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Palladium(ll) complexes containing bidentate cyclometalateeNC:helating ligands are shown to

react with PFH=NTs at room temperature to insert

“NTs” into the-Fd bond. This “NTs” insertion

reaction has been applied to palladacyclic complexes of azobenzene, Higuizajline, and 8-eth-
ylquinoline. The newly aminated organic ligands can be liberated from the metal center by protonolysis

with trifluoroacetic acid or HCI.

Introduction

Compounds containing carbenitrogen bonds are of great
importance in many areas of chemistry, and as a result,
transition metal catalyzed approaches toeNCbond formation
have been the subject of intense recent research. In particular
Pd- and Cu-catalyzed aminations of aryl halides have proven
to be powerful and widely used synthetic methods for the
construction of arylaminesHowever, despite their great utility,
these transformations remain fundamentally limited by the fact
that the aryl coupling partner must be prefunctionalized with a
halide at the desired position, which increases the number of
steps required in a synthetic sequence.

An alternative approach to the synthesis of amines would be
the direct conversion of €H bonds into CG-N bonds-an
attractive transformation from the standpoints of atom economy
and synthetic simplicity.Several effective methods for the intra-
and intermolecular amination of $i£—H bonds have been
developed, and these typically utilize rhodium carboxylate,
copper homoscorpionate, or metalloporphyrin based catalysts
in conjunction with either PENR or Phl(OAcYMgO/RNH,
as the aminating reagehhe mechanism of these transforma-
tions generally involves direct insertion of a metallonitrene into
the C-H bond. As a result, the observed selectivities typically
parallel those of radical reactions, with preferential amination
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8743.

(2) For a relevant review, see: Dick, A. R.; Sanford, MT8trahedron
2006 62, 2439-2463 and references therein.
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of activated and/or weak-€H bonds (e.g., tertiary, secondary,
benzylic, or C-H bondsa to heteroatoms).

Our group and others have developed a number of Pd-
catalyzed processes for converting-8 bonds into G-O/
C—halogent25and C-C bond§ using iodine(lll) reagents as
terminal oxidants. In contrast to the aminations described above,
these transformations proceed via-B activation to form
discrete organometallic palladacyclic intermedidtés such,
selectivity is dictated by proximity to a directing group and by
steric effects, rather than by the strength/degree of activation
of the C-H bonds. We have had a longstanding interest in
extending these reactions te-8l bond formation, because such
a transformation could serve as a valuable complement to both
the amination of aryl halides and the metallonitrene insertion
reactions described above. This report describes the development
of a method for Ptmediated oxidative EH bond aminatior§:®
We demonstrate that diverse palladacyclic complexes (which
were all initially formed by directed €H activation) undergo
stoichiometric amination reactions with P¥NTs and related
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Scheme 1. Double Amination of Palladacycle 1
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oxidants!? Investigations of the scope of these reactions as well
as mechanistic insights into the key “NTs” insertion step are
described below.

Results and Discussion

Our initial studies focused on demonstrating the feasibility
of the stoichiometric oxidative amination of palladacycles
(complexes that are typically formed via directeetg activa-
tion reactions). We selected PHNTSs!! as the amination reagent
on the basis of (i) our previous success using hypervalent iodineFigure 1. ORTEP diagram for comple® H atoms are not shown.
compounds in Pd-catalyzed-Ei functionalization reactions and  Selected bond distances (A): PN1 = 2.020, P&-N2 = 1.931,
(ii) literature precedent for the insertion of “O” into P& Pd—N4 = 1.968, Pd-O3 = 2.279. Selected bond angles (deg):
bonds using the analogous iodine(lll)  oxidant N2—Pd-N1= 82.7, N2-Pd-N4 = 93.1, N4-Pd-N1 = 175.3,
Arl=0.12The chloride-bridged azobenzene diravas chosen ~ N1—Pd-03=118.5, N4-Pd-03 = 65.8, N2-Pd-03 = 158.5.

as the initial substrate, because its reactivity with=2@ had
been explored previoushf.

When1 was treated with 2 equiv of PHINTs (1 equiv per @ /C/'A 2
Pd
/

Scheme 2. Proposed Mechanism of Formation of Product 3

Ts
/
'i‘ TSxN
Phl=NTs

_Phi=NTs Q. Pd—L — » L—Pd—N,

Pd) in MeCN at room temperature, the initially bright orange
heterogeneous mixture gradually became deep purple over the Nsy

course of 12 h'H NMR analysis of the crude reaction showed & U cl (i) cy
significant quantities of unreacted starting material along with @ @ \©
a complex mixture of products, and the major prod@twas o

isolated from this mixture via preparative TLC. Interestingly, Ts. Q Tol\s/{

this dark purple solid was not the expected monoaminated N\ N PhI=NTs g\'ﬂ
palladacycle2. Instead,'H NMR spectroscopy revealed the - HCl L/Pd/ N () 7d\N¢N @)
presence of resonances associated with two inequivalent NTs (ii) b TsN

groups. As shown in Scheme 1, these data suggested that 2 equiv

of the iodine(lll) reagent was required to form the observed

product ). Indeed, when the stoichiometry of the reaction was ) .

adjusted (such that 2 equiv of PANTs were added per 1 equiv  Planar complex is occupied by a sulfonyl oxygen atdms

of Pd), the’H NMR vyield of 3 nearly doubled (from 19% to ~ Summarized in Scheme 2, we believe tBat formed by (i)
32%). When the amount of PRNTs was further increased to initial “NTs” insertion into the Pd_c bond, (ii) decoo_rdmatlon,
4-5 equiv per [Pd], the starting material was almost completely o-bond rotation, and recoordination to the other_ nitrogen atom
consumed, and produgtwas obtained in 50% yield by NMR of the azo linkage to form a more favorable five-membered

. ; : alladacycle, (iii) ortho €H activation of the adjacent ring,
spectroscopy (4 equiv) and 18% isolated yield (5 eqtiiv). gnd (iv) ya seéo%d “NTs” insertion event to affi)rd the figal

Crystals of3 suitable for X-ray crystallographic analysis were product.
obtai_ned by slow diffusion of pentane into a chlo_robenzene We next turned our attention to palladacycles of behjzo]
solution of3 at room temperature, and a labeled view of the quinoline, which do not offer the possibility for a second ortho
structure is shown in Figure 1. As anticipated on the basis of c—H activation event. A series of cyclometalated behfo[
the *H NMR spectral data3 contains a Pticenter ligated by quinoline complexes, including the acetate-bridged difpéne
two different NTs ligands and one nitrogen of the azobenzene. choride-bridged dimes, and the in situ generated monomeric
In the solid state, the fourth coordination site of this square- pyridine complexe$ and 7 (Figure 2), were treated with 1.3
equiv of Phi=NTs in MeCN. The crude reactions were then
(10) Mahy, J. P.; Battioni, P.; Bedi, G.; Mansuy, D.; Fisher, J.; Weiss, evaporated to dryness, treated with CPCbntaining 25%
R.; Morgenstern-Badarau, lnorg. Chem.1988 27, 353-359. CsDsN (in order to convert any halide- and/or acetate-bridged

(11) These iminoiodinane reagents are commonly used in the metal- 57 :
catalyzed aziridination of olefins. In addition, analogous reagents are Pd' products to more readily detectable monomers), and assayed

believed to form in situ in the amination reactions discussed in ref 3. For

a relevant review, see: Halfen, J. Burr. Org. Chem2005 9, 657-669. (14) In solution, coordinated water is observedHyNMR spectroscopy
(12) Bhawmick, R.; Biswas, H.; BandyopadhyayJPOrganomet. Chem. as a broad singlet, whose chemical shift varies significantly with concentra-

1995 498 81-83. tion. Addition of ~2 equiv of pyridine to an NMR sample displaying one
(13) Purification of this compound required both a basic extractive such singlet resulted in new peaks for both free and metal-bound pyridine.

workup and multiple chromatographic separations. Compleppears to A new signal also appeared-ail.6 ppm, consistent with free-8 liberated

be unstable under both of these conditions, resulting in low isolated yields. from the metal center. See the Supporting Information for full details.
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Figure 2. Benzoh]quinoline complexes examined in amination
reactions.

Table 1. Major Products Observed in Reactions of 47 with

Phl=NTs
a
lN-Pld—Py
X X

O X =0Ac, 8a
‘ Pd,L 1) 1.3 equiv PhI=NTs ~ X=Cl, 8b
+
2N X 2) CsDsN in CDClg
|

N /

4-7
4-7) =N
X
X =0Ac, 9a
X=Cl, 9b
entry complex product (yield, %) product (yield, %)

1 4 8a(31) 9a(<2)
2 5 8b (9) 9b (18)
3 & 8a(16) 9a(5)
4 7 8b (51) 9b (<2)

a Significant quantities of additional unidentified inorganic and organic
side products were observed.

by IH NMR spectroscopy. With the Pdtarting materiald—6,

this sequence afforded a complex and largely inseparable

mixture of inorganic and organic compounds. However, in all
three cases, significant quantities{®1%) of the desired “NTs”
insertion produc8a or 8b were formed. These Padomplexes
were identified in the crudéH NMR spectra, by comparison
to independently synthesized samplesBaf8b. Interestingly,
the organic product8a/9b, which result from CG-X coupling

Organometallics, Vol. 26, No. 6, 20867

Scheme 3. Amination of the Benzdf]quinoline Palladacycle

7a
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NS ! N ! X ! cl

(5) (7) (8b)

alLegend: (a) 8.0 equiv of pyridine (Py), THF, room temperature;
(b) 1.3 equiv of PH=NTSs, THF, room temperature, 78% yield.

c1a

Figure 3. ORTEP diagram for comple8b. H atoms are not shown.
Selected bond distances (A): PN1 = 2.050, Pd-N2 = 1.997,
Pd—N3 = 2.026, Pa-Cl = 2.3277. Selected bond angles (deg):
N2—Pd-N1 = 86.84, N2-Pd—N3 = 89.14, N3-Pd-N1 =
175.97, N:-Pd-CI = 93.67, N3-Pd—-Cl = 90.30, N2-Pd—Cl

= 175.04.

Scheme 4. Amination of Palladacycle 7 with Electronically

Diverse Oxidants
O o, Q
S,
1. 8 equiv pyridine (py) ‘ N
|

‘o
2. PhI=NS0,CsH4X A N-Pd—Py
MeCN, rt 7
55% (10a), 76% (10b) 108 (X = OMs)
10b (X = NO,)

X

(X = ClI, OAc, depending on the counterion associated with )
the starting Pd complex), could also be identified in some of those found in related complex&sand, as expected, the bond
these reaction® As summarized in Table 1, these chlorinated t0 the anionic nitrogen is the shorter of the two-fd bonds
and/or acetoxylated organic products were formed in yields of (1.997 versus 2.050 A). The most remarkable feature of this
up to 18%, and the formation of substantial quantities of these Structure is a face-to-face interaction between the aryl ring of
organic side products was inversely correlated to the yield of the Ts group and the benzoquinoline ligand. Interestingly, this
the desired “NTs” insertion product. interaction twists the rigid benzoquinoline significantly out of
In contrast to the reactions @f-6, the monomeric chloride ~ Planarity ¢ni-cis-ciz-c11 = 14.9(7)).
complex7 reacted with PRENTS to produce a single major The reactions of the in situ generated palladacytleith
inorganic product §b) in 51% yield (based ontH NMR hypervalent iodide oxidants derived from electronically diverse
spectroscopy of the crude reaction mixture), and complex  benzenesulfonamides were also explored. As summarized in
was isolated as a yellow solid in 42% yield. The isolated yield Scheme 4, these transformations proceeded in modest to good
could be improved to 78% when the reaction was conducted in yields with oxidants containing both electron-donating and

THF (Scheme 3). Notably, the-&Cl bond-forming reductive
elimination producBb was not observed in this transformation.
The structure 08b was confirmed byH NMR spectroscopy,
which clearly showed the incorporation of a single NTs moiety
into the starting complex. In addition, crystals suitable for X-ray
analysis were obtained by slow diffusion of ether into a
chlorobenzene solution &b, and the solid-state structure of
8b is shown in Figure 3. In this square-planar palladium(ll)

electron-withdrawing substituents on the aryl group of the
sulfonamide. When the rates of sulfonamide insertion into
isolated monome7® were measured under identical reaction
conditions, the formation oBb was found to proceed to
completion within 30 min, while the reactions to fortfaand
10b required 2 and 2.5 h, respectively, to reach complete

(15) (a) Bugafi, Z., D.; Liehr, G.; van Eldik, RDalton Trans.2002

complex, the chloride ligand resides trans to the new NTs moiety 221-956. (b) Peters, J. C.; Harkins, S. B.; Brown, S. D.; Day, M.Ikdrg.

and the pyridine trans to the nitrogen atom of the benzoquinoline

ligand. The Pe-N and Pd-Cl bond lengths are comparable to

Chem.2001, 40, 5083-5091.
(16) Cockburn, B. N.; Howe, D. V.; Keating, B. F.; Johnson, B. F. G;
Lewis, J.J. Chem. Soc., Dalton Tran$973 404-410.
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Scheme 5. Amination of 8-Ethylquinoline Palladacycle 11
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conversion. However, it is difficult to draw definitive mecha-

nistic conclusions from these kinetic data, due to the dramatically

varied solubilities of these iodine(lll) aminating reagents as well
as their susceptibility toward hydrolysis under the reaction
conditions.

Dick et al.

Scheme 6. Possible Mechanisms for Insertion of “NTs” into
the Pd—C Bond

Mechanism A: Stepwise reaction of PhI=NTs with Pd"-C bond

NTs
N, Ol N,,,,,,lelv.\m CN/,,,,‘Pd“.nCI
¢, py —Phl ™ Spy cN” ey
o Ts ()

PhI=NTs

Mechanism B: Concerted reaction of PhI=NTs with Pd"-C bond

+
N, N, €l CN C
—_—
¢, py c . py| -Phi cN” Sy
NTs Ts
PhI=NTs

IPh
an

ates in the reactions of P&C bonds with both inorganic and
organic peroxide%? Finally, the observation of organic side
products9a, 9b, and 13 resulting from C-X coupling (X =
OAc, Cl) is also consistent with a mechanism involvingVPd
intermediates. Both €0Ac’ and G-CI°20.20 hond-forming
reductive elimination have been shown to be facile fron Pd
centers; in contrast, analogous reactions &t &anplexes are
generally kinetically slow and/or thermodynamically unfavor-
able?1:22As such, we hypothesize th@b and13 are generated
by a C-CI coupling reaction from intermediaté that is
competitive with “NTs” insertion into the PeC bond.

With optimal conditions for the NTs insertion reaction in

Analogous NTs insertion reactions were also examined with hand, we next sought to liberate the newly aminated organic

palladacycles containing $Pd—C bonds. For example, the
8-ethylquinoline complex11l reacted with 1.3 equiv of
Ph=NTs to afford12in 9% yield (as determined b\H NMR

ligands from the Pd center via protonoloysis of the-lRdbond.
A series of acidic reaction conditions were examined to achieve
this goal, and the results are reported in Table 2. Interestingly,

spectroscopy) along with a number of unidentified Pd-containing ;5 c—N bond cleavage was observed in neat AcOH at room

species (Scheme 5). Interestingly, the-@ bond-forming
reductive elimination product3 was identified as the major
organic byproduct of this reaction. Removal of the chloride
ligand from 11 with AgOTTf prior to addition of the oxidant
eliminated this competing transformation and increasedtthe
NMR vyield of aminated palladacycl&2 to 19%?7

There are at least two possible mechanisms for the “NSO

temperature or at 100C (Table 2, entries 1 and 2). In contrast,
neat trifluoroacetic acid afforded appreciablel6%) conversion

to product8b’ at room temperature (entry 3). The addition of 5
equiv of HClI resulted in quantitative cleavage of the-Rtlbond

to afford 8b' (entry 5), and analogous conditions were also
effective for the release & from complex3 (entry 6) and of
12 from complex12 (entry 7). Notably, with the success of

Ar” insertion reactions: a stepwise process (Scheme 6, mech-these protonolysis reactions, we have established the feasibility

anismA) and a concerted pathway (Scheme 6, mechaBism
The stepwise mechanism would involve (i) initial nucleophilic
attack of the Pd(Il) center on PANTS, (ii) loss of Phl to form
a discrete Pd(IV) imido intermediaté){ and (iii) collapse of
this intermediate to afford the insertion product. Alternatively,

of the three elementary step6) cyclopalladation, (ii) oxidative
amination, and finally (iii) protonolysisrequired for Pd-
catalyzed directed oxidative-€H amination reactions.

In conclusion, this report has described a new mild reaction
for the stoichiometric conversion of-€H bonds into amines

the concerted process would proceed by a transition state;s palladacyclic intermediates. This transformation is proposed
involving a three-centered interaction between the Pd(Il) center, 1 proceed via a stepwise mechanism involving & Pimido

the bound carbon, and the “NTs” groulpl (in Scheme 6).
While these two mechanisms are difficult to definitively
distinguish from one another, we currently favor mechamsm

for several reasons. First, the closely related reaction of
Arl=0 with palladacycles has been proposed to proceed via a

stepwise mechanism similar t4.18 In addition, P& —oxo
intermediates analogous kdhave been proposed as intermedi-

(17) Significant quantities of (pylPdCh were also identified byH NMR
in both the crude reaction mixture and partially purified samples (Rajput,
J.; Moss, J. R.; Hutton, A. T.; Hendricks, D. T.; Arendse, C. E.; Imrie, C.
J. Organomet. Chen2004 689, 1553-1568). The origin of its formation
is unclear at this time, but we believe it contributes significantly to the low
yield.

(18) (a) Kamaraj, K.; Bandyopadhyay, @rganometallics1999 18,
438-446. (b) Kamaraj, K.; Bandyopadhyay, D. Am. Chem. S0d.997,
119 8099-8100.

intermediate. Efforts to achieve catalytic-Gl bond formation
via this pathway are ongoing in our laboratories. Notably, while
this work was in progress, Che and co-workers reported a related

(19) (a) Valk, J.-M.; Boersma, J.; van Koten, Grganometallics1996
15, 4366-4372. (b) Alsters, P. L.; Teunissen, H. T.; Boersma, J.; Spek, A.
L.; van Koten, G.Organometallics1993 12, 4691-4696.

(20) (a) Alsters, P. L.; Engel, P. F.; Hogerheide, M. P.; Copijn, M.; Spek,
A. L.; van Koten, G.OrganometallicsL993 12, 1831-1844. (b) Lagunas,
M.; Gossage, R. A.; Spek, A. L.; van Koten, Grganometallics1998 17,
731-741. (c) Fahey, D. RJ. Organomet. Chenl971, 27, 283-292.

(21) For C-ClI bond-forming reductive elimination from Pdsee: (a)
Roy, A. H.; Hartwig, J. FJ. Am. Chem. So001, 123 1232-1233. (b)
Roy, A. H.; Hartwig, J. FJ. Am. Chem. SoQ003 125 13944-13945.

(22) For studies of the electronic requirements ef@ bond-forming
reductive elimination from P4 see: (a) Widenhoefer, R. A.; Buchwald,
S. L.J. Am. Chem. S0d.998 120, 6504-6511. (b) Widenhoefer, R. A,;
Zhong, H. A.
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Table 2. Acid Cleavage To Release the Aminated Ligands was performed on EMD TLC plates pre-coated with 250

N, yoCl HX CN thickness silica ggl_ 60 k&, Preparative TLC was perf_ormed on
CCN/P"\Py “pd ON-H Whatman PK6F silica gel plates (60 A, 5@én layer thickness).
Ts Ts Product 3. Complex1 (150.0 mg, 0.23 mmol, 1 equiv) was
Entry Product Conditions % Conversion® suspended in MeCN (15 mL), and P\ Ts (700.0 mg, 1.9 mmol,
5 4 equiv relative to [Pd]) was added. The resulting mixture was
; ﬁgi@f:f&fc :;: stirred at 25°C for 12 h, during which time the color changed
3 7 Neat CF CO,H 259 15% from bright orange to dark purple. Additional oxidant (173.0 mg,
3w2r, ° . . .
=\ ) o . 0.46 mmol, 1 equiv) was added, and the mixture was stirred for an
4 1 equiv HCI, 25 °C 80% L. . . . X
5 TsHN 5 equiv HCI, 25 °C 100% additional _24 h. The reaction mixture was diluted with £Cih an_d
washed with 0.5 M aqueous NaOH (to remove fre®NHs) until
N, the aqueous layer remained colorless. The organic layer was dried
6 ‘N—Q 10 equiv HCI, 25 °C 100% with MgSQ;, and the solvent was removed under vacuum to afford
NHTs a dark purple solid. The crude product was purified by chroma-
TsHN tography on silica gel (gradient column from 100% toluene to 10%
z | ) o b MeCN in tolueneR; = 0.13 in 10% MeCN in toluene). The product
7 SN 5 equiv HCI, 25 °C 42% was further purified by preparative TLC (with 10% MeCN in
toluene as eluent), which provided comp&¢61.2 mg, 18% yield)
NHTs as a purple solid that was90% pure by'H NMR spectroscopy.
apercent conversion determined Hyt NMR spectroscopy? Isolated Pure material was obtained from a second purification by prepara-
yield. tive TLC (with 10% MeCN in toluene as eluent), in which only

the bottom of the purple band witR = 0.13 was isolated. The
Pd-catalyzed directed oxidative-& amination reaction that  low isolated yields of comple® appear to be due to decomposition
uses KkS,0g as a stoichiometric oxidaftThe further develop- of this product during the basic extraction and during chromato-
ment of this methodology will provide an attractive complement graphic purification on silica getH NMR (CDCl): 6 7.94 (1H,
to existing transformations such as the catalytic amination of dd,J = 8.5, 1.0 Hz), 7.887.85 (3H, multiple peaks), 7.75 (1H,

aryl halides and nitrene insertion into activateei bonds. dd,J = 8.0, 1.5 Hz), 7.68 (2H, d) = 8.5 Hz), 7.64 (1H, dd] =
8.5, 1.5 Hz), 7.48 (1H, ddd, = 8.5, 7.5 Hz, 2.0 Hz), 7.27 (1H, td,

_ _ J=17.5,1.5Hz), 7.23 (2H, d] = 8.0 Hz), 7.21 (1H, ddd] = 8.0,
Experimental Section 7.0, 1.0 Hz), 7.06 (2H, d] = 8.0 Hz), 6.77 (1H, dddJ = 8.0, 7.0,
1.5 Hz), 2.35 (3H, s), 2.27 (3H, $FC NMR (DMSO-dg): 6 150.05,
148.10, 147.78, 141.77, 140.05, 139.85, 134.59, 134.18, 132.96,
129.15, 128.84, 128.50, 128.21, 127.36, 126.18, 126.00, 124.87,
123.01, 122.39, 118.12, 20.84, 20.82. HRMS-electrospmaly):(

Instrumentation. NMR spectra were obtained on a Varian Inova
500 (499.90 MHz foH; 125.70 MHz for!3C) or a Varian Inova
400 (399.96 MHz for'H; 100.57 MHz for'3C) spectrometertH
NMR chemical shifts are reported in parts per million (ppm) relative " .
to TMS, with the residual solvent peak used as an internal reference.g\ﬂ7 —gozl\glga] calcd for GeHzoN4O.SPdNa, 647.0015; found,
Multiplicities are reported as follows: singlet (s), doublet (d), ' ) . . ) .
doublet of doublets (dd), doublet of doublet of doublets (ddd), _ Note: the'H NMR signals associated with the Ts groups shifted
doublet of triplets (dt), triplet of doublets (td), triplet of triplets ~ Significantly, depending on concentration. In addition, #i&MR
(tt), triplet (1), doublet of quartets (dq), quartet (q), multiplet (m), spectra _of3 often cc_)ntalned_ broad smglet_s, with _chem|cal shifts
and broad resonance (br). High-resolution mass spectral data werdhat varied dramatically with concentration, which are due to

obtained on a Micromass AutoSpec Ultima magnetic sector maSScoo.rdinated/associa.lted wgter molecules. See the Supporting Infor-
spectrometer. mation for further discussion.

Materials and Methods. Benzoh]quinoline was purchased from Product 8a. Complex8b (33.1 mg, 0.06 mmol, 1 equiv) was
TCI America or Aldrich and used as received. Azobenzene was dissolved in 5 mL of CHCl; in a 20 mL scintillation vial equipped
purchased from Acros and recrystallized from ethanol prior to use. With a Teflon stirbar. Silver acetate was added, and the mixture
Phi=NTs2 and the OMe- and N@substituted varianté were was stirred for 30 min. AgCl was removed by filtration through
prepared according to literature procedures from commercially Celite, and the Celite pad was washed withCH (3 x 5 mL).
available sulfonamides. Cyclopalladated complexes of azobeRzene, The yellow solution was concentrated, and a solid was precipitated
benzop]quinoline2627 and 8-ethylquinolin® were prepared by with Et,O. The yellow solid was collected on a fritted filter (21.1
directed G-H activation reactions using literature procedures. PdCI Md, 61% yield)."H NMR (CDCk): 6 8.96 (2H, dt,J = 5.1, 1.6
and NaPdCl, were purchased from Pressure Chemical and used Hz), 8.68 (1H, ddJ = 5.5, 1.6 Hz), 8.04 (1H, dd] = 8.0, 1.5
as received. Solvents were purchased from Fisher Scientific andHz), 7.88-7.72 (5H, multiple peaks), 7.477.41 (3H, multiple
used without further purification. All reactions were carried out Peaks), 7.31 (1H, ddl = 7.9, 5.5 Hz), 7.14 (2H, d] = 8.1 Hz),
under an ambient atmosphere. Flash chromatography was performe®-48 (2H, d,J = 7.9 Hz), 1.99 (3H, s), 1.79 (3H, s)*C NMR
on Silicycle Silica P flash silica gel (4663 um particle size, 60 A (CDCk): 0 177.54,151.78, 151.30, 141.92, 140.44, 139.57, 139.13,

pore diameter, Soﬁ‘gsurface area)’ and thin |ayer Chromatography 13849, 13796, 13597, 13028, 13006, 12911, 12779, 12739,
126.71, 126.36, 125.61, 124.91, 124.02, 121.69, 23.86, 21.06.

(23) Yamada, Y.; Yamamoto, T.; Okawara, Ghem. Lett1975 361 HRMS-electrosprayr/2: calcd for [GrH2sN304PdS — CsHsN
62 + Na'], 534.9920; found, 534.9928.

(24) Salergren, M. J.; Alonso, D. A.; Bedekar, A. V.; Andersson, P. G. Products 8b. 10a. and 10b (General ProcedureComplex5
Tetrahedron Lett1997 38, 6897-6900. ’ ’ ( Lomp

3

(25) Cope, A. C.; Siekman, R. W. Am. Chem. Sod 965 87, 3272 (51.2 mg, 0.08 mmol, 1 equiv) was suspended in MeCN or THF
3273. (8 mL) in a 20 mL scintillation vial equipped with a Teflon stirbar.

(26) Nonoyama, M.; Suzuki, K.; Yamasaki, Rroc. Jpn. Acad1969 Pyridine (50uL, 0.66 mmol, 8 equiv) was added to convérto
45’(5%552%?6 3. Gutierrez, M. Al Organomet. Chen1983 246 95 the corresponding monom@rand the reaction mixture was stirred
104, T P ML AL ' until all of the solids dissolved. The iminoiodinane reagent (0.21

(28) Holcomb, H. L.; Nakanishi, S.; Flood, T. OrganometallicsL996 mmol, 2.6 equiv, 1.3 equiv per [Pd]) was added, and the reaction

15, 4228-4234. mixture was stirred at 25C for between 4 and 18 h. The solvent
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was removed under vacuum, and the product was purified by
recrystallization. The reaction times and purification conditions
varied between substrates and are reported in detail below.

Product 8b. Procedure 1 (in MeCN).Reaction time: 4 h. The
product was recrystallized twice from GEl,/Et,O. Each crop of
crystals was collected on a fritted filter and washed with ether (3
x 25 mL). ProductBb was obtained as a pale yellow solid (48.2
mg, 42% vyield).

Procedure 2 (in THF). Reaction time: overnight. The product
was recrystallized from C}€l,/hexanes, collected on a fritted filter,

Dick et al.

and the Celite pad was washed with MeCN (80 mL).=PKT's

(515 mg, 1.4 mmol, 1.3 equiv) was added, and the resulting
suspension was stirredrf8 h at 25°C. The reaction mixture was
filtered through Celite, and LiCl (90 mg, 2.1 mmol, 1.7 equiv) was
added to the resulting orange solution. The reaction mixture was
stirred for 30 min, and then the solvent was removed under vacuum.
The crude oil was dissolved in GBI, (50 mL), and the organic
layer was washed with # (3 x 100 mL) and brine (1x 100

mL). The organic layer was dried with MgQQfiltered, and
concentrated under vacuum. The product was recrystallized twice

and washed with a 60/40 mixture of hexanes and isopropyl alcohol from CH,CI,/Et,O, and each crop was collected on a fritted filter

(3 x 20 mL). ProducBb was obtained as a pale yellow solid (70.9
mg, 78% yield).*H NMR (CDCly): ¢ 9.16 (1H, dd,J = 5.5, 1.6
Hz), 9.00 (2H, dtJ = 5.1, 1.6 Hz), 8.05 (1H, ddl = 8.0, 1.6 Hz),
7.88-7.73 (5H, multiple peaks), 7.477.42 (3H, multiple peaks),
7.33 (1H, ddJ = 7.9, 5.5 Hz), 7.05 (2H, di] = 8.5, 2.0 Hz), 6.48
(2H, dd,J = 8.4, 0.4 Hz), 1.99 (3H, s)}3C NMR (CDCk): o

and washed with BD (3 x 50 mL). The resulting mixture contained
complex12 and a second Pdspecies [(pyyPdCh] in a 1:1.5 ratio

by IH NMR spectroscopy (calculated yield: 93 mg (16%)).
Removal of pyPdCh was accomplished by two additional recrys-
tallizations from THF/EO. The isolated yield of pur&2 was very
low (~4%) as a result of these multiple recrystallizations; however,

154.24, 152.59, 141.96, 140.61, 139.33, 138.93, 138.58, 138.16,the crude yield of this reaction was determined 1y NMR
136.01, 130.39, 129.86, 128.39, 127.86, 127.64, 126.68, 126.22,spectroscopy to be 19%H NMR (CDCl): ¢ 9.61 (1H, ddJ =

125.60, 125.04, 124.15, 121.96, 21.08. Anal. Calcd fesHgy-
CINsO,PdS: C, 52.83; H, 3.55; N, 7.39. Found: C, 52.56; H, 3.26;
N, 7.10.

Product 10a.Reaction time: overnight. Note: 4 equiv of oxidant

5.4, 1.6 Hz), 9.16 (2H, dt] = 4.9, 1.5 Hz), 8.02 (1H, dd] = 8.2,
1.6 Hz), 7.82 (1H, ttJ = 7.8, 1.6 Hz), 7.63 (1H, dd] = 7.2, 1.4
Hz), 7.54 (1H, ddJ = 8.1, 1.5 Hz), 7.46 (1H, ddJ = 7.2, 0.8
Hz), 7.42 (2H, ddd, 7.7, 5.1, 1.4 Hz), 7.28 (2H, dt= 8.7, 2.2

per [Pd] was used. The product was recrystallized three times from Hz), 7.23 (1H, ddJ = 8.1, 5.4 Hz), 6.36 (2H, d] = 8.1 Hz), 4.39

CH,CI/Et;0O. Notably, the first addition of EO to a CHCI,
solution ofl0aresulted in the precipitation of an unidentified black
solid. The yellow solution was decanted away from this solid, and
further addition of ether led to crystallization of the desired product
10a None of this black solid was observed in subsequent
recrystallizations. Each crop of crystals was collected on a fritted
filter and washed with ether (8 25 mL). ProductLOawas obtained

as a light yellow solid (51.4 mg, 55% yield NMR (CDCL): ¢
9.21 (1H, ddJ=5.5, 1.6 Hz), 9.00 (2H, dtj = 5.2, 1.6 Hz), 8.08
(1H, dd,J = 7.9, 1.5 Hz), 7.887.72 (5H, multiple peaks), 7.47
7.43 (3H, multiple peaks), 7.35 (1H, dd,= 7.9, 5.5 Hz), 7.09
(2H, dt,J = 8.9, 2.9 Hz), 6.17 (2H, di = 8.9, 2.9 Hz), 3.56 (3H,
s).13C NMR (CDCk): ¢ 160.89, 154.25, 152.57, 141.97, 138.97,

(1H, q,J = 7.2 Hz), 2.42 (3H, dJ = 7.1 Hz), 1.96 (3H, s)}C
NMR (CDCly): 6 157.2, 153.2 140.6, 140.2, 140.0, 139.9, 139.3,
138.4,132.1,129.7,128.2, 127.2, 127.0, 126.3, 125.0, 120.6, 56.0,
28.8, 21.0. HRMS-electrosprayn(?: calcd for [GaH22CIN3O,-
PdS— CsHsN + Nat], 488.9632; found, 488.9636.

Determination of H NMR Yields for the Reactions of “NTs”
Insertion Products with Acid. A 20 mL scintillation vial equipped
with a Teflon stirbar was charged with the Pd complex (0.04 mmol).
A mixture of MeCN (8 mL) and an appropriate amount of HCI
(added a 1 M HCI in ether) was added, and the reaction mixture
was stirred for 24 h. The resulting mixture was diluted witfOH
(3 mL), and the organic products were extracted into EtOA& (3
5 mL). The organic layers were combined, dried with MgSO

138.58, 138.41, 136.00, 134.30, 130.41, 129.88, 128.41, 128.07 filtered, and evaporated to dryness. The resulting oils were analyzed

127.67, 126.77, 125.60, 125.03, 124.25, 122.09, 112.44, 55.37.

Anal. Calcd for GsH,oCINsOsPdS: C, 51.38; H, 3.45; N, 7.19.
Found: C, 51.54; H, 3.46; N, 7.08.

Product 10b. Reaction time: 8 h. The product was recrystallized
twice from CHCI,/Et,O. Each crop of crystals was collected on a
fritted filter and washed with ether (8 25 mL). ProductlOb was
obtained as a bright yellow solid (72.6 mg, 76% yiefj. NMR
(CDCl): 6 9.20 (1H, ddJ = 5.4, 1.6 Hz), 8.96 (2H, dij = 4.9,
1.4 Hz), 8.07 (1H, ddJ = 8.0, 1.5 Hz), 7.937.79 (5H, multiple
peaks), 7.537.44 (5H, multiple peaks), 7.39 (1H, d#l= 8.0, 5.7
Hz), 7.32 (2H, dtJ = 8.7, 2.3 Hz) 13C NMR (CDCk): ¢ 154.15,

by 'H NMR spectroscopy in order to determine the percent
conversion. Notably, the reactions with AcOH and TFA were
carried out using the acid as the solvent.
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122.50, 122.35. Note: only 19 (rather than the expected 20) carbonjggraphic data for compleS.
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Product 12. Complex11 (400 mg, 1.1 mmol, 1 equiv) was
dissolved in MeCN (80 mL) in a 100 mL round-bottom flask
equipped with a Teflon stirbar. AgOTf (545 mg, 2.1 mmol, 2 equiv)
was added, and the reaction mixture was stirred for 30 min. The
resulting suspension was filtered through Celite to remove AgCl,
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