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ABSTRACT: The selective formation of the 1,4-dihydropyridine isomer of NAD(P)H is mirrored by the selective formation of 
1,4-dihydropyridinate ligand-metal complexes in synthetic systems. Here we demonstrate that ligand conjugation can be used 
to promote selective 1,3-dihydropyridinate formation. This represents an advance toward controlling and tuning selectivity 
in dihydropyridinate formation chemistry. Reaction of (I2P2-)Al(THF)Cl (1) (I2P = bis(imino)pyridine) with the one-electron 
oxidant, TEMPO, afforded (I2P-)AlCl(TEMPO) (2) which can be reduced with Na to the twice-reduced ligand complex (I2P2-

)Al(TEMPO) (3). Compounds 2 and 3 serve as precursors for high yielding and selective routes to an Al-supported 1,3-dihy-
dropyridinate complex via reaction of 2 with three equivalents of K metal, or reaction of 3 with KH.

INTRODUCTION  
In biological systems, organic cofactors such as pyridine 

nucleotide, NAD(P)H, execute electron transfer (ET), proton 
transfer (PT) and hydride transfer reaction chemistry with 
exquisite regioselectivity. The catalytic reactions per-
formed by NAD(P)H are selective in the formation of the or-
ganohydride (Scheme 1, top): 1,4-dihydropyridine (1,4-
DHP), and they are chemoselective in the step where a hy-
dride is transferred to the substrate. The role of the protein 
environment surrounding DHP’s, the mechanism of DHP re-
action chemistry,1 and the role of the DHP side-chains,2 
have been probed and model systems for these efforts in-
cluding dihydrofolate reductase (DHFR),3 and  aldehyde de-
hydrogenases,4 have been studied in detail. Along with 
these ongoing efforts in biological systems, there is signifi-
cant scope to enhance our understanding of organohydride 
chemistry via synthetic approaches. 5,6,7,8  

In synthetic systems, selectivity for a particular isomer of 
DHP is difficult to realize (Scheme 1, bottom). Another of the 
many differences between biological and synthetic DHP’s is 
that the synthetic chemistry occurs at very high reduction 
potentials, typically more negative than -2.0 V vs. SCE. Use 
of an NADH model as an electrochemical mediator has been 
achieved,9 and examples where NADH regeneration is cata-
lyzed by a co-enzyme illustrate the ability of the biological 
system to lower the overpotential for that process.10,11 Ele-
gant work using NADH-inspired organohydrides as hydride 
transfer reagents also illustrates that electrochemical turn-
over to regenerate the organohydride requires a high over-
potential,12,13 and these findings were corroborated by ther-
mochemical analyses.14,15 One approach to lowering the en-
ergy of synthetic DHP chemistry is to associate a DHP- mol-
ecule as a ligand to a redox inactive Lewis acidic metal cen-
ter such as Mg(II), Zn(II), or Al(III). These ions can lower the 
redox potential for ET via electrostatic and inductive effects. 
Similarly, Mg(II),16 Zn(II),17 and Mn(II)18 ions interact with 
NAD(P)H in biological systems although the precise role(s) 

of those metals in the biological systems is not yet fully un-
derstood. 

______________________________________ 

 
Scheme 1. (top) Schematic of nicotinamide adenine di-
nucleotide (NADH): Rib = ribose ring, ADP = adenine di-
phosphate. (bottom) Dihydropyridine (DHP), and dihy-
dropyridinate (DHP-) isomers.  

Examples of selective 1,4-DHP- formation in synthetic 
systems include many instances where the N-atom of 1,4-
DHP- (or pyridine) is one of the donor atoms centered in a 
symmetric tridentate ligand such as a bis(imino)pyridine 
(Scheme 2). These examples include 1,4-DHP- formation 
with redox-active metal coordination complexes such as Ni 
or Mo,19,20 and cases where 1,4-DHP- is stabilized by coordi-
nation to Lewis acidic metals such as U(III) or Al(III).21,22 
Presumably, the mirror symmetry of the tridentate ligands 
contributes to the observed selectivity for the 1,4-DHP- re-
gioisomer in all of these known examples. Specific to the 
bis(imino)pyridine ligand system (I2P), one example of 1,4-
DHP- formation has been reported in 10% yield, by the re-
action of I2P with Al(iBu)2H.23  
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Scheme 2. (top) Bis(imino)pyridine, left. Possible iso-
mers of alkylated bis(imino)pyridinate, right. (bottom) 
I2P in various charge states. Only the form with a 3- 
charge limits DHP- regioselectivity to one isomer. Ar = 
diisopropylphenyl. See SI for possible regioisomers of 
I2P, I2P-, and I2P2- charge states.  

In other work with I2P, control of regioselectivity has 
been targeted by alkylation of pyridyl rings so that the alkyl 
substituent directs the regioselectivity of subsequent hy-
dride formation (Scheme 2). However, the alkylation is not 
regioselective except in a handful of cases. In those exam-
ples, the regioselectivity of alkylation is unpredictable even 
if it is selective.24,2526,27 Regarding the alkylation of I2P lig-
ands coordinated to Al(III), mixtures of products are ob-
tained with 1,4-, 1,3- and 1,2- substitution patterns.28 In all 
of those prior examples, the metal-supported alkyl-substi-
tuted R-I2P ligand is formed by addition of R- to the un-
charged I2P which provides no energetic preference for one 
isomer over another. If alkyl or hydride were added to the 
I2P or I2P- charge states those reactions would also be ex-
pected to afford multiple isomers of HI2P- or HI2P2-, respec-
tively (Scheme S1).   

In the foregoing report, we explore the protonated 3- 
charge state of the I2P ligand (denoted as HI2P3-) because it 
will likely be able to support formation of the 1,3-DHP- regi-
oisomer of DHP-. 1,3-DHP- should form selectively due to the 
influence of the ligand conjugation since the 2- and 6-car-
bons of the DHP- ring form C-C double bonds with the imino 
carbon atoms (Scheme 2 bottom). Similarly, formation of 
the 1,4-DHP isomer of NADPH is directed by ligand struc-
ture where the pyridyl ring π-system is in conjugation with 
the amide side-chain (Scheme 1).2 Prior studies have 
demonstrated that side-chain substitutions such as an alde-
hyde that preserves the conjugation retain activity in LDH, 
whereas side-chain substitutions including no conjugation 
result in loss of functionality. Access to the 3- charge state 

of I2P is itself thermodynamically challenging, but was 
achieved by complexation of Lewis acidic Al(III) to the I2P 
ligand. The open coordination site on Al(III) was protected 
by a TEMPO ligand (TEMPO = (2,2,6,6-Tetramethylpiperi-
din-1-yl)oxyl) which is stable under the redox conditions 
employed in formation of the DHP- -containing HI2P3- ligand. 
The reaction in which TEMPO is installed onto the Al center 
represents a first example of ligand substitution at Al that is 
facilitated by I2P ligand redox cycling. 

RESULTS AND DISCUSSION  
The starting reagent for this work is (I2P2-)Al(THF)Cl (1) 

which was previously reported.29 Our initial attempts to ac-
cess reduced DHP- complexes of Al(III) explored the reduc-
tion of I2P-supported Al(III) complexes such as 1 and (I2P-

)AlCl2 with various equivalents of Na metal- or K metal-
based reductants. These reactions afforded dark intractable 
solutions from which no products could be identified de-
spite numerous efforts. Further attempts to access DHP 
chemistry supported by Al(III) employed the reaction of 1 
with hydride transfer reagents, but these also afforded un-
favorable mixtures of products corroborating those re-
ported by past work with the analogous alkyl transfer reac-
tions (vide supra). In combination, these efforts ultimately 
led to the realization that, in many cases, elimination of NaCl 
or KCl promoted by the in situ generation of Na+ or K+ cati-
ons in those reduction and hydride transfer reactions may 
leave the Al center unprotected. We turned instead to re-
placing the chloro ligand in 1 with O-donor ligands which 
might exploit the known oxophilicity of Al(III) to afford a 
metal-ligand interaction that is stable under the redox con-
ditions needed to generate reduced DHP-‘s (Scheme 3).  

 
Scheme 3. Synthesis of complexes 2 – 4 from 1. Ar = 
diisopropylphenyl. 

Accordingly, reaction of 1 with 1 equiv TEMPO in benzene 
at room temperature resulted in an immediate color change 
from orange-brown to deep red and produced the one-elec-
tron oxidized Al-nitroxido complex (I2P-)Al(TEMPO)Cl (2) 
in a near quantitative yield of 95% (Scheme 3). Single crys-
tal X-ray diffraction data and magnetic susceptibility of µeff 
= 1.63 µB support the assignment that a ligand-based one-
electron oxidation I2P- product is formed from the I2P2- re-
actant. Red crystals of 2 were grown as plates from concen-
trated hexane solutions held at -25 °C, and the coordination 



 

geometry around Al(III) is best described as a distorted trig-
onal bipyramid (Figure 1, Tables S1 and S2). The five-coor-
dinate complex has one mono-anionic tridentate I2P- ligand, 
one chloro, and one nitroxide TEMPO ligand. In free TEMPO, 
the N-O bond length is 1.283(9) Å.30 There are two unique 
molecules of 2 in the unit cell and the average of the two N-
O bond lengths are 1.445(3) Å, confirming that a one-elec-
tron reduction of TEMPO occurred as seen in prior exam-
ples of TEMPO reduction. Additionally, the averaged Al—O 
bond lengths of 1.768(2) Å and are consistent with an Al—
O oxide bond length.31 This consistency further confirms 
that the one-electron reduction of TEMPO was effected. The 
bond lengths of the I2P ligand are consistent with a 1- charge 
on the tridentate ligand, where the two Nim—Cim bond 
lengths are 1.320(3) Å and 1.337(3) Å in 2, and localization 
of the single added electron is on the C atom of one imino 
donor.32  

         

Figure 1. (left) Solid-state structure of (I2P-)Al(TEMPO)Cl in 2. 
Pink, red, blue, green and grey ellipsoids represent Al, O, N, Cl 
and C atoms, respectively. Ellipsoids are shown at 30% proba-
bility level. Solvent and H atoms omitted for clarity. (right) CV 
of 1mM 2 collected in 0.3 M NBu4PF6 THF solution. 100 mV/s, 
GC electrode. CV’s of 1 mM solutions of 2 (red), 3 (blue) and 4 
(green) collected in 0.3 M NBu4PF6 THF solution. 100 mV/s, GC 
electrode. 

In the CV of 2, a reversible redox event is observed at -
1.13 V vs. SCE, which suggested to us that 2 can be further 
reduced and that the N-O bond should remain intact allow-
ing the reduction of the I2P ligand (Figure 1 right). There 
was no evidence for chloro dissociation in the CV’s collected 
between 50 – 500 mV/s, and the peak-to-peak separation 
(Ep = 210 mV) is consistent with reversible data, when CV’s 
are collected in THF. It is known that the N-O bond in 
TEMPO is sometimes susceptible to reduction to promote 
N-O bond cleavage, but in other instances the N-O bond can 
be quite resistant to a wide array of reaction conditions.33 
Cleavage of the N-O bond most often occurs when interme-
diates can be stabilized by an M-oxo multiple bond charac-
ter, as in the one-electron reduction of a phenyltris(imidaz-
olyl)borate Fe(II) TEMPO complex to give a transient Fe=O 
that performs O-atom transfer reactions.34  

A deep red solution of 2 was stirred with one equivalent 
of Na in benzene for 24 hours and this afforded a dark yel-
low-brown colored solution. Proton NMR spectroscopic 
analysis of the resulting diamagnetic compound, along with 
single crystal X-ray analysis, identified (I2P2-)Al(TEMPO) 
(3) and NaCl as the byproduct from this reaction (Scheme 2, 
Figure S1). The triplet proton NMR resonance associated 
with the para-pyridine H-atom was observed at 5.79 ppm 
which is upfield of the resonance at 5.93 ppm for (I2P2-

)AlCl.35 This result is consistent with the more donating 
TEMPO ligand in comparison with chloro. Single crystals of 
3 were grown as brown blocks from a concentrated hexane 
solution held at -25 °C. (Figure 2, Tables S1 and S2). The I2P2- 
ligand in 3 is asymmetric with alternating single and double 
C-C bonds which can be described as the Nim—Cim and Nam—
Cam bond lengths which are 1.3465(18) Å and 1.4143(18) Å, 
respectively. In 3 the Al—O bond length decreases to 
1.7181(11) Å from 1.771(2) Å in 2, and this shortening is 
attributed to the loss of the chloro ligand that potentially in-
creased the ionic interaction between Al and TEMPO. The 
Npy-Al-O bond angles are 101.24(10) and 128.36(5) Å for 2 
and 3, respectively. The large size of TEMPO prevents for-
mation of the SP geometry for 3. The four-coordinate geom-
etry index for 3 is τ4 = 0.69 and indicates that it is closer to 
a tetrahedral geometry.36 

    

Figure 2. (left) Solid-state structure of [(PhI2P2-)Al(TEMPO)] in 
3. (right) Line drawing of 3. Pink, red, blue, and grey ellipsoids 
represent Al, O, N, and C atoms, respectively. Ellipsoids shown 
at 30% probability. H atoms omitted for clarity. 

In the CV of complex 3, two reversible redox events are 
observed at -1.295 and -2.165 V vs. SCE (Figure 1), which 
suggested to us that 3 can be further reduced by up to two-
reducing equivalents. The reversibility in the CV suggested 
that the N-O bond remained. The foregoing results show 
that when the Al center is protected by the TEMPO ligand it 
becomes possible to reduce I2P- in 2 to I2P2- in 3 without any 
significant side reactions such as N-O bond cleavage. The 
isolated yield of 3 was 68% which suggests a relatively 
clean reaction. To further explore the reduction of the I2P 
ligands and the formation of DHP-‘s supported by Al(III) we 
added three equivalents of K metal to a solution of 2 in the 
presence of 18-crown-6 (or 18-C-6). Following crystalliza-
tion from THF/hexanes [(HI2P3-)Al(TEMPO)][K(18-C-
6)(THF)2] (4) was isolated in 82% yield (Scheme 3). The 
charge and protonation state of the ligands in 4 were as-
signed using data acquired by single crystal X-Ray diffrac-
tion and proton NMR spectroscopy and is consistent with 
the combustion analysis and 13C NMR spectral data. The 
open circuit potential of 4 at -1.275 V vs. SCE is, as expected, 
more negative than that of 2 and 3 at -0.766 and -0.912 V vs. 
SCE, respectively (Figure 1). The CV of 4 displays two irre-
versible oxidation events at -0.784 and -0.060 V vs. SCE. 
Scanning in the negative direction did not show any addi-
tional redox events within the solvent window.  

The solid-state structure of 4, the proton NMR spectrum, 
and the high yielding synthesis reveal a highly selective for-
mation of Al-supported 1,3-DHP-. The 1,3- substitution 



 

pattern is consistent with the 1H NMR spectrum which 
shows an asymmetric molecule where four DHP- proton res-
onances occur at 6.36, 6.06, 3.38 and 2.77 ppm (Figure S2). 
Single crystals of 4 were grown from a concentrated THF 
solution with hexanes layered on top and then stored at -25 
°C overnight (Figure 3). The four-coordinate Al center is 
flanked by three amido N donor atoms from the HI2P3- lig-
and and one nitroxide ligand so that the complex is formally 
an aluminate that is charge balanced by [K(18-C-6)(THF)2]. 
There are two independent molecules of 4 within the unit 
cell and we report the averages of these distances. The Co-
Cm and Cm-Cp distances of 1.507(3) Å and 1.514(3) Å, respec-
tively are the two longest bonds in the DHP- ring and they 
flank the meta-carbon which is sp3 hybridized as is seen by 
the Co-Cm-Cp bond angle of 108.44(19)°. 

     

Figure 3. (left) Solid-state structure of [(HI2P3-)Al(TEMPO)]- in 
4. (right) Line drawing of 4. Pink, red, blue, and grey ellipsoids 
represent Al, O, N, and C atoms, respectively. Ellipsoids shown 
at 30% probability. [K(18-C-6)(THF)2]+, solvent, and H atoms 
except the C-H’s of pyridine in 4 have been omitted for clarity. 

Formation of 4 is formally a three-electron reduction and 
single protonation of 2 which suggests that all three equiv-
alents of K metal are consumed in the reaction while a pro-
ton is scavenged, presumably from trace water in the THF 
solvent or by C-H bond activation of the isopropyl substitu-
ents on the I2P ligand. When the reaction was performed in 
d8-THF, the same product was obtained with no proton 
NMR spectroscopic evidence of deuterium incorporation. In 
a sperate reaction a solution of 3 was stirred with one 
equivalent of KH and 18-C-6. Upon workup, 4 was isolated 
and characterized by proton NMR spectroscopy and single-
crystal X-ray crystallography (Scheme 3). From this reac-
tion, the yield of 4 was modest at 18 %, but no other prod-
ucts containing I2P coordinated to Al(III) could be detected. 
This alternative route to formation of the 1,3-DHP- isomer 
of 4 further highlights the selectivity for formation of 1,3-
DHP- when it is supported by the [(HI2P3-)Al(TEMPO)]- scaf-
fold.  

CONCLUSION   
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NADP coenzymes to dihydrofolate reductase by raman difference 
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In conclusion, we have demonstrated that I2P complexes 
of Al(III) can be protected at the Al center by the TEMPO lig-
and. In addition, formation of the TEMPO complex is 
achieved via redox cycling on the ligand that accompanies 
Al-O bond formation, and this represents a first example os 
ligand substitution at the Al center that is enabled by redox 
cycling on the I2P ligand. In subsequent reactions, the 
TEMPO ligand prevents Al-based reaction chemistry and  
enables redox cycling and proton transfer chemistry that 
takes place solely on the redox-active I2P ligand and spans 
ligand charge states between 1- and protonated 3-.  Access 
to the HI2P3- charge state is particularly important because 
that ligand conjugation pattern selectively directs for-
mation of a single isomer of the DHP- ligands; 1,3-dihydro-
pyridinate. Regioselective access to the 1,3-DHP- was 
achieved via a three-electron reduction of 2, containing I2P-

. This same 1,3- DHP- ligand was accessed via a hydride 
transfer reaction to 3 which contains the I2P2- ligand.  

These results advance previously known biological and 
synthetic DHP chemistry which uniquely proceeds through 
the 1,4-DHP isomer. The future continuation of this work 
can include further investigations that build on the selective 
DHP- chemistry of Al(III) coordination complexes including 
a deeper understanding of their thermochemical properties 
and control of selectivity in reaction chemistry. Ultimately, 
control of regioselectivity in DHP- formation and reactivity 
using the influence of Lewis acidic cations to lower the en-
ergy of reaction pathways, could expand the scope of acces-
sible hydride transfer reaction chemistry. 
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