsP2: C, 62.24; H, 11.45; N, 13.96. Found: C, 62.28; H,
11.49; N, 13.83.

Alternative Method for the Synthesis of 4a-c. Instead of using
proazaphosphatrarig, an amine such as & could also be used
as a base, although lower yields and longer reaction times were
encountered'BuLi used as a base, generated the lithium saReaof
in situ and subsequent addition offRC| gave the corresponding  JO062452L

Supporting Information Available: Tables of detailed structural
and refinement data, CIF files, references to known compounds,
IH and®*C NMR spectra for cross-coupled products. This material
is available free of charge via the Internet at http://pubs.acs.org.
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