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ABSTRACT

A new approach to the synthesis of substituted 5-membered cyclic guanidines is described. Palladium-catalyzed alkene carboamination reactions
between acyclic N-allyl guanidines and aryl or alkenyl halides provide these products in good yield. This method allows access to a number of
different cyclic guanidine derivatives in only two steps from readily available allylic amines.

The synthesis of cyclic guanidine derivatives has attracted
considerable interest due to the significance and utility
of these compounds. Five-membered cyclic guanidine sub-
units are displayed in a number of natural products such
as the araiosamines (e.g., araiosamine A, 1)1 and the
plumbagine alkaloids.2,3 These structures are also featured
in a number of synthetic molecules with highly interesting
biological activities. For example, simple monocyclic gua-
nidine derivatives of general structure 2 have demonstrated
potent antimicrobial activity against drug-resistant Gram-
positive bacteria including MRSA (methicillin-resistant
Staphylococcus aureus).4 Moreover, cyclic guanidines have
also been employedas synthetically useful organocatalysts.5

Classicalmethods for the constructionof cyclic guanidines
typically involve intramolecular nucleophilic substitution6

or reactions of 1,2-diamines with phosgene imines or their
equivalents.7 While useful, these strategies typically require
fairly complex substrates that are prepared with multistep
sequences.
In recent years, several interestingmetal-catalyzed trans-

formations have been employed for the construction of
cyclic guanidine derivatives from simple precursors. These
strategies include alkene diamination reactions,8,9 C�H
functionalization reactions,10 hydroaminations,11 oxidative
aminations,12 ring expansions via carbodiimide insertions,13
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andallylic alkylations.14Although these reactions arehighly
efficient andpowerfulmethods, noneof themeffect carbon�
carbon bond formation during the ring-closing event.
Over the past 10 years, we have developed a series of

Pd-catalyzed alkene carboamination reactions that afford
a broad range of nitrogen heterocycles. These reactions
involve the cross-coupling of an aryl/alkenyl halide and an
alkene bearing a pendant nitrogen nucleophile to generate
a heterocyclic product with formation of both a C�N and
a C�C bond.15 We felt the extension of this methodology
to the construction of cyclic guanidines could have con-
siderable potential utility, as substrates could be generated
in one step from guanylation of readily available allylic
amines.16Moreover, the cyclizations should allow for facile
generation of numerous analogues from a single substrate,
as many aryl and alkenyl halides can be obtained from
commercial sources. However, we felt that this transfor-
mation could be challenging to develop since highly basic
guanidines are good ligands, and could potentially disrupt
key steps in the catalytic cycle by binding to the metal at
undesired stages.17 Moreover, the high nucleophilicity of
the guanidine unit could also lead to competing N-aryla-
tion side reactions.18

With these concerns in mind, we initially elected to
examine the Pd-catalyzed carboamination of Boc-pro-
tected guanidine substrate 3, as the Boc-protecting groups
should attenuate the basicity of the nucleophile. As shown
in Table 1, the coupling of 3with either 4-bromotoluene or
2-bromonaphthalene was examined using conditions that
provided good results in analogous Pd-catalyzed carboa-
minations of N-allylurea derivatives.19,20 We were pleased
to find that use of a catalyst composed of Pd2(dba)3 and
Xantphos did afford the desired products 5 and 6 (entries
1�2). However, the yields for these reactions were highly
variable (not reproducible), and control experiments re-
vealed that both the Boc-protected guanidine starting
material and the products decompose under the reaction
conditions. To address this issue, we replaced the substrate

Boc-groups with PMP (p-methoxyphenyl) groups and
were gratified to discover that this substrate (4) was
transformed to 7 or 8 in good, and reproducible, yields.21

Further examination of reaction conditions indicated that
use of the ligandNixantphos provided improved results as
compared to those obtained with Xantphos, whereas a
range of other ligands gave lower yields.

In order to explore the scope of guanidine-forming alkene
carboamination reactions, substrate 4 was coupled with a
variety of different aryl iodides and bromides. As shown in
Table2, satisfactory resultswereobtainedusingelectron-rich,
electron-neutral, andelectron-poorarylhalides (entries1�7).
In addition, the presence of an o-methyl group on the aryl
bromidewas also tolerated (entry 8). Themain side products
formed in these reactions resulted from competing deallyla-
tion of the guanidine substrate, although occasionally
side products derived from oxidation of the product to the
corresponding 2-aminoimidazole were observed.
In addition to the simpleN-allylguanidine substrate 4, we

also examined transformations of substrates bearing addi-
tional substituents. Substrate 9, which contains a methyl
group on the internal alkene carbon atom, was effectively
coupled with aryl bromides using our standard conditions
(entries 9 and 10). The use of the heteroaromatic aryl halide
2-bromothiophene as the electrophile in a reaction with 9

provided 20 in good yield (entry 11). Coupling of 9with an
alkenyl bromide (Z-1-bromobutene) to afford 21 was also

Table 1. Preliminary Experiments and Optimizationa

entry substrate R1 ligand product yieldb (%)

1 3 2-naphthyl Xantphos 5 (20�66)

2 3 4-tolyl Xantphos 6 (26)

3 3 2-naphthyl Nixantphos 5 33 (41)

4 3 4-tolyl Nixantphos 6 26 (53)

5 3 2-naphthyl Dpe-phos 0

6 3 4-tolyl Dpe-phos 0

7 4 2-naphthyl Xantphos 7 (74)

8 4 4-tolyl Xantphos 8 (65)

9 4 2-naphthyl Nixantphos 7 57 (81)

10 4 4-tolyl Nixantphos 8 73 (77)

aConditions: 1.0 equiv of guanidine substrate, 1.5 equiv of R1�X,
2.4 equiv ofNaOtBu, 2mol%Pd2(dba)3, 8mol% ligand, toluene (0.1M),
107 �C. Reactions of 4 were quenched with an excess of aqueous HCl
(1 M) to ensure complete protonation of the guanidine. b Isolated yields.
Numbers in parentheses are NMR yields based on phenanthrene as an
internal standard.
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achieved. However, use of a large excess of the alkenyl
bromide (4 equiv) was required due to a competing homo-
coupling side reaction of the electrophile (entry 12). The Pd-
catalyzed reaction between E-alkene substrate 10a and
4-bromotoluene afforded only a modest 21% yield of the
desired product 22a (albeit with >20:1 dr), and efforts to
convert related E-alkene substrate 10b provided a complex

mixture of products.22 In contrast, conversion of 2-vinyl-
pyrrolidine-derived guanidine 11 to bicyclic product 23

proceeded in good yield, but with low diastereoselectivity.
Efforts to transform substrates bearing cyclic alkenes have
thus far been unsuccessful.23

The mechanism of these reactions is likely analogous to
that of other Pd-catalyzed alkene carboamination reac-
tions.15,19 As shown in Scheme 1, oxidative addition of the

Table 2. Pd-Catalyzed Carboamination of N-Allylguanidinesa

aConditions: 1.0 equiv of guanidine substrate, 1.5 equiv of R1�X, 2.4 equiv of NaOtBu, 2 mol % Pd2(dba)3, 8 mol % Nixantphos, toluene (0.1 M),
107 �C. Reactions were quenched with an excess of aqueous HCl (1 M) to ensure complete protonation of the guanidine. b Isolated yields (average of two
experiments). Diastereomeric ratios (dr) were determined by 1H NMR analysis of the isolated products; diastereomeric ratios did not change significantly
during purifcation. cThis product contained ca. 8%of a side product tentatively assigned as the analogous 2-aminoimidazole. dThis reactionwas conducted
using 4.0 equiv of the alkenyl bromide and 4.5 equiv of NaOtBu. eSubstrate 10b was employed as a 7:1 mixture of E:Z alkene isomers.

(22) The relative stereochemistry of product 22a has been tentatively
assigned based on analogy to a closely related urea coupled with the
likelihood that these transformations proceed through an alkene syn-
aminopalladation mechanism analogous to that of other heterocycle-
forming Pd-catalyzed alkene carboamination reactions.

(23) Substrates bearing a stereocenter at the allylic position were not
examined as attempts to prepare these compounds by guanylation
reactions of the corresponding allylic amines failed to afford useful
quantities of material.
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aryl (or alkenyl) halide to Pd(0) would generate LnPd(Ar)-
Br complex 24, which could react with the substrate in the
presence of base to afford amido complex 25.18 Migratory
insertion of the alkene into the Pd�N bond affords 26,24

which then undergoes reductive elimination to provide the
cyclic guanidine products.

In order to further explore the potential synthetic utility
of these reactions we have conducted preliminary studies
on the deprotection of the cyclic guanidine products.
Our initial experiments are shown in eq 1 and indicate
that removal of one of the two PMP groups is feasible
(although yields are modest). However, we have not yet
successfully removed the secondPMPgroup. Initial efforts
to circumvent this problem via use of unprotected guani-
dine substrate 28 led to the formation of a complexmixture
of undesired products; no cyclic guanidine was obtained.

Given our past successwith enantioselective Pd-catalyzed
carboamination reactions of related urea substrates, we
have also conducted preliminary studies on the use of chiral
catalysts for transformations of 9. As shown in Table 3, the
monodentate phosphoramidite ligands (S)- and (R)-Siphos-
PE, which provided good results in related asymmetric
carboamination reactions of N-allylureas25a and N-(pent-
4-enyl)carbamates,25b failed to afford significant amounts
of the desired product. A preliminary survey of other
chiral ligands indicated that the chelating bis-phosphines
(S)-Phanephos and (S)-BINAPafforded the desired product

in good yield, but with modest enantioselectivity. These
studies illustrate the potential feasibility of asymmetric
carboamination reactions of N-allylguanidines, but further
studieswill be needed to develop an efficient catalyst system.

In conclusion, we have developed a concise approach to
the synthesis of substituted 5-membered cyclic guanidines
via Pd-catalyzed alkene carboamination reactions. These
reactions allow for the preparation of a number of different
derivatives in only two steps from readily available allylic
amines and are the first examples of Pd-catalyzed alkene
carboamination reactionsof guanidinenucleophiles.Further
studies on expanding the scope and developing enantioselec-
tive variants of these reactions are underway.
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Scheme 1. MechanismofGuanidineCarboaminationReactions

Table 3. Preliminary Studies on Asymmetric Catalysisa

aConditions: 1.0 equiv of 9, 1.5 equiv of 4-bromotoluene, 2.4 equiv
ofNaOtBu, 2mol%Pd2(dba)3, 8mol% ligand (for chelating ligands) or
16 mol % ligand (for monodentate ligands), toluene (0.1 M), 107 �C.
Reactions were quenchedwith an excess of aqueousHCl (1M) to ensure
complete protonation of the guanidine. b Isolated yields. cEnantiomeric
ratios were determined by cleavage of one PMP group from the product
followed by conversion to the Mosher amide and analysis by 1H NMR.

(24) (a) Neukom, J. D.; Perch, N. S.; Wolfe, J. P. J. Am. Chem. Soc.
2010, 132, 6276–6277. (b) Hanley, P. S.; Markovic, D.; Hartwig, J. F.
J. Am. Chem. Soc. 2010, 132, 6302–6303.

(25) (a) Hopkins, B. A.; Wolfe, J. P.Angew. Chem., Int. Ed. 2012, 51,
9886–9890. (b) Mai, D. N.; Wolfe, J. P. J. Am. Chem. Soc. 2010, 132,
12157–12159. The authors declare no competing financial interest.


