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3-Rhoda-1,2-diazacyclopentanes: A Series of Novel Metallacycle
Complexes Derived From C�N Functionalization of Ethylene

Marcus W. Drover, Daniel W. Beh, Pierre Kennepohl, and Jennifer A. Love*[a]

Abstract: Rh-containing metallacycles, [(TPA)RhIII(k2-(C,N)-
CH2CH2(NR)2-]Cl ; TPA = N,N,N,N-tris(2-pyridylmethyl)amine
have been accessed through treatment of the RhI ethylene
complex, [(TPA)Rh(h2-CH2CH2)]Cl ([1]Cl) with substituted dia-
zenes. We show this methodology to be tolerant of elec-
tron-deficient azo compounds including azo diesters
(RCO2N=NCO2R; R = Et [3]Cl, R = iPr [4]Cl, R = tBu [5]Cl, and
R = Bn [6]Cl) and a cyclic azo diamide: 4-phenyl-1,2,4-tria-
zole-3,5-dione (PTAD), [7]Cl. The latter complex features two
ortho-fused ring systems and constitutes the first 3-rhoda-
1,2-diazabicyclo[3.3.0]octane. Preliminary evidence suggests
that these complexes result from N–N coordination followed
by insertion of ethylene into a [Rh]�N bond. In terms of re-

activity, [3]Cl and [4]Cl successfully undergo ring-opening
using p-toluenesulfonic acid, affording the Rh chlorides,
[(TPA)RhIII(Cl)(k1-(C)-CH2CH2(NCO2R)(NHCO2R)]OTs; [13]OTs
and [14]OTs. Deprotection of [5]Cl using trifluoroacetic acid
was also found to give an ethyl substituted, end-on coordi-
nated diazene [(TPA)RhIII(k2-(C,N)-CH2CH2(NH)2-]+ [16]Cl,
a hitherto unreported motif. Treatment of [16]Cl with acetyl
chloride resulted in the bisacetylated adduct [(TPA)RhIII-
(k2-(C,N)-CH2CH2(NAc)2-]+ , [17]Cl. Treatment of [1]Cl with
AcN=NAc did not give the Rh�N insertion product, but in-
stead the N,O-chelated complex [(TPA)RhI(k2-(O,N)-
CH3(CO)(NH)(N=C(CH3)(OCH=CH2))]Cl [23]Cl, presumably
through insertion of ethylene into a [Rh]�O bond.

Introduction

Olefins are readily available starting materials from which a vari-
ety of functional groups can be derived. Stemming from this
notion, the direct heterofunctionalization of unsaturated C�C
bonds has become of increased interest. Among these reac-
tions, olefin hydroamination has remained an expedient meth-
odology for the formation of new N�C bonds in a high yield-
ing and selective manner.[1] Despite steady advances in N�C
bond-forming catalysis, the related-hydrohydrazination reac-
tion has received far less attention. This reaction has been
used to readily assemble alkyl hydrazines for example, which
are relevant precursors to heterocycles.[2] In terms of metal cat-
alysts, late transition metals : Co,[3] Rh,[4] Ir,[4a] Pt,[5] Au,[6] and Zn[7]

as well as early metal systems containing Ti[8] have all been
used to good effect. Notably, Carreira recently reported the
use of a CoIII Schiff base complex which facilitates the hydrohy-
drazination of olefins, dienes, and enynes using azodicarboxy-
lates (RO2CN=NCO2R) as the N source and PhSiH3 as the termi-
nal reductant.[3] Messerle also explored the use of RhI and IrI

complexes for the intermolecular hydrohydrazination of termi-
nal alkynes and hydrazines to give hydrazone imine prod-
ucts.[4a]

Our group has a long-standing interest in metallahetero-
cycles, which have been proposed as intermediates in olefin
heterofunctionalization.[10] Recently, we reported the prepara-
tion of the first 2-azarhodacyclobutane, [(TPA)Rh(k2-(C,N)-
CH2CH2NTs-)]+ ; TPA = N,N,N,N-tris(2-pyridylmethyl)amine from
oxidation of the cationic TPA-Rh(ethylene) complex,[9] [1]+

(Scheme 1) using N-(p-toluenesulfonyl)iminophenyliodinane
(PhINTs).[10b] These metallacyclobutanes are notable, given their
proposed intermediacy in alkene and alkyne hydroamination
reactions. Moving forward, we envisioned that Rh ethylene
complex [1]+ could be treated with other N-containing electro-
philes, including azodicarboxylates, potentially generating
novel rhodium(III)-containing ring systems, which could serve
as intermediates in a Rh-catalyzed olefin hydrohydrazination
process. In a broader sense, these RhIII species might also rep-
resent a first-step intermediate in dinitrogen functionalization
using ethylene (following acylation), complimenting existing
strategies, which are often limited to the use of CO as the
C source.[11]

Herein we present the synthesis and characterization of such
RhIII complexes (3-rhoda-1,2-diazacyclopentanes). Furthermore,
having established the feasibility of forming these species, we
report their protonation and deprotection reactivity.
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Results and Discussion

Preparation and characterization of TPA-Rh diazacyclo-
pentanes

We first turned to acyclic dialkyl azodicarboxylates (RO2CN=

NCO2R; R = Et, iPr, tBu, Bn) as the aminating reagent for the de-
sired transformation. These compounds are a well-known
source of “NH2

+”, and have been previously employed for the
preparation of a-hydrazines and a-amino acids.[12]

As a starting point, diisopropyl azodicarboxylate (DIAD) was
added dropwise to cationic ethylene complex [1]+ at �78 8C in
CH2Cl2

[13] resulting in the formation of an emerald green solu-
tion that became deep violet on heating to room temperature
(Scheme 1). ESI(+)-MS of this reaction mixture revealed two
distinct signals at m/z 595 and 623 indicative of DIAD incorpo-
ration into the parent compound [1]+ (m/z 421). Reaction
monitoring using ESI(+)-MS showed that as time progressed
the signal at 595, attributed to [(TPA)RhIII(NCO2iPr)2]+ , disap-
peared leaving only m/z 623, which was ascribed to the unsub-
stituted 3-rhoda-1,2-diazacyclopentane complex, [(TPA)RhIII-
(k2-(C,N)-CH2CH2(NCO2iPr)2-]+ [4]+ . Other azodicarboxylates
showed similar reactivity, allowing for complexes [3–6]+ to be
isolated as fine powders (in up to 83 % yield), following precip-
itation from Et2O. These new diazarhodacycles were structural-
ly characterized using 1H, 13C{1H}, 1H-15N HMBC, 1H-13C{1H}
HMBC/HSQC, 13C{1H}-DEPT-135, 1H-1H NOESY, and 1H-1H COSY
NMR spectroscopy, mass spectrometry (HRMS ESI-MS, tandem-
MS/MS), IR spectroscopy and were modeled using density
functional theory (DFT) computational analysis. It is notewor-
thy that purification of the titled complexes proved to be diffi-
cult, causing elemental analysis values to deviate consistently
after numerous attempts. Disagreement between calculated
and observed values likely stems from the presence of
(TPA)Rh-containing impurities, for instance, the protonated
ethyl complex, [(TPA)Rh(CH2CH3)(Cl)]+ ,[14] and the bischloro
complex, [(TPA)Rh(Cl)2]+ ,[15] which have both been reported
previously.

Perutz and co-workers sur-
veyed a similar reaction between
Pt(PPh3)2(h2-C2H4) and diethyl
azodicarboxylate (DEAD) or
DIAD.[16] Though ethylene dis-
placement was successful, [Pt]�
N insertion of C2H4 did not
occur, likely owing to the N,O-
chelate coordination motif of
the azodicarboxylate, resulting in
the formation of a stable five-
membered platinacycle. Irradia-
tion of this adduct in the pres-
ence of ethylene or phenylacety-
lene (Ph2C2) did not give the in-
sertion product, but instead re-
sulted in the exclusive formation
of the h2-coordinated adducts :
Pt(PPh3)2(C2H4) or Pt(PPh3)2-
(Ph2C2), respectively. Intriguingly,

Bergman and co-workers reported the preparation of a related,
albeit unsaturated, 3-zircona-1,2-diazacyclopentene[17] scaffold,
by insertion of internal alkynes (2-butyne or 3-hexyne) into the
[Zr]�N bond of Cp2Zr(h2-(N,N’)-(PhN=NPh).

To the best of our knowledge, there are no examples of
structurally characterized, unsubstituted 3-metalla-1,2-
diazacyclopentanes bearing a [M]�N s bond. In terms of the
substituted variant, a single complex has been reported by
Mayer et al. through the intramolecular cyclization of a hydra-
zine-containing pendant alkene at platinum(II) to give (bpy)Pt-
(k2-(N,C)-AcN-NC(O)(CH2)2CHCH2-).[18] There are also a handful
of substituted 3-metalla-1,2-diazacyclopentanes (e.g. , M =

Pd,[19] Pt[20]) that invoke coordination of the nitrogen lone-pair
alone, and bear no [M]�N s bond.

Despite the structural similarity between the 3-rhoda-1,2-dia-
zacyclopentane scaffold reported herein and its dioxocyclopen-
tane relative[21] [2]+ , complete structural assignment of [3–6]+

with NMR spectroscopy proved to be challenging due to the
low symmetry of the titled complexes. Increasing the tempera-
ture to 115 8C ([D6]DMSO) did not lead to an increase in sym-
metry, as judged by 1H NMR spectroscopy, indicating a high
barrier to metallacycle inversion. In the 1H NMR spectrum of
[4]+ , we first observed three distinct multiplets at approxi-
mately 3.0, 3.5, and 3.9 ppm consistent with a [Rh]CH2CH2-
fragment of integration 2:1:1, with no discernable 2JRh,H cou-
pling. For comparison, 3-rhoda-1,2-dioxolane [2]+ exhibits
a doublet of triplets at 3.55 (2JRh,H = 2.4 Hz) and a triplet at
3.41 ppm of integration 2:2 owing to Cs symmetry (a vertical
mirror plane is present through the TPA axial methylpyridyl
arm). In contrast, for [3–6]+ the presence of bulky N-protected
alkylcarboxylate groups presumably causes the TPA ligand to
be torqued or twisted, causing each proton to be chemically
inequivalent (C1 symmetry). This effect is most pronounced in
the TPA methylpyridyl arms, which are all nonequivalent. In
contrast to [2]+ , where the equatorial methylpyridyl protons
appear as two diastereotopic [AB]-type doublets and a singlet,
the methylene protons for [4]+ appear as six diastereotopic

Scheme 1. Formation of the first diazarhodacycles [3–6]+ and NMR numbering scheme for complex [4]+ .
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doublets; each integrating to one (d= 6.51, 5.27; 2JH,H =

16.3 Hz) for H3eq/ax, (d= 5.76, 5.48; 2JH,H = 14.4 Hz) for H15a/b,
and finally, (d= 5.73, 4.70; 2JH,H = 18.6 Hz) for H9eq/ax. This
asymmetry is also observed within the [Rh]CH2CH2- fragment:
H2b (3.94 ppm), H1b (3.51 ppm), and H1a/H2a (3.00 ppm)
were all observed as multiplets. Similar asymmetry has been
observed previously.[10c] Given the spatial proximity of these
shifts, homonuclear decoupling experiments proved ineffective
for the extrapolation of a value for 2JRh,H. The shift and coupling
parameters could, however, be fitted satisfactorily using the
DAISY module of Topspin 3.2 (Figure S23 in the Supporting In-
formation). Similar 1H NMR spec-
troscopic features were observed
for complexes [3]+ , [5]+ , and
[6]+ .

Not surprisingly, 1H-1H COSY
NMR spectroscopy indicated
a strong correlation between
H1a/b and H2a/b throughout
the series. 1H-1H NOESY NMR
spectroscopy of [3–6]+ corrobo-
rated the proposed coordination
motif through the presence of
nuclear Overhauser enhance-
ment (nOe) interactions. Princi-
pally, the metallacycle protons
H1a and H1b were found to
have strong correlations with
H8/H20 and H14/H20 of the TPA
methylpyridyl rings, respectively.
Likewise, H2a/b illustrated weak
correlation to H14 and H20. As
a result, C1 bearing H1a/b was
assigned as trans to the central
N atom of the TPA ligand. Irre-
spective of counterion, a single
isomer was produced in these
reactions. This differs from the
preparation of [2]+ wherein two
isomers were formed based on
the use of BPh4

� or PF6
� . For this

study, it is likely that a sole
isomer results based on the rigid
environment imposed by the azo group substituents. 1H-
13C{1H} HMBC NMR spectroscopy modified for long-range (lr)
correlation (n JC,H = 7 Hz) was also performed to substantiate
the proposed rhodacycle connectivity. For example, in complex
[4]+ we discovered a 3JC,H correlation between H2a/H2b and
the carbonyl carbon, C25 at 155.3 ppm. Methine proton H26
(d= 4.10 ppm) was also found to correlate to C25 (3JC,H). From
this information, doublets at d= 0.47 and 0.88 ppm could be
assigned to H27 and H28 by way of scalar coupling to H26, ob-
served through 1H-1H COSY NMR spectroscopy.

103Rh–13C coupling was instrumental in assigning signals for
both C1 and C2 for all compounds studied herein. For [4]+ 1H-
13C{1H} HSQC NMR spectroscopy showed that H1a/b were di-
rectly bonded to a Rh-coupled carbon atom at 38.7 ppm (d,

1JRh,C = 27.3 Hz, C1) and H2a/b to a singlet at 47.3 ppm (C2).
13C{1H} shifts and 1JRh,C data of the previously reported 3-rhoda-
1,2-dioxolane [2]+ are in good agreement with those reported
above: (44.8 ppm, d, 1JRh,C = 28.8 Hz, C1) and 72.8 ppm (C2). 1H
and 13C{1H} NMR shifts are summarized in Table 1 and Table 2.
The observed difference in d(C2) presumably results from
greater deshielding in the 3-rhoda-1,2-dioxolane by the adja-
cent O atom. Comparable 13C NMR shifts of 33.3 and 41.5 ppm
were noted for the cyclic rhodium(III) amide, [(TPA)Rh(k2-(O,C)-
CH2CH2(NH)(COCH3)-)]+ , for example.[14]

Preparation and characterization of TPA-Rh diazabicyclo-
pentanes

Given our success with dialkyl azodicarboxylate insertion, we
next turned to 4-phenyl-1,2,4-triazoline-3,5-dione (PTAD) to
test the efficacy by which a cyclic azodicarboxylate, bearing
a cis-azo linkage, could coordinate to Rh and enable subse-
quent insertion of C2H4 (Scheme 2). Accordingly, addition of
PTAD to complex [1]+ in CH2Cl2 at room temperature resulted
in the formation of a deep-orange solution, which was stirred
for 2 h. ESI(+)-MS of the crude reaction mixture revealed two
distinct signals at m/z 568 and 596, indicative of PTAD coordi-
nation and subsequent ethylene insertion. Rhodabicycle [7]+ ,
however, appeared to have a much simpler 1H NMR spectrum
than that of the rhodacycles discussed above.

Table 1. 1H and 13C NMR spectroscopic data for N-containing metallacycles (400 MHz, 298 K).

d 1H d 13C{1H}
Ring size Compound d(RhCH2) d(CH2X) 3JH,H

2JRh,H d(RhCH2) d(CH2X) 1JRh,C Reference

4 [8]+ 2.44 (dt) 4.16 (t) 7.8 2.0 8.1 (d) 57.9 (s) 18.4 [10b][a]

4 [7]+ 3.46 (dt) 3.75 (t) 6.8 1.4 33.4 (d) 45.1(s) 25.8 this work[a]

5 [16]+ 3.46 (dt) 3.78 (t) 6.6 2.1 38.2 (d) 51.1 (s) 25.2 this work[a]

6 [9]+ 3.38 (dt) 4.26 (t) 5.6 2.7 28.4 (d) 71.8 (s) 26.4 [14][b]

[a] CDCl3 ; [b] CD3CN.

Table 2. 13C and 15N NMR[a] spectroscopic data for N-containing metallacycles (400 MHz, CDCl3, 298 K).

d 13C{1H} d 15N (from 1H-15N HMBC)
Compound (R) d(C1) d(C2) 1JRh,C d(N1) d(N2) d(N3) d(N4) d(N5) d(N6)

[3]+ (Et) 38.9(d) 47.5(s) 27.6 �241 �283 �152 �309 �158 �155
[4]+ (iPr) 38.7(d) 47.3(s) 27.3 �236 �282 �152 �309 �158 �153
[5]+ (tBu) 38.4(d) 46.4(s) 29.1 �234 �281 �150 �308 �157 �152
[6]+ (Bn) 38.9(d) 46.4(s) 27.7 �226 �281 �156 �302 �153 �159
[7]+ (PTAD) 33.4(d) 45.1(s) 25.8 �228 �266 �158 �332 �159 �158

[a] The extrapolation of 15N chemical shifts for N1 and N2 was possible due to 1H detection by 1H-15N HMBC
using protons present within the metallacycle (H1 !!N1 and H2 !!N2).
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On first inspection, a [Rh]CH2CH2- fragment was evidenced
by a doublet of triplets (dt) at 3.46 ppm (2JRh,H = 1.4 Hz, 3JH,H =

6.8 Hz) and a triplet at 3.75 ppm (3JH,H = 6.8 Hz) of integration
2:2. This 3JH,H coupling constant is consistent with the forma-
tion of a five-membered diazametallacycle. For related oxygen-
ated systems,[21] de Bruin observed a decrease in 3JH,H from
7.5 Hz for the four-membered 2-rhodaoxetane to 6.1 Hz for the
five-membered 3-rhoda-1,2-dioxolane [2]+ to 5.6 Hz for the
six-membered 2-(acetimidoyloxy)ethyl rhodium complex [9]+ .
In the present case, a similar decrease in 3JH,H was observed for
the N-containing analogues: 7.8 Hz for [8]+ , 6.8 and 6.6 Hz for
[7]+ and [16]+ , and 5.6 Hz for [9]+ [14] (Table 1). These coupling
constants are all consistent with the formation of mononuclear
four-, five-, and six-membered ring systems.

The nOe interactions for [7]+ are also consistent with the
proposed structure. Primarily, H1 and H2 were found to have
strong through-space interaction with H8 and H14 of the TPA
pyridyl ring system, corroborating the assigned configuration
where the [Rh]CH2CH2- fragment is trans to the central N atom
of the TPA ligand scaffold. For the equatorial methylpyridyl
arms, two doublets were observed for the equatorial and axial
methylene protons at 5.44 and 6.95 ppm (2JH,H = 15.7 Hz) each
of integration two. The disparity in shift (Dd= 1.51 ppm) ob-
served between these groups likely arises from interaction of
the axial protons with a carbonyl O atom of the PTAD unit,
which is pushed into close proximity to Rh upon coordination
of the azo group. This effect is also observed in the acyclic de-
rivatives (d= 6.57–6.51 for Hax), but not to the same extent. A
singlet of integration two was also observed at 5.38 ppm for
the axial methylene TPA methylpyridyl arm. Carbamate hydrol-
ysis was also attempted through treatment of [7]+ with metha-
nolic KOH at room temperature, followed by oxidation employ-
ing CuCl2.[22] While hydrolysis of [7]+ could be facilitated, sub-
sequent oxidation failed due to sensitivity of the “free-hydra-
zine” complex to base.

It is noteworthy that azobenzene (Ph2N2) and azobisisobutyr-
onitrile (AIBN) were also reacted with cationic rhodium, com-
plex [1]+ in hopes of uncovering alternatively substituted dia-
zarhodacycles, but these attempts were unsuccessful. For azo-
benzene, it is likely that the presence of bulky, electron-donat-
ing phenyl groups a to nitrogen prevents insertion. In all
cases, the presence of electron-withdrawing groups (e.g. ,
esters) was required for successful diazarhodacycle formation.

DFT computational analysis

To gain a better understanding of the three-dimensional struc-
ture for these five-membered ring systems, the geometry of
complexes [3–7]+ was modeled using density-functional
theory (DFT) calculations using the B3LYP functional and the
def2-TZVP basis set (Figure 1; see the Supporting Information
for details). Complexes [3–6]+ feature a skewed k4-(N4)-TPA
ligand framework, lending support to the chemical inequiva-
lency noted for the ligand scaffold in the 1H NMR spectrum
(i.e. , no two protons are equivalent). Furthermore, the five-
membered rings of [3–6]+ possess an envelope confirmation
(with a high barrier to inversion, as noted by VT 1H NMR spec-
troscopy). The inserted azo diester bears trans N substituents,
likely explaining the low field shift of a single diastereotopic
methylene proton of the ligand framework, resulting from in-
teraction with a proximal carbonyl O atom (2.08 � for [3]+).
Complex [7]+ on the other hand, possesses a highly symmetric
k4-(N4)-TPA ligand framework. For the inserted azodicarboxy-
late, two ortho-fused five-membered ring systems result, coor-
dinating to rhodium via a k2-(C,N) coordination motif. Stem-
ming from the coplanarity of the axial TPA methylpyridyl arm,
the two fused ring systems, and its phenyl substituent, com-
plex [7]+ possesses a mirror plane, resulting in an overall Cs

symmetry giving magnetically equivalent equatorial methylpyr-
idyl arms. The previously noted chemical shift of 6.95 ppm for
the axial methylpyridyl protons is further corroborated by
close proximity to the adjacent carbonyl O atom of the insert-
ed azo diester at distances of 2.04 and 2.14 �.

15N NMR spectroscopy

In order to establish the formation of a five-membered diazar-
hodacycle, long-range 1H-15N HMBC NMR spectroscopy was
performed (referenced to CH3NO2 at 0 ppm). For compounds
[3–6]+ , values of d(15N) were similar along the series with
d(N2) ranging from �281 to �283 ppm and d(N1) ranging
from �226 to �241 ppm (Table 2). Similarly, diazarhodabicyclo-

Scheme 2. Formation of the first 3-rhoda-1,2-diazabicyclo[3.3.0]octane.

Figure 1. Representative DFT-calculated geometry optimizations for com-
plexes [3]+ (left) and [7]+ (right) using B3LYP/def2-TZVP.
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[3.3.0]octane [7]+ gave d(N2) =�266 and d(N1) =�228 ppm
(Figure 2), unambiguously confirming the proposed coordina-
tion environment about Rh. In comparison to other (N-N)- con-
taining species, the presence of N protected carbamate groups
causes deshielding of d(15N). For instance, in Schrock’s tung-
sten(V)-bridged species, W2Me6(NPh)2(m-h2-h2-NHNH)(m-h1-h1-
NH2NH2) higher field shifts of d(15N) =�323 ppm (NHNH2�) and
�325 ppm (NH2NH2) were observed.[24] These values also com-
pare well with those reported previously for other Rh-contain-
ing ring systems, namely the 2-azarhodacyclobutane, [8]+ for
which d(15N) =�379 ppm and the five-membered rhodacycle,
[Rh]-TsDPEN[25] (TsDPEN = toluenesulfonyl-1,2-diphenylethylene-
diamine) for which d(15N) =�478 ppm (amido donor) and
�530 ppm (amine donor). Moreover, the inherent lack of sym-
metry present within [3–6]+ was observed using 1H-15N HMBC
NMR spectroscopy. Specifically, these compounds displayed
three pyridine nitrogen signals: one for each of the three
unique methylpyridyl arms. In contrast, complex [7]+ , which is
of higher symmetry (Cs), exhibited two signals for each of its
N(pyr) groups at d=�158 and �159 ppm, respectively.[23]

Infrared spectroscopic and mass spectrometric analysis

Infrared (IR) spectroscopic analysis was performed on metalla-
cycles [3–7]+ , which illustrated three characteristic absorptions
along the series in the range of 1703–1715, 1638–1644, and
1608–1609 cm�1. The former of the three is ascribed to a
v(C=O) band of the inserted azodicarboxylate (a decrease of
about 50 cm�1, compared to the parent azo compounds),
while the other two signals are attributed to v(C=N) and v(C=

C) absorptions of the pyridyl (TPA) ring system.
In an attempt to further validate the proposed structures for

[3–7]+ , ESI(+)-tandem MS/MS was performed to gain insight
from characteristic fragment losses. For example, bombard-
ment of [5]+ (m/z 651) provided several daughter ions includ-

ing m/z 595 for the h2-azo compound and m/z 551 and 451
for the mono- and bisdeprotected rhodacycles, respectively. A
signal at m/z 421 was also observed for the h2-ethylene frag-
ment [1]+ . A final signal at m/z 477 was also identified, pre-
sumably resulting from a 2-azarhodacyclobutane, following
loss of a tert-butoxycarbonyl (Boc) group and carbamate rear-
rangement of the other Boc group to an isocyanate. Similar
signals were observed during the deprotection of [5]+ using
trifluoroacetic acid (TFA; vide infra).

Attempted 3-rhoda-1,2-diazacyclopentene formation

In an attempt to generate related 3-rhoda-1,2-diazacyclopen-
tenes, a series of new Rh h2-alkynyl complexes were prepared.
Combination of [1]+ with dimethylacetylene dicarboxylate
(DMAD), diethylacetylene dicarboxylate (DEAD) or phenylacety-
lene (Ph2C2) in CH2Cl2 resulted in the formation of air/moisture
stable, h2-alkyne adducts in good yield (Scheme 3). Methoxy
ester adduct [10]+ was isolated as a red power upon precipita-
tion from the reaction mixture using Et2O in 84 % yield. The
alkyne 13C nuclei resonate as rhodium-coupled doublets at
104.2 (1JRh,C = 20.0 Hz) and 101.6 ppm (1JRh,C = 20.4 Hz). The
1H NMR spectrum illustrates two singlets of equal intensity for
each of the alkyne methoxycarbonyl groups at 4.01 and
3.62 ppm, indicating hindered rotation. For reaction of [1]+

with DEAD, a similar result is obtained and [11]+ was isolated
as a yellow solid in 76 % yield, following precipitation from
Et2O. The alkyne 13C nuclei clearly resonate as rhodium-coupled
doublets at 103.4 (1JRh,C = 19.9 Hz) and 101.6 ppm (1JRh,C =

20.2 Hz). The 1H NMR spectrum illustrates two sets of coupled
triplets and quartets of intensity 2:2:3:3 for each of the alkyne
ethoxycarbonyl groups, once again indicative of hindered rota-
tion. Finally, [1]+ was reacted with diphenylacetylene (Ph2C2) to
give the corresponding h2-alkyne complex in 87 % yield as
a bright yellow solid upon workup. Similar to the 13C{1H} NMR
spectrum of [10]+ and [11]+ , the alkyne 13C nuclei of [12]+ res-
onate as rhodium-coupled doublets at 97.6 (1JRh,C = 20.4 Hz)
and 94.6 ppm (1JRh,C = 19.6 Hz). The 1H NMR spectrum distinctly
illustrates the presence of multiple aryl groups, owing to the
presence of two unique phenyl rings (Supporting Information
Figure S37).

IR analysis of [10]+ and [11]+ showed a strong v(C=O) band
at 1678 and 1674 cm�1 owing to the presence of methoxy and
ethoxycarbonyl groups, respectively. In terms of the v(C�C)
stretching frequency, absorptions at 1791, 1797, and
1783 cm�1 for [10–12]+ suggest decreased triple bond charac-
ter, due to back-bonding from the rhodium center. This phe-
nomenon has been observed for other Rh alkyne complexes.[26]

In fact, p coordination causes the stretching frequency to be
shifted 459, 455, and 437 cm�1 downfield for [10–12]+ , respec-
tively. In accordance with these data, these complexes might
be classified as rhoda(III)cyclopropenes following oxidative ad-
dition of the alkyne substrate. The nominal formula for each of
these adducts was also confirmed through HRMS analysis.

With these compounds in hand, we next examined the pros-
pect of 3-rhoda-1,2-diazacyclopentene formation through reac-
tion with different azo compounds. Unfortunately, at elevated

Figure 2. 1H-15N{1H} HMBC of [7]+ (CD2Cl2, 298 K) used for indirect detection
of d(15N). d(1H) horizontal, d(15N) vertical.
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temperature and following prolonged reaction times, no inser-
tion product was observed. This result likely stems from the
electronic nature of the alkyne, the R groups of which are elec-
tron withdrawing causing the alkyne to be strongly bonded to
the Rh center. To remedy this problem, we next sought to
employ electron-rich alkynes (good p-donors), such as 3-
hexyne and 2-butyne for coordination to Rh. In this instance,
no reaction occurred and [1]+ was obtained quantitatively. Fi-
nally, we examined a series of terminal alkynes, for example,
phenylacetylene for the desired transformation. However, in
this case, undesired alkyne trimerization[27] was evidenced by
mass spectrometric and 1H NMR spectroscopic analysis, which
supported the formation of 1,2,4- and 1,3,5-substituted ben-
zenes. Addition of an azo compound to these systems provid-
ed a mixture of undesired products.

Finally, a series of previously reported[10d] Rh h2-alkene com-
plexes were prepared and subsequently reacted with a series
of azo compounds in an attempt to generate substituted 3-
rhoda-1,2-diazcyclopentanes. However, this too proved unsuc-
cessful. In these instances, no insertion product was evidenced
using alkyl acrylates, substituted styrenes and cis- or trans-stil-
bene. In all cases, the h2-alkene was retained. In cases where
ethylene was not fully removed from the reaction vessel,
traces of unsubstituted diazarhodacyclopentane were ob-
served.

Ring-opening of [3]+ and [4]+ using p-TsOH

We anticipated that [3–6]+ might undergo ring-opening by
transmetallation using arylboronic acids similar to our previous
studies with 2-rhodaoxetanes.[10a] However, transmetallation
was unsuccessful using either 4-bromo- or 4-chlorophenylbor-
onic acid. Likewise, ring-opening was not achieved by alkyla-
tion using methyl iodide or by reductive cleavage employing
[(CH3)2SiH]2O, PhMe2SiH, PhSiH3, NaBH4, or LiAlH4. Gratifyingly,
ring-opening of [3]+ and [4]+ could be achieved through pro-
tonation of the [Rh]�N bond using 1.5 equivalents of p-tolue-

nesulfonic acid in CDCl3 at room temperature, resulting in
a pale yellow reaction mixture (Scheme 4). The products of
protonolysis were characterized through ESI-MS, which
showed a dominant signal at m/z 631/633 ([13]+) or 659/661
([14]+) with a 3:1 35Cl/37Cl isotope pattern (positive mode) and
m/z 171 (negative mode), which was ascribed to the tosylate
(OTs-) counterion. It is important to note that the ring-open-
ing/protonation event was found to be sensitive to the sterics
of the azodiester R group. In this way, protonation of the met-
allacycle N atom for the R = tBu system resulted in trace ring-
opened product while for R = Bn and the PTAD-containing
system, ring-opening was not facilitated.

In addition, 1H NMR spectroscopy provided irrefutable evi-
dence for ring-opening due to the presence of a broad singlet
at about 6.4 ppm, resulting from a protonated carbamate
(RO(CO)NHR’) moiety. Interestingly, ESI(+)-MS analysis of NMR
solutions of [3]+ or [4]+ upon standing at 25 8C for a few
hours indicated the presence of a new signal at m/z 599/601
(3:1 35Cl/37Cl isotope pattern), which results from [(TPA)Rh(Cl)-
(OTs)]+ the formula of which is supported by HRMS analysis
(found: 599.0391; calcd: 599.0386). This complex likely results
following protonation of the [Rh]�C bond by residual p-TsOH,
resulting in the formation of [15]+ and unidentifiable N con-
taining byproducts.

Deprotection of [5]+ with
trifluoroacetic acid (TFA)

We next wished to examine whether these new complexes
were amenable to deprotection, thus providing further ave-
nues to explore diazarhodacycle functionalization. Given the
ample literature precedent for the deprotection of Boc groups
using acids, our initial efforts were focused on the deprotec-
tion of [5]+ . In following, complex [5]+ was treated (individual-
ly) with several Brønsted acids including 3 m HCl, p-TsOH, and

Scheme 3. Formation of Rh-alkyne complexes [10–12]+ and attempted reac-
tivity to generate rhodacyclopentenes

Scheme 4. Ring-opening of [3]+ and [4]+ using p-TsOH and subsequent
product decomposition.
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AcOH (reflux), albeit with little success. Gratifyingly, deprotec-
tion of [5]+ was accomplished using 30 equiv of trifluoroacetic
acid (TFA) in CH2Cl2 to give [16]+ (Scheme 5). Putatively, this
complex might be considered an example of a metal-stabilized
diazene (HN=NH), resulting from insertion of HN=NH into the
[Rh]�C bond of [1]+ . Unfortunately, as a pure compound, dia-
zene is unstable and has a half-life (t1/2) of only a few mi-
nutes,[28] precluding the possibility of directly accessing [16]+

by insertion. For [16]+ , 1H NMR spectroscopy provided evi-
dence for a five-membered ring system (see 3JH,H, Table 1) with
the [Rh]CH2CH2- fragment observed as a doublet of triplets at
3.46 ppm (3JH,H = 6.6 Hz, 2JRh,H = 2.1 Hz, H1) and a triplet at
3.78 ppm (3JH,H = 6.6 Hz, H2). In the 13C{1H} NMR spectrum, C1
and C2 were found to resonate at 38.2 and 51.1 ppm with
1JRh,C = 25.2 Hz for C1. These shifts agree with those obtained
for the N-substituted analogues, [3–7]+ . Additionally, 1H-1H
COSY NMR spectroscopy validated scalar coupling amongst H1
and H2, while 1H-1H NOESY NMR spectroscopy verified the pro-
posed coordination motif, through the presence of nOe inter-
actions between H1 and H8/H14 (equatorial and axial pyridine
CH groups) and H2 with H8 (equatorial pyridine CH groups).
HRMS also corroborates the composition of [16]+ for [M]+ at
451.1120 (calcd: 451.1117).

Subsequent attempts to functionalize [16]+ by acylation or
alkylation using acetic anhydride (Ac2O) or MeI were ineffec-
tive. Instead, removal of residual TFA and addition of acetyl
chloride (in CH2Cl2) successfully afforded the bisacylated rhoda-
cycle, [17]+ for which m/z 535. Alternative acid chlorides were
also screened: benzoyl chloride provided a mixture of mono-
and a trace amount of the bisacylated rhodacycle, both of
which were identifiable by ESI(+)-MS (though these were not
isolated). In an attempt to extend this methodology to form
rhodabicycles, malonyl and succinyl chloride were also added
to a solution of [16]+ to potentially generate five–five or five–
six fused ring systems, respectively. In this instance, only trace
product formation was observed using ESI(+)-MS.

During the deprotection of [5]+ using TFA, by-product for-
mation was detected. Over a period of several hours isobutene

formation[29] was detected by the presence of tert-butyltrifluor-
oacetate[30] in the 1H and 19F NMR spectra (resulting from pro-
tonation of isobutene and nucleophilic attack by a trifluoroace-
tate anion). MS analysis also revealed a new signal m/z 619,
which we attribute to [18]+ , [(TPA)Rh(O2CCF3)2]+ . Independent
preparation of [18]+ was accomplished by transmetallation of
the known bis(chloro)rhodium(III) complex[15] [19]+ using
AgO2CCF3 in dimethyl sulfoxide (DMSO) at 120 8C. This com-
pound features two 19F signals in its 19F{1H} NMR spectrum at
�74.13 and �74.16 ppm; in agreement with those observed in
the 19F{1H} NMR spectrum of the crude reaction mixture for
[4]+ and TFA. By 13C{1H} NMR spectroscopy, characteristic tri-
fluoroacetate signals were also observed with 1JC,F = 296 Hz
and 2JC,F = 33.1 Hz. Additionally, HRMS confirmed the nominal
formula for [M]+ 619.0281 (calcd: 619.0287).

Mechanistic analysis for deprotection of [5]+

The deprotection of [5]+ was followed by ESI(+)-MS in an at-
tempt to “fish-out” reactive intermediates. Following 1 h of re-
action time we observed a dominant signal at m/z 551; the
parent compound following loss of a Boc group. Next, a signal
at m/z 451 was observed, which is ascribed to the bisdepro-
tected rhodacycle [16]+ following loss of an additional Boc
group. Protonolysis of the [Rh]�N bond was subsequently evi-
denced from a signal at m/z 556 resulting from the addition of
one equivalent of TFA to the Rh center. Finally, the [Rh]�C
bond succumbs to protonolysis by an additional equivalent of
TFA to provide two signals at m/z 619 and 541 (35Cl/37Cl iso-
tope pattern). It is noteworthy that a signal at m/z 541 was
also seen during the preparation of [18]+ from [19]+ and re-
sults from the cationic complex [(TPA)Rh(O2CCF3)(Cl)]+ . Parallel
reaction monitoring with 1H NMR spectroscopy revealed an in-
triguing result. Following the addition of TFA, an intense sin-
glet at 9.10 ppm and three lines, of identical intensity, centered
at 6.72 ppm, with an unusually large coupling constant of
52.4 Hz, were observed. Control experiments were performed
under metal-free conditions employing di-tert-butyl azodicar-

boxylate and TFA in CD2Cl2.
Using this approach, identical
signals were observed, which
based on 1H-15N{1H} HSQC NMR
spectroscopic evidence, we attri-
bute to hydrazinium trifluoroace-
tate, [NH2NH3][O2CCF3] , due to
a 15N cross-peak at �331 ppm
(referenced to CH3NO2) and am-
monium trifluoroacetate, [NH4]-
[O2CCF3], due to a 15N cross-peak
at �359 ppm. These 15N shifts
agree with the values quoted by
Mock and co-workers[31] for
[NH2NH3][OTf] (�329 ppm) and
[NH4][OTf] (�364 ppm). Presuma-
bly these N containing byprod-
ucts result from the formation of
diazene (HN=NH), which readilyScheme 5. Formation of [16]+ by deprotection using TFA and subsequent acylation using acyl chloride.
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undergoes disproportionation under ambient conditions to
give hydrazine and dinitrogen. Trace ammonium trifluoroace-
tate likely results from decomposition of the corresponding hy-
drazinium salt, explaining the observed 1H NMR spectroscopic
data.

[Rh]�O insertion of C2H4

We next aimed to prepare complex [17]+ independently by in-
sertion using complex [1]+ and diacetyl diazene (AcN=NAc),
which was prepared through oxidation of diacetyl hydrazine.[32]

Addition of AcN=NAc to a solution of [1]+ in CH2Cl2 at room
temperature provided a deep orange solution, which was
stirred for 2 h. Satisfyingly, ESI(+)-MS of the crude reaction mix-
ture showed two distinct signals at m/z 507 and 535 (also ob-
served for [17]+) for the coordinated azo compound and ethyl-
ene insertion product, respectively (Scheme 6). However, the
1H NMR spectrum of this mixture did not contain signals attrib-
utable to [17]+ or even signals which we could ascribe to
a “[Rh]CH2CH2-” fragment, prompting the use of 2D NMR tech-
niques for complete structural elucidation. 1H-1H COSY NMR
spectroscopy revealed that a doublet at 4.30 ppm (3JH,H(trans) =

16.1 Hz, 1 H), and a doublet at 5.26 ppm (3JH,H(cis) = 8.2 Hz, 1 H)
were found to have scalar coupling with a doublet of doublets
at 7.51 ppm (3JH,H(trans) = 16.1 Hz, 3JH,H(cis) = 8.2 Hz, 1 H)—charac-
teristic of an ethylene-derived vinyl group. 13C{1H} and 1H-
13C{1H} HSQC NMR spectroscopy confirmed this assignment, il-
lustrating that both doublet signals were bonded to the same
sp2 carbon at 126.0 ppm. Likewise, the low field signal at
7.51 ppm (dd) was found to be bonded to an sp2 carbon atom
with d= 152.2 ppm. These shifts, along with their respective
coupling constants, confirm the presence of enol-type func-
tionality, similar to that observed in the 1H NMR spectrum of 1-
acetoxyethylene for example, where Ca of the olefin is greatly
deshielded by an adjacent O atom. The absence of geminal
2JH,H coupling is also notable, and likely results from the elec-
tronegative O substituent bonded to the olefin unit, which be-
haves as a p acceptor and has a negative effect on the cou-
pling, causing it to be near zero (this is also observed for 1-
acetoxyethylene). For the TPA methylene groups, [AB]-type
doublets at 5.06 and 5.15 ppm (2JH,H = 15.5 Hz) and a singlet at
3.78 ppm were also noted, indicative of symmetry within the
ligand framework. In terms of through-space interaction, 1H-1H
NOESY NMR spectroscopy indicated a cross-peak for the vinylic
proton at 7.51 ppm with a methyl (Ac) group of the coordinat-
ed azo compound at 2.28 ppm. This methyl signal was also
found to have through-space contact with the equatorial pro-
tons of the TPA methylpyridyl groups, indicating close spatial
proximity to the ligand framework. To consolidate the coordi-
nation motif at Rh, 1H-15N HMBC NMR spectroscopy was under-
taken to determine if either (or both) of the azo group
N atoms were bonded to Rh via 1JRh.N. Detection of these
N atoms was indirectly facilitated through the azo methyl (Ac)
groups, which are three bonds away. To our delight, the
methyl group of the azo moiety at 2.28 ppm was found to cor-
relate to an N signal at d=�245 ppm with 1JRh.N = 25.2 Hz, indi-
cating coordination to Rh. This value also agrees with those

observed previously for the five-membered diazarhodacycles.
This analysis also precludes the formation of an N-vinyl con-
taining species. In such a case, 2JN,H and 3JN,H contacts would be
observed in the 1H-15N HMBC spectrum. Given that these sig-
nals were absent, the vinyl group must be greater than three
bonds away from an N atom. This coordination also explains
the nOe contact previously observed between the methyl
signal at 2.28 ppm and the equatorial methine TPA pyridyl
groups, indicating this N atom to be trans to the central
N atom of the ligand. Furthermore, 1H-13C{1H} HMBC NMR spec-
troscopy illustrated that the 1H NMR signal at 2.28 ppm has
long-range (2JC,H) correlation with a carbon atom at 171.6 ppm
(2JRh,C = 3.2 Hz)—an anticipated feature provided the adjacent
N atom was coordinated to Rh. A signal for the second N atom
of the metallacycle was detected at �210 ppm through 3JN,H

correlation with the methyl signal at 2.03 ppm. In following
with this analysis, we propose treatment of [1]+ with AcN=

NAc results in the formation of [23]+ and not the desired
product [17]+ . Mechanistically, ethylene extrusion of [1]+ , fol-
lowed by coordination of diacetyl diazene through an N,O-co-
ordination motif furnishes compound [20]+ , which undergoes
insertion into the [Rh]�O bond to provide a seven-membered
heterometallacycle [21]+ . Subsequent b-hydride elimination to
give [22]+ and reductive elimination of the substrate results in
the ethylene functionalized azo compound. Finally, the ex-
pelled product re-coordinates to give [23]+ .

Ligand modifications

A series of ligand alterations were undertaken in an attempt to
generate a coordinatively unsaturated Rh center, thus provid-
ing potential for turnover in a catalytic fashion (e.g. , by b-hy-
dride elimination[33]). As a result, the three-coordinate MeBPA
bis(2-pyrdylmethyl)methylamine and BnBPA bis(2-pyridylme-
thyl)benzylamine ligands were prepared and their 16-electron
Rh ethylene complexes examined for reactivity (Scheme 7).
However, no insertion product was observed upon reaction
with several different azo compounds, truly underscoring the
importance of the TPA ligand scaffold, in terms of identifying
a ligand system, which is rigid, yet still maintains sufficient flex-
ibility to allow for metallacycle formation. However, it is impor-
tant that the ligand not be too sterically demanding. For in-
stance, use of the MeTPA bis(2-pyridylmethyl)6-methyl-2-pyri-
dylmethyl ligand lead to no observable insertion reactivity. Al-
though the presence of a methyl group at the six position on
the pyridyl ring does not drastically infringe on the Rh coordi-
nation sphere, it nonetheless inhibits metallacycle formation.
This observation agrees with our previous attempts at forming
substituted diazarhodacyclopentanes where even small, non-
sterically demanding olefins were inert toward insertion, high-
lighting the sensitivity of metallacycle formation to the steric
environment about Rh.

Mechanistic considerations

Although we propose the entitled process to occur by a two-
atom insertion of C2H4 into the [Rh]�N bond of a complexed
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diazene, an alternative might be considered (Scheme 8). Princi-
pally, [Rh]�C insertion of the azo compound would also pro-
vide the observed metallacycle. Foremost, [Rh]�N bond inser-
tion via the bound diazene mechanism is corroborated
through reaction monitoring using LRMS (ESI(+)-MS), wherein
a cation of the type [(TPA)Rh(RN=NR)]+ was observed. It is
noteworthy that this ion does not simply result from fragmen-
tation of the parent diazametallacycle. Following reaction com-
pletion and purification, the ESI(+)-MS of [3–7]+ does not con-
tain an ion which is attributable to a diazene-bonded inter-
mediate. Instead, tandem-ESI(+)-MS/MS of these samples show

that high capillary voltages are required to fragment the
parent 3-rhoda-1,2-diazametallacycle. Furthermore, 1H-1H
NOESY NMR spectroscopy indicates fluxionality and exchange
between the Rh-coordinated ethylene and free azo compound
on the 1H NMR timescale. This agrees with our findings above,
wherein ethylene is easily exchanged for electron-deficient al-
kynes to provide the corresponding Rh-alkynyl complex. This
phenomenon would not be observed for the bonded olefin
mechanism indicating [Rh]�N insertion to be the dominant
pathway. Throughout the course of this study, a sole isomer
(A) was observed. We rationalize this phenomenon largely
based upon sterics, wherein for isomer B the NR groups of the
inserted azodicarboxylate would interact unfavorably with the
axial methylpyridyl arm. This conclusion is not unreasonable
given the previously observed sensitivity to steric bulk ob-
served for both: 1) the MeTPA ligand, and 2) the use of substi-
tuted alkenes/alkynes, which precluded all subsequent inser-
tion reactivity.

Scheme 6. Formation of proposed N,O-chelated complex [23]+ and putative mechanism for its formation.

Scheme 7. Modified ligands employed for this study.

Scheme 8. Two postulated mechanisms for the formation of 3-rhoda-1,2-diazacyclopentanes: olefin or diazene bound.
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Conclusion

In summary, we have reported a modular synthesis of 3-rhoda-
1,2-diazacyclopentanes [3–7]+ through Rh-mediated N–N coor-
dination and subsequent insertion of ethylene. Complexes [3–
6]+ were of C1 symmetry as evidenced by multinuclear NMR
spectroscopy and DFT structure geometry optimizations, while
complex [7]+ was found to be of Cs symmetry. In terms of re-
activity, complexes [3] and [4]+ underwent ring-opening using
p-TsOH, but decomposed quickly in acidic media. Intriguingly,
rhodacycle [5]+ was amenable to deprotection through the
employment of TFA, providing the free NH-containing diaza-
metallacycle [16]+ , which was fully characterized through MS
and NMR spectroscopic methods. The mechanism for this pro-
cess was studied by in situ reaction monitoring illustrating that
two successive tert-butoxycarbonyl eliminations, followed by
protonation leads to [16]+ , which subsequently undergoes
[Rh]�N and [Rh]�C bond protonolysis to afford the bistrifluor-
oacetate derivative [18]+ . This compound could be accessed
independently by transmetallation of [19]+ using AgO2CCF3.
Functionalization of [16]+ could also be achieved through ace-
tylation providing the bis(acetylated) complex [17]+ . Applica-
tion of substituted alkenes or alkynes in an attempt to gener-
ate substituted metallacycles was unsuccessful, likely due to
steric encumbrance. Finally, diacetyl diazene was treated with
[1]+ to provide the N,O-chelated complex [23]+ , presumably
resulting from [Rh]�O insertion of C2H4. Overall, the N�C bond
forming chemistry presented herein constitutes a promising
platform for the development of hydrohydrazination and N2

functionalization protocols using ethylene as the C-based feed-
stock.
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