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Abstract: The reactions of [Re(N-N)(CO)3(PMe3)]OTf (N-N= 2,2’-
bipyridine, bipy; 1,10-phenanthroline, phen) compounds with tBuLi 
and with LiHBEt3 have been explored. Addition to the N-N chelate 
took place with different site-selectivity depending on both chelate 
and nucleophile. Thus, with tBuLi, an unprecedented addition to C5 
of bipy, a regiochemistry non-accessible for free bipy, was obtained, 
while coordinated phen underwent tBuLi addition to C2 and C4.  
Remarkably, when LiHBEt3 reacted with [Re(bipy)(CO)3(PMe3)]OTf, 
hydride addition to the 4 and 6 positions of bipy triggered an 
intermolecular cyclodimerization of two dearomatized pyridyl rings. 
In contrast, hydride addition to the phen analog resulted on partial 
reduction of one pyridine ring. The resulting neutral Re(I) products 
showed a varied reactivity with HOTf and with MeOTf to yield 
cationic complexes. These strategies rendered access to Re(I) 
complexes containing bipy- and phen-derived chelates with several 
C(sp3) centers. 

Introduction 

Substituted bipy and phen ligands are ubiquitous in coordination 
and organometallic complexes, many of which have applications 
in contemporary research fields, such as catalysis, 
photochemistry, luminescent materials or medicinal chemistry.1 
The introduction of substituents in the chelate backbones allows 
to tune the steric and electronic properties of their metal 
complexes. Hence, the ability to access a variety of substitution 
patterns plays an important role in the rationalization of 
structure-activity relationships2 and the development of 
functional molecules with improved properties.3 Chemical 
modification of bipy and phen beyond their decoration with 
substituents and, especially, functionalization of the coordinated 
ligands in their metal complexes, remains uncharted territory. As 

the interest in functional molecules incorporating C(sp3) centers 
grows, so does the need for synthetic methods that provides 
access to 3-dimensional analogs of flat aromatic compounds. 
While moving from the 2D to the 3D chemical space has had 
great impact in the pharmacological properties of APIs (Active 
Pharmaceutical Ingredients),4 the consequences of replacing a 
bipy or phen chelate by a 3D analog in a transition metal 
complex are unknown.5 
The synthesis of C(sp3)-containing analogs of bipy and phen by 
classic organic methods6 might be challenging, and certain 
substitution patterns are difficult to attain. The main purpose of 
the synthesis of new bipy and phen derivatives is their use as 
chelate ligands in the preparation of metal complexes. Hence, a 
logical approach would involve exploiting the steric and 
electronic environment that a metal fragment imparts on the 
chelate to build C(sp3) centers and unique substitution patterns. 
This strategy would enable direct access to the metal-chelate 
complex by post-coordination functionalization. Seminal work by 
Tzalis and Tor established that the coordination to a transition 
metal fragment could turn on SNAr reactivity that was unknown 
for free halogenated phen.7 However, prior to our work, post-
coordination functionalization of the parent bipy and phen 
ligands in metal complexes has never been exploited. Cationic 
Re(I) tricarbonyl complexes of the type fac-[Re(N-N)(CO)3L]+ (N-
N = bipy, phen) are attractive targets to implement this strategy 
as they are currently employed as CO2 reduction catalysts,8 
anticancer agents,9 luminescent materials,10 and bioimaging 
agents11 among other areas of research.12 The creation of 
C(sp3) centers in their bipy or phen ligands at different ring 
positions will expand their chemical landscape and the range of 
their properties and applications.  
From a fundamental point of view, it is unknown how 
coordinated bipy and phen ligands in transition-metal complexes 
behave upon addition of strong nucleophiles. These studies 
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could be impactful in catalysis, particularly on bipy or phen 
transition-metal precatalysts that are employed in combination 
with carbon-based nucleophiles or hydride-donor reagents.13 
Such reactions can be deleterious and be involved in catalyst 
deactivation, or beneficial if the active species contains a chelate 
resulting from nucleophilic addition that is more active than the 
precursor with parent bipy or phen.  
In previous studies we showed that bipy and phen coordinated 
to cationic fac-rhenium(I) tricarbonyl14 or cis-molybdenum(II) 
dicarbonyl14a,14e fragments are not chemically inert ligands15 and 
can undergo, under very mild conditions, the addition of internal 
nucleophiles generated by deprotonation of appropriately 
positioned co-ligands (Scheme 1a). As a result of the additions 
being intramolecular, the C(sp3) centers were built on the 
chelate positions closest to the metal fragment- C2 upon 
deprotonation of SMe2

16 and C6 upon deprotonation of N-
alkylimidazoles,14 PMe3

17 or α-methyl-N-heterocycles.18 Outer-
sphere MeLi addition to coordinated bipy and phen ligands of 
fac-[Re(N-N)(CO)3(PMe3)]OTf (N-N = bipy, phen, Scheme 1b) 
complexes17b suggests that chelate identity plays a role on the 
site-selectivity of the addition. Unfortunately, the target of the 
few intermolecular additions to metal-bonded bipy and phen 
reported were the most electrophilic α-to-N positions,17b,19 and 
nucleophilic additions to the β-to-N positions remain elusive. 
Whether or not the nature of the nucleophile can change the 
site-selectivity of the addition to metal-bonded bipy and phen 
remains unknown. 

 

Scheme 1. Strategies to build C(sp3)-derivatives of bipy and phen ligands 
by post-coordination addition in rhenium tricarbonyl complexes. 

In this work we describe the reactivity of tBuLi and LiHBEt3 with 
fac-[Re(N-N)(CO)3(PMe3)]OTf (N-N = bipy and phen) complexes 
(Scheme 1c). In all the cases examined, intermolecular additions 
to the chelates took place yielding neutral Re(I) complexes 

containing non-planar chelates with C(sp3) centers and 
unprecedented substitution patterns. Remarkably, hydride 
additions triggered a cyclodimerization of bipy and the partial 
reduction of one of the pyridyl rings in phen. 

Results and Discussion 

Divergent site-selectivity in the addition tBuLi to Re(I) bipy 
and phen complexes 
To explore the reactivity of cationic rhenium(I) complexes 
containing bipy and phen ligands toward bulkier nucleophiles 
than MeLi, tBuLi (1.7 M in pentane) was added to a suspension 
of [Re(bipy)(CO)3(PMe3)]OTf (1) in toluene at 0 °C, resulting in 
the formation of a dark red solution. Filtration in hexane and 
removal of the volatiles in vacuo afforded a highly air- and 
moisture-sensitive red powder in good yield (78%), identified as 
the neutral complex 2, in which the tert-butyl group has been 
added to the 5 position of the bipy ligand (Scheme 2). 

 

Scheme 2. Site-selective addition of tBuLi on the C5 of the bipy ligand of 1 to 
yield a product with a doubly-dearomatized ligand. 

The IR νCO bands of 2 (2019, 1924, 1894 cm-1 in toluene) were 
consistent with a neutral complex. The 1H, and 13C NMR spectra 
of 2 in benzene-d6 showed signals consistent with an 
asymmetric complex containing a tBu-substituted N,N-chelate 
with two dearomatized pyridyl rings. The 13C NMR signals of the 
tBu group showed crosspeaks with the 1H NMR signal at 3.00 
ppm allowing its assignment to the tBu-bonded C–H of the 
chelate. This C–H group showed a crosspeak with the H4 of the 
chelate (5.01 ppm) in the 1H, 1H-COSY spectrum, supporting the 
tBu group to be bonded to the 5 position of the chelate (see SI 
for a detailed assignment of NMR signals). A NOE between H5 
and PMe3 supported the bulky tBu group in 2 to be on the 
opposite face from the PMe3 ligand. The 1H NMR signals of the 
chelate occurred between 6.95 (H6) and 3.00 (H5) ppm for the 
substituted ring, and between 7.82 (H9) and 5.63 (H10) ppm for 
the unsubstituted ring, indicating the dearomatization of both 
rings. 
To explore the changes in the electron distribution that resulted 
from the dearomatization of the pyridyl rings, the structures of 
the cation in 1 and of 2 were optimized by DFT (Figure 1) and 
Nucleus-Independent Chemical Shift (NICS)20 calculations on 
the chelate were carried out.  
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Figure 1. PCM-B3LYP/6-31+G(d) (LANL2DZ for Re) optimized structures 
of (a) the cation in 1 and (b) 2. Numbers in tables are calculated bond 
distances in Å and numbers in the pyridyl rings are calculated NICS(1) in 
ppm. 

A C2–C2’ interpyridyl ring distance of 1.414 Å in 2, significantly 
contracted from that in the cation of 1 (1.477 Å), suggested a 
stronger bond, and is closer to those reported for 2-electron 
reduced bipy ligands (1.396(10) Å when coordinated to 
yttrium).21 NICS values of -1.5 for the substituted ring, and of -
3.8 for the non-substituted ring of 2 stand in sharp contrast with 
the -8.9 value found for both rings of [Re(bipy)(CO)3(PMe3)]+. 
These results indicate a strong disruption of the aromaticity of 
both pyridyl rings in the bipy ligand of 1 upon addition of tBuLi. 
To gain further insight into the formation of 2, the reaction of 
tBuLi with 1 was monitored by 1H NMR spectroscopy in THF-d8 
at -60 °C. Formation of 2 as the major organometallic species 
was observed, and other regio- or stereoisomers could not be 
identified (see Figure S9 of the SI). This result supports that the 
addition of tBuLi to 1 was site- and stereoselective to yield 2 and 
that it is unlikely that 2 was formed by tBu shifts from other 
regioisomers.  
Aiming to rationalize the site-selectivity observed in the reaction, 
the energies of the regioisomers resulting from tBuLi addition at 
C2 (2-C2), C3 (2-C3), C4 (2-C4) and C6 (2-C6) of the bipy in 1 
and their kinetic barriers in THF were calculated by DFT (PCM-
B3LYP-D3/6-31+G(d) (LANL2DZ for Re), Figure S137). 
Remarkably, while addition of MeLi was selective to the 2 
position of bipy,17b the product from addition of tBuLi, 2-C2, was 
found to be the most unstable (1.2 kcal/mol) of the regioisomers. 
This instability can be attributed to the steric clash between the 
tBu substituent and the {Re(CO)3(PMe3)} fragment, which was 
neglectable when the smaller MeLi reagent was employed. 
Accordingly, 2-C6 also showed a higher energy (-8.6 kcal/mol) 
than the 2, 2-C3 and 2-C4 regioisomers where the tBu 
substituent is further away from the metal fragment. Notably, 2 
and 2-C3 (-11.5 and -11.3 kcal/mol respectively) showed a 
similar stability, and were slightly more stable than 2-C4 (-10.4 
kcal/mol), despite the fact that the former contain two 
dearomatized pyridyl rings while in 2-C4 only the attacked ring 
was dearomatized. The kinetic barriers for each regioisomer are 
between 22.8 and 23.9 kcal/mol with the barrier leading to 2 
(22.8 kcal/mol) only 0.5 kcal/mol lower than that leading to 2-C3 
(23.3 kcal/mol). The small difference between the computed 
kinetic barriers deter us form attempting to use them as a 
rationale for the encountered regiochemistry. These calculations 
were carried out for the direct addition of tBuLi to the 
coordinated bipy. Note that known nucleophilic additions to free 

pyridines, from the venerable Chichibabin reaction22 to the 
recent Hartwig fluoridation,23 start with the coordination of the 
pyridine nitrogen to the metal of the main group nucleophile (e.g., 
Li in RLi). For the bipy and phen ligands in this work, their 
coordination to rhenium precludes such a process. Coordinated 
bipy or other polypyridines are known to undergo inner sphere 
reactions in which the alkyl group migrates from the metal to the 
proximal carbon atoms of the coordinated pyridine ring. In the 
saturated complexes reported here, devoid of labile ligands, 
such a possibility can be ruled out.  
Nucleophilic addition on position 5 of coordinated 2,2’-bipyridine 
has no precedent, and additions on 3 and 5 positions of pyridyl 
rings are extremely rare due to the higher electrophilicity of 
positions 4, 2 and 6.24 tBuLi adds to the 2 and 6 positions of 
non-coordinated pyridine25 and bipy,26 highlighting the ability of 
the {Re(CO)3(PMe3)}+ fragment to enable additions with an 
unprecedented site-selectivity. 
To explore how the nature of the diimine –phen vs bipy–  affects 
the site-selectivity of the addition of tBuLi, complex 
[Re(phen)(CO)3(PMe3)]OTf (3) was treated with tBuLi. The 
product was isolated as a dark blue powder in 62% yield that 
was identified as a mixture of three regioisomers (4M-C4, 4m-
C4 and 4-C2) from addition of tBuLi to the 4 (in 4M-C4, 4m-C4) 
and 2 (in 4-C2) positions of the phen ligand (Scheme 3a). 

 

Scheme 3. (a) Addition of tBuLi to C4 and C2 of the phen ligand in 3 to 
yield a mixture of three regioisomers and (b) site-selective addition of 
tBu on C2 of the Me4phen ligand in 5. 

The 2D 1H-1H NOESY showed a NOE of the H2 of 4-C2 and the 
H4 of 4M-C4 with the PMe3 ligand, indicating tBu addition to the 
less sterically hindered phen face of the complex while the tBu 
group in 4m-C4 is proposed to be on the same face than PMe3. 
The 4M-C4:4m-C4:4-C2 ratio was 2.7:1.7:1.0 (from 31P NMR 
integration) and remained constant over 16 hours at room 
temperature. Remarkably, the addition of tBuLi to phen in 
complex 3 took place at positions 2 and 4 of phen (see Table S7 
for the DFT calculated bond distances), in contrast to the 
addition to bipy in complex 1, which took place exclusively at 5. 
It can be conceived that the addition to positions 3 and 8 of phen 
are energetically penalized, as they would involve the 
dearomatization of the additional fused phenyl ring (see Table 
S9 for NICS values). 
To investigate the effect of substituents at phen, tBuLi was 
added to [Re(Me4phen)(CO)3(PMe3)]OTf (5, Me4phen = 3,4,7,8-
tetramethyl-1,10-phenanthroline). The product was isolated as a 
blue powder in 68% yield and was identified on the basis of 
NMR spectroscopy as a single regioisomer, 6, containing the 
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tBu group on the 2 position of the chelate opposite to the PMe3 
ligand (Scheme 3b). Therefore, the presence of four methyl 
groups does not deprive the coordinated phenanthroline of its 
electrophilic reactivity towards tBuLi. As a result of the steric 
blocking of the methyl groups and their electron-donating effect 
on positions 4 and 7 of phen, addition of tBuLi was selective 
toward the position 2 of the chelate, despite its proximity to the 
{Re(CO)3(PMe3)}+ fragment. This result highlights the impact that 
subtle modifications of the electronics and sterics of the phen 
ligand have on the site-selectivity of these additions. 
Reaction with electrophiles of the products from tBuLi 

addition 

The products of the reactions discussed above are neutral 
complexes with dearomatized chelates containing one amido-
like nitrogen atom. Aiming to explore their reactivity toward 
electrophiles, a slight excess of MeOTf (1.9 equiv) was added to 
a solution of crude 2 at room temperature. The product 
precipitated after 5 hours and was isolated as an orange solid in 
53% yield that was identified as [Re(5-tBubipy)(CO)3(PMe3)]OTf (7, 
5-tBubipy = 5-tert-butyl-2,2’-bipyridine) on the basis of NMR 
spectroscopy (Scheme 4a). 

 

Scheme 4. (a) Rearomatization of complex 2 by reaction with MeOTf and (b) 
protonation at the carbon 4 of the chelate in 2. 

The IR νCO of 7 (2037, 1950, 1922 cm-1 in THF) are 
substantially higher than those of 2 (see above), in agreement 
with the formation of a cationic complex. The NMR spectra of 7 
in CD2Cl2 showed signals consistent with the presence of an 
asymmetric complex (e. g. 3 signals at 195.1, 194.7 and 188.2 
ppm in the 13C NMR spectrum for the CO ligands). The 1H NMR 
spectrum showed 6 signals (from 8.96 to 7.69 ppm, integrating 
1H five of them and 2H the other) for the 5-tert-butyl-2,2’-
bipyridine. Remarkably, the lack of the 1H NMR signal of H5 
supported the rearomatization of the chelate in 2 by formal 
hydride abstraction upon reaction with MeOTf. Tert-butyl 
substitution at C5 was confirmed by the coupling pattern of H6 in 
the 1H NMR spectrum (broad singlet at 8.90 ppm), consistent 
with the absence of a 3JHH coupling with the 5 position, and the 
lack of the C5 13C NMR signal in the 13C-DEPT-135 NMR 
spectrum. 
Substituted bipy and phen ligands have been traditionally 
prepared by synthetic strategies that involve the addition of 
strong nucleophiles followed by an oxidation step,27 metal-
catalyzed C-C dehydrogenative coupling,28 or cross coupling 
from 2-halopyridines29 among other synthetic methods.30 
Subsequent metalation with a suitable transition-metal source 
affords the complex of interest. Certain substitution patterns can 

be challenging to attain as these syntheses rely on the electronic 
and steric properties of the chelate and the nucleophile or on the 
availability of the coupling partners. A method to synthesize 5-
tert-butyl-2,2´-bipyridine has not been previously reported. This 
result posits post-coordination intermolecular additions of alkyl 
lithium reagents as a powerful synthetic method that enables 
access to metal compounds containing ligands challenging to 
access on its free form. 
To further explore the reactivity of 2 with electrophiles, 1.9 equiv 
of HOTf were added to a crude toluene solution of the complex 
at room temperature. An orange solid instantaneously 
precipitated and was identified as compound 8 based on NMR 
and IR spectroscopy (Scheme 4b). The 1H, 13C and COSY NMR 
spectra of 8 displayed signals consistent with the presence of an 
asymmetric N,N-chelate containing a dearomatized pyridyl ring 
with a tBu group adjacent to a CH2 (signal at 19.2 ppm in the 13C 
NMR spectrum and in opposite phase to the CH groups in the 
DEPT-135 and in the phase edited 1H, 13C-HSQC spectra), 
supporting protonation at C4 of the substituted pyridyl ring in 2. 
Further supporting this assignment, the 13C NMR spectrum 
showed a signal at 175.8 ppm that was assigned to the C(H)=N 
group in position 6 on the substituted pyridyl ring.  
Slow diffusion of hexane into a concentrated solution of 8 in 
CH2Cl2 yielded orange crystals that were suitable for X-ray 
diffraction analysis. In addition to 8, the crystals contained LiOTf, 
resulting from the employment of excesses of tBuLi and HOTf in 
the synthesis. The two rhenium cationic complexes (depicted in 
Figure 2) differed in the configuration of the tBu-substituted 
pyridyl ring. In addition, the asymmetric unit included four triflate 
anions, two lithium cations, and two interstitial sites, each 
modelled as a one-quarter-occupied dichloromethane molecule, 
with one of them equally divided into two disordered congeners. 
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Figure 2. (a) and (b) Solid-state structures of the two cationic Re(I) ring 
isomers present in a single-crystal of product 8 (thermal ellipsoids at 30% 
probability). 

Each rhenium complex showed a distorted octahedral geometry 
and contained an N,N-chelate with a 5-tert-butyl substituted 
dearomatized pyridyl ring with a methylene group on the 4 
position. Distances were similar in both isomers, therefore, only 
the values of the isomer shown in Figure 2a will be discussed in 
what follows. Re1–N1 and Re1–N2 distances have values of 
2.179(4) Å and 2.166(4) Å respectively, consistent with both 
nitrogen atoms being imino donors. The C11–C12 bond distance 
(1.471(6) Å) is consistent with a single bond, in contrast with the 
calculated distance in complex 2 (1.414 Å), supporting re-
aromatization of the non-substituted ring upon protonation. Bond 
distances N2–C16 and C12–C13 are typical for double bonds 
(1.301(6) Å and 1.334(7) Å respectively) while C13–C14 
(1.478(7) Å), C14–C15 (1.512(7) Å) are characteristic of single 
bonds, consistent with protonation at C4.  
The 4-C2, 4M-C4 and 4m-C4 mixture also reacted with MeOTf 
and with HOTf in toluene at room temperature. The products 
were isolated as orange solids and were fully characterized by 
1D and 2D NMR. NMR spectroscopy showed the presence of 
three species on each of the reaction crudes, two of them from 
protonation (9M, 9m), or methylation (10M, 10m) at the 3 
position of the chelates in 4M-C4 and 4m-C4 respectively 
(Scheme 5). The third product was identified as the precursor 3. 

 

Scheme 5. Functionalization of the position 3 of the chelate in the mixture 4M-
C4, 4m-C4, 4-C2 upon reaction with MeOTf or HOTf. 

The 1H NMR spectra of 9M, 9m and 10M, 10m in CD2Cl2 
showed signals consistent with the presence of a dearomatized 
pyridyl ring in each complex of the mixtures. Similar NMR signal 
patterns for M and m compounds support that they are 
diastereomers containing the tBu group on the 4 position and 
differing on the configuration at this carbon, with the M 
compounds having the tBu group on the opposite face to the 
PMe3. The 1H and 13C NMR spectra supported that C4 and C3 
were sp3-hybridized (at 41.6 and 30.2 ppm respectively in the 
13C NMR spectrum of 9M). In agreement with the crosspeaks 
observed in the 1H, 1H-COSY, 1H, 13C-HSQC and 1H, 13C-HMBC 
experiments, protonation or methylation occurred at the position 
3 of the chelate. The 1H NMR signal of H3 in 10M and 10m was 
a singlet, supporting a cis disposition of H3 and H4 in both 
compounds. 
Remarkably, the mixtures from protonation or methylation did 
not contain rhenium complexes derived from 4-C2. It is 
proposed that 3 was formed in both reactions from 
rearomatization of 4-C2 by tBu abstraction. This process can be 
more favored in 4-C2 than in 4M-C4, 4m-C4, due to an 
increased steric conflict between the tBu and the metal fragment 
{Re(CO)3PMe3}+. Notably, the ratios of the products from 
protonation (the 9M:9m:3 ratio was 2.9:1.5:1.0) and methylation 
(10M:10m:3 ratio = 2.2:1.8:1.0) were different than that of the 
starting materials (4M-C4:4m-C4:4-C2 ratio was 2.7:1.7:1.0) 
suggesting that, not only 4-C2, but also 4M-C4 and 4m-C4 
regenerated 3 to some extent. 
Rhenium complexes containing dearomatized pyridyl rings from 
intramolecular nucleophilic addition have been protonated or 
methylated at the amido nitrogen.14a,14b Examples of protonation 
at a carbon atom have been found in complexes containing 
dearomatized 4,4’-X2-2,2’-bipyridine (X = OMe,14a NMe2),14e for 
which the preference for carbon (over the amido nitrogen) 
protonation was attributed to the presence of the resonance 
electron-donating groups, which increased the nucleophilicity of 
ring carbons. The tert-butyl substituent in the chelates of 4M-C4 
and 4m-C4 could be playing a similar role, leading to 
functionalization of the 3 position upon both protonation and 
methylation.  
Divergent reactivity in the additions of hydride to Re(I) bipy 

and phen complexes 

Soluble hydridoborates are widely employed reagents in 
reduction reactions and in the creation of transition metal-
hydride bonds, however, their reactions with coordinated bipy 
and phen are unknown. To further explore the influence of the 
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nucleophile on the identity of the products of intermolecular 
addition to bipy and phen Re(I) complexes, the reaction with 
LiHBEt3 was studied. Addition of 1.2 equiv of LiHBEt3 to a THF 
solution of 1 at 0 °C resulted in a color change from yellow to 
purple followed by the formation of a red solution after stirring for 
1 hour at room temperature. IR monitoring of the reaction 
showed a shift of the νCO bands to lower frequencies (from 
2034, 1934, 1913 in 1 to 2014, 1918, 1891 cm-1 in THF) 
consistent with the formation of a neutral product. The product, 
11, was formed in 57% yield (determined by 1H NMR 
spectroscopy, see below) from intermolecular cyclodimerization 
of two dearomatized pyridyl rings, in turn formed upon hydride 
addition to the position 4 of the bipy ligand in 1 (Scheme 6). The 
air- and moisture-sensitivity of 11 precluded its isolation and 
crystallization. Consequently, the strongest support for the 
structure of 11 comes from the structural determination by X-ray 
diffraction of its protonated derivative (see below). 

 

Scheme 6. Cyclodimerization of the bipy in 1 triggered by LiHBEt3 or LiDBEt3 
addition. 

The NMR spectra of the reaction crude in benzene-d6 were 
consistent with the formation of 11 as a single species and 
showed signals for a C2-symmetric complex. Each rhenium 
center contained a N,N-chelate from double dearomatization of 
bipy (1H NMR signals of the non-substituted pyridyl ring occur 
from 7.88 to 5.57 ppm) with three sp3 carbons on the 3, 4 and 5 
positions. Position 4 could be unequivocally assigned to a 
methylene group (δ 1H NMR 1.86 and 1.06 ppm, 1H each, and δ 
13C NMR 21.9 ppm) from addition of hydride to this position. 
Crucially, signals for the 3 and 5 positions were assigned to 
methine groups (δ 1H NMR 2.63 and 2.28, 1H each, and δ 13C 
NMR 42.3 and 36.7 ppm respectively), consistent with C–C 
bond formation between these positions, while the 2 and 6 
carbons retained their sp2 hybridization (occurring at 117.6 and 
136.5 ppm respectively in the 13C NMR spectrum).  
When the reaction was carried out with LiDBEt331 (>99% D-
incorporation) under the same conditions, the d1-isotopologue 
11-C4-d1 was formed. Complex 11-C4-d1 showed >99% 
deuterium incorporation on the 1H NMR signal at 1.06 ppm, 
assigned to one of the two diasterotopic H atoms in the 
methylene on the 4 position of the chelate, as evidenced by the 
loss of coupling of the signal at 1.86 ppm. This result supports 
the formation of the methylene group in 11 from addition of 
hydride to bipy. 
To identify the intermediates involved in the formation of 11, the 
addition of LiHBEt3 to 1 was carried out at -78 °C and the crude 
1D and 2D NMR spectra were registered in THF-d8 at 0 °C. The 
NMR spectra of the purple solution revealed the presence of two 
rhenium complexes in a 3 to 1 ratio (from 1H NMR integration) 
each containing one dearomatized 2-pyridyl ring. The products 
were identified as 12-C4 (major) and 12-C6 (minor) from hydride 

addition to the 4 and 6 positions respectively of the bipy ligand in 
1 (Scheme 7).22e 

 

Scheme 7. Proposed pathway for the formation of 11. 

The 1H NMR spectrum of the mixture showed signals consistent 
with 12-C4, 12-C6 being asymmetric complexes, each 
containing a CH2 group on position 4 (at 3.45 ppm, 2H) or 6 (two 
doublets at 4.35 and 4.03 ppm, 1H each) from hydride addition 
to bipyridine ligands. Stirring the purple solution of 12-C4, 12-C6 
at room temperature for two hours resulted in a color change to 
red and a slight shift of the IR νCO bands (from 2010, 1913, 
1882 to 2014, 1918, 1891 cm-1 in THF) indicating the formation 
of 11. Because complex 11 contains a methylene group only on 
the 4 position of the chelate, it can only be formed by 
cyclodimerization of 12-C4 and not of 12-C6. While the fate of 
complex 12-C6 could not be elucidated based on experimental 
evidence, it can be proposed that it undergoes a 1,3-hydride 
shift30 to form 12-C4 a process that could be driven by the 
cyclodimerization of the latter to yield 11. 
Dimerization of pyridyldiimine (PDI) ligands triggered by 
intramolecular alkyl migration to the pyridyl ring has been 
reported in manganese(II),33 aluminium(III)34 and chromium(II)35 
alkyl complexes. An analogous transformation involving bipy 
was unknown and could be thought to be more energetically 
demanding as it involves the dearomatization of a second pyridyl 
ring. 
Attempting to access derivatives of 11 with enhanced stability, 
HOTf (2.1 equiv with respect to 1) was added to an in-situ 
prepared toluene solution of 11 at room temperature. A pale 
yellow solid precipitated and was isolated in a 48% yield 
(calculated from 1) and identified as complex 13. Its formation 
involved rearomatization of the non-substituted pyridyl rings in 
11 triggered by the protonation of the 6 positions in the 
cyclodimerized rings (Scheme 8). 
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Scheme 8. Protonation at C6 of complexes 11 or 11-C4-d1 to yield dicationic 
Re(I) complexes. 

The IR νCO bands of 13 (2032, 1944, 1920 cm-1 in CH2Cl2) 
supported the formation of a cationic Re(I) complex and the 
NMR spectra in CD2Cl2 showed signals consistent with the 
presence of a C2-symmetric complex. The 1H NMR spectrum 
showed four signals between 9.05 and 7.82 ppm consistent with 
re-aromatization of the non-substituted pyridyl rings upon 
protonation. The 13C NMR spectrum showed signals consistent 
with the presence of four sp3-hybridized carbon atoms in the 3, 4, 
5 and 6 positions of the cyclodimerized pyridyl rings. 
Remarkably, the signal at 66.0 ppm was identified as a 
methylene group on the 6 position of the chelate, formed by 
protonation at that position. 
To further prove that protonation of 11 takes place at position 6, 
HOTf was added to complex 11-C4-d1 yielding the d1-
isotopologue of 13, 13-C4-d1 (Scheme 8). 1D and 2D NMR 
spectroscopy showed that 13-C4-d1 incorporated D only at the 
position 4 of the chelate, while the methylene group at position 6 
showed no D-incorporation, as expected from protonation at this 
position. 
Yellow crystals of 13 suitable for X-ray diffraction were grown 
from slow diffusion of hexane into a concentrated CD2Cl2 
solution of 13 at -20 °C. The asymmetric unit contained three 
triflate anions, a molecule of THF, a molecule of water, a [H3O]+ 
cation, and the dinuclear Re(I) dication depicted in Figure 3. The 
latter was formed by C–C coupling between the 3 positions and 
the 5 positions of 12-C4 followed by protonation at the 6 
positions. As previously found for the products from PDI 
dimerization,33-35 the 3, 4 and 5 positions of the coupled rings 
defined a cyclohexane ring in a chair configuration. As a result of 
the selective 3-3 and 5-5 C–C bond formation, the tetradentate 
N-chelate adopted a U-shaped configuration. 

 

Figure 3. Solid-state structure of the dication in 13 (thermal ellipsoids at 30% 
probability). 

Bond distances in both rhenium subunits are statistically 
identical and only the values for the Re2 subunit are employed 
in the discussion. Re–N3 and Re–N4 distances have similar 
values (2.143(9) Å and 2.17(1) Å respectively) and are 
consistent with both nitrogen atoms having imino character. In 

agreement, the N3–C21 distance (1.27(1) Å) supported the 
presence of a double bond. C20–C21, C19–C20, C18–C19 and 
C17–C18 bond distances (in the range of 1.52(2)-1.54(2) Å) 
were consistent with single bonds, while shorter C–C bond 
distances were found in the non-substituted ring (C24–C25 was 
1.38(2) Å and C23–C24 was 1.39(2) Å), supporting its 
aromaticity.  
To extend the study of the hydride addition reaction to the 
phenanthroline analogue of 1, LiHBEt3 (1.3 equiv) was added to 
a toluene suspension of [Re(phen)(CO)3(PMe3)]OTf (3) at 0 °C. 
After 6 hours stirring at room temperature a dark green solution 
was formed. Upon removal of the volatiles and dissolution of the 
residue in toluene, the color of the solution changed to dark blue 
and a brown residue remained insoluble in toluene. Filtration 
and work-up of the blue solution afforded the product, as a blue 
powder in a 42% yield that was identified as complex 14, where 
two double bonds of phen have been reduced yielding a 2,3,4-
trihydro-1,10-phenanthroline ligand (Scheme 9). 

 

Scheme 9. Partial reduction of a pyridyl ring in the phen ligand of 3. 

Diagnostic 1H NMR signals supporting partial reduction of a 
pyridyl ring were three multiplets (2H each) occurring between 
3.81 and 1.76 ppm that were assigned to three CH2 groups in 
positions 2, 3 and 4 of the chelate. The rest of the signals of the 
chelate occurred as five multiplets (1H each) in the aromatic 
region (between 8.23 and 6.27 ppm). The 15N chemical shifts for 
the nitrogen atoms in 14 were consistent with the presence of an 
amido nitrogen in the partially reduced pyridyl ring (at 80.1 ppm) 
and an imino nitrogen (at 230.6 ppm) in the intact ring. 
Slow diffusion of hexane into a concentrated solution of 14 in 
toluene at -20 °C yielded single-crystals suitable for X-ray 
diffraction analysis. Complex 14 showed a distorted octahedral 
geometry and a partially reduced pyridyl ring in the N,N-chelate, 
as evidenced by the loss of planarity (Figure 4). Bond distances 
of 1.51(1) Å and 1.49(1) Å for C2–C3 and C3–C4 respectively 
were consistent with the presence of single bonds between the 
positions 2, 3 and 4 of the chelate. The sum of angles around 
N1 was 359.8(5)° supporting delocalization of the amido lone 
electron pair to the metal fragment and/or to the aromatic rings 
of the chelate.17b 
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Figure 4. Solid-state structure of complex 14 (thermal ellipsoids at 30% 
probability). 

Although the partial reduction of a monodentate pyridine ligand 
in a vanadium(III) complex with H2 has been reported36 the 
partial reduction of a phen ligand was unknown. The fact that 
only two double bonds of the pyridyl ring were reduced can be 
attributed to the conjugation of the remaining double bond with 
the amido nitrogen (N1) and with the aromatic rings of the 
chelate. 
Metal complexes of group 4 containing the 2,3,4-trihydro-1,10-
phenanthroline ligand are efficient precatalysts for olefin 
polymerization.37 The main synthetic route to access these 
complexes involves two steps- first the synthesis of the free 
ligand that can be achieved by metal-catalyzed partial reduction 
of phen6b-i to yield 1,2,3,4-tetrahydro-1,10-phenanthroline 
followed by treatment with a metal alkyl precursor. In contrast, 
the strategy reported here for Re complexes avoids the need of 
using transition metal catalysts to access the partially reduced 
ligand.  
To identify the intermediates involved in the formation of 14, 1.1 
equiv of LiHBEt3 were added to 3 at 0 °C in THF-d8 and the 
reaction was monitored by 1H NMR spectroscopy at 0 °C. The 
1D and 2D NMR spectra of the resulting dark green solution 
showed the presence of two Re(I) compounds in a 1.6:1.0 ratio 
(from 1H NMR integration) identified as 15-C4 (major) and 15-C2 
(minor) containing a dearomatized pyridyl ring from nucleophilic 
addition of hydride to the 4 and 2 positions respectively of the 
phen ligand in 3. Remarkably, the 15-C4, 15-C2 mixture is 
analogous to the 12-C4, 12-C6 from hydride addition to the bipy 
complex 1 (Scheme 7), however, the evolution of the former at 
room temperature results in the partial reduction of the 
dearomatized pyridyl ring instead of its cyclodimerization. This 
behavior can be attributed to a higher barrier for 
cyclodimerization in the phen-derived complexes, due to the 
extra phenyl fused ring, that would be dearomatized upon 
cyclodimerization (see page S185 of the SI for the calculated 
NICS). 
Stirring the solution of 15-C4, 15-C2 at room temperature 
resulted on a color change from green to blue, consistent with 
the formation of 14, and the precipitation of a brown solid. The 

1H and 31P NMR spectra of the brown residue showed signals 
consistent with the presence of [Re(phen)(CO)3(PMe3)]+ and two 
minor unidentified Re(I) phosphine compounds.  
Aiming to track the origin of the H atoms involved in the reaction, 
D-labelling experiments were carried out. When LiDBEt3 was 
added to 3 under the same conditions, a mixture of two d1-
isotopologues of 14 were formed in a 3.3:1.0 ratio. Based on the 
1JCD couplings on the 13C NMR spectrum, the products were 
isotopomers with deuterium incorporation at the methylene in 
position 4 (14-C4-d1, major) and in position 2 (14-C2-d1, minor) 
(Scheme 10a). The d2-isotopologue with D-incorporation at both 
the 2 and 4 positions was not detected by NMR spectroscopy. 
This result supports that LiHBEt3 only provided one of the three 
H atoms required to yield 14 from 3 and that both intermediates, 
15-C4, 15-C2 further reacted to afford the final product. 
To explore the origin of the other two H atoms required to form 
14 from 15-C4, 15-C2, D2O was added to the mixture resulting 
on the isolation of the d1-isotopologue of 14, showing D-
incorporation at the position 3 of the chelate (14-C3-d1) (Scheme 
10b). This result suggests that the methylene group at this 
position was formed upon protonation by trace water present in 
the reaction medium. 

 

Scheme 10. D-Labelling experiments to rationalize the formation of 14 
Reaction of 3 (a) with LiDBEt3 and (b) with LiHBEt3 followed by addition of D2O. 

Precipitation of [Re(phen)(CO)3(PMe3)]+ upon formation of 14 
from the 15-C4, 15-C2 mixture suggests that both components 
of the mixture can act as hydride donors38 and transfer a second 
equivalent of hydride to yield 14 and [Re(phen)(CO)3(PMe3)]+. 
Taking all the experimental evidence together, a pathway for the 
formation of 14 is proposed in Scheme 11. The addition of 
hydride takes place to the positions 2 and 4 of the phen ligand in 
the cationic complex 3 yielding the mixture of Re(I) neutral 
complexes 15-C2, 15-C4. Both neutral complexes undergo 
protonation on their 3 position by trace water in the reaction 
medium to yield a putative mixture of cationic Re(I) complexes 
containing two methylene groups on the 3 and 4 or 3 and 2 
positions that has not been detected by NMR spectroscopy. 
However, a similar complex has been isolated from nucleophilic 
addition of tBuLi to bipy complex 1 followed by protonation (see 
above). The mixture of cationic complexes would then undergo 
an intermolecular hydride transfer from either 15-C4 or 15-C2 to 
yield product 14 and [Re(phen)(CO)3(PMe3)]X (X = -OH, -OTf) as 
the byproducts from the hydride donation from 15-C4 or 15-C2. 
A pathway involving a double hydride addition to 3 followed by 
protonation seems unlikely as it would involve the formation of a 
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highly reactive carbanion on the position 3 of the chelate (see 
page S186 of the SI). 

 

Scheme 11. Proposed pathway for the formation of 14. 

Both 15-C4 and 15-C2 could transfer a hydride to another 
molecule of 15-C4 or 15-C2 to afford 14. The tendency to act as 
hydride donor is expected to be higher for 15-C2 than for 15-C4, 
since species from hydride addition to C2 are usually formed as 
kinetic products that evolve to the thermodynamically more 
stable C4-hydride species by a 1,3-hydrogen shift.32 These 
intermolecular hydride transfers between Re(I) complexes 
account for the moderate yield of the product (42%) as part of 
the Re complexes are being sacrificed by formation of 
[Re(phen)(CO)3(PMe3)]+ upon hydride transfer. Complex 14 was 
obtained in similar yield even when the reaction was carried out 
with 2.2 equiv of LiHBEt3 supporting that the performance of the 
rhenium complexes 15-C2, 15-C4 as hydride donors could not 
be prevented. 
To further explore the reactivity of complex 14, HOTf (1.1 equiv) 
was added to a solution of 14 in toluene at room temperature 
resulting on the immediate formation of an orange oil. The 
product was isolated as an orange powder in 72% yield and was 
identified as the cationic Re(I) complex 16, formed by 
protonation of the amido nitrogen in the partially reduced pyridyl 
ring of 14 (Scheme 12). 

 

Scheme 12. Protonation at the amido nitrogen of complex 14. 

The 1H and 13C NMR spectra of 16 in CD2Cl2 showed signals 
consistent with the presence of an asymmetric complex. The 1H 
NMR signals for the neutral bidentate N,N-chelate were slightly 

downfield shifted (between 9.05 and 7.52 ppm for the aromatic 
rings and between 4.10 and 2.02 ppm for the three methylene 
groups) with respect to those for the anionic chelate in 14, 
further supporting the transformation of the neutral Re(I) 
complex into a cationic product. A broad singlet occurring at 
6.78 ppm was assigned to the N–H group as it did not show any 
cross-peak with a C atom in the 1H, 13C-HSQC NMR spectrum. 

Conclusion 

In conclusion, C(sp3) centers in bipy and phen coordinated to 
{Re(CO)3(PMe3)}+ have been built by addition of tBuLi and of 
LiHBEt3. Nucleophilic additions to bipy and phen ligands 
rendered access to neutral Re(I) complexes with anionic 
bidentate N,N-chelates containing substituted sp3-hybridized 
carbon atoms in different positions depending on the identity of 
both the nucleophile and the chelate.  
Remarkably, hitherto unknown functionalization of position 5 of 
bipy was achieved when [Re(bipy)(CO)3(PMe3)]OTf was reacted 
with tBuLi, yielding a neutral complex where both pyridyl rings in 
bipy were dearomatized. In contrast, addition of hydride 
triggered the intermolecular cyclodimerization of dearomatized 
pyridyl rings in bipy and the partial reduction of a pyridyl ring in 
phen, highlighting the impact of chelate identity on the reaction 
pathway. Furthermore, in most cases protonation or methylation 
of the neutral complexes generated an additional C(sp3) in the 
chelate, affording cationic Re(I) complexes with different 
substitution patterns on the chelate. 
As transition-metal coordinated bipy and phen ligands emerge 
as chemically non-innocent ligands, this work provides insight 
into reaction pathways that can be turned on upon coordination 
and were unknown for the free ligands. These results posit post-
coordination functionalization as a versatile strategy to 
incorporate sp3 carbon atoms in different positions of polypyridyl 
ligands taking advantage of the environment that a metal 
fragment imparts on the chelates. This strategy has been 
successfully implemented as proof of concept in low-oxidation 
state {ReI(CO)3(PMe3)} complexes, where the spectroscopic 
signals of bipy and phen do not indicate any particular activation 
in the cationic starting materials, and, therefore, could be 
extended to other transition metal fragments. This discovery sets 
the pathway for future studies of rational design of metal 
fragments with modular ligands that enable fine tuning of the 
electronics and sterics to gain full control over the site of 
incorporation of the C(sp3) centers in polypyridyl ligands. 

Acknowledgements 

The authors thank Ministerio de Ciencia, Innovación y 
Universidades, and EU (Grants PGC2018-100013-B-I00 and 
PGC2018-093451-B-I00, both including FEDER funds) for 
funding, and Servicios Científico-Técnicos de la Universidad de 
Oviedo for technical support. R. A. thanks the Ministerio de 
Educación, Cultura y Deporte for an FPU predoctoral fellowship.  

Keywords: 2,2’-bipyridine • Carbonyl Ligands • 1,10-
phenanthroline • Reactivity of Coordinated Ligands • Rhenium 

10.1002/chem.202003814

A
cc

ep
te

d 
M

an
us

cr
ip

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.



FULL PAPER    

10 

 

[1] a) M. A. Larsen, C. V. Wilson, J. F. Hartwig, J. Am. Chem. Soc. 2015, 
137, 8633-8643; b) C. K. Preir, D. A. Rankic, D. W. C. MacMillan, 
Chem. Rev. 2013, 113, 5322–5363; c) G. E. Shillito, D. Preston, P. 
Traber, J. Steinmetzer, J. C. McAdam, J. D. Crowley, P. Wagner, S. 
Kupfer, K. C. Gordon, Inorg. Chem. 2020, 59, 6736-6746; d) A. Notaro, 
A. Frei, R. Rubbiani, M. Jakubaszek, U. Basu, S. Koch, C. Mari, M. 
Dotou, O. Blacque, J. Gouyon, F. Bedioui, N. Rotthowe, R. F. Winter, B. 
Goud, S. Ferrari, M. Tharaud, M. Rezacova, J. Humajova, P. Tomsik, G. 
Gasser, J. Med. Chem. 2020, 63, 5568-5584; e) S. Monro, K. L. Colon, 
H. Yin, J. Roque, P. Konda, S. Gujar, R. P. Thummel, L. Lilge, C. G. 
Cameron, S. A. McFarland, Chem. Rev. 2019, 119, 797-828; f) J. 
Karges, T. Yempala, M. Tharaud, D. Gibson, G. Gasser, Angew. Chem. 
2020, 132, 7135-7141; Angew. Chem. Int. Ed. 2020, 59, 7069-7075; g) 
S. -Z. Sun, Y. Duan, R. S. Mega, R. J. Somerville, R. Martin, Angew. 
Chem. 2020, 132, 4400-4404; Angew. Chem. Int. Ed. 2020, 59, 4370-
4374; h) C. Kaes, A. Katz, M. W. Hosseini, Chem. Rev. 2000, 100, 
3553–3590; i) G. Marcon, S. Carotti, M. Coronnello, L. Messori, E. Mini, 
P. Orioli, T. Mazzei, M. A. Cinellu, G. Minghetti, J. Med. Chem. 2002, 
45, 1672–1677; j) N. Elgrishi, M. B. Chambers, X. Wanga, M. 
Fontecave, Chem. Soc. Rev. 2017, 46, 761-796. 

[2] a) R. J. Oeschger, M. A. Larsen, A. Bismuto, J. F. Hartwig, J. Am. 
Chem. Soc. 2019, 141, 16479-16485; b) C. Karmel, J. F. Hartwig, J. 
Am. Chem. Soc. 2020, 142, 10494-10505; c) C. Dragonetti, L. Falciola, 
P. Mussini, S. Righetto, D. Roberto, R. Ugo, A. Valore, F. De Angelis, S. 
Fantacci, A. Sgamellotti, M. Ramon, M. Muccini, Inorg. Chem. 2007, 46, 
8533–8547; d) M. A. Larsen, R. J. Oeschger, J. F. Hartwig, ACS Catal. 
2020, 10, 3415-3424; e) M. Rentschler, M. -A. Schmid, W. Frey, S. 
Tschierlei, M. Karnahl, Inorg. Chem. 2020, 
10.1021/acs.inorgchem.9b03687; f) C. H. Booth, D. Kazhdan, E. L. 
Werkema, M. D. Walter, W. W. Lukens, E. D. Bauer, Y. -J. Hu, L. 
Maron, O. Eisenstein, M. Head-Gordon, R. A. Andersen, J. Am. Chem. 
Soc. 2010, 132, 17537-17549; g) F. Brunner, S. Graber, Y. 
Baumgartner, D. Haussinger, A. Prescimone, E. C. Constable, C. E. 
Housecroft, Dalton Trans. 2017, 46, 6379-6391. 

[3] a) D. Martineau, M. Beley, P. C. Gros, J. Org. Chem. 2006, 71, 566-
571; b) D. Martineau, M. Beley, P. C. Gros, S. Cazzanti, S. Caramori, C. 
A. Bignozzi, Inorg. Chem. 2007, 46, 2272-2277; c) K. Nagata, N. Otsuji, 
S. Akagi, S. Fujii, N. Kitamura, T. Yoshimura, Inorg. Chem. 2020, 59, 
5497-5508; d) J. Rohacova, O. Ishitani, Chem. Sci. 2016, 7, 6728-
6739; e) T. Kawakami, K. Murakami, K. Itami, J. Am. Chem. Soc. 2015, 
137, 2460–2463; f) Y. Baumgartner, Y. K. Maximilian, E. C. Constable, 
C. E. Housecroft, M. Willgert, RSC Advances 2016, 6, 86220-86231. 

[4] a) N. A. Meanwell, Chem. Res. Toxicol. 2016, 29, 564-616; b) N. Brown, 
Mol. Inf. 2014, 33, 458-462; c) P. K. Mykhailiuk, Org. Biomol. Chem. 
2019, 17, 2839-2849; d) F. Lovering, J. Bikker, C. Humblet, J. Med. 
Chem. 2009, 52, 6752-6756. 

[5] C. N. Morrison, K. E. Prosser, R. W. Stokes, A. Cordes, Anna; N. 
Metzler-Nolte, S. M. Cohen, Chem. Sci. 2020, 11, 1216-1225. 

[6] a) D. Wang, Y. Jiang, L. Dong, G. Li, B. Sun, L. Désaubry, P. Yu, J. Org. 
Chem. 2020, 85, 5027–5037. b) Y. Wang, B. Dong, Z. Wang, X. Cong, 
X. Bi, Org. Lett. 2019, 21, 3631-3634; c) Y. -N. Duan, X. Du, Z. Cui, Y. 
Zeng, Y. Liu, T. Yang, J. Wen, X. Zhang, J. Am. Chem. Soc. 2019, 141, 
20424-20433; d) S. Wang, H. Huang, C. Bruneau, C. Fischmeister, 
ChemSusChem 2019, 12, 2350-2354; e) T. Liu, K. Wu, L. Wang, Z. Yu, 
Adv. Synth. Catal. 2019, 361, 3958-3964; f) I. Sorribes, L. Liu, A. 
Domenech-Carbo, A. Corma, ACS Catal. 2018, 8, 4545-4557. 

[7] D. Tzalis, Y. Tor, Angew. Chem. 1997, 109, 2781–2783; Angew. Chem. 
Int. Ed. Engl. 1997, 36, 2666-2668. 

[8] a) A. Zhanaidarova, S. C. Jones, E. Despagnet-Ayoub, B. R. Pimentel, 
C. P. Kubiak, J. Am. Chem. Soc. 2019, 141, 17270-17277; b) Y. Kou, Y. 
Nabetani, D. Masui, T. Shimada, S. Takagi, H. Tachibana, H. Inoue, J. 
Am. Chem. Soc. 2014, 136, 6021-6030; c) A. Zhanaidarova, A. L. 
Ostericher, C. J. Miller, S. C. Jones, C. P. Kubiak, Organometallics 
2019, 38, 1204-1207; d) S. Sato, B. J. McNicholas, R. H. Grubbs, 
Chem. Commun. 2020, 56, 4440-4443. e) J. Willkomm, E. Bertin, M. 
Atwa, J. -B- Lin, V. Birss, W. E. Piers, ACS Appl. Energy Mater. 2019, 2, 
2414-2418; f) H. Yu, E. Haviv, R. Neumann, Angew. Chem. 2020, 132, 
6278-6282; Angew. Chem. Int. Ed. 2020, 59, 6219-6223; g) S. Oh, J. R. 

Gallagher, J. T. Miller, Y. Surendranath, J. Am. Chem. Soc. 2016, 138, 
1820-1823. 

[9] a) K. M. Knopf, B. L. Murphy, S. N. MacMillan, J. M. Baskin, M. P. Barr, 
E. Boros, J. J. Wilson, J. Am. Chem. Soc. 2017, 139, 14302-14314; b) 
A. Luengo, M. Redrado, I. Marzo, V. Fernandez-Moreira, M. C. Gimeno, 
Inorg. Chem. 2020, 59, 8960-8970; c) S. C. Marker, A. P. King, R. V. 
Swanda, B. Vaughn, E. Boros, S. -B. Qian, J. J. Wilson, Angew. Chem. 
Int. Ed. 2020, 59, 13391-13400; d) M. S. Capper, H. Packman, M. 
Rehkaemper, ChemBioChem 2020, 21, 2111-2115; e) E. B. Bauer, A. 
A. Haase, R. M. Reich, D. C. Crans, F. E. Kuehn, Coord. Chem. Rev. 
2019, 393, 79-117. 

[10] a) L. J. Raszeja, D. Siegmund, A. L. Cordes, J. Gueldenhaupt, K. 
Gerwert, S. Hahn, N. Metzler-Nolte, Chem. Commun. 2017, 53, 905-
908; b) A. M. -H. Yip, J. Shum, H. -W. Liu, H. Zhou, M. Jia, N. Niu, Y. Li, 
C. Yu, K. K. -W. Lo, Chem. Eur. J. 2019, 25, 8970-8974, c) K. K. –W. 
Lo, Acc. Chem. Res. 2015, 48, 2985-2995; d) W. –K. Chu, C. –C. Ko, K. 
–C. Chan, S. –M. Yiu, F. –L. Wong, C. –S. Lee, V. A. L. Roy, Chem. 
Mater. 2014, 26, 2544-2550; e) A. Cannizzo, A. M. Blanco-Rodríguez, 
A. El Nahhas, J. Sebera, S. Zális, A. Jr. Vlcek, M. Chergui, J. Am. 
Chem. Soc. 2008, 130, 8967-8974. 

[11] a) K. K. -W. Lo, Acc. Chem. Res. 2015, 48, 2985-2995; b)  R. G. 
Balasingham, M. P. Coogan, F. L. Thorp-Greenwood, Dalton Trans. 
2011, 40, 11663-11674; c) Y. Matsubara, T. Yamaguchi, T. Hashimoto, 
Y. Yamaguchi, Polyhedron 2017, 128, 198-202; d) J. Shum, P. -Z. 
Zhang, L. C. -C. Lee, K. K. -W. Lo, ChemPlusChem 2020, 85, 1374-
1378. 

[12] a) L. M. Kiefer, J. T. King, K. J. Kubarych, Acc. Chem. Res. 2015, 48, 
1123-1130; b) A. Zarkadoulas, E. Koutsouri, C. Kefalidi, C. A. 
Mitsopoulou, Coord. Chem. Rev. 2015, 304-305, 55-72; c) S. Sato, O. 
Ishitani, Coord. Chem. Rev. 2015, 282-283, 50-59; d) C. Bachmann, B. 
Probst, M. Guttentag, R. Alberto, Chem. Commun. 2014, 50, 6737-
6739; e) D. Gupta, M. Sathiyendiran, ChemistrySelect 2018, 3, 7439-
7458; f) T. Morimoto, O. Ishitani, Acc. Chem. Res. 2017, 50, 2673-2683. 

[13] a) M. -Y. Hu, Q. He, S. -J. Fan, Z. -C. Wang, L. -Y. Liu, Y. -J. Mu, Q. 
Peng, S. -F. Zhu, Nat. Commun. 2018, 9, 1-11; b) Q. Huang, M. -Y. Hu, 
S. -F. Zhu, Org. Lett. 2019, 21, 7883-7887; c) B. A. Schaefer, G. W. 
Margulieux, B. L. Small, P. J. Chirik, Organometallics 2015, 34, 1307-
1320. 

[14] a) S. Fombona, M. Espinal-Viguri, M. A. Huertos, J. Díaz, R. López, M. 
I. Menéndez, J. Pérez, L. Riera, Chem. Eur. J. 2016, 22, 17160-17164; 
b) M. A. Huertos, J. Pérez, L. Riera, J. Am. Chem. Soc. 2008, 130, 
5662-5663; c) L. Cuesta, E. Hevia, D. Morales, J. Pérez, V. Riera, M. 
Seitz, D. Miguel, Organometallics 2005, 24, 1772-1775; d) L. Cuesta, E. 
Hevia, D. Morales, J. Pérez, V. Riera, E. Rodríguez, D. Miguel, Chem. 
Commun. 2005, 116-117; e) M. Espinal-Viguri, S. Fombona, D. Alvarez, 
J. Diaz, M. I. Menendez, R. Lopez, J. Perez, L. Riera, Chem. Eur. J. 
2019, 25, 9253-9265; 

[15] For reports of intramolecular additions on bipy and phen ligands see: a) 
L. M. Kobriger, A. K. McMullen, P. E. Fanwick, I. P. Rothwell, 
Polyhedron 1989, 8, 77-81; b) S. Leelasubcharoen, K. –C. Lam, T. E. 
Concolino, A. L. Rheingold, K. H. Theopold, Organometallics 2001, 20, 
182-187; c) E. C. Constable, Polyhedron 2016, 103, 295-306; d) For 
related inner-sphere additions to metal-coordinated pyridine groups 
see: R. Arévalo, M. Espinal-Viguri, M. A. Huertos, J. Pérez, L. Riera, 
Advances in Organomet. Chem. 2016, 65, 47-106. 

[16] R. Arevalo, J. Perez, L. Riera, Inorg. Chem. 2013, 52, 6785-6787. 
[17] a) R. Arevalo, J. Perez, L. Riera, Chem. Eur. J. 2015, 21, 3546-3549; b) 

R. Arevalo, M. I. Menendez, R. Lopez, I. Merino, L. Riera, J. Perez, 
Chem. Eur. J. 2016, 22, 17972-17975. 

[18] R. Arevalo, L. Riera, J. Perez, Inorg. Chem. 2017, 56, 4249-4252. 
[19] S. Fombona, J. Perez, J. Diaz, L. Riera, Chem. Eur. J. 2017, 23, 

17870-17873. 
[20] a) I. Pausescu, M. Medeleanu, M. Stefanescu, F. Peter, R. Pop, 

Heteroatom Chem. 2015, 26, 206-214; b) D. S. Shobe, J. Phys. Chem. 
A 2005, 109, 9118-9122. 

[21] Y. Shibata, H. Nagae, S. Sumiya, R. Rochat, H. Tsurugi, K. Mashima, 
Chem. Sci. 2015, 6, 5394-5399. 

 

10.1002/chem.202003814

A
cc

ep
te

d 
M

an
us

cr
ip

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.



FULL PAPER    

11 

 

[22]  a) C. K. McGill, A. Rappa, Adv. Heterocycl. Chem. 1988, 44, 1–79; b) Y. 
Ma, S. Breslin, I. Keresztes, E. Lobkovsky, D. Collum, J. Org. Chem. 
2008, 73, 9610–9618; c) M. Mastalir, E. Pittenauer, G. Allmaier, K. 
Kirchner, Tetrahedron Lett. 2016, 57, 333–336. 

[23] P. S. Fier, J. F. Hartwig, Science 2013, 342, 956–960. 
[24] For the addition of nBuLi on the 2 position of pyridine see: a) R. 

McLellan, A. R. Kennedy, S. A. Orr, S. D. Robertson, R. E. Mulvey, 
Angew. Chem. 2017, 129, 1056-1061; Angew. Chem. Int. Ed. 2017, 56, 
1036-1041; b) D. R. Armstrong, C. M. M. Harris, A. R. Kennedy, J. J. 
Liggat, R. McLellan, R. E. Mulvey, M. D. T. Urquhart, S. D. Robertson, 
Chem. Eur. J. 2015, 21, 14410-14420; c) W. Clegg, L. Dunbar, L. 
Horsburgh, R. E. Mulvey, Angew. Chem. Int. Ed. 1996, 35, 753-755. 
For an intramolecular migration of an hydride to the positions 2 and 4 of 
magnesium-coordinated pyridine see: d) M. S. Hill, D. J. MacDougall, M. 
F. Mahon, Dalton Trans. 2010, 39, 11129-11131; for an intramolecular 
migration of an n-butyl or a hydride to the position 2 of magnesium-
coordinated bipy see: e) C. Weetman, M. S. Hill, M. F. Mahon, 
Polyhedron 2016, 103, 115-120. 

[25] a) S. D. Robertson, A. R. Kennedy, J. J. Liggat, R. E. Mulvey, Chem. 
Commun. 2015, 51, 5452-5455; b) R. F. Francis, W. Davis, J. T. 
Wisener, J. Org. Chem. 1974, 39, 59-62. 

[26] V. Hebbe-Viton, V. Desvergnes, J. J. Jodry, C. Dietrich-Buchecker, J. –
P. Sauvage, J. Lacour, Dalton Trans. 2006, 2058-2065. 

[27] a) Y. Naganawa, T. Namba, T. Aoyama, K Shoji, H. Nishiyama, Chem. 
Commun. 2014, 50, 13224-13227; b) S. Jakobsen, M. Tilset, 
Tetrahedron Lett. 2011, 52, 3072-3074; c) T. Kauffmann, J. König, A. 
Woltermann, Chem. Ber. 1976, 109, 3864-3868; d) O. Moudam, F. 
Ajamaa, A. Ekouaga, H. Mamlouk, U. Hahn, M. Holler, R. Welter and J. 
–F. Nierengarten, Eur. J. Org. Chem. 2007, 417-419. 

[28] a) S. Yamada, T. Kaneda, P. Steib, K. Murakami, K. Itami, Angew. 
Chem. 2019, 131, 8429-8433; Angew. Chem. Int. Ed. 2019, 58, 8341-
8345; b) M. T. Robo, M. R. Prinsell, D. J. Weix, J. Org. Chem. 2014, 79, 
10624−10628. c) M. Nagaoka, T. Kawashima, H. Suzuki, T. Takao, 
Organometallics 2016, 35, 2348-2360; d) T. Kawashima, T. Takao, H. 
Suzuki, J. Am. Chem. Soc. 2007, 129, 11006-11007; e) G. R. 
Newkome, A. K. Patri, E. Holder, U. S. Schubert, Eur. J. Org. Chem. 
2004, 235-254; f) T. Takao, T. Kawashima, H. Kanda, R. Okamura, H. 
Suzuki, Organometallics 2012, 31, 4817-4831; g) W. Hagui, J. -F. 
Soule, J. Org. Chem. 2020, 85, 3655-3663. 

[29] a) M. Hapke, L. Brandtb, A. Lützen, Chem. Soc. Rev. 2008, 37, 2782–
2797; b) A. Lützen, M. Hapke, Eur. J. Org. Chem. 2002, 2292-2297; c) 
H. Li, J. Oppenheimer, M. R., III Smith, R. E., Jr. Maleczka, 
Tetrahedron Lett. 2016, 57, 2231-2232; d) D. Martineau, P. Gros, Y. 
Fort, J. Org. Chem. 2004, 69, 7914-7918. 

[30] a) J. G. Cordaro, J. K. McCusker, R. G. Bergman, Chem. Commun. 
2002, 1496-1497. b) P. Hommes, H. -U. Reissig, Beilstein J. Org. 
Chem. 2016, 12, 1170–1177; c) L. Della Ciana, I. Hamachi, T. J. Meyer, 
J. Org. Chem. 1989, 54, 1731-1735; d) D. J. O'Neill, P. Helquist, Org. 
Lett. 1999, 1, 1659-1662. e) Y. Shibata, H. Nagae, S. Sumiya, R. 
Rochat, H. Tsurugi, K. Mashima, Chem. Sci. 2015, 6, 5394-5399. 

[31]  H. C. Brown, S. Krishnamurthy, J. L. Hubbard, J. Am. Chem. Soc. 
1978, 100, 3343-3349. 

[32] 1,4-dihydropyridines are thermodynamically more stable than their 1,2 
isomers, see reference 22d and A. P. Shaw, B. L. Ryland, M. J. 
Franklin, J. R. Norton, J. Y. –C. Chen, M. L. Hall, J. Org. Chem. 2008, 
73, 9668-9674. 

[33] J. J. Sandoval, C. Melero, P. Palma, E. Álvarez, A. Rodríguez-Delgado, 
J. Cámpora, Organometallics 2016, 35, 3336-3343. 

[34] a) M. Gallardo-Villagrán, F. Vidal, P. Palma, E. Álvarez, E. Y.-X. Chen, 
J. Cámpora, A. Rodríguez-Delgado Dalton Trans. 2019, 48, 9104-9116; 
b) Q. Knijnenburg, J. M. M. Smits, P. H. M. Budzelaar, Organometallics 
2006, 25, 1036-1046; c) Q. Knijnenburg, J. M. M. Smits, P. H. M. 
Budzelaar, C R Chim. 2004, 7, 865-869. 

[35] H. Sugiyama, G. Aharonian, S. Gambarotta, G. P. A. Yap, P. H. M. 
Budzelaar, J. Am. Chem. Soc. 2002, 124, 12268-12274. 

[36] P. Berno, S. Gambarotta, Organometallics 1994, 13, 2569-2571. 
[37] E. Y. Hwang, G. H. Park, C. S. Lee, Y. Y. Kang, J. Lee, B. Y. Lee, 

Dalton Trans., 2015, 44, 3845-3855. 

[38] Metal-coordinated 1,4-dihydropyridyl ligands are known hydride transfer 
reagents, see: a) L. E. Lemmerz, T. P. Spaniol, J. Okuda, Dalton Trans. 
2018, 47, 12553-12561; b) A. McSkimming, S. B. Colbran, Chem. Soc. 
Rev. 2013, 42, 5439-5488; c) A. J. De Koning, P. H. M. Budzelaar, J. 
Boersma, G. J. M. Van der Kerk, J. Organomet. Chem. 1980, 199, 153-
169. 

10.1002/chem.202003814

A
cc

ep
te

d 
M

an
us

cr
ip

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.



FULL PAPER    

12 

 

 

Entry for the Table of Contents 

 

 
 

Everything is possible with bipy and phen in the game. Post-coordination functionalization of 2,2’-bipyridine (bipy) and 1,10-
phenanthroline (phen) has been applied to the synthesis of {ReI(CO)3} complexes containing C(sp3)-derivatives of the aromatic 
chelates. The additions of tBuLi and of LiHBEt3 to Re-coordinated bipy and phen showed unprecedented site-selectivity and triggered 
reaction pathways such as cyclodimerization or reduction. 
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