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Iridium-catalysed synthesis of C,N,N-cyclic 
azomethine imines enables entry to 
unexplored nitrogen-rich 3D chemical space

Yaseen A. Almehmadi    1,2, Jack McGeehan1, Nandini J. Guzman    1, 
Kirsten E. Christensen    1, Ken Yamazaki    3  & Darren J. Dixon    1 

Three-dimensional nitrogen-rich bridged ring systems are of great interest 
in drug discovery owing to their distinctive physicochemical and structural 
properties. However, synthetic approaches towards N–N-bond-containing 
bridged heterocycles are often inefficient and require tedious synthetic 
strategies. Here we delineate an iridium-catalysed reductive approach to 
such architectures from C,N,N-cyclic hydrazide substrates using IrCl(CO)
[P(OPh)3]2 and 1,1,3,3-tetramethyldisiloxane (TMDS), which provided 
efficient access to the unstabilized and highly reactive C,N,N-cyclic 
azomethine imine dipoles. These species were stable and isolable in 
their dimeric form, but, upon dissociation in solution, reacted with a 
broad range of dipolarophiles in [3 + 2] cycloaddition reactions with high 
yields and good diastereoselectivities, enabling the direct synthesis of 
nitrogen-rich sp3-hybridized pyrazoline polycyclic ring systems. Density 
functional theory calculations were performed to elucidate the origin of the 
diastereoselectivity of the cycloaddition reaction, and principal moment 
of inertia (PMI) analysis was conducted to enable visualization of the 
topological information of the dipolar cycloadducts.

As key pharmacophores in bioactive natural products and pharma-
ceutical compounds, heterocycles are highly prevalent, being present 
in 95% of drugs on the market1. Two- (2D) and three-dimensional (3D) 
ring systems have been employed in drug discovery, as well as in com-
monly occurring scaffolds, which have often been used to improve 
the physicochemical profile and solubility of active pharmaceutical 
ingredients (Fig. 1a)2. Furthermore, structurally defined, saturated and 
semi-saturated heterocyclic structures are commonplace elements of 
drug design within medicinal chemistry programmes. One notable class 
of these is the nitrogen-containing sp3-rich bridged ring systems, which 
have been explored across the pharmaceutical industry over the past 
few decades. These multi-cyclic ring scaffolds have been studied and 
deployed as bioisosteres of commonly used functional groups such as 
aryls3. In particular, bridged nitrogen-containing ring systems feature 

in drugs approved by the Food and Drug Administration (FDA), includ-
ing solifenacin (anti-muscarinic)4, varenicline (smoking cessation)5, 
maraviroc (anti-HIV)6 and granisetron (nausea and vomiting) (1)7. They 
are also commonplace in natural products (Fig. 1b) such as morphine 
(2)8–10 and dnacin A1 (3) and B1 (4)11, the latter two possessing remark-
able antiproliferative activity against cancer. However, the syntheses 
of these bridged sp3-rich ring systems—especially those featuring N–N 
bonds—often require elaborate multistep routes, which are typically 
accompanied by low chemical efficiency, thus presenting a substantial 
obstacle to inclusion in drug-discovery programmes12,13. To this end, 
the development of enabling synthetic methodologies towards the 
synthesis of unexplored N,N-containing bridged ring systems from 
readily available starting materials with high reaction selectivity and 
efficiency is of importance.
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are often used to access highly functionalized pyrazoline heterocy-
cles via [3 + 2] cycloaddition with various dipolarophiles15, such as 
isocyanides, olefins, enones16,17 and cyclic allenes18–21. Such a class of 
N–N-containing ring systems has been incorporated into active phar-
maceutical ingredients including antiviral, anti-inflammatory, antibac-
terial, antifungal, anticancer and insecticidal agents22–25. Saturated and  

In parallel, the cycloaddition reactions of 1,3-dipoles (such as 
azomethine ylides and azomethine imines) with dipolarophiles 
are among the most fundamental synthetic approaches towards 
five-membered N-containing heterocycles with high regio- and stere-
oselectivity, in a single step14. Azomethine imines (Fig. 1c), in particular, 
have been less studied than their azomethine ylide counterparts, and 
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Fig. 1 | Importance of 3D N-rich bridged compounds, previous work and 
reaction design. a, The importance of 3D heterocycles. b, Examples of natural 
products possessing N-rich bridged heterocyclic ring systems. c, Classes 
of azomethine imines, and traditional synthetic approaches towards their 

preparation. d, This work, targeting the synthesis of C,N,N-cyclic azomethine 
imines 7 and their cycloadditions with various dipolarophiles 8. IP, intellectual 
property; SAR, structure–activity relationships; NPR, normalized principal 
moment of inertia ratios.
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semi-saturated pyrazoline heterocycles have also been used as pro-
line surrogates, which play an important role in biological peptide 
sequences in relation to metallopeptidase activity26,27 and have been 
used as aza-proline derivatives to stabilize cis conformations of amide 
bonds in bioactive peptides28. Despite the prominent role of azome-
thine imines for pyrazoline synthesis, there are relatively few methods 
to access these important 1,3-dipoles, which include the condensation 
of a hydrazine and an aldehyde16,17, 1,2-prototropy of hydrazones29,30 or 
the opening of diaziridine rings (Fig. 1c)31. These synthetic methods, 
however, typically require harsh conditions, such as high temperature 
and/or strong acids, and are currently limited to the preparation of 
acyclic, C,N-cyclic and N,N-cyclic azomethine imines.

In contrast, C,N,N-cyclic azomethine imines remain inaccessible 
via these traditional synthetic methodologies and, accordingly, have 
remained unknown. Keen to access and explore the chemistry of these 
C,N,N-cyclic azomethine imines, and building on our expertise32–35, 
and that of others36–43, towards late-stage manipulation of tertiary 
amides and lactams, we were drawn towards the possibility of develop-
ing an iridium-catalysed reductive synthesis. We envisioned that the 
iridium-catalysed hydrosilylation of C,N,N-cyclic hydrazide 5 could 
provide the corresponding N-silylated hemiaminal 6 (Fig. 1d). Subse-
quently, 6 could undergo silanoate elimination and further loss of the 
silane on the nitrogen atom to form the elusive C,N,N-cyclic azomethine 
imines 7, which could then be intercepted by, for example, dipolaro-
philes 8, leading to the formation of diazabicyclo[3.2.1]octane 9.

Results and discussion
To test our hypothesis, we synthesized hydrazide 5a by initial alkyla-
tion of 1-(2H)-phthalazinone with MeI, followed by C=N reduction 
with zinc and acetic acid44. Model substrate 5a was then subjected to 
iridium-catalysed hydrosilylation conditions using Vaska’s complex 
(1 mol%) and 1,1,3,3-tetramethyldisiloxane (TMDS; 3 equiv.) at room 
temperature for 30 min in the hope that 7a would first be accessed 
via the corresponding N-silylated hemiaminal and then react in situ 
with the dipolarophile 8a in a [3 + 2] cycloaddition reaction. Unexpect-
edly, however, the homodimerization product 10a of the unstabilized 
azomethine imine 7a was obtained from the reaction mixture as a white, 
bench-stable solid in 23% isolated yield (Fig. 2a, entry 1). The solid-state 
dimeric structure of 10a was confirmed by single-crystal X-ray diffrac-
tion analysis (Fig. 3).

Optimization studies
With this preliminary result in hand, we turned our attention to opti-
mizing the iridium-catalysed hydrosilylation of 5a to generate dimer 
10a before exploring its downstream [3 + 2] cycloaddition reactivity. 
As a first approach, the catalyst loading of Vaska’s complex, the reagent 
stoichiometry and the reaction time were investigated. However, no 
significant improvement to the isolated yield of 10a when compared to 
the initial result (Fig. 2a, entry 1) was obtained, and substantial amounts 
of unreacted starting material remained in all cases. Nevertheless, 
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this challenging hydrosilylation of hydrazide 5a was nicely overcome 
by employing a more active iridium complex, the phosphite deriva-
tive of Vaska’s complex (IrCl(CO)[P(OPh)3]2)45 at 1 mol% in toluene as 
solvent (Fig. 2a, entry 2), yielding 82% of dimer 10a. On examining 
different reaction solvents, diethyl ether (Et2O) was identified to be 
the best, affording dimer 10a in 90% yield after a 30-min reaction time  
(Fig. 2a, entry 3).

After identifying the optimized conditions for the formation of 
dimer 10a, our attention then turned to its use in the [3 + 2] cycload-
dition reaction with vinyl sulfone 8a. Interestingly, by simply stirring a 
solution of dimer 10a and 3.0 equiv. of vinyl sulfone 8a (1.5 equiv. rela-
tive to the putative monomeric azomethine imine) in CH2Cl2 at room 
temperature over 20 h, the desired cycloadduct 9a was obtained in 68% 
yield as a single diastereoisomer (Fig. 2b, entry 1). Toluene and CH3CN 
were also examined, but 80 °C was required to improve the solubility 
of dimer 10a, resulting in slight increases in yield, to 70% and 75%, 
respectively (Fig. 2b, entries 2 and 3). Increasing the amount of vinyl 
sulfone 8a to 5 equiv. (2.5 equiv. relative to the putative monomeric 
azomethine imine) gave the desired cycloadduct 9a in an improved 
87% yield (Fig. 2b, entry 4).

Scope development
With the optimal reaction conditions established, the scope of the 
reaction with respect to hydrazides 5 for accessing several azomethine 
imine dimers was investigated (Fig. 3). Hydrazides 5a–5h were prepared 
by an alkylation of 1-(2H)-phthalazinone, followed by C=N reduction 
with zinc and acetic acid44. The reactions proceeded in good yields 
when modifying the substitution on the nitrogen atom, such as linear 
(10a–10e) and ring-containing side chains (10f and 10g). Interest-
ingly, similar to the optimized yield of 10a, N-protected benzyl 10b 

and n-butyl 10c were also amenable to this methodology. In addition, 
allyl- (10d) and ether-containing (10e) dimers were tolerated, as well as 
cyclopropane 10f and cyclopentane 10g. However, introducing a benzyl 
substituent at the C4 position, as shown in dimer 10h, diminished the 
yield slightly to 63%, and resulted in a mixture of three diastereomers.

Having successfully established the scope of the reductive for-
mation of dimers 10a–10h from hydrazides 5a–5h, we turned our 
attention to the [3 + 2] cycloaddition reaction of dimer 10a and in 
particular the scope of it with respect to the dipolarophile (Fig. 4). A 
range of electron-deficient alkenes 8a–8h were explored as coupling 
partners. Pleasingly, the desired [3 + 2] cycloadduct 9b was furnished 
in 70% yield and as a single diastereoisomer when vinyl sulfone 8b was 
used. The structure of cycloadduct 9b was determined by single-crystal 
X-ray diffraction analysis. Dimethyl fumarate 8c was reactive towards 
dimer 10a, although a reduced yield of cycloadduct 9c was obtained. 
Methyl acrylate 8d and acrylonitrile 8e were compatible and afforded 
the respective cycloadducts 9d and 9e in good yields, albeit with imper-
fect regioselectivity and diastereoselectivity (1.4:1 d.r., 1:1 d.r. and 8.5:1 
r.r., 2.3:1 r.r., respectively). Furthermore, the use of oxazolidinone 8f as 
the dipolarophile resulted in a smooth reaction, forming the desired 
cycloadduct 9f in excellent 95% yield and as a 2:1 mixture of endo and 
exo isomers. The structures of the major and minor diastereoisomers 
were both established by single-crystal X-ray diffraction analysis. 
Maleimide 8g and N-phenyl maleimide 8h provided 9g and 9h in 67% 
and 92% yields, respectively, with modest endo diastereoselectivity. 
In all examples, it should be noted that the endo and exo diastereoiso-
mers could be readily separated by flash column chromatography. The 
electron-deficient alkenes 8a–8h underwent the [3 + 2] cycloaddition 
reaction with 10a in good to excellent yields. However, non-activated 
dipolarophiles, such as styrene and 2-cyclopenten-1-one, were  
not tolerated.

Following exploration of the reaction scope with respect to the 
dipolarophiles, we then investigated the scope of the [3 + 2] cyclization 
with respect to dimers 10a–10h using vinyl sulfone 8a (5 equiv.) as the 
dipolarophile (Fig. 5). Interestingly, we were pleased to witness that 
all dimers 10a–10h underwent cycloaddition to give products 9i–9o 
in good to excellent yields and excellent diastereoselectivities (>20:1 
d.r.) at 80 °C in CH3CN for 20 h. However, a slight decrease in yield was 
observed when dimer 10h was employed.
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Fig. 7 | Mechanistic rational of diastereoselectivity and PMI analysis.  
a, Transition-state structures for the 1,3-dipolar cycloaddition between the 
azomethine imine 8a and dipolarophiles computed at SMD(MeCN)/M06-
2X/6-311+G(d,p)//M06-2X/6-31G(d) level of theory. b, PMI analysis of various 

accessible dimers and bicyclic pyrazoline compounds (P1–P14). Geometry 
optimizations of all compounds were performed at the M06-2X/6-31G(d) level of 
theory in the gas phase. Energies (kcal mol−1) and forming bond lengths (Å) of TS 
geometries are provided. ΔG, Gibbs free energy.
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Mechanistic investigation
Control experiments
To probe the mechanistic origin and solution behaviour of dimers 
10a–10h, control experiments were conducted. Based on our work-
ing hypothesis, following rapid N–H silylation, the carbonyl of the 
hydrazide is readily hydrosilylated under iridium-catalysed reductive 
conditions to the corresponding N-silylated hemiaminal, which sub-
sequently forms the key C,N,N-cyclic azomethine imine via silanoate 
elimination. However, due to the high reactivity of these cyclic azome-
thine imines, homodimerization led to the formation of bench-stable 
dimers 10a–10h. Although no direct spectroscopic evidence of the 
azomethine imine could be found, these dimers are presumably in 
dynamic equilibrium with their monomers in solution, as supported 
circumstantially by their behaviour in undergoing [3 + 2] cycloaddition 
reactions with dipolarophiles. To investigate this proposed hypoth-
esis, we studied the solution behaviour of the methyl (Me) dimer 10a 
(2.0 equiv.) with the benzyl (Bn) dimer 10b (1.0 equiv.) in CD2Cl2 at 
40 °C for 16 h. Pleasingly, the crossover dimer 11 was indeed formed in 
a ratio of 1.8:1.6:1 (10a:11:10b) (Fig. 6). This ratio changed to 1.8:1.0:1.4 
(10a:11:10b) when the ratio of dimers 10a and 10b was adjusted to 1:1. 
Thus, these data indicate that the dimers are indeed in equilibrium 
with their monomers in solution and then undergo [3 + 2] cycloaddi-
tion in the presence of dipolarophiles. To further confirm this result, 
hydrazides 5a and 5b in a ratio of 2:1 were treated with the optimal 
reductive hydrosilylation reaction conditions, revealing the formation 
of mixed dimer 11, along with homodimers 10a and 10b. This supports 
that 5a and 5b were indeed reduced under the reaction conditions and 
formed the corresponding C,N,N-cyclic azomethine imines 7a and 7b, 
which then dimerized to form dimer 11, along with their homodimers 
10a and 10b.

Computational analysis
To investigate the origin of the diastereoselectivity in the [3 + 2] 
cycloaddition of a C,N,N-cyclic azomethine imine and a dipolarophile, 
density functional theory analysis was performed (Fig. 7a)16,46–48. As 
mentioned above, a remarkable diastereoselectivity was observed 
when vinyl sulfone 8a was used as a dipolarophile (d.r. > 20:1), while 
almost equal amounts of diastereomers were obtained with methyl 
acrylate 8d (d.r. = 1.4:1). These differences were studied by calculating 
the [3 + 2] cycloaddition transition-state (TS) structures between the 
azomethine imine monomer 7a and the corresponding dipolarophiles. 
The key TSs with vinyl sulfone 8b indicated that TS1-2, which leads to 
the experimentally obtained cyclized product 9b, is kinetically more 
feasible (∆∆G‡ = 1.8 kcal mol−1). On the other hand, the energy difference 
between the two cycloaddition TSs with methyl acrylate 8d is minimal 
as expected (∆∆G‡ = 0.3 kcal mol−1). An activation strain analysis that 
decomposes an electronic activation barrier into the strain and interac-
tion energies revealed that TS1-1 is more destabilized than TS1-2 due to 
the increased strain energy (∆∆E‡

strain = 6.0 kcal mol−1)49–55. Despite the 
fact that TS1-1 is more asynchronous, which should relieve the strain of 
a TS56, the increased strain energy originates from the steric repulsion 
between the ethyl group of the dipolarophile and the aromatic ring of 
the dipole. This is evidenced by the higher degree of pyramidalization 
(sum of angles, SoA) at the bond-forming α-carbon of vinyl sulfone34. 
This atom creates a new C−C bond at a later stage of the cyclization pro-
cess, and a much smaller SoA of 353.7° for TS1-1 compared to 358.8° for 
TS2-1 implies that the strain localization around this atom dominates 
the trend in the activation energy barrier.

Topological analysis
To analyse the accessible dimensionality and topological features of 
the 3D N-rich bridged compounds, principal moment of inertia (PMI) 
analysis was performed (Fig. 7b)57,58. The 3D character can be obtained 
by calculating the PMI of a molecule along three orthogonal axes (I1, 
I2 and I3). Plotting the normalized values (NPR1 = I1/I3, NPR2 = I2/I3) for 

individual compounds onto a 2D graph within a triangular array allows 
the visualization of topological information of molecules. The verti-
ces of the triangle correspond to idealized 1D, 2D and 3D molecular 
structures with rod-, disc- and sphere-like symmetries, respectively. 
As expected, the [3.2.1]-bicyclodiazaoctane core possesses a high 3D 
character, and the plot is located near the vertex with a sphere-like sym-
metry. Within the scope of computed bicyclic pyrazoline compounds 
using the combination of synthesized C,N,N-cyclic azomethine imines 
and experimentally utilized dipolarophiles, a wide range of chemi-
cal space can be accessible. For example, pyrazoline products from 
acrylonitrile have the rod-like symmetry (P6, P7), whereas pyrazoline 
products from maleimide are located between the sphere and rod sym-
metries (P10, P11). Interestingly, the C,N,N-cyclic azomethine imine 
dimers have a variety of topological features depending on the sub-
stituent on the nitrogen atom. These analyses support that the bridged 
heterocyclic compounds accessible using the current methodology 
expand the known molecular complexity into new 3D nitrogen-rich 
sp3 chemical space.

Conclusions
In summary, a synthetic strategy enabling access to 3D nitrogen-rich 
bridged ring systems from readily available starting materials has been 
successfully developed. Relying on the selective iridium-catalysed 
hydrosilylation of the carbonyl group of C,N,N-cyclic hydrazides 
using 1 mol% of IrCl(CO)[P(OPh)3]2 and superstoichiometric TMDS, 
this approach provides convenient access to unstabilized C,N,N-cyclic 
azomethine imines, which were obtained as bench-stable dimers. 
Mechanistic investigations revealed that through a dynamic equilib-
rium with their azomethine imine dipoles, these dimers were found 
to efficiently undergo [3 + 2] cycloaddition reactions with various 
dipolarophiles, leading to the formation of structurally complex 3D 
nitrogen-rich bridged ring systems with good to excellent diastereo- 
and regioselectivities. The diastereoselectivity of the cycloaddition 
reaction was elucidated by density functional theory calculations, and 
PMI analysis was investigated to visualize the topological information 
of the homodimers and the cycloaddition products.

Methods
General procedure for the preparation of dimers 10a–10h
To a stirred solution of the relevant hydrazide 5a–5h (1.0 mmol) and 
IrCl(CO)[P(OPh)3]2 (7.8 mg, 1 mol%) in diethyl ether (0.1 M) at room tem-
perature was added TMDS (0.53 ml, 3.0 mmol, 3 equiv.). After 30 min, 
the reaction mixture was concentrated, and the resulting solid was 
washed with pentane once, filtered, and concentrated under reduced 
pressure, yielding dimers 10a–10h.

General procedure for the [3 + 2] cycloadditions of dimer 10a 
with dipolarophiles 8a–8h
To a stirred solution of dimer 10a (29.2 mg, 0.1 mmol) in CH3CN was 
added the relevant dipolarophile 8a–8h (0.5 mmol, 5.0 equiv., unless 
otherwise stated). The reaction was stirred at 80 °C for 20 h and then 
concentrated. The crude material was purified by column chromatog-
raphy to afford the desired cycloadduct 9a–9h.

Data availability
The data that support the findings of this study are available within 
the article and its Supplementary Information. The X-ray crystallo-
graphic coordinates for structures reported in this study have been 
deposited at the Cambridge Crystallographic Data Centre (CCDC), 
under deposition numbers 2284573 (9b), 2284574 (9f-endo), 2284575 
(9f-exo) and 2284576 (10a). These data can be obtained free of charge 
from the CCDC via www.ccdc.cam.ac.uk/data_request/cif. For the pur-
pose of Open Access, the author has applied a CC BY public copyright 
licence to any Author Accepted Manuscript (AAM) version arising from  
this submission.
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