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ABSTRACT: Examination of the reduction chemistry of Nd- RN NR, | NR, NR, |
(NR,); (R = SiMe;) under N, has provided connections between RZN""A M N=N—N<i'" > _90°C \ T
. . 1 . ", RN / winniNR
the in situ Ln(III)-based Ln"'(NR,);/K reductions of N, that form ol \N};NRZ RN ~y— R
2 2 2

side-on bound neutral (N=N)>~ complexes, [(R,N),(THF)-
Ln],[u-7*n*N,], and the Ln(1I)-based [Ln"(NR,);]"~ reductions
by Sc, Gd, and Tb that form end-on bound (N=N)>~ complexes,
{[(R,N);Ln],[u-n":n'-N,]}*", which are dianions. The reduction of Nd(NR,); by KCy under dinitrogen in Et,O in the presence of
18-crown-6 (18-c-6) forms dark yellow solutions of [K,(18-c-6);]{[(R,N);Nd],N,} at low temperatures that become green as they
warm up to —35 °C in a glovebox freezer. Green crystals obtained from the solution turn yellow-brown when cooled below —100
°C, and the yellow-brown compound has an end-on Nd,(u-7":7'-N,) structure. The yellow-brown crystals isomerize in the solid
state on the diffractometer upon warming, and at —25 °C, the crystals are green and have a side-on Nd,(u-1*:1*-N,) structure.
Collection of X-ray diffraction data at 10 °C intervals from —50 to —90 °C revealed that the isomerization occurs at temperatures
below —100 °C. In the presence of tetrahydrofuran (THF), the dianionic {[(R,N);Nd],N,}*” system can lose an amide ligand to
provide the monoanionic [(R,N);Nd"™(u-17*:1>-N,)Nd"™(NR,),(THF)]'", characterized by X-ray crystallography. These data
suggest a connection between the in situ Ln(III)/K reductions and Ln(II) reductions that depends on solvent, temperature, the
presence of a chelate, and the specific rare-earth metal.

Dark yellow-brown

B INTRODUCTION

4MA THF, A
The reduction chemistry of dinitrogen has been heavily studied 2Ln', THE 15 "Ln"Az"} N A"'} Ln'!.'-.-.nu\}Nlm ...... Ln"'— A @
for over a century due to its importance in industrial and —am A/ \,\(/ THE
. . 1,2 . . . X
biological processes. A variety of"t.)mdmg mo;i_eg h:jwe beer71 Ln = Nd, Dy, Tm
observed for dinitrogen with transition metals,” Figure I, A = N(SiMey);, OCgH;Bu,-2,6, CsMes, CsMe,H

and interconversions between these modes can occur upon M = K, KCg, Na; x = 0-2
metal-based reduction or hydrogenation.'*~"* In contrast, with
rare-earth metals, the side-on bridging mode was the only
coordination mode for many years.

The reduction of dinitrogen by lanthanide complexes was isolated for the whole lanthanide series through a reaction
:/I\:il:}llatle\i “;gh ft) };;srf((éls)l\zg:;zpslrerﬁiif%;z i\sér]l}’ VZ;HC? lrsea;tﬁi labeled LnA;/M (A = anion; M = alkali metal), which started
complex was the first isolated rare-earth metal dinitrogen with Ln(III) precursors, eq 3. 7>’ Although the reaction
complex and also the first example of planar side-on 7N,
binding mode for any M,N, complex of any metal.

Subsequently, the reduced dinitrogen complexes were

would be expected to involve Ln(1I) reactants, as in eqs 1 and

2, molecular Ln(II) complexes for many of the metals in eq 3

> \ tolueng § N N, /i were unknown when this reaction was discovered.”**®
2 \% + Ny s \ﬁ\ ,( /S’T{ﬁ( (1)
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.
The initially unusual M,(u-n*n*N,) structure defined a Published: September 8, 2022 g,%s
paradigm that became the sisgnature structure of rare-earth :%
metal dinitrogen complexes.'™"" Examples with other rare- 5&,7 f
earth metals were originally generated from isolable Tm(1II), =

Dy(II), and Nd(II) precursors, as shown in eq 2.'”~>°
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Figure 1. Some known binding modes of N, with transition metals.”
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Ln=Sc, Y, La, Ce, Pr, Nd, Gd, Tb, Dy, Ho, Er, Tm, Lu
A = N(SiMej3),, OCgH;Bu,-2,6, CsMes, CsMeyH, CsH,SiMes
x=1,2

More recently, complexes of Ln(II) ions of all of the
lanthanides except radioactive promethium were discov-
ered,”*™*” which made it possible to examine the reactions
of these isolated Ln(II) species with dinitrogen. Initial studies
of the reactions of isolated [Ln"(NR,);]'~ (R = SiMe;)
complexes of Ln = Sc*® and Tb”” revealed that these generated
an M,N, structural motif different from those in eqs 1-3,
namely one with end-on coordination of the reduced
dinitrogen, i.e., M—N=N—M, as shown in eq 4.

+N,
Et,0 RN NR, |2~
U — —35°C RZN”".,\ 1} / m
2 [Ln (NRy);] Ln—N=N—1Ln_ (4)
hv / \ “NR,
Ln=Sc, Tb =N, RN NR;
R = SiMe;

The end-on complexes differed from the neutral side-on
species in that they are dianions, {[(R,N);Ln],[u-n":n'
N,]}*7, which have three ancillary amide ligands per metal
instead of the two ancillary amide ligands per metal found in
[(THF)(R,N),Ln],[u-n*1n*N,] (THF = tetrahydrofuran)
formed via eqs 2 and 3. The reaction in eq 4 was complicated
by the fact that the end-on (N=N)>~ complexes would revert
back to the Ln(II) complexes upon warming or exposure to
ambient light. This reactivity was observed for both [K(18-c-
6)]"* (18-c-6 = 18-crown-6) and [K(crypt)]™ (crypt = 2.2.2-
cryptand) salts of [Tb"(NR,);]'~ but onlg for the [K(18-c-
6)]'* salt of [Sc(NR,);]'~ (see below).”**’

In the case of the reduction of dinitrogen by
[Gd"(NR,);]'", single crystals of the product were found to
be a mixture of both the end-on and side-on species,
{[(RN);Ln],[-":5"N,]}*~, eq 5.° This was found to
occur for both [K(18-c-6)]'* and [K(crypt)]'* salts of
[Gd"(NR,);]""

+ N,
Et,0 RN NR, >~
" — —-35°C RZN"«‘ 47 /III
2[GdINRy)J' ™ —— Gd:N=i=N-2Gd, (5)
/T VNR,
R = SiMe; -N, R2N NR,

These studies indicated that the results of these dinitrogen
reduction reactions were highly dependent upon specific
conditions. For example, isolated [K(crypt)][Sc(NR,);] in
THF would not reduce N,. However, exposure of an Et,O
solution of [K(18-c-6),][Sc(NR,);] to N, or reduction of
Sc(NR,); with KCg under a N, atmosphere in Et,0O in the
presence of crypt gave [(R,N);Sc],[u-n':n'-N,]*~ products.”®
Both [K(18-c-6),][Gd"(NR,);] and [K(crypt)][Gd"(NR,);]
reduce N, to afford the mixed complex in eq 5 in Et,O.
However, when the reaction is carried out in THF, the crypt
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Gd(II) complex gives an (N,)*” product, [K(crypt) ]{[(THF)-
(RzN)zGdIH]2[#"721’72‘1\12]}-29

Since the smaller metals such as Sc and Tb formed end-on
{[(RyN);Ln],[p-n":n"-N,]}*~ complexes and the larger Gd
formed a mixture of end-on and side-on species, it was of
interest to look at an even larger metal to see if side-on would
be favored in this series of dianions. We report here on the
reduction chemistry of Nd(NR,); with N,, which generates a
Nd,N, complex that undergoes a solid-state side-on to end-on
isomerization that provides a connection between Ln(II) and
Ln™A;/M reduction reactions.

B RESULTS

Synthesis of [K,(18-c-6);][{(R,N);Nd},(N,)], 1-Nd.
Under an atmosphere of N,, a solution of light blue Nd(NR,);
and 18-c-6 in Et,O, chilled to —35 °C, was added to a vial
containing excess KCg, chilled to —116 °C. The solution
became dark yellow and was filtered and placed in a =35 °C
freezer. As the solution warmed to —35 °C, the solution
became light green, and light green crystals were isolated after
several days. As a light green crystal was cooled on the
diffractometer from room temperature to —180 °C, it became
yellow-brown. Data were collected on the yellow-brown crystal
at —180 °C, which revealed it to be the end-on structure

Figure 2. Representation of 1-Nd(end-on) drawn at the 50%
probability level. Hydrogen atoms, the [K,(18-c-6);]*" countercation,
and an Et,O molecule in the lattice are not shown.

[K;(18-¢-6);]1[{(RyN)3Nd}, (u-n":'-N,)], 1-Nd(end-on),
Figure 2.

The color change of this crystal from light green to yellow-
brown was observed to be reversible. When the data collection
temperature was changed to —25 °C, the crystal became green
again, and the X-ray data showed that it had a side-on
structure, [K;(18-c-6)3][{(RyN);Nd}, (u-":n*-N,)], 1-Nd-
(side-on), Figure 3, eq 6. The data show that the dinitrogen
unit is disordered (see below). Green crystals of 1-Nd(side-
on) also become yellow-brown when cooled to —116 °C in the
cold well of the glovebox, but in the Et,O solution, the green
to dark yellow transformation is not observed.

https://doi.org/10.1021/jacs.2c06716
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N, 2 R;N‘ NR, (1883l NR, NR,

Et,0 o" S || ReNa i >-90°C | n Nt Ny, "

2 Nd'INR)3 4 xs ch_3—>;:£:i‘e g (bj Rz':ld . Ni:‘ 'NR, == RZN"'; d\,/{ \N:?’ ®
R = SiMe;
1-Nd(end-on) 1-Nd(side-on)
of the crown ether. For example, the C(73B)—0(15) distance
a P 0) / is 3.446 A which is in the range of such interactions.”* ™

A / \__-\ 1 Q) Complex 1-Nd is isomorphous with the greviously observed
s {/N\ A4 [K, (18-c-6) 3] [{(RyN)3Gd}, (u-17:17°-N,) ] as well as with the
R \\ newly characterized [K,(18-c-6);][{(R,N);Dy},(u-n":1"-N,)]
N4-/ I "' (x = 1, 2) and [K;(18-¢-6);][{(RyN);Y},(-17":n'-N,)]

Figure 3. Representation of 1-Nd(side-on) drawn at the 50%
probability level. The N, unit is disordered above and below the plane
made by the two Nd atoms and the average position of the nitrogen
atoms, but only one form is shown here for clarity. Hydrogen atoms,
the [K,(18-c-6);]** countercation, and an Et,0 molecule in the lattice
are not shown.

Once the solid-state isomerization of 1-Nd(side-on) to 1-
Nd(end-on) was observed, X-ray crystallographic data were
collected on a single crystal at 10 °C intervals from —50 to
—130 °C. It was necessary to start at the higher temperature
and slowly lower the temperature because attempts to start at a
low temperature and raise the temperature cracked the crystals
so that useful data could not be obtained at higher
temperatures. The error limits on the data did not allow
detailed analysis of bond distance changes as a function of
temperature, in part due to the quality of the crystal, disorder,
thermal motion at higher temperatures, and degradation of the
crystal during the 13-day period over which the data were
collected. A concern was the choice of space groups. It was
possible to solve and refine the structures in both P1 and PI.
Since P1 is less common for organometallic complexes, the
structures were refined in P1. The data sets collected at —50,
—60, —70, and —80 °C showed exclusively side-on Nd,(u-
1*:1*-N,) coordination at the limits of detection. At temper-
atures below —100 °C, the end-on contribution was seen
exclusively at the limits of detection. Between —90 and —100
°C, there was a transition from side-on to end-on coordination
and the structures are likely to be mixtures of end-on and side-
on like those found for gadolinium in {[(R,N);Gd],[p-n*:n*
N,]}*7, eq 5.%7 It is difficult to specify the exact ratios of the
equilibrium mixture due to the quality of the data mentioned
above.

Temperature changes led to changes in the unit cell volume
consistent with the isomerization analysis given above. The
unit cell volume decreases with decreasing temperature from
—50 °C (5942.4 A%) to —80 °C (5917.1 A®). However, in the
side-on to end-on transition range, the volume increases from
—90 °C (5883.2 A%) to —100 °C (5998.4 A%).

Variations in Et,O solvent coordination were also observed
as the temperature changed. At higher temperatures, from —25
to —80 °C, the Et,O is bound to the potassium atom (K2). At
—90 °C and lower temperatures, the Et,O is not bound to the
potassium. However, the Et,O has distances consistent with
hydrogen bonding between its CH, component and an oxygen
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complexes described below. This system is further complicated
by the fact that the oxide complex, [K,(18-c-6);]-
[{(R,N);Nd},(0)], is also isomorphous (see the Supporting
Infozr;nation, SI). An analogous oxide was also observed for
Gd.

Synthesis of [K(crypt)I[{(THF)(R,N),Nd}(N,){Nd-
(NR3)3}], 2-Nd. Reactions using 2.2.2-cryptand (crypt) in eq
6 instead of 18-c-6 as the potassium chelator were also
examined. Following the same procedure that generated 1-Nd,
a solution of Nd(NR,); and crypt in Et,O, chilled to —35 °C,
was added to a vial containing excess KCg, chilled to —116 °C
under N,. These reactions generated yellow solutions that
become green upon warming. However, crystalline products
were not isolable except in one case in which the sample was
exposed to THF in the glovebox. Light green crystals were
characterized by X-ray crystallography to be a side-on
(N=N)*>" complex where one Nd center is ligated by three
amides and the other is ligated by two amides and a THF
molecule, [K(crypt)][{(THF)(R,N),Nd}(u-n*n*N,){Nd-
(NR,);}], 2-Nd, Figure 4, eq 7.

N>
Et,0 [K(crypt)] NR, THE
trace THF /
Y crypt 0N, MONR
Nd'(NR,)s + xs KC —SRE RoNwe- N N uiNR ) o
—KNR; R,N \NR2
— graphite
R = SiMe; 2-Nd
Z r\“ >
o\ €
2 S S
N .?‘T\/ N
S ) N,
;D
( i N 0\ r
( (:J—{?’>a

2

Figure 4. Representation of 2-Nd drawn at the 50% probability level.
Hydrogen atoms and the [K(crypt)]'* countercation are not shown.

Crystallographic Data. Crystallographic data on 1-Nd-
(end-on) at —180 °C, 1-Nd(side-on) at —25 °C, and 2-Nd at
—180 °C were compared with that of the neutral complex,
[(THF)(R,N),Nd],(u-*n*N,), 3-Nd, in Table 1, but it
should be noted that the data were collected at different
temperatures. The 1.205(5) A N—N distance in 1-Nd(end-
on) is consistent with a double bond, i.e., (N=N)2>".***° The
1-Nd(side-on) structure has high thermal motion in some
atoms, possibly due to the high collection temperature (—25

https://doi.org/10.1021/jacs.2c06716
J. Am. Chem. Soc. 2022, 144, 17064—17074
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Table 1. Selected Metrical Parameters for [K,(18-c-6);][{(R,N);Nd},(u-17*:11*-N,)], 1-Nd, [K(crypt)][{(THF)(R,N),Nd}(p-
17°:9°-N,){Nd(NR,),}], 2-Nd, and [(THF)(R,N),Nd],(u-1*:n*-N,), 3-Nd (A)

Data N-N Ln-N(N3z) Ln—N(amide)
Collection
Temp (°C)
R;N NR; 2= —180 1.205(5) 2.239(4), 2.389(4)-2.466(15)
RzN,,l,‘ " " 2.241(4)
Nd—N=N—Nd
/ \ “NR,
R;N NR,
1-Nd(end-on)
NR, NR; - —25to—40 | 1.185(19), | 2.390(11)— 2.421(5)-2.466(5)
\ N A" NR 1.179(18) | 2.441(13)
RzNuu.“-Nd"""\'"' /}Nd..mml 2
R,N ’{ \NR2
1-Nd(side-on)

NR, THE 17— | —180 1.312(6) 2.357(4) 2.340(4)-2.431(4)
RN \Nd'-"! ...... "'?N""“‘“Né" R, 2.425(4) [Ln—0: 2.528(4)]
N \ / -----

RN i "
2-Nd
NR; NR, —-08 1.258(3) | 2.376(2) 2.328(1), 2.347(1)
\hd N, A ONR [Ln—0: 2.518(1)]
THF e N7 Nd iINR,
\//
R;N/ ’{ THF
3-Nd
—— 1-Nd(side-on) , 4
~——1-Dy
1Y
1-Dy(crypt)
e 1-Y(crypt)
1100 1200 1300 1400 1500 1600 1700 1800 1900

Raman Shift (cm™)

Figure 5. Normalized and baseline-corrected Raman spectra of 1-Nd(side-on) (1557 cm™), 1-Dy (1606 cm™), 1-Dy(crypt) (1626 cm™), 1-Y

(1619 cm™), and 1-Y(crypt) (1635 cm™).

°C), and the N, unit is disordered over two positions which
average to a coplanar Nd,N, unit. The N—N distances of
1.185(19) and 1.179(18) A are equivalent within the esds of
the N—N distances for 1-Nd(end-on) and shorter than the
1.258(3) A N—N distance of the neutral side-on bound
complex, [(THF)(R,N),Nd],(u-7*:#*N,), 3-Nd. However,
the high error limits for these high-temperature data limit the
usefulness of these comparisons. The 1.312(6) A N-N
distance in 2-Nd is the longest of these distances. Comparisons
with [{(R,N);Gd},(u-n":n"N,)]*~ complexes show the
variability of these distances that can occur when different
chelating agents are used. For example, [K,(18-c-6);]-
[{(RyN);Gd},(u-n*:n"-N,)], 1-Gd, and [K-
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(crypt) L {[(RoN)3Gd ], (u-17":1"-N,)}, 1-Gd(crypt), have end-
on distances of 1.234(9) and 1.271(12) A, respectively,
compared to side-on distances of 1.190(5) and 1.193(9) A,
respectively.'” The Nd—N(N,) distances in 1-Nd(end-on) are
significantly shorter than the analogs in 2-Nd and 3-Nd. This
was also observed in the Gd system. The Nd—N(amide)
distances in 1-Nd, 2-Nd, and 3-Nd have overlapping ranges
that extend from 2.328(1) to 2.467(1) A.

Synthesis of [{(R,N);Dy},(u-7":*-N,)]>~ and
[{(R,N);Y},(un"n'-N,)I*~. Following the procedure in eq 6,
but with Dy instead of Nd, a colorless solution of Dy(NR,),
and 18-c-6 in Et,0, chilled to —35 °C under an atmosphere of
N,, was added to a vial containing excess KCg, chilled to —116
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°C. The colorless solution changed to an orange solution and
was filtered and placed in a —35 °C freezer. Yellow crystals
were isolated after a few days and were identified by X-ray
crystallography to be [K;(18-c-6);][{(R,N);Dy},(p-1":n"
N,)], 1-Dy, ie., a two-component system as found for the
dianion,{[ (R,N);Gd],[u-#*:*-N,]}*~, in both the 18-c-6
chelated complex, 1-Gd, and the crypt analog, 1-Gd(crypt).
The data for 1-Dy were modeled as a 50% end-on/50% side-
on mixture.

Changing the chelate from 18-c-6 to crypt with Dy again
following the same reaction in eq 6 allowed the isolation of red
crystals that were identified by X-ray crystallography to be
[K(crypt) LI{(R,N);Dy},(u-n":n"-N,)], 1-Dy(crypt). The
data were modeled as 30% side-on and 70% end-on.

Reactions analogous to eq 6 with Y(NR,); generated orange
crystals, which were identified as [K,(18-c-6);][{(R,N);Y}, (u-
n*:n'-N,)], 1-Y, with 18-c-6 as the chelate and [K-
(erypt) LI{(RyN)3 Y}, (u-n"n'-N,) ], 1-Y(crypt), with crypt as
the chelate. As indicated in the formulas, both yttrium
complexes were exclusively end-on structures.

Raman Spectroscopy. Raman data were collected on
crystalline samples at room temperature of [K,(18-c-6);]-
[{(R,N);Nd},(u-1>-N,)], 1-Nd(side-on), [K,(18-c-6);]-
[{(R,;N);Dy},(p-n":n*-N,)], 1-Dy, K-
(crypt)o[{(RoN) 3Dy}, (u-n":1"N,) ], 1-Dy(erypt), [K,(18-c-
6);][{(R,N);Y},(u-n':n'-N,)], 1-Y, and [K-
(erypt) L[{(ReN); Y}, (u-7:17"-N,) ], 1-Y(erypt), Figure S.

Strong features in the Raman spectra of 1-Dy at 1606 cm™,
1-Dy(crypt) at 1626 cm™, 1-Y at 1619 cm™, and 1-Y(crypt)
at 1635 cm™! were very similar to spectra obtained for 1-Sc at

1644 cm™', 1-Tb at 1623 cm™’, and 1-Gd at 1627 cm ™, Figure
6.28’29

— 1-Sc
1-Tb
1-Tb(crypt)
1-Gd(crypt)
—1-Gd

- 2WOACW e Mo
1400 1450 1500 1550 1600 1650 1700 1750 1800

Raman Shift (cm™)

Figure 6. Normalized and baseline-corrected Raman spectra of 1-Sc
(1644 cm™), 1-Tb (1623 cm™), 1-Tb(crypt) (1630 cm™), 1-Gd
(1627 em™), and 1-Gd(crypt) (1634 cm™).>*

Density functional theory (DFT) studies on the mixed
crystal 1-Gd indicated that the signal for end-on (N=N)*~ was
2 orders of magnitude more intense than the side-on (N=N)>~
stretch, which explains why only the end-on peaks are
prominent in Figures 5 and 6.” The neutral side-on
complexes, [(R,N),(THF)Ln],[u-n*n*N,], 3-Ln, have
Raman features at 1413—1447 cm™! for Ln = Nd, Gd, Tb,
Dy, Ho, Er, and Tm.*¢

The Raman spectrum of 1-Nd at room temperature showed
a different spectrum, however, Figure S. Since this sample
should be predominantly the side-on isomer, no end-on

resonance is expected. A broad absorption at 1557 cm™ is
observed with other bands at higher energy that could not be
assigned by DFT analysis (see below).

Optical Spectroscopy. UV—visible spectra of 1-Nd were
taken at —78 °C and room temperature, Figure 7. In the room
temperature spectrum of 1-Nd(side-on), there is one
absorbance around 600 nm (& = 180 M™! ¢cm™). This band
is broader and stronger than the hypersensitive ‘I, = “Gs),,
?G,, transition, which is typical of Nd(III) complexes.'”™** In
the spectrum of 1-Nd(end-on) at —78 °C, there is an
additional absorbance at 556 nm (¢ = 284 M™! cm™) and a
broad absorbance at 488 nm (¢ = 409 M~ cm™'). The
absorptions are analyzed by DFT as described in the next
section.

Density Functional Theory. Structure optimizations were
performed on the end-on and side-on {[(R,N);Ln],[u-1*:n"
N,]}*, for Ln = Nd, Gd, Tb, Dy, and Y by DFT using TPSSh
hybrid exchange—correlation functional’’ with the Becke—
Johnson dispersion correction (D3-BJ),***” def2-SVP basis
sets,"”*' and the resolution-of-the-identity (RI-J) approxima-
tion."”*’ In contrast to previous calculations on the Gd
complexes in which large-core effective core potentials (ECPs)
were used,”” lanthanide atoms were modeled with explicit 4f
orbitals and small-core ECPs.** The optimized structures were
verified by vibrational frequency calculations. The computed
harmonic frequencies were scaled by a factor of 0.97.%

The {[(R,N),;Nd],[p-n":#'-N,]}*" dianion in 1-Nd(end-
on) has an essentially linear central motif with a 1.19 A N—N
distance (exp: 1.20(1) A at —180°C) and a 177° Nd—N—-N
angle. The Nd—N bonds are slightly elongated relative to the
X-ray data, d(Nd—N) = 2.28 A (exp: 2.24(1) A at —180 °C).
The Nd atoms have an approximate f* configuration (n/Nd =
3.24) according to the natural population analysis (NPA).*
The analysis of the spin density on the bridging dinitrogen
shows that the unpaired electrons are located in the N p-
orbitals (n,”(N) = 0.54) and Nd d-orbitals (ns?"(Nd) =
0.20) and constitute a triplet. The total spin expectation value
< §* > = 20.01 corresponds to a high-spin configuration with
eight unpaired electrons.

The {[(R,N);Nd],[u-#*#*N,]}*" dianion in 1-Nd(side-
on) contains a planar Nd,N, unit with d(N—N) = 1.24 A (2)
(exp: 1.18(2)—1.19(2) A at —25 °C) and d(Nd—N) =2.41—
242 A (exp: 2.39(1)—2.43(1) A at —25 °C). The Nd atoms
have an f configuration (n{Nd) = 3.05), while the bridging
dinitrogen unit is a singlet. The spin expectation value < §* > =
12.06 is in line with a spin septet (six unpaired electrons).

Time-dependent density functional theory (TDDFT)
calculations were performed to model the UV—visible spectra.
Due to reference-state instabilities in 1-Nd(end-on) with the
PBEO" functional, the Tamm—Dancoff Approximation
(TDA) was applied,”*” which is more robust to instabilities.
The comparison between TDA and full TDDEFT results for the
1-Nd(side-on) helps to estimate the error of TDA.

The 1-Nd(side-on) complex is predicted by PBEO/TDA to
have a prominent absorption at 543—566 nm stemming from
7%(N,) — Nd f excitations, in line with the observed
absorption at 600 nm, Figure 8. A weaker Nd f — f band is
found at 697 nm, which is consistent with Nd(III)
complexes.” The TDA and full TDDET spectra are
qualitatively similar for the side-on complex. However, the
TDA causes the strong electronic excitations to be blue-shifted
by ca. 40 nm (Figure S1S of the Supporting Information).
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Figure 7. UV—visible absorbance spectra in Et,O of 1-Nd(side-on) at room temperature (green) and 1-Nd(end-on) at —78 °C (yellow).
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Figure 8. Predicted (red) UV—vis spectra of 1-Nd(end-on) (top) and 1-Nd(side-on) (bottom) overlayed on experimental (blue).

The predicted electronic absorption spectrum of the dianion
in 1-Nd(end-on), Figure 8, also features a single strong
absorption band, in this case at 525 nm, i.e., at higher energy
than the 1-Nd(side-on) prediction. The 525 nm absorption is
associated with the excitation from the nearly degenerate

HOMO in the complex, which has predominantly z*(N,)
character, into Nd f orbitals. As in 1-Nd(side-on), long-
wavelength absorptions around 700 nm are also predicted due

to the characteristic f —f transitions of Nd(III).”
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Scheme 1. General Scheme Showing How Reduction of N, by LnA;/M Reactions at Room Temperature Could Connect to
Reductions With Isolated Ln(II) Complexes at Low Temperature”
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“Examples of all of the complexes in the scheme are known, although not every example is stable enough to be isolated with every rare-earth metal.

Experimentally, two absorptions are found in the spectrum
of 1-Nd at —78 °C. One matches that of 1-Nd(side-on), and
the other is at higher energy as predicted by DFT for the end-
on isomer. The higher energy absorption disappears within 30
s as the sample warms up (see the SI) as expected for an end-
on to side-on isomerization. Hence, the —78 °C UV—vis
spectrum is likely showing a mixture of the two isomers, and
the spectra are in good agreement with the calculations.

Calculations on the Raman spectra also matched the
experimental results. The end-on complex is predicted to
have an intense stretching Raman mode at 1738 cm™'. The
frequency of this mode is strongly downshifted to 1562 cm™
in the side-on complex due to the back-donation from the
d(Nd) orbitals to the z*(N,) orbitals, which leads to the
weakening of the N—N bond. Vibrational frequencies are
somewhat overestimated due to the small basis set size.
Increasing the basis set size to def2-TZVP***' for the Nd and
bridging N atoms gives a vibrational frequency of 1695 cm™" in
the end-on complex and 1528 cm™ in the side-on complex.”
Experimental Raman data were only obtained at room
temperature, so data on only the side-on isomer can be
compared. The 1557 cm™ resonance found for 1-Nd(side-on)
is consistent with the calculations, but the additional
resonances in the spectrum, Figure 5, were not modeled by
the calculations and remain puzzling since they do not seem to
be due to fluorescence.

Metrical and spectral calculations on the isomers of
{[(R,N);Ln],[u-7*:n*N,]}*~ for Ln = Gd, Tb, Dy, and Y
are described in the SI. The trend in predicted Raman
stretches for the side-on isomers compares well with

experimental values; they are 1666, 1541, 1533, 1530, and
1528 cm™! for Gd, Tb, Y, Dy, and Nd, respectively, compared
to the experimental values in the same order, 1630, 1623, 1619,
1606, and 1557 cm™".

Examination of the {[(R,N);Gd],[u-":/*N,]}*~ system
with an explicit treatment of the 4f orbitals revealed low-energy
distorted end-on structures with the (N=N)>" group rotated
relative to the Gd...Gd vector by 27°. The similarities of the
energies of the end-on, side-on, and distorted end-on
structures suggest that rotation of the (N=N)>" unit between
the two metal centers can occur with a low energy barrier. This
is consistent with the experimental data that show mixtures of
structures in single crystals.

B DISCUSSION

Connecting Ln"(NR,);/K and [Ln"(NR,);]'~ Reduc-
tions. Examination of the reduction of Nd(NR,); at low
temperatures in Et,O in the presence of 18-crown-6 provides a
crystal system, 1-Nd, that demonstrates a solid-state isomer-
ization of an end-on bound (N=N)>" moiety to the side-on
structure found in most of the previously reported rare-earth
metal complexes of reduced dinitrogen ligands. The results of
this study provide a basis to suggest a connection between the
LnA;/M reductions of N, and the Ln(Il) reductions, Scheme
1, which depends on temperature, solvent, and the presence of
a potassium chelating agent.

The Ln™(NR,),/K reactions in the absence of N, and in the
presence of potassium chelating agents can form isolable
[Ln"(NR,);]'" compounds, which have been crystallograph-
ically characterized for Ln = Nd, Gd, Tb, Dy, Ho, Er, Y, and
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Sc.>°? These will react with N, at =78 °C in the dark to form
end-on dianions, {[(R,N);Ln],(u-n":#"-N,)}*~, which have
been confirmed by X-ray diffraction for Ln = Nd, Gd, Tb, Dy,
Y, Sc.*®** For Ln = Nd, the end-on species, observable at low
temperature, can isomerize as the temperature increases to the
side-on dianion, {[(R,N);Ln],(u-7*n*N,)}*~, at temper-
atures below —90 °C as observed on the diffractometer. This
is consistent with the mixed-isomer structures found for Ln =
Gd and Dy.

If THF is present, it can displace an (NR,)'" ligand to form
a side-on monoanion, [(RZN)3LnIH(,u—172:772—N2)—
Ln"(NR,),(THF)]'", as has been crystallographically defined
for Ln = Nd and Gd.*’ If this monoanion undergoes one more
substitution of amide for THF, the neutral [(R,N),(THF)-
Ln],[u-n*1>-N,] would result.”> The latter complexes have
been generated by Ln(NR,),/K reactions at room temperature
in THF in the absence of a potassium chelate for Ln = Nd, Gd,
Tb, Dy, and Y.*

Hence, in the weaker donor solvent, Et,O, at low
temperature, in the dark, and with a chelate to stabilize the
potassium cation, it is possible to access isolable Ln(II)
complexes which reduce N, to end-on Ln—N=N-Ln species.
The end-on dianions, {[(R,N);Ln],(u-n":n'-N,)}*", are likely
the first products of the reaction of [Ln"(NR,);]'~ anions with
N,. Subsequent (p-n''-N,] to [p-n*n*N,] rearrangement is
evidently possible, and substitution of amide ligands by THF
with reduction of an overall charge of the complex logically
leads to the [(R,N),(THF)Ln],[u-n*#>-N,] products isolated
from the room temperature reactions in THF without a
chelate, Scheme 1.

End-On Versus Side-On as a Function of Metal. This
study was initiated because it seemed that end-on coordination
was favored by smaller rare-earth metals, e.g.,, Sc and Tb, and
side-on by larger metals since Gd formed mixed-isomer
species. The Nd result shows that the two forms are close in
energy, and isomerization can occur in the solid state. The
isolation of the pure end-on structures of [K,(18-c-6);]-
{(RN)3 Y}, (u-n'n'-N,)] and  [K(crypt) [, [{(R,N); Y}, (-
n'n*-N,)] fits the pattern that end-on is favored by smaller
metals. However, isolation of the mixed side-on and end-on Dy
complexes, [K,(18-c-6);][{(R,N);Dy},(p-7*#"N,)] and [K-
(erypt), ] [{(R,N);Dy},(u-1":n*-N,)], indicates that there is
not a clear-cut correlation between structure and the size of the
metal since Dy is smaller than Tb.

B CONCLUSIONS

The Nd(NR,),/KCjg dinitrogen reduction system conducted in
Et,0 at low temperatures in the presence of 18-crown-6
provided an ideal metal/ligand combination to elucidate the
connection between end-on {[(R,N);Ln],(u-n":#'-N,)}*~ and
side-on {[(R,N);Ln],(u-#*n*N,)}*~ (N=N)>~ products
obtained with rare-earth metal amide complexes. Specifically,
the Nd system provided single crystals that isomerize in the
solid state from {[(R,N),;Nd],(u-p*:#'-N,)}*" to
{[(RyN),;Nd 1, (u-1*:7*N,) }*~ at temperatures below —90 °C
on the diffractometer. This provides the link which connects
the Ln(NR,);/KCg/N, reactions which give the side-on
[(R,N),(THF)Ln],[u-n*:1*-N, ] products at room temper-
ature in THF to the end-on products observed from reactions
at low temperatures in Et,O in the presence of potassium
chelators. The results emphasize the importance of subtle
factors in controlling the reactivity of the rare-earth metal

complexes and that these metals are not just simple ionic
systems that behave monotonically.

B EXPERIMENTAL DETAILS

All manipulations and syntheses described below were conducted
with the rigorous exclusion of air and water using standard Schlenk
line and glovebox techniques under an argon or dinitrogen
atmosphere. Solvents were sparged with UHP argon and dried by
passage through columns containing Q-5 and molecular sieves prior
to use. Elemental analyses were conducted on a PerkinElmer 2400
Series II CHNS elemental analyzer. Infrared spectra were collected on
an Agilent Cary 630 equipped with a diamond ATR attachment. UV—
visible spectra were collected in Et,O in a 1 mm cell fitted with a
Teflon stopcock using an Agilent Cary 60 UV—visible spectropho-
tometer. Raman spectra were collected on solid samples in a 1 mm
quartz cuvette appended with a Teflon stopcock using a Renishaw
inVia confocal Raman Microscope, equipped with a 122 mW laser of
wavelength 785 nm (laser power 10% and an XSL objective laser).
Measurements were taken on at least three different crystals to
confirm reproducibility. 2.2.2-Cryptand (crypt, Merck) was placed
under vacuum (107* torr) for 12 h before use. 18-Crown-6 (18-c-6,
Alfa Aesar) was sublimed before use. Nd(NR,);, Dy(NR,);, and
Y(NR,); were synthesized according to literature procedures.

[K2(18-c-6)3]{[(NR2)3Nd]2[44-g‘:n‘-Nz]}, 1-Nd(end-on), and
[K5(18-c-6)3H{[(NR,)sNd],[u-n“n"-N,1}, 1-Nd(side-on). In a dini-
trogen-filled glovebox, Nd(NR,); (50 mg, 0.080 mmol) and 18-
crown-6 (32 mg, 0.12 mmol) were dissolved in chilled (=35 °C),
nitrogen-saturated Et,O (2 mL) and placed in a —35 °C freezer for 1
h. This light blue solution was then added to a vial containing excess
KCq (24 mg, 0.18 mmol) at —116 °C. The solution was immediately
filtered and placed in a —35 °C freezer. As the resulting dark yellow
solution warmed to this temperature, it became light green color from
which bright green crystals of 1-Nd(side-on) (34 mg, 38%) suitable
for X-ray diffraction were grown. Under the cold stream of the
diffractometer (—180 °C), the light green crystals turned to a yellow-
brown color of 1-Nd(end-on). 1-Nd(side-on) IR (cm™): 2994m,
2888m, 1470w, 1453w, 13525, 1240s, 1107s, 985m, 945s, 862m, 823s,
765m, 699w, 659m. 1-Nd(side-on) UV—vis in Et,0O: A,,,, = 600 nm
(e = 180 M~! cm™). 1-Nd(end-on) UV—vis in Et,0: 4., = 556 nm
(e =284 M ecm™) and 488 nm (e = 409 M~ cm™). 1-Nd(side-
on) anal. caled for C;0H;4oNg0;,Si;,K,Nd,: C, 41.81; H, 8.77; N,
4.88. Found: C, 41.67; H, 8.71; N, 3.87. Multiple samples gave low
nitrogen values, and it is possible that N, is lost before combustion is
complete.

[K(crypt) {[(THF)(R,N),Nd1[u-1*:1>-N,1INd(NR,);]} 2-Nd. In a
dinitrogen-filled glovebox, Nd(NR,); (50 mg, 0.08 mmol) and 2.2.2-
cryptand (30 mg, 0.08 mmol) were dissolved in chilled (=35 °C),
nitrogen-saturated Et,0 (2 mL) and placed in a —35 °C freezer for 1
h. This light blue solution was then added to a vial containing excess
KCg (24 mg, 0.18 mmol) at —116 °C. The solution was immediately
filtered and placed in a —35 °C freezer overnight. The solution was
exposed to trace THF that was present in the box. Bright green
crystals of 2-Nd suitable for X-ray diffraction studies were grown from
the resulting green solution. Subsequent attempts to deliberately
synthesize this complex to obtain more characterization data were
unsuccessful.

[K;(18-c-6)sHI(NR,)sDyL[u-177*-N,I}, 1-Dy. In a dinitrogen-
filled glovebox, Dy(NR,); (50 mg, 0.078 mmol) and 18-crown-6 (31
mg, 0.12 mmol) were dissolved in —35 °C, nitrogen-saturated, Et,O
(2 mL) and placed in a —35 °C freezer for 1 h. This colorless solution
was then added to a vial containing excess KCg (24 mg, 0.18 mmol) at
—116 °C. The solution was immediately filtered and placed in a =35
°C freezer. The resulting dark yellow/orange solution produced
yellow crystals of 1-Dy (23 mg, 26%) suitable for X-ray diffraction. IR
(ecm™): 2944w, 2887w, 1473w, 1452w, 1352w, 1237m, 1104m,
943m, 868m, 814m, 770w, 756w, 704w, 652m. UV—vis in Et,O: 4.,
= 360 nm.

[K(crypt)1,{[(NR,):Dyl[u-171-N,1}, 1-Dy(crypt). In a dinitro-
gen-filled glovebox, Dy(NR,); (50 mg, 0.078 mmol) and crypt (29
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mg, 0.078 mmol) were dissolved in chilled (—3S °C), nitrogen-
saturated, Et,O (2 mL) and placed in a —35 °C freezer for 1 h. This
colorless solution was then added to a vial containing excess KCq (24
mg, 0.18 mmol) at —116 °C. The solution was immediately filtered
and placed in a —35 °C freezer. Red crystals of 1-Dy(crypt) (27 mg,
32%) that were suitable for X-ray diffraction studies were grown from
the resulting yellow/orange solution. IR (cm™): 2944w, 2884w,
2818w, 1479w, 1445w, 1354w, 1223m, 1132w, 1101m, 943m, 868m,
814m, 770w, 753w, 702w, 652m.

[K5(18-¢-6);{[(NR,); Y1 [p-1" ' -N,1}, 1-Y. In a dinitrogen-filled
glovebox, Y(NR,); (50 mg, 0.088 mmol) and 18-crown-6 (35 mg,
0.13 mmol) were dissolved in chilled (=35 °C), nitrogen-saturated,
Et,O (2 mL) and placed in a —35 °C freezer for 1 h. This colorless
solution was then added to a vial containing excess KCq (27 mg, 0.20
mmol) at —116 °C. The orange solution was immediately filtered and
placed in a —35 °C freezer. Orange crystals of 1-Y (16 mg, 17%)
suitable for X-ray diffraction studies were grown from the resulting
yellow/orange solution. IR (em™): 2944w, 2888w, 1470w, 1452w,
1352w, 1237m, 1104m, 945m, 865m, 815m, 773w, 750w, 702w,
654m. UV—vis in Et,0: A, = 357 nm (¢ = 383 M~ cm™).

[K(crypt)l{l(NR,);Y1,[un"n"-N,]}, 1-Y(crypt). In a dinitrogen-
filled glovebox, Y(NR,); (50 mg, 0.088 mmol) and crypt (33 mg,
0.088 mmol) were dissolved in chilled (—3$ °C), nitrogen-saturated,
Et,0 (2 mL) and placed in a —35 °C freezer for 1 h. This colorless
solution was then added to a vial containing excess KCq (27 mg, 0.20
mmol) at —116 °C. The solution was immediately filtered and placed
in a =35 °C freezer. Orange crystals of 1-Y(crypt) (17 mg, 19%)
suitable for X-ray diffraction studies were grown from the resulting
yellow/orange solution. IR (cm™): 2948w, 2889w, 1476w, 1442w,
1353w, 1298w, 1240m, 1137w, 1103w, 1107m, 962w, 948w, 925w,
865w, 823m, 770w, 753w, 702w, 665w. UV—vis in Et,0: 4., = 362
nm.
Computational Methods. Structure optimizations of the end-on
and side-on dianions, {[(R,N);Ln],[u-":n*N,]}*~, were performed
for Ln = Nd, Gd, Tb, Dy, and Y. The initial structures of the 1-Nd
and 2-Nd complexes were extracted from X-ray data of the [K(18-
crown-6),]" complexes. For the 1-Gd and 2-Gd complexes, the X-ray
structure of the [K(18-crown-6),]* complex™ was used as a starting
point for the structure optimizations. The structure optimizations of
1-Tb and 1-Dy compounds were based on the X-ray structure of the
[K(crypt)]* 1-Tb complex.”® Additionally, 2-Tb and 2-Dy structures
were derived from the Gd analog. The structural parameters of the 1-
Sc complex were used as the initial guess for the structure
optimizations of the 1-Y complex.”® The end-on complexes were
initially treated in D; point group symmetry, which was lowered if
necessary (see details below). The side-on complexes were assumed
to have C, symmetry.

Structure optimizations were performed by density functional
theory (DFT) with TPSSh hybrid exchange—correlation functional®”
with the Becke—Johnson dispersion correction (D3-BJ)***° and the
resolution-of-the-identity (RI-J) approximation.”>* def2-SVP basis
sets were used for nonhydrogen atoms and def2-SV(P) for
hydrogens*®*' together with small-core relativistic effective core
potentials (ECPs) of Dolg and co-workers for the lanthanide atoms.**
Additional calculations were performed with the lar%er def2-TZVP
basis sets for the lanthanide and bridging N atoms.*>*' The solvation
effects were treated by the conductor-like solvation model
(COSMO)** using the experimental dielectric constant &, = 7.52
and the optical index of refraction n = 1.4050 of THF. The optimized
structures were confirmed as stable by numerical force constant
calculations. Thermodynamic functions were computed in quasi-rigid-
rotor—harmonic-oscillator (QRRHO) approximation, in which the
contributions from low-frequency vibrations are treated as free
rotors.”> Harmonic vibrational frequencies were scaled down using a
global factor of 0.97.%

Raman spectra of the 1-Nd and 2-Nd complexes were computed
using vibrational frequencies from TPSSh calculations and static
polarizability derivatives®® using the PBEO functional,”’” def2-SVP
basis sets, and the COSMO solvation model for THF. Harmonic
vibrational frequencies were scaled by an empirical factor of 0.97*° to

account for anharmonicity and broadened using Gaussian profiles
with an empirical line width of 20 cm™.

UV—visible absorption spectra of the optimized 1-Nd and 2-Nd
complexes were simulated by time-dependent density functional
theory (TDDFT) using the PBEO hybrid functional, def2-SVP basis
sets, the RI-J approximation, and the COSMO solvation model as in
the ground-state calculations. Due to ground-state instabilities,
TDDFT calculations using the Tamm-Dancoff approximation
(TDA)*®* were additionally performed for both complexes 1-Nd
and 2-Nd. The computed spectra were broadened using Gaussian
profiles with an empirical full width at half maximum (FWHM)
parameter of S0 nm.

X-ray Crystallographic Data. Crystallographic information for
the complexes is summarized in the Supporting Information.
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