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ABSTRACT:    We report the synthesis of a 2-phosphinoimidazole-derived bimetallic Rh(I) complex containing a bridging CO 
ligand that facilitates Rh–Rh bond formation. This bimetallic complex enables intramolecular allene hydroamination to form seven 
to ten-member rings in high yield. Monometallic Rh complexes, in contrast, fail to achieve any product formation. We demonstrate 
a broad substrate scope for formation of various N-heterocycles in good to excellent yields.  Macrocyclization reactions that form 
eleven to fifteen-membered N-heterocycles are also demonstrated. Mechanistic studies show that the reaction likely proceeds via 
catalyst protonation by trifluoroacetic acid, followed by reversible allene insertion into the Rh-H bond and C–N bond-forming re-
ductive elimination. We hypothesize that the difference in product selectivity observed with our catalyst vs monometallic Rh com-
plexes is dependent on the bimetallic nature of our complex.

Nitrogen-containing heterocycles are among the most preva-
lent structural features in bioactive compounds and pharmaceu-
ticals, and transition metal-catalyzed C–N bond forming reac-
tions represent one of the most efficient and attractive methods 
for their synthesis.1 Aminations of metal-ally intermediates (al-
lylic aminations),2 oxidative aminations of alkenes,3 C–H ami-
nations,4 and alkene or allene hydroaminations5 represent some 
of the most widely used methods for metal-catalyzed nitrogen 
heterocycle synthesis. In general, metal-catalyzed cyclization 
reactions that proceed via C–N bond formation are highly effi-
cient for 5- and 6-member ring formation, but examples of me-
dium ring formation (7–11 member rings) through these same 
mechanisms are quite rare.6 This difficulty of medium-sized 
ring formation arises because cyclization is inhibited by 
transannular interactions and bond/torsional strains. This cre-
ates a unique challenge in synthesis because many important 
pharmaceuticals and bioactive natural products contain me-
dium-sized ring nitrogen heterocycles. Figure 1a shows several 
important examples of bioactive heterocycles in this class. With 
current technologies, access to medium-sized rings often in-
volves multistep processes and/or ring expansion mecha-
nisms6c. 

The hydroamination of allenes is an attractive method for ni-
trogen heterocycle formation as the allene functional group is 
readily accessible from alkynes and reacts more rapidly than the 
corresponding alkene substrates.7 The product of such allene 
hydroaminations also contains a pendant alkene that is useful 
for further synthetic manipulations. While Ag, Au, Rh, and Pd 
are among the most effective catalysts for allene hydroamina-
tions,7,8 the vast majority of methods only report the formation 
of 5-, and 6-member rings. In a rare example of medium ring 
formation via allene hydroamination, Hashmi and coworkers 
recently reported an Au-catalyzed hydroamination for 7-mem-
ber ring formation with benzo-fused aniline substrates (Figure 

1b).9 Buchwald also reported an alkene hydroamination under 
copper catalysis that can generate 7–9-member ring heterocy-
cles from hydroxylamine derivatives (Figure 1c).10 

 

Figure 1. Important medium-sized ring heterocycles and methods 
for their preparation. 
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Our laboratory is particularly interested in the unique and ex-
panded reactivity that can be accessed via catalysis with hetero-  
and homobimetallic transition metal complexes. The enhanced 
bimetallic reactivity possible with these catalysts can result 
from reactions at metal–metal bonds, sharing electron density 
through a metal–metal bond, activation of substrates across 
both metals, or accessing uncommon metal oxidation states in 
catalysis.11  Here we report the synthesis of a bimetallic Rh(I) 
complex scaffolded on 2-phosphinoimidazole ligands (Figure 
1c). The formation of this rare example of a bimetallic Rh(I) 
complex containing a metal–metal bond is facilitated by a 
bridging CO ligand. Our new complex is also catalytically ac-
tive in intramolecular allene hydroamination reactions and 
uniquely enables the formation of medium-sized rings (7–11 
member rings) and macrocyclic rings (12-15 member rings). 
Importantly, monometallic Rh catalysts fail to achieve cycliza-
tion and heterocycle formation for medium sized rings. Our bi-
metallic rhodium complex enables efficient hydroaminations 
with a variety of amine nucleophiles and for formation of nu-
merous heterocyclic core structures. Mechanistic studies also 
confirm the role of the rhodium catalyst in product formation. 

 

Figure 2. a) Synthesis of mono and bimetallic Rh phosphinoimid-
azole complexes. b) X-ray crystal structures of 1 and 2. c) Selected 
Kohn−Sham orbitals (BP86/6-311G(d,p)) for the computationally 
optimized structure of 3 (P-aryl and N-aryl substituents of 3 were 
removed for clarity). d) Reactivity of monometallic and bimetallic 
Rh complexes with allene substrates. 

We recently reported the synthesis of 2-phosphinoimidazole-
derived bimetallic Pd(I) and Pd(II) complexes and their excep-
tional reactivity in a tandem ketone alpha-arylation annulation 
reactions for naphthalene synthesis.12 In an attempt to expand 
the applications of these ligands to bimetallic catalysis, we at-
tempted the synthesis of the corresponding Rh complexes. 
When 2-phosphinoimidazole ligand 1 was reacted with 
[Rh(cod)Cl]2, monometallic complex 2 was formed (Figure 2a). 
The crystal structure of 2 shows only phosphine binding, which 
suggests that coordination of both the P and the N of the 2-phos-
phinoimidazole is unfavorable due to a non-ideal bite angle 
(Figure 2b). When the reaction of 1 with [Rh(cod)Cl]2 was run 
in methanol, however, a trace amount of bimetallic complex 3 
was observed, presumably via methanol oxidation. When the 
same reaction was performed in DCE solvent and under an at-
mosphere of CO, bimetallic complex 3 could be isolated in ex-
cellent yield (85% yield). No bimetallic complex is observed in 
the absence of a CO ligand under the same conditions. 

The X-ray crystal structure of 3 shows the presence of a 
bridging CO ligand, which we believe necessary for formation 
of the bimetallic complex. We believe that coordination of a 
bridging CO ligand allows the two rhodium centers to achieve 
a suitable distance on the ligand framework to form a stable 
complex. The Rh-Rh bond distance for complex 3 is 2.6227 Å, 
and the formal shortness ration (FSR) of the Rh-Rh bond is 
1.05.13 These data suggest that the metals are in close enough 
proximity to form a Rh-Rh bond, wherein the CO ligand would 
serve as a “ketone-like” ligand and not form a 2-electron, 3-
center bond.14 This would suggest that the CO ligand facilitates 
formation of high-spin Rh centers, which enables M–M bond  
Table 1. Optimization of hydroamination reaction. 

 

entrya mol% 
cat. temp. mol% acid yieldb 

1 5 80 ºC 0 0% 
2 5 80 ºC 15 16% 
3 5 80 ºC 30 61% 
4 5 80 ºC 45 90% 
5 5 50 ºC 45 62% 
6 5 23 ºC 45 24% 
7c 5 80 ºC 45 83% 
8 2.5 80 ºC 45 57% 
9 1 80 ºC 45 15% 
10 5 80 ºC 45 (TfOH) 0% 

11 5 80 ºC 45 
(TsOH) 0% 

12 5 80 ºC 45 
(AcOH) 0% 

13 0 80 ºC 45 0% 

a Reaction run on a 0.2 mmol scale of 4 with 5 mol% Rh dimer 3 
and 45% TFA in dichloroethane (DCE, 0.2 M) at 80 ºC for 18 h 
unless otherwise noted. b Conversions determined by 1H NMR 
analysis of the crude reaction mixture by comparing product peaks 
with remaining starting material. c Reaction run in toluene.  
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Figure 3. Substrate scope for 7–10-member ring formation via allene hydroamination catalysis. Conditions:  

formation by creating unpaired electrons at each metal. DFT 
computed Kohn-Sham orbitals also support the formation of a 
metal-metal bond (Figure 2c). The HOMO-3 and HOMO-4 or-
bitals of 3 show shared electron density between the two metals, 
supporting our hypothesis that complex 3 contains a metal–
metal bonding interaction. 

Our new bimetallic Rh complex is a rare example of a homo-
bimetallic Rh(I) complex containing a metal–metal bond. Cata-
lytic applications of dirhodium complexes have centered 
around the use of Rh(II) tetracarboxylates and carboxami-
dates.15 Examples of catalysis with intact bimetallic Rh(I) com-
plexes where the two metals form a bond are very rare.16 Thus, 
we sought to investigate the potential of this complex to enable 
reactivity not accessible with monometallic catalysts. Rh(I) cat-
alysts traditionally have high reactivity in allene hydroamina-
tion reactions, and we found that complex 3 enables rapid hy-
droaminations of allenes to form 5- and 6-membered rings (see 
Figure 3). Since our catalyst displays an expanded coordination 
sphere that includes two rhodium centers, we wondered 
whether catalyst 3 could enable medium ring formation by al-
tering the geometry of the C–N bond forming event. When sub-
strate 4 was subjected to hydroamination with complex 3, the 
corresponding seven-member ring was isolated in excellent 
yield (Figure 2d). Rhodium-catalyzed hydroaminations of this 
class of linear allenes for medium-sized ring formation have not 
been previously reported. Importantly, when we used either 
monometallic complex 2 or dppf + [Rh(cod)Cl]2, only the isom-
erized diene product 6 was observed, and no heterocycle for-
mation occurred. This diene product is presumably formed via 
b-hydride elimination from a metal allyl intermediate instead of 
C–N bond forming reductive elimination that occurs with 3. 

Being intrigued by the unique ability of 3 to enable 7-member 
ring formation, we next set out verify the importance of the re-
action conditions to catalysis (Table 1). We found that trifluoro-
acetic acid (TFA) was essential for the reaction and that higher 
loadings of acid led to faster catalysis (Entries 1–4). We also 
found that higher temperatures were required for good conver-
sion (entries 4–6), and that the reaction could also be run in tol-
uene (entry 7). Lower catalyst loadings also led to lower con-
versions (entries 7–9). When either stronger acid (triflic acid 
(TfOH) or p-toluenesulfonic acid (TsOH), entries 10–11) or 
weaker acid (acetic acid (AcOH), entry 12) were employed, 
lower yields were obtained. No product formation was observed 
in the absence of the rhodium catalyst (entry 13). 

With optimized conditions, we next investigated the types of 
heterocycles and ring sizes that could be accessed with our new 
catalyst (Figure 3). Both five (7) and six-membered rings (8) 
are efficiently formed with our catalyst. For seven-membered 
rings, substrates containing various groups on the nitrogen nu-
cleophile reacted in good yield, including various substituted 
sulfonamides (5a–5d), acetamides (5e), carbamates (5f, 5g), 
and anilines (5h). N-alkylamines (5i), however, failed to give 
any product formation, presumably due to reaction of the amine 
with the strong acid in the mixture. We also found that sterically 
hindered 3,3-disubstituted allenes failed in the reaction (5j) un-
der our standard conditions. Similar to work by Hashmi, we 
found that various arene-bridged substates containing 1,1-di-
substituted allenes also reacted in high yield to give the 7-mem-
ber ring products (5k–5s).9 Unlike previous studies, our catalyst 
efficiently cyclizes amine substrates that contain monosubsti-
tuted allenes (5k, 5l) and electron-withdrawing sulfonyl groups 
on the aniline derivative (5k, 5m, 5o, 5q, 5s). With 1,3-
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disubstituted allenes, we isolated the product as a 1:1 mixture 
of alkene isomers (5s). A variety of other 7-membered hetero-
cycles can also be formed via our method, including ether-con-
taining lactams (5t, 5u) and cyclic carbamates (5v–5z). Sub-
strates with heteroatoms at the allylic position failed to give any 
reaction with our catalyst (5aa, 5ab), likely due to deactivation 
of the allene by the proximal electron withdrawing group. We 
also found that our reaction is easily scalable; when the reaction 
was conducted on gram scale (3.6 mmol), 92% yield of product 
5a was obtained. 

We next sought to investigate the different sizes of medium-
sized rings that could be formed via our cyclization reaction 
(Figure 3). For 8-member ring formation, aliphatic N-sulfonyl 
heterocycles (9a), arene-bridged substrates (9b), and carba-
mates (9c, 9d) all reacted in good to excellent yield. As with 7-
member ring formation, no cyclized product is observed when 
a monometallic Rh catalyst (dppf + [RhcodCl]2) is employed in 
the reaction with 9a. Both 9-member and 10-member substrates 
also cyclize with our catalyst to provide the products in good 
yield. For example, sulfonamide (10a, 11a), N-tosly amide 
(11b), aniline derivatives (10c), and carbamates (10c, 11c), all 
reacted in high yield to give the corresponding cyclized nine 
and ten-membered products. 

We also wanted to see if we could expand the ring-forming 
hydroamination to include larger heterocycles via macrocy-
clization (Figure 4). With our catalyst bimetallic 3, large ring 
heterocycles from 11-member to 15-member rings (12a–12e) 
were readily formed in high yield. In contrast to reports by 
Hashmi for 7-member ring formation,9 we did not observe de-
tectable amounts of dimer or oligomer products in any of our 
cyclization reactions. These results represent a rare example of 
macrocyclization via a hydroamination mechanism and high-
light the synthetic utility of our bimetallic catalyst.10,17  

 
Figure 4. Macrocyclization via hydroamination with 3. 
 To investigate the mechanism of the hydroamination with 

our bimetallic Rh catalyst, we first performed the reaction with 
deuterated substrate 4a-D with deutero-TFA (Figure 5a). Con-
sistent with previous studies by Breit,8d we found deuterium in-
corporation at all carbons of the allene. This suggests that the 
mechanism likely proceeds via initial oxidative addition of the 
Rh to trifluoroacetic acid to generate a Rh hydride. This hydride 
then undergoes reversible insertion into the alkene to generate 
a metal allyl intermediate, followed by a final product-forming 
reductive elimination via C–N bond formation. Interestingly, 
we observed a small amount of diene 6 in the crude reaction 
mixture with catalyst 3 and substrate 5a. This led us to wonder 
whether diene 6 could be converted to the heterocycle product 
via hydroamination of the diene and formation of a Rh-allyl in-
termediate. A significant amount of deuterium incorporation at 
the position beta to the nitrogen in the heterocycle product 
(13%) suggests that reversible formation of the diene does 

happen in the reaction prior to C–N bond-forming reductive 
elimination (see Figure 5a). This result confirms that while 
diene 6 is formed in the presence of our bimetallic catalyst, it 
can be converted to the desired heterocyclic product.  

A proposed catalytic cycle based on these observations is 
shown in Figure 5b. Initial oxidative addition of bimetallic com-
plex 3 into the O–H bond of TFA can generate either A or B, 
depending on whether oxidative addition occurs across one or 
both metals. Subsequent reversible Rh-hydride insertion into 
the allene and coordination of the amine nucleophile with loss 
of TFA then provides intermediate C. Intermediate C could 
have the nitrogen nucleophile bound to either of the two rho-
dium centers prior to reductive elimination. While C could un-
dergo beta-hydride elimination to form diene intermediate D, 
our studies suggest that this process is reversible. Reductive 
elimination and C–N bond formation gives intermediate E, and 
loss of product then provides the cyclized product and regener-
ates 3.  

 
Figure 5. Mechanistic studies and proposed mechanism. 
 
We hypothesize that the bimetallic structure of 3 may be the 

key factor in enabling cyclization and heterocycle formation 
when monometallic catalysts fail. This could result from elec-
tronic communication between the two metal centers that low-
ers the barrier for reductive elimination and accelerates hetero-
cycle formation.11 Alternatively, coordination of the two react-
ing partners, the metal allyl and the nitrogen nucleophile, to the 
two metal centers could bring the partners into close proximity 
and facilitate ring formation. The expanded size of a cyclic in-
termediate containing two rhodium atoms could also help alle-
viate transannular strain interactions that inhibit medium-sized 
ring formation. Current DFT studies in our laboratory are ex-
ploring these and other possible mechanisms to understand how 
the bimetallic complex changes reactivity in this system.12a, 18 
These results will be communicated in due time.  

In conclusion, we have discovered a bimetallic dirhodium(I) 
complex that is catalytically active in allene hydroamination re-
actions. Our catalyst is uniquely able to cyclize medium-sized 
ring substrates where monometallic Rh catalysts failed, provid-
ing easy synthetic access to a variety of 8–10-membered ring 
heterocycles. Our bimetallic catalyst also enables macrocy-
clization reactions to efficiently form 11–15-member ring 
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heterocycles. Mechanistic experiments confirm the importance 
of the bimetallic catalyst and acid in catalysis, suggesting a 
metal-hydride insertion mechanism that is followed by C–N 
bond forming reductive elimination. Our ongoing mechanistic 
studies are focused on understanding how the bimetallic nature 
of the catalyst enables highly efficient medium-sized ring for-
mation and macrocyclization. 
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