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Introduction

Owing to its unusual structure, much work has been devoted
to the study of bis(cyclopentadienyl)beryllium, [Cp2Be]
(Cp=C5H5), since its preparation in 1959.[1] It was clear
from the outset that [Cp2Be] did not possess a highly sym-
metric geometry (as ferrocene does) because of various
measured properties,[2,3] including the dipole moment ob-
served in solution.[1] A structure for the compound was first
postulated by Almenningen and co-workers based upon
data from vapour-phase electron diffraction.[4] The hypothe-
sized structure consisted of two parallel, staggered Cp rings
and a beryllium atom lying at one of two alternate positions
along the fivefold principal axis of the molecule, 1.485(5) .
from one ring and 1.98(1) . from the other (Scheme 1, I).
The report of such an unusual C5v structure quickly drew
the attention of many researchers. Further investigation pro-

vided support for the existence of structure I.[4–7] Further-
more, a LCAO MO study comparing I and II for [Cp2Be]
found the C5v geometry to have a lower total electronic
energy,[8] and analysis of Raman and IR spectral data esti-
mated the average time spent by the Be at each of the alter-
nate positions to be on the order of 10�13 to 10�12 s.[9]

In 1972, Wong and co-workers reported the first low-tem-
perature (�120 8C) X-ray crystal structure analysis of
[Cp2Be].

[10] The two Cp rings were found to be more or less
parallel (as in ferrocene) and staggered with respect to each
other, however, one of the rings appeared as if it had “slip-
ped” sideways with its centroid 1.20 . away from the ideal
D5d fivefold axis, resulting in a structure in which the Be
atom is roughly equidistant from all five carbons of one Cp
ring and bound to only one carbon on the other Cp ring
(dubbed the “slip” sandwich structure; III in Scheme 1).
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Abstract: The correlation between ani-
sotropic 9Be NMR (quadrupolar and
chemical shielding) interactions and
the structure and dynamics in [Cp2Be],
[Cp*

2 Be], and [(C5Me4H)2Be] is exam-
ined by solid-state 9Be NMR spectro-
scopy, as well as by ab initio and
hybrid density functional theory calcu-
lations. The 9Be quadrupole coupling
constants in the three compounds cor-
respond well to the relative degrees of
spherical ground-state electronic sym-
metry of the environment about beryl-
lium. Theoretical computations of
NMR interaction tensors are in excel-
lent agreement with experimental

values and aid in understanding the
origins of NMR interaction tensors and
their correlation to molecular symme-
try. Variable-temperature (VT) 9Be and
13C NMR experiments reveal a highly
fluxional structure in the condensed
phase of [Cp2Be]. In particular, the
pathway by which the Cp rings of
[Cp2Be] GinvertH coordination modes is
examined in detail using hybrid density
functional theory in order to inspect

variations of the 9Be NMR interaction
tensors. The activation energy for the
GinversionH process is found to be
36.9 kJmol�1 from chemical exchange
analysis of 13C VT CP/MAS NMR
spectra. The low-temperature (ca.
�100 8C) X-ray crystal structures of all
three compounds have been collected
and refined, and are in agreement with
previously reported structures. In addi-
tion, the structure of the same Cp2Be
crystal was determined at 20 8C and
displays features consistent with in-
creased intramolecular motion, sup-
porting observations by 9Be VT NMR
spectroscopy.

Keywords: ab initio calculations ·
beryllium · metallocenes · NMR
spectroscopy · X-ray diffraction

Scheme 1. Proposed structures of [Cp2Be] with (I) C5v, (II) D5h/D5d and
(III) Cs symmetry.
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The discovery of a new [Cp2Be] structure quickly led re-
searchers to re-evaluate previous data. In one such study it
was noted that the bonding in the GslipH sandwich should be
described more appropriately as having polyhapto p coordi-
nation (hx) rather than a s bond between Be and the singly
bound Cp ring, due to the parallel arrangement of the Cp
rings.[11] Wong and co-workers went on to re-examine the
crystal structure of Cp2Be at room temperature,[12,13] and
found a similar structure to the one reported at �120 8C, but
with notable differences. These observations, along with the
appearance of a single resonance in solution 1H and 9Be
NMR spectra,[14,15] led to the proposition that [Cp2Be] had a
highly fluxional structure which underwent rapid ring reor-
ientation about their centroids and possibly exchange of the
Be atom between the two half-occupied crystallographic po-
sitions. A number of theoretical studies were performed to
examine the bonding in [Cp2Be] and determine its lowest
energy structure.[16–26] In contrast to previous results, all cal-
culations favoured structures II and III energetically over
the C5v-type structures. Further investigation of [Cp2Be] by
various techniques contributed increasing support for struc-
ture III.[27–32] In fact, comparison of IR spectra of vapor, so-
lution and solid [Cp2Be] suggests that some form of III ac-
tually persists in all phases.[33]

More recently, studies using Car–Parrinello molecular dy-
namics (MD) calculations,[34] and the synthesis of various
other beryllocenes with substituted Cp rings has been re-
ported. MD calculations predict that the ground state for
[Cp2Be] should have a structure resembling that of III, and
that this structure is energetically favoured over both the
D5d and D5h geometries by approximately 10 kJmol�1.[35]

Furthermore, two dynamic processes are observed in ac-
cordance with the initial proposition by Wong and co-work-
ers:[13] 1) 1,2-sigmatropic rearrangement of the h1-ring
wherein the Be�(h1-Cp) bond moves from one carbon atom
to an adjacent carbon atom, and 2) intramolecular exchange
caused by GinversionH of the coordination modes between
the h5- and h1-Cp rings.[36] These two processes are calculat-
ed to have activation barriers of 5 and 8 kJmol�1 at 400 K,
and rates of 1–4 and 0.3–1.5 ps�1, respectively, in close
agreement with the barrier (5.2 kJmol�1) for Cp ring inver-
sion determined from variable-temperature 13C solution
NMR spectra of [Cp2Be].

[31] A number of substituted- and
mixed-Cp’ beryllocenes have been prepared by Conejo and
co-workers, including [Cp*

2 Be] (Cp*=C5Me5),
[(C5Me4H)2Be] and [Cp*Be(C5Me4H)].[37–39] Through the re-
action of [Cp*

2 Be] and [(C5Me4H)2Be] with 2,6-dimethyl-
phenyl isocyanide (CNXyl), Conejo and co-workers have
provided experimental chemical evidence for the presence
of the h5,h1-isomer of [Cp*

2 Be] in solution and sigmatropic
rearrangement of the h1-ring in [(C5Me4H)2Be].

[40] This con-
clusion rests on the reasonable assumption that the observed
iminoacyl products result from coupling of the h5,h1 isomers
of the corresponding beryllocenes with CNXyl. Similarly,
evidence for molecular rearrangement (GinversionH) of the
h5- and h1-rings has also been provided by reactions of
[Cp*Be(C5Me4H)] with CNXyl.[41]

Solid-state NMR spectroscopy of metal nuclei at the heart
of metallocenes is a powerful means for studying structure

and dynamics in these molecules, since the orientation-de-
pendent NMR tensors are very sensitive to changes in the
electronic environment about the nuclei. Relevant solid-
state NMR examples include[42] 25Mg NMR spectroscopy of
[Cp2Mg],[43] 27Al NMR spectroscopy of [Cp*

2Al]+ ,[44]
11B NMR spectroscopy of [Cp*

2 B]
+ and [Cp*

2 BMe],[45] 7Li
NMR spectroscopy of lithocenes,[46] 23Na NMR spectroscopy
of CpNa-TMEDA,[47] 119Sn and 207Pb NMR spectroscopic
characterization of a variety of stannocenes and plumbo-
cenes,[48,49] single-crystal 59Co NMR spectroscopy of
[Cp2Co]NO3·H2O,[50] and a 171Yb CP/MAS NMR study of
[Cp’2YbII] complexes.[51]

Although 9Be is a half-integer quadrupolar nucleus with a
small nuclear quadrupole moment (nuclear spin I=3/2, Q=

5.288R10�30 m2),[52,53] 100% natural abundance and receptiv-
ity of 78.7 compared to 13C, there are relatively few exam-
ples of solid-state 9Be NMR spectroscopic studies in the lit-
erature, likely because of the extreme toxicity of beryllium-
containing compounds. Solid-state 9Be NMR spectra of
[Be(acac)2] have been reported,[42] along with studies that
focus mainly upon the characterization of beryllium sites in
minerals.[42,54–63] The 9Be quadrupole coupling constants
measured for these compounds all fall within the relatively
narrow range of 30–700 kHz. To the best of our knowledge,
there are no reported solid-state 9Be NMR studies on orga-
nometallic beryllium complexes, although various organo-
metallic complexes have been studied by solution 9Be NMR
spectroscopy and ab initio calculations.[14,31,42, 64–66]

Herein we present the solid-state 9Be and 13C NMR study
of [Cp2Be] (1), [Cp*

2 Be] (2), and [(C5Me4H)2Be] (3) (see
Figure 1). Experimentally determined and theoretically cal-
culated 9Be electric field gradient (EFG) and chemical
shielding (CS) tensors are reported, and the relationship be-
tween these NMR interaction tensors and the molecular
structure of the beryllocenes is probed. There has been
much recent progress in understanding the fluxional struc-
tures of beryllocenes, yet not much work on the study of the
intramolecular dynamics present in the solid state has been
reported. To address this, variable-temperature (VT) 9Be
and 13C NMR, as well as 13C/9Be/1H triple-resonance experi-
ments, are utilized to probe the changes in the NMR inter-
action tensors and isotropic NMR signals with intramolecu-
lar dynamics which occur on the dynamic NMR timescale.

Results and Discussion

X-ray crystallography : Representative crystals from the
samples subsequently used for the NMR experiments were
subjected to X-ray crystallographic analysis to confirm the
structural features of the materials. Figure 1a shows one
molecule from each of the low-temperature (either �100 8C
or �120 8C) crystal structures of 1–3 ; the metrical parame-
ters and the geometries of the refined structures agree with
those reported previously (Table 1). Crystallographic data
for the same crystal of 1 was also collected at 20 8C and re-
fined. As illustrated in Figure 1b, the model for the higher
temperature structure exhibits significantly larger thermal
ellipsoids than that of the lower temperature structure. In
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addition, whereas the structure at �100 8C is best described
as having an h5,h1 arrangement, the model at 20 8C is better
described as exhibiting an h5,h2 coordination of the Cp rings.
Furthermore, the inversion-related positions of the Be
atoms are significantly closer together at 20 8C (0.828 .)
than at low temperature (1.230 .) and there is less “slip-
page” of the two Cp rings at higher temperature. These re-
lated structural features are consequences of the increased
inter-ring separation at higher temperature (3.406 . at 20 8C
versus 3.346 . at �100 8C) that is accommodated by the in-
crease of the crystallographic c axis (from 10.550(2) . to
10.827(2) . using the P21/c space group for each unit cell).
While the structural features observed by the X-ray diffrac-
tion snapshots are consistent with significantly greater disor-
der in the structure of [Cp2Be] at 20 8C than at �100 8C, the
NMR experiments described herein provide more detailed
information about the nature of the motion in the solid
state.

Solid-state 9Be NMR spectroscopy : Experimental 9Be MAS
NMR spectra of 1–3 are shown in Figure 2 along with corre-
sponding numerical (Figures 2a, b) and analytical (Fig-
ure 2c) simulations. The 9Be quadrupolar coupling constants
of 1 and 2 are relatively small in magnitude (0.41(2) and
0.23(2) MHz, respectively), resulting in the absence of ob-
servable second-order quadrupolar effects in the central

transition powder pattern. Thus, acquisition of satellite tran-
sition (SATRAS) NMR spectra is necessary to extract the
9Be quadrupolar parameters (EFG and CS parameters de-
rived from spectral simulations are shown in Table 2 for 1–
3). In contrast to 1 and 2, the spectrum of 3 displays a char-
acteristic second-order quadrupolar powder pattern which
yields CQ=0.61(5) MHz and hQ=0.13(7). Notably, as the
spherical symmetry decreases in the order 2!1!3, the
magnitude of CQ(

9Be) increases correspondingly: 0.23!
0.41!0.61 MHz. It is intriguing that the CQ(

9Be) of 1 has an
intermediate value compared to 2 and 3, which reflects its
unusual equilibrium geometry consisting of h5,hx coordina-
tion to the Cp rings.

The experimental static 9Be NMR spectra of 1–3 are
shown in Figure 3 along with simulations including and ex-
cluding the effects of CSA. Comparison of simulated spectra
that only take into account the 9Be nuclear quadrupolar in-
teraction (top traces) with the experimental spectra (bottom
traces) immediately indicates the presence of Be CSA (con-
firmed by the simulations shown in the middle traces). Al-
though 9Be EFG parameters for the three species are mark-
edly different, the CS parameters (i.e., diso, W, and k in
Table 2) appear to be relatively similar. The differences
appear small because of the relatively small CS range of ber-
yllium (ca. +25 to �25 ppm).[67,68] In light of this, we note
that the CSA of 1 is significantly greater than the other two

Figure 1. a) Molecules of 1–3 from their respective crystal structures; b) molecular structures of 1 at �100 8C and 20 8C.
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compounds, and also that all three species display chemical
shielding spans on the order of the entire known Be chemi-
cal shift range for diamagnetic complexes. The large metal
CSA caused by coordination to Cp’ ligands are consistent
with observations from [Cp*

2Al]+ ,[44] [Cp*
2 B]

+ and
[Cp*

2 BMe].[45] It is also interesting to note that the Be nuclei
become more shielded with increasing hapticity (i.e. ,
diso(3):h

5,h1 > diso(1):h
5,hx > diso(2):h

5,h5), which also corre-
sponds to the trend observed for [Cp*

2Al]+ , [Cp*
2 B]

+ and
[Cp*

2 BMe].
Aside from the expected anisotropic powder pattern, the

static 9Be NMR spectrum of 1 reveals a small additional
peak at the isotropic position of the powder pattern
(marked with an asterisk in Figure 3a). Variable-tempera-
ture static 9Be NMR experiments were performed on 1 to
explore the possibility of observing the effects of intramo-
lecular dynamics on the powder pattern (Figure 4). As the
temperature is raised, the isotropic peak gradually increases
in magnitude until about 60 8C, where the anisotropic

powder pattern completely collapses leaving only the very
sharp isotropic signal; this process is reversible and no dy-
namic “coalescence point” is observed. The lack of a coales-
cence temperature suggests the onset of a phase change in
which the [Cp2Be] molecules start to undergo motion(s) ca-
pable of completely averaging both the CS and EFG ten-
sors. The large 9Be CSA patterns for all of the beryllocenes
suggest that this peak does not result from an intermediate
structure of higher symmetry, but rather from a portion of
the molecules in the condensed phase undergoing isotropic
“solution-like” motion (even at ambient temperature). The
sharp isotropic peak and complete absence of CSA effects
in the spectrum acquired at 60 8C result from melting of the
sample (m.p. 59 8C).[69] This process is reversible, since iden-
tical static spectra are obtained after cooling the sample
from 60 8C, meaning that it is possible to recrystallize
[Cp2Be] from the melt.

VT 9Be NMR experiments were also performed for 2 and
3. The VT 9Be SATRAS NMR spectra of 2 show a change

Table 1. Summary of X-ray crystallographic data for 1–3.

Compound 1 1 2 3

empirical formula C10H10Be C10H10Be C20H30Be C18H26Be
formula weight [g mol�1] 139.19 139.19 279.45 251.40
temperature [8C] 20 �100 �120 �100
wavelength [.] 0.71069 0.71069 0.71069 0.71069
crystal system monoclinic monoclinic monoclinic orthorhombic
space group P21/n

[a] P21/c C2/c Pnma
a [.] 5.8901(6) 5.9255(6) 15.1014(13) 12.9448(10)
b [.] 7.6768(9) 7.4919(10) 12.2367(10) 15.7223(13)
c [.] 9.3233(14) 10.5501(14) 9.5512(8) 7.6583(6)
a [8] 90 90 90 90
b [8] 92.297(11) 121.345(8) 95.020(2) 90
g [8] 90 90 90 90
volume [.3] 421.23(9) 400.00(9) 1758.2(3) 1558.6(2)
Z 2 2 4 4
1calcd [g cm�3] 1.097 1.156 1.056 1.071
n [mm�1] 0.059 0.063 0.057 0.058
F(000) 148 148 616 552
crystal size [mm] 0.50R0.30R0.30 0.50R0.30R0.30 0.70R0.50R0.30 0.60R0.50R0.30
q range [8] 3.44–27.56 3.54–27.49 2.15–27.55 2.59–24.98
index ranges: �7�h�7 �7�h�7 �19�h�19 �15�h�15

�9�k�9 �9�k�9 �15�k�15 �18�k�18
�11� l�12 �13� l�13 �12� l�12 �9� l�9

reflections collected 3964 3273 8454 9848
independent 976 904 2035 1406
reflections
R(int) 0.0351 0.0354 0.0274 0.0525
completeness to q [%] 99.9 98.2 100.0 98.8
absorption correction none none none none
refinement method full-matrix least-squares on F2

data/restraints/parameters 976/0/56 904/0/57 2035/0/97 1406/0/105
goodness of fit on F2 1.007 1.447 1.019 1.244
final R indices [I>2s(I)]
R1 0.0803, 0.1052, 0.0582, 0.0872,
wR2 0.2583 0.2219 0.1559 0.1928
R indices (all data)
R1 0.1477, 0.1105, 0.0863, 0.0983
wR2 0.3188 0.2240 0.1759 0.1980
largest diff. peak 0.237 and 0.248 and 0.183 and 0.310 and
and hole [eA�3] �0.113 �0.277 �0.151 �0.216
extinction coefficient 0.13(6) 0.07(2)

[a] The P21/n unit cell of [Cp2Be] at 20 8C corresponds to a P21/c cell with unit cell parameters: a=5.8901(6), b=7.6768(9), c=10.8266(12) ., b=
120.63(1)8.
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in isotropic shift from d=�23.1 to �25.7 ppm, as well as an
apparent increase in CQ(

9Be), as the temperature is de-
creased from 110 8C to �100 8C (Figure 1 in the Supporting
Information). The origin of the temperature-dependent
chemical shift variation is unknown; however, the lower
values of CQ with increased temperature is well understood,
and normally attributed to motional averaging of the EFG
tensors due to increased intramolecular motions at higher

temperatures.[70,71] VT 9Be NMR experiments on 3 do not
show any observable changes with temperature.

Solid-state 13C NMR spectroscopy: The 13C CP/MAS NMR
spectra of 1 and 2 (Figure 5a, 5b) display spinning-sideband
manifolds indicative of carbon CSA in the aromatic region,
which is common for metallocenes. The aromatic carbon
sites have the following CSA parameters: 1: diso=

108.2(2) ppm, W=130(2) ppm, k=1.0; 2 : diso=110(3) ppm,
W=112(1) ppm, k=1.0, while the Me carbon nuclei in 2
have diso=10.7(5) ppm—comparable to data reported for
other metallocenes. Both the axial symmetry of the aromatic
carbon CS tensors (i.e., k=1.0) and the observation of a
single Cp’ resonance are attributed to the fast reorientation
of the Cp’ moieties about their ring centroids.[43,44, 72,73] Due
to the lower overall molecular symmetry of 3, its 13C NMR
spectra (Figure 5c) are relatively complex compared to
those of 1 and 2. By spinning the sample at a frequency of
vrot=15 kHz, the spinning sidebands are removed, leaving

Figure 2. 9Be MAS NMR spectra of a) 1, b) 2, and c) 3 at B0=9.4 T. Sim-
ulations of 1 and 2 were performed with SIMPSON and that of 3 with
WSOLIDS.

Table 2. Experimental 9Be and 13C NMR parameters.

Parameter 1 2 3[a]

nucleus 9Be 13C 9Be 13C[b] 9Be
jCQ j [MHz] 0.41(2) – 0.23(2) – 0.61(5)
hQ

[c] 0.25(5) – 0.55(5) – 0.13(7)
diso [ppm][d] �21(1) 108.2(2) �24.4(7) 110(3) �19.8(5)
W [ppm][e] 65(2) 130(2) 55(5) 112(1) 54(4)
k[f] 0.83(4) 1.0 0.86(7) 1.0 0.85(8)
d11 [ppm][g] 2.5 151.5 �4.8 147.3 �0.5
d22 [ppm] �3 151.5 �8.6 147.3 �4.5
d33 [ppm] �62.5 21.5 �59.8 35.3 �54.5
a[h] [8] 0 – 90 – 90
b [8] 38(5) – 28 – 4(2)
g [8] 0 – 44 – 0

[a] Carbon CS parameters for (C5Me4H)2Be are shown in Table 3.
[b] Carbon chemical shift tensor corresponds to aromatic carbons.
[c] Quadrupolar asymmetry parameter, hQ= (V11–V22)/V33. [d] Isotropic
shift, diso= (d11+d22+d33)/3. [e] Span of the CS tensor, W=d11–d33.
[f] Asymmetry of the CS tensor, k=3(d22–diso)/W. [g] Principal compo-
nents of the CS tensor from least to most shielded: d11�d22�d33.
[h] Euler angles a, b, g for rotation of the EFG principal axis system into
the CS principal axis system.

Figure 3. Static 9Be NMR spectra of a) 1, b) 2, and c) 3 at B0=9.4 T.
Traces: bottom: experimental; middle: simulation including CSA; top:
simulation excluding CSA. Asterisk (*) points out resonance at the iso-
tropic position.
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only the isotropic peaks for each of the distinct carbon envi-
ronments. Analysis of the sideband manifolds in the slow-
spinning (vrot=4.0 kHz) spectrum by the method of Herz-
feld and Berger yields the carbon CS parameters shown in
Table 3. From high to low frequency, the 13C signals are as-
signed to the h1: a- (130.1 ppm), h1: b- (126.0 ppm), h5: b-
(112.0 ppm), h5: a- (110.6 ppm), h5: i- (101.9 ppm) and h1: i-
(C5Me4H)2Be carbons (56.8 ppm); the four remaining peaks
are collectively assigned to the eight methyl groups. These
assignments were based primarily on the values of the CS
parameters (i.e., diso, W and k) of each carbon site. As men-
tioned above, the axial symmetry (k=1) of Cp’ carbon CS
tensors has been shown to arise from time-averaging of the
d11 and d22 components caused by reorientation of the carbo-
cycles,[43,44, 72,73] also in agreement with the observation of a
single 13C NMR resonance for both rings in solution.[37] The
signals at d=112.0 and 110.6 ppm are therefore assigned to
the h5-Cp’ carbon atoms and those at d=130.1 and
126.0 ppm can be attributed to the h1-Cp’ carbon atoms. Dif-
ferentiation of the a and b sites in each of the C5Me4H rings
was accomplished by comparison of experimental values of
W and k with theoretical values obtained from ab initio cal-
culations (Table 3). Based upon 13C/9Be/1H CP/TRAP-
DOR[74] experiments (vide infra) and their chemical shifts
(diso=�100–130 ppm is characteristic of h5-Cp’ carbon
atoms), the signals at d=101.9 and 56.8 ppm are assigned to
the h5 : i-Cp’ and h1: i-Cp’ sites, respectively.

The 13C VT CP/MAS spectra of 1 are shown in Figure 6.
The resonance at diso=108.2 ppm gradually splits into two
peaks upon cooling to �2 8C (diso=110.0 and 106.3 ppm)
and remains as such all the way down to �110 8C. The aver-
age diso of the two peaks found at low temperature is equal
to the isotropic shift of the carbon signal at ambient temper-
ature, being highly indicative of chemical exchange. A de-
tailed analysis of the spectra between the temperatures +3
to �5 8C (see Figure 2 in the Supporting Information for de-
tails) reveals the coalescence point (��1 8C) and activation
energy (Ea=36.9 kJmol�1) for the chemical exchange proc-
ess. The measured Ea for the GinversionH process lies inter-
mediate to values calculated with the PRDDO method
(62.8–129.7 kJmol�1),[17] and those obtained from MD calcu-
lations at 400 K (8 kJmol�1)[36] and 9Be-13C spin–spin cou-
pling in solution 13C VT NMR spectra (5.2 kJmol�1).[31] It is
worth mentioning that although the 13C CP/MAS spectra of
1 at higher temperatures (ca. 40–60 8C) resemble the spec-
trum obtained at ambient temperature, the optimal contact
time was shorter (5 ms) and required the acquisition of
many more transients to achieve reasonable intensity than
spectra at lower temperatures. The apparent loss in cross-
polarization efficiency at higher temperatures may be
caused by increased rates of motion which serve to partially
average 1H–13C dipolar coupling. The effects of chemical ex-
change in the 13C NMR spectra of 1 correlate well with ob-
servations from 9Be VT NMR spectra: as the temperature is
lowered, the time spent by the Be atom at each crystallo-
graphic site increases compared to the time scale of the
NMR experiment, resulting in the observation of a single
Be site. At the same time, the equivalence of the Cp carbons
caused by rapid motion of the Be is nullified and results in

Figure 4. Static 9Be VT NMR spectra of 1 at B0=9.4 T.

Figure 5. 13C CP/MAS NMR spectra of a) 1, b) 2, and c) 3 at different
spinning frequencies. Inset in (c) shows the labeling scheme of the
carbon sites in 3.
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observation of the two nonequivalent Cp rings. However,
the low temperatures employed are insufficient to slow
down the very rapid reorientation of the Cp rings about
their five-fold axes, and therefore, the carbon sites within
each of the Cp rings cannot be differentiated.

13C/9Be/1H VT CP/TRAPDOR NMR experiments were
performed in order to examine the intramolecular dynamics
present in all three compounds. By examining the loss in in-
tensity observed in TRAPDOR spectra, it is possible to de-
termine the presence and relative magnitudes of dipolar
couplings between beryllium and various carbon nuclei. The

13C/9Be/1H CP/TRAPDOR
spectrum of 1 (not shown)
yields an integrated intensity,
including the spinning side-
bands, of 0.7 compared to the
CP/MAS experiment (normal-
ized integrated intensity of 1.0).
Only slight increases in the
TRAPDOR effect were ob-
served upon lowering the tem-
perature, and are not very diag-
nostic in terms of examining
temperature-dependent dynam-
ics.

The 13C/9Be/1H CP/TRAP-
DOR spectrum of 3 is shown in
Figure 7. As expected, the
TRAPDOR effect is most pro-
nounced for the h1: i-Cp’
carbon (marked with *), which
is directly bound to the berylli-
um. Interestingly, the methyl
resonances show a larger de-
crease in intensity under
TRAPDOR conditions than the
aromatic Cp’ carbons; the
origin of this effect is unknown
at this time. VT experiments
(not shown) from 80 8C to
�100 8C do not display any dif-
ferences in the TRAPDOR
effect compared to spectra ac-
quired at ambient temperature.
This suggests that the carbocy-
cles in 3 display relatively little
motion and are rather rigid in
contrast to 1 and 2.

13C/9Be/1H VT CP/TRAP-
DOR experiments for 2 are
shown in Figure 8. At ambient
temperature and higher,
TRAPDOR and control spectra
are almost identical, perhaps in-
dicating little or motionally
averaged 13C–9Be dipolar cou-
pling. Upon cooling, CP condi-
tions change such that the Cp*
and Me resonances quickly di-

minish until reaching �60 8C when both signals can no
longer be detected. With further cooling, the Me and Cp*
peaks slowly reappear with broader linewidths. The width at
half-height (Dv1/2) of the Cp* and Me isotropic peaks
change from 81 and 84 Hz at ambient temperature to 540
and 176 Hz at �100 8C, respectively. The dramatic change in
CP conditions and broad peak widths at lower temperatures
suggest a change in the rate of the Cp* fivefold reorienta-
tion. Furthermore, the significantly increased TRAPDOR
effect at low temperatures indicates an increase in 13C-9Be
dipolar coupling, supporting the notion of decelerating Cp*

Table 3. Experimental and theoretical 13C NMR CS parameters of 3.[a]

Site d11 d22 d33 diso W k
[ppm][b] [ppm] [ppm] [ppm] [ppm] [ppm]

experimental
h5 :a-C5Me4H

[c] 151.6 151.6 28.7 110.6 122.9 1.00
h5 :b-C5Me4H 151.5 151.5 32.9 112.0 118.6 1.00
h5 :i-C5Me4H 153.1 115.4 37.2 101.9 115.9 0.35
h1:a-C5Me4H 212.0 145.6 32.7 130.1 179.3 0.26
h1:b-C5Me4H 204.8 129.8 43.5 126.0 161.3 0.07
h1:i-C5Me4H – – – 56.8 – –

RHF/6–31G**
h5 :a 165.0 125.8 15.2 102.0 149.8 0.48
h5 :b 165.1 130.9 20.1 105.4 145.0 0.53
h5 :i 153.4 91.7 15.3 86.8 138.1 0.11
h1:a 225.6 135.9 16.0 125.8 209.7 0.14
h1:b 206.3 116.9 29.6 117.6 176.7 �0.01
h1:i 73.0 19.3 9.4 33.9 63.6 �0.69

RHF/6–311G**
h5 :a 159.8 117.6 0.5 92.6 159.3 0.47
h5 :b 158.9 122.7 5.4 95.6 153.5 0.53
h5 :i 146.5 80.3 2.7 76.5 143.8 0.08
h1:a 226.5 127.9 1.8 118.8 224.7 0.12
h1:b 206.1 106.3 15.2 109.2 190.9 �0.05
h1:i 61.9 6.9 �3.8 21.7 65.7 �0.67

RHF/6–311+G**
h5 :a 161.1 119.0 1.7 93.9 159.4 0.47
h5 :b 160.4 124.3 6.7 97.1 153.7 0.53
h5 :i 147.5 81.6 3.8 77.6 143.6 0.08
h1: a 227.6 129.5 3.2 120.1 224.4 0.13
h1:b 207.5 108.3 16.5 110.8 191.0 �0.04
h1:i 63.4 8.4 �2.4 23.2 65.8 �0.67

B3LYP/6–31G**
h5 :a 167.1 135.0 34.4 112.1 132.7 0.52
h5 :b 167.9 140.6 40.2 116.2 127.7 0.57
h5 :i 157.7 98.8 29.9 95.5 127.8 0.08
h1:a 210.9 143.8 34.6 129.8 176.2 0.24
h1:b 201.0 133.8 48.0 127.6 153.0 0.12
h1:i 91.7 32.9 26.6 50.4 65.0 �0.81

B3LYP/6–311G**
h5 :a 172.0 134.2 24.3 110.2 147.7 0.49
h5 :b 171.3 140.1 30.7 114.0 140.6 0.56
h5 :i 160.2 94.5 23.6 92.8 136.6 0.04
h1:a 222.3 143.2 25.8 130.5 196.5 0.20
h1:b 210.9 131.4 39.4 127.2 171.6 0.07
h1:i 89.6 27.3 19.1 45.3 70.4 �0.77

B3LYP/6–311+G**
h5 :a 172.9 135.4 25.1 111.1 147.8 0.49
h5 :b 172.7 142.1 30.8 115.2 141.9 0.57
h5 :i 160.3 96.2 24.2 93.5 136.1 0.06
h1:a 223.2 143.7 25.7 130.9 197.6 0.20
h1:b 212.8 132.6 40.7 128.7 172.2 0.07
h1:i 92.7 25.9 18.6 45.7 74.1 �0.80

[a] All CS parameters are defined as in Table 2. [b] Carbon shielding values were converted to shifts by refer-
encing to the carbon shielding of CO as diso=187.1 ppm (see Experimental Section). [c] Labeling Scheme of
carbon sites can be found in inset of Figure 5c.
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ring motion (at �100 8C, the methyl and aromatic Cp* sig-
nals retain about 8% and 46% of their integrated intensity
compared to the control experiment). Variable contact time
experiments (ct=0.1–25.0 ms) were also performed (not
shown) to examine the reason for loss in CP efficiency be-
tween �20 8C and �80 8C, however, spectra displayed no dif-
ference to those shown in Figure 8. The peak at diso=2 ppm,
which becomes more prevalent at lower temperatures, most
likely arises from an impurity in the sample.

Theoretical calculations : Theoretical 9Be CS tensors
(Table 4), obtained from calculations with standard methods

and basis sets show remarkable agreement with experimen-
tal data. In particular, both the RHF and B3LYP methods
perform exceptionally well in calculating diso and W for all
three compounds. The values of k show the largest discrep-
ancy with measured values, however, even those deviations
are minute.

Calculated values of CQ and hQ (Table 5) also show very
good agreement with experimental values. Notably, B3LYP/
6–31G** calculations yield the best agreement with mea-
sured values for 1 and 3, although all other calculations also
perform well. Relatively large deviations are seen for the
calculated CQ and hQ values of 2. These discrepancies are at-
tributed to rapid reorientation of the Cp* rings in 2, which
motionally averages the V33 component of the 9Be EFG
tensor and is unaccounted for in calculations (vide infra).

Not surprisingly, theoretical 9Be EFG and CS tensor ori-
entations do not vary due to the methods and basis set used.
In all three cases the beryllium CS tensor has near-axial
symmetry (1: k=0.83(4); 2 : k=0.86(7); 3 : k=0.85(8)) indi-
cating that the s11 and s22 components are similar in magni-
tude while s33 is distinct. Therefore, s11 and s22 should point
towards similar electronic environments, with s33 assuming
an orientation along a unique symmetry element or molecu-
lar axis. Indeed, s33 points in the general direction of the Cp’
ring centroid for all three compounds, while the s11 and s22

components lie on a plane parallel to the h5-Cp’ moieties
(Figure 9). The 9Be EFG tensors of 1 and 3 are also indica-
tive of high cylindrical ground state electronic symmetry (1:
hQ=0.25(5); 3 : hQ=0.13(7)), consequently, theoretical EFG
tensors have the V33 component aligned toward the Cp’
centroid also. However, the NMR interaction tensors for
both 1 and 3 are not coincident. In 3, V11 and s22 are coinci-
dent, and aV33-Be-s33 and aV22-Be-s11 are equal to 4.38
(Figure 9c); the corresponding Euler angles describing the
relative orientation of the two theoretical tensors are a=

90.08, b=4.38, and g=0.08, in very good agreement with ex-
perimentally measured values (a=908, b=4(2)8, g=08). For
1, V33 and s33 are offset by a V33-Be-s33 angle of 78, while
aV22-Be-s11 and aV11-Be-s22 are both approximately 288

Figure 6. 13C VT CP/MAS spectra employed for calculation of the activa-
tion energy (Ea=36.9 kJmol�1) for Cp ring GinversionH in 1. Expansion of
the isotropic resonances for each of the spectra are shown on the right.

Figure 7. 13C/9Be/1H CP/TRAPDOR spectra of 3 ; asterisk (*) marks the
h1:i-C5Me4H carbon resonance.

Figure 8. 13C/9Be/1H VT CP/TRAPDOR spectra of 2. Variable contact
time experiments display no difference compared to the spectra shown.
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apart (Figure 9a); the theoretical Euler angles obtained are
a=3.88, b=7.08 and g=57.98. These stand in contrast to the
relative orientation measured experimentally; however, one
must bear in mind that simulation parameters extracted
from NMR spectra are from a motionally averaged structure
wherein different intramolecular dynamic processes obvi-

ously affect the NMR interac-
tions observed, whereas theo-
retical results are derived from
purely stationary structures.
Furthermore, since both the ex-
perimental 9Be EFG and CS
tensors are axial, and the mag-
nitudes of both the span and
quadrupolar interaction result
in rather small anisotropic fre-
quency spreads, the relative ori-
entation of the lesser compo-
nents (Vii and dii ; i=1, 2) with
respect to each other is of
minor influence and observa-
tions show misalignment only
between V33 and d33 (a=08, b=
38(5)8, g=08).

The theoretical 9Be EFG
tensor of 2 takes on a very dis-
tinct orientation compared to
those of 1 and 3 as shown in
Figure 9b. In particular, the
plane in which V22, V33 and the
Be atom lie makes an angle of
468 with s22, while V11 approxi-
mately bisects the angle be-
tween s11 and s22. The corre-
sponding Euler angles relating
the orientation of the EFG and
CS tensors are a=89.38, b=

29.88 and g=46.98. Simulations
of the static 9Be NMR spectrum
of 2 using the theoretical Euler
angles provide very good agree-
ment; in fact, the experimental
values (a=908, b=288, g=448)
were arrived at by only minor
refinement of the calculated
values. As in the case of
[Cp2Mg],[43] offset of V33 from
the Cp* centroid suggests slight
distortions in the spherical/cy-
lindrical ground state symmetry
of the molecule. Indeed, the
crystal structure of 2[37] reveals
that the [Cp*

2 Be] unit has Ci

rather than D5d symmetry. For
2, the V33 component tilts to-
wards the two Cp* carbon
atoms which lie farthest from
the Be (Be�C distances range
from 1.969 to 2.114 .). Because

of the misalignment of V33 from the ring centroid, fivefold
reorientation of the Cp* rings reduces CQ(

9Be) so that only
an average value is detected, in contrast to the values ob-
tained from calculations.

To further explore the effects upon the 9Be NMR interac-
tion tensors from movement of the Be atom between the

Table 4. Experimental and theoretical beryllium chemical shift tensors.

Source d11 d22 d33 diso W k
[ppm][a] [ppm] [ppm] [ppm] [ppm]

[Cp2Be]
experimental 2.5 �3.0 �62.5 �21(1) 65(2) 0.83(4)
RHF/6–31G** 4.7 2.8 �62.3 �18.3 67.0 0.94
RHF/6–311G** 4.2 2.5 �64.0 �19.1 68.1 0.95
RHF/6–311+G** 4.7 2.7 �63.9 �18.8 68.6 0.94
B3LYP/6–31G** 3.8 1.4 �62.0 �18.9 65.8 0.93
B3LYP/6–311G** 3.3 1.5 �64.5 �19.9 67.8 0.95
B3LYP/6–311+G** 3.3 1.4 �64.5 �19.9 67.8 0.95

[Cp*
2 Be]

experimental �4.8 �8.6 �59.8 �24.4(7) 55(5) 0.86(7)
RHF/6–31G** �8.9 �9.3 �65.0 �27.7 56.1 0.98
RHF/6–311G** �13.4 �13.7 �68.3 �31.8 54.9 0.99
RHF/6–311+G** �13.1 �13.5 �68.2 �31.6 55.1 0.99
B3LYP/6–31G** 2.4 1.6 �51.2 �15.8 53.6 0.97
B3LYP/6–311G** �2.1 �2.7 �54.2 �19.7 52.0 0.98
B3LYP/6–311+G** 1.2 �1.2 �53.0 �17.7 54.1 0.91

[(C5Me4H)2Be]
experimental �0.5 �4.5 �54.5 �19.8(5) 54(4) 0.85(8)
RHF/6–31G** 1.8 �2.8 �54.0 �18.4 55.8 0.83
RHF/6–311G** 0.9 �3.0 �55.8 �19.3 56.6 0.86
RHF/6–311+G** 1.2 �2.8 �55.5 �19.0 56.7 0.86
B3LYP/6–31G** 1.5 �3.2 �53.0 �18.2 54.5 0.83
B3LYP/6–311G** 0.8 �3.3 �55.5 �19.3 56.3 0.86
B3LYP/6–311+G** 1.7 �3.2 �55.2 �18.9 56.8 0.83

[a] Absolute chemical shielding values were converted to chemical shifts with the formula sref�ssample, where
sref is the absolute chemical shielding of [Be(H2O)4]

2+ (see Experimental Section).

Table 5. Experimental and theoretical 9Be EFG parameters.

Source V11 V22 V33 jCQ j hQ

[a.u.][a] [a.u.] [a.u.] [MHz]

[Cp2Be]
experimental – – – 0.41(2) 0.25(5)
RHF/6–31G** �0.0129 �0.0182 0.0311 0.39 0.17
RHF/6–311G** �0.0092 �0.0148 0.0240 0.30 0.23
RHF/6–311+G** �0.0093 �0.0148 0.0241 0.30 0.23
B3LYP/6–31G** �0.0125 �0.0205 0.0330 0.41 0.24
B3LYP/6–311G** �0.0103 �0.0193 0.0296 0.37 0.30
B3LYP/6–311+G** �0.0104 �0.0192 0.0296 0.37 0.30

[Cp*
2 Be]

experimental – – – 0.23(2) 0.55(5)
RHF/6–31G** 0.0102 0.0263 �0.0364 0.45 0.44
RHF/6–311G** 0.0155 0.0308 �0.0464 0.58 0.33
RHF/6–311+G** 0.0155 0.0309 �0.0464 0.58 0.33
B3LYP/6–31G** 0.0103 0.0245 �0.0349 0.43 0.41
B3LYP/6–311G** 0.0164 0.0307 �0.0470 0.59 0.30
B3LYP/6–311+G** 0.0163 0.0306 �0.0469 0.58 0.30

[(C5Me4H)2Be]
experimental – – – 0.61(5) 0.13(7)
RHF/6–31G** �0.0270 �0.0315 0.0585 0.73 0.08
RHF/6–311G** �0.0270 �0.0290 0.0559 0.70 0.04
RHF/6–311+G** �0.0268 �0.0296 0.0563 0.70 0.05
B3LYP/6–31G** �0.0235 �0.0306 0.0541 0.67 0.13
B3LYP/6–311G** �0.0269 �0.0301 0.0571 0.71 0.06
B3LYP/6–311+G** �0.0267 �0.0308 0.0574 0.72 0.07

[a] Vii are the principal components of the EFG tensor, where jV33 j� jV22 j� jV11 j .
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two half-occupied crystallographic sites of [Cp2Be], a series
of B3LYP/6–311G** calculations were performed attempt-
ing to simulate the suspected “inversion” process or “shut-
tling” motion of the Be atom. For each calculation, the Be
atom was positioned at a different distance (a multiple of
1/8 of the total distance between the two crystallographic Be
sites) along a straight line which joins the two crystallo-
graphic Be sites in the low-temperature structure. Calcula-
tions for five different Be positions were done in total, be-
ginning at one of the crystallographic sites and ending at the
midpoint between the two crystallographic sites (hitherto re-
ferred to as the “midpoint”); the remaining points on the
other side of the midpoint were assumed to be equivalent to
those calculated. The calculated 9Be NMR parameters at
each of the points are shown in Table 6, where the Be posi-
tions are labeled by their distance from the midpoint, that
is, the 0.652 . site is the crystallographic site. According to
calculations, the “inversion” process has a classical energy
barrier of 11.07 kJmol�1 with the lowest and highest ener-
gies found for 0.489 . and the midpoint, respectively. The
calculated barrier is comparable to values determined from
MD calculations (8 kJmol�1)[36] and solution 13C VT NMR
spectroscopy (5.2 kJmol�1).[31] Variation of the self-consis-
tent field energy along the reaction coordinate can be fit to
the function f(r)=A + Bcos2(r)+Ccos4(r)+Dcos6(r) within
the range r=0.652 to �0.652 ., where r is the distance from
the midpoint, A=212.1(1.7), B=�645.9(6.3), C=602.0(7.8)
and D=�157.2(3.2). The expectation value for r is 0.5996 .

as opposed to the lowest energy position which lies 0.4894 .
from the midpoint. If the trends observed from calculations
are representative of the solid-state “inversion” barrier, the
beryllium in [Cp2Be] would be undergoing hindered passage
between the two half-occupied sites, spending the majority
of the time approximately 0.052 . from each of the crystal-
lographic sites.

In addition, according to calculations the 9Be NMR inter-
actions are also expected to vary because of the “inversion”
process (Table 6, see Figure 3 in the Supporting Information
for details). In moving from one of the crystallographic sites
to the other, CQ(

9Be) and hQ vary within the ranges 0.49–
1.58 MHz and 0.05–0.77, respectively, being greatest at the
midpoint in both cases. Similarly, in going from 0.652 . to
the midpoint, k increases to 0.976 from 0.924, while W

varies by merely 2.46 ppm. As discussed above, the Be atom
spends most of its time at or near the crystallographic sites
rather than at the midpoint, explaining why NMR parame-
ters calculated using the atomic positions from the crystal
structure display such good agreement with experimental
values. Thus, the observed 9Be NMR signal arises almost en-
tirely from beryllium occupying the crystallographic sites (or
nearby positions). The orientation of both the theoretical
9Be EFG and CS tensors display little variation along the
chosen Be atom trajectory.

Conclusion

Through a combination of solid-state 9Be and 13C NMR
spectroscopy, X-ray diffraction and molecular orbital calcu-
lations, the relationships between anisotropic NMR interac-
tions and molecular structure and dynamics in [Cp2Be],
[Cp*

2 Be] and [(C5Me4H)2Be] are elucidated. Notably, param-
eters measured by solid-state MAS and static 9Be NMR ex-
periments are correlated with molecular structure, which
confirm geometries measured by X-ray diffraction: 1)
CQ(

9Be) increases in magnitude as the degree of spherical
symmetry about the Be nuclei decreases, 2) large beryllium
chemical shift anisotropies which are comparable to the
entire known beryllium chemical shift range are consistent
with p–p bonding to Cp’ moieties, and 3) the isotropic 9Be

Figure 9. Theoretical 9Be EFG and CS tensors of a) 1 (top and side view
of molecule), b) 2 (top and side view of molecule), and c) 3. Methyl hy-
drogen atoms have been omitted in 2 and 3 for clarity.

Table 6. Theoretical (B3LYP/6–311G**) 9Be EFG and CS parameters at dif-
ferent beryllium stationary points along the reaction coordinates of the Ginver-
sionH process.

Parameter Absolute distance from center position [.]

0.000 0.163 0.326 0.489 0.652
jCQ j
[MHz]

1.58 1.48 1.21 0.83 0.49

hQ 0.77 0.74 0.63 0.39 0.05
V11 [a.u.] �0.014539 �0.015539 �0.017930 �0.020133 �0.018486
V22 [a.u.] �0.112587 �0.103642 �0.079196 �0.046134 �0.020617
V33 [a.u.] 0.127126 0.119180 0.097126 0.066267 0.039103
diso [ppm] �22.99 �22.79 �22.22 �21.24 �19.62
W [ppm] 67.96 67.35 66.11 65.50 66.95
k 0.976 0.976 0.974 0.961 0.924
d11 [ppm] �0.06 �0.07 0.11 1.02 3.55
d22 [ppm] �0.89 �0.89 �0.77 �0.26 0.99
d33 [ppm] �68.02 �67.42 �66.00 �64.48 �63.40
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chemical shift increases as the overall hapticity is decreased,
that is, diso increases in the order: [Cp*

2 Be] (h5,h5), [Cp0
2Be]

(h5,h1�3), and [(C5Me4H)2Be] (h
5,h1). On the other hand, var-

iable-temperature NMR experiments allow examination of
intramolecular dynamics: VT 9Be NMR experiments reveal
that a small portion of [Cp2Be] molecules undergo rapid iso-
tropic motion even at ambient temperature and that
[Cp*

2 Be] and [(C5Me4H)2Be] undergo relatively small varia-
tion in their molecular geometries with changing tempera-
ture. 13C VT CP/MAS NMR spectra of [Cp2Be] reveal
chemical exchange, indicating that the hapticities of the Cp
rings are GinvertedH through the motion of the beryllium
atom between the crystallographically equivalent sites; the
activation energy associated with this GinversionH process is
measured to be 36.9 kJmol�1. In the case of [Cp*

2 Be],
13C/

9Be/1H VT CP/TRAPDOR spectra show dramatic changes
upon cooling, which indicate a slowing down of the fivefold
reorientation of the Cp* ring.

Ab initio (RHF) and hybrid density functional theory
(B3LYP) calculations yield excellent agreement with experi-
mental NMR interaction parameters. In combination with
experimental data, theoretical calculations give a particular-
ly good indication as to the equilibrium geometry found in
the condensed phase of [Cp2Be], namely, that the Be atom
spends most of its time located at one of the two related
crystallographic sites and a relatively insignificant amount of
time in transit. Theoretical calculations aid in determining
the orientation of anisotropic NMR interaction tensors in
the molecular frame, which further correlates NMR parame-
ters with molecular structure. We hope to have shown that
solid-state NMR spectroscopy is an excellent complimentary
technique to X-ray diffraction for confirming molecular
symmetry, rapid checking of sample purity, relating magnet-
ic shielding tensors to molecular structure and enabling the
observation of unique solid-state intramolecular dynamics.

Experimental Section

Compounds 1–3 were prepared using literature procedures.[3,37] CAU-
TION: Extreme care must be taken in dealing with beryllium compounds
because they are very toxic and can cause serious irreversible effects.

X-ray crystallography : Crystalline samples of each of the beryllocenes
were obtained by cooling saturated pentane solutions of the compounds
to �30 8C. In a glove box containing a dry N2 atmosphere, the data crys-
tals were selected and mounted in thin-walled glass capillaries, which
were subsequently flame-sealed. The sealed capillaries were affixed to
brass specimen pins using epoxy. A Kryo-Flex low temperature device
was used for low-temperature experiments. Note that the same crystal of
[Cp2Be] was used to collect data at both 20 8C and �100 8C. The data
were collected on a Bruker APEX CCD diffractometer using a graphite
monochromator with MoKa radiation (l=0.71069 .). A hemisphere of
data was collected using a counting time of 30 s per frame. Details of
crystal data, data collection and structure refinement are listed in
Table 1. Data reduction was performed by using the SAINT software[75]

and the data were corrected for Lorentz, polarization and absorption ef-
fects using the SAINT and SADABS programs. The structures were
solved by direct methods using SIR97[76] and refined by full-matrix least-
squares on F2 with anisotropic displacement parameters for the non-H
atoms using SHELXL-97.[77] Neutral atom scattering factors and values
used to calculate the linear absorption coefficient are from the Interna-
tional Tables for X-ray Crystallography (1992).[78] Hydrogen atoms were
placed in calculated positions and were assigned coupled isotropic tem-

perature factors using an appropriate riding model.[79] CCDC-234475–
CCDC-234478 contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.
ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12, Union Road, Cambridge CB21EZ, UK; fax:
(+44)1223-336-033; or deposit@ccdc.cam.ac.uk).

Solid-state NMR spectroscopy: 9Be and 13C NMR spectra were acquired
on a Varian Infinity Plus NMR spectrometer with an Oxford B0=9.4 T
(v0(

1H)=400 MHz) wide bore magnet operating at v0(
9Be)=56.2 MHz

and v0(
13C)=100.5 MHz. Samples were finely powdered and packed

under a nitrogen atmosphere into 4 mm outer diameter ZrO2 rotors.

Central transition selective p/2 pulse widths of 0.67, 1.0, and 2.2 ms with
rf fields of v1=62.5, 41.7, and 56.8 kHz, spectral widths (sw) of 40, 40,
and 20 kHz, and recycle delays of 2.1, 10, and 20 s were employed, re-
spectively, for the static 9Be NMR spectra of 1–3. The 9Be MAS spectrum
of 3 was acquired with the same parameters as the static spectrum but
with a 10 kHz spectral window. For the 9Be SATRAS spectra of 1 and 2,
central transition selective p/2 pulse widths of 1.5 and 2.25 ms with rf
fields of v1=90.9 and 55.6 kHz and recycle delays of 4 and 15 s were em-
ployed, respectively.

The 13C{1H} CP/MAS spectra of 1 were acquired at vrot=1415 and
4500 Hz with a proton p/2 pulse of 5.5 ms, contact time (ct) of 15 ms, sw=

40 kHz and recycle delay of 10 s; for 2 : vrot=1040 and 3500 Hz, proton
p/2 pulse=2.75 ms, ct=9 ms, sw=50 kHz and recycle delay=15 s, while
for 3 : vrot=4000 and 15000 Hz, proton p/2 pulse=4.5 ms, ct=15 ms, sw=

50 kHz and recycle delay=20 s. Variable-temperature (VT) 13C/9Be/1H
CP/TRAPDOR (TRAnsfer of Populations in DOuble Resonance) ex-
periments on all three species were recorded in a similar fashion as CP/
MAS spectra with additional on-resonance irradiation of beryllium nuclei
over one rotor period with rf fields of about 30, 40, and 60 kHz for 1–3.

Central transition selective pulse widths are non-selective pulse widths
which have been scaled by a factor of (I + 1/2)�1. Beryllium chemical
shifts were referenced to a concentrated aqueous solution of BeCl2 (diso=

0.0 ppm); carbon shifts are reported with respect to the Si(CH3)4 scale
(diso=0.0 ppm) by setting the chemical shift of the adamantane high-fre-
quency resonance to 38.57 ppm. Variable-temperature experiments were
performed within a temperature range of 110 8C to �120 8C with an accu-
racy of �1 8C at the extremes.

Spectral simulations : Analytical simulations of 9Be static and MAS NMR
spectra were performed with the WSOLIDS software package written
and developed by K. Eichele in R. E. WasylishenHs laboratory at Dalhou-
sie University. Further refinement of quadrupolar parameters for the
SATRAS NMR spectra of 1 and 2 was obtained by numerical simulations
with the SIMPSON software package.[80] SIMPSON simulations were ac-
complished by the direct method of powder averaging using the zcw4180
crystal file provided with the package. The gamma angles parameter was
set to (sw/vrot), where sw is the spectral width and vrot is the rate of spin-
ning; in the case of 2, sw had to be increased to 301.5 kHz to accommo-
date the equation for the gamma angles. The start and detect operators
were set to I1z and I1p, respectively, while all other parameters were set
equal to those employed experimentally. Simulated spectra were saved in
ASCII format as free induction decay (FID) files without any mathemati-
cal manipulation and converted to files readable by the NUTS (Acorn
NMR) software for further processing. Best-fit spectra were obtained by
comparison of root-mean-square difference spectra, and experimental
errors for the extracted NMR parameters were determined by bidirec-
tional variation. All experimental carbon chemical shift tensors were ob-
tained by analysis of 13C NMR spectra with the method of Herzfeld and
Berger.[81,82]

Conventions used for the specification of electric field gradient and
chemical shift parameters differ between the WSOLIDS and SIMPSON
simulation programs, and therefore, the reader is alerted to these differ-
ences. Whereas WSOLIDS uses the right-handed EFG and chemical
shift tensors given by (jVzz j� jVyy j� jVxx j ; CQ=eVzzQh�1; hQ=

(Vxx�Vyy)/Vzz) and (d11�d22�d33; W=d11�d33 ; k=3(d22�diso)/W), respec-
tively, the conventions employed in SIMPSON differ (jVzz j� jVxx j�
jVyy j ; CQ=eVzzQh�1; hQ= (Vyy�Vxx)/Vzz ; jdzz�diso j� jdxx�diso j� jdyy�
diso j ; d=dzz�diso ; k= (dyy�dxx)/d). In cases where the chemical shift and
EFG tensors do not coincide, Euler angles are implemented to describe
their relative orientation. One must be cautious in selecting Euler angles
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appropriate to the convention implemented within the simulation soft-
ware. The WSOLIDS conventions are followed in the present work.
Namely, the Euler angles a, b, and c are employed for unitary transfor-
mations in the order Rz’’(c)Ry’(b)Rz(a),

[83,84] where Ri(q) performs a
counter-clockwise (positive) rotation about the positive i axis by angle q,
producing a new rotation axis i’, such that a coordinate system initially
coincident with the EFG principal axis system (PAS) ends up coincident
with the chemical shift PAS after the transformation (i.e., an active trans-
formation).

Theoretical calculations : Calculations of EFG and chemical shielding
tensors were performed using Gaussian 98[85] on a Dell Precision 420
workstation with dual 733 MHz Pentium III processors running the Red
Hat Linux 6.2 operating system. Calculations were done on isolated mol-
ecules with molecular coordinates obtained from the crystal structures re-
solved by X-ray diffraction.[32,37] Computations were carried out using re-
stricted Hartree–Fock (RHF) and hybrid density functional theory
(DFT) with the B3LYP functional,[86–88] and the 6–31G**, 6–311G** and
6–311+G** basis sets for all nuclei. Quadrupole coupling constants (CQ)
were converted from atomic units (a.u.) to MHz by multiplying the larg-
est component of the EFG tensor, V33, by eQh�1R9.71736R1021 Vm�2,
where Q (9Be)=5.3R10�30 m2,[52,53] and e=1.602188R10�19 C. Chemical
shielding tensors were calculated using the GIAO method[89,90] excluding
relativistic effects. Calculated beryllium shielding data was referenced by
setting the theoretical isotropic chemical shielding of [Be(H2O)4]

2+ to
diso=0.0 ppm. Similarly, carbon CS tensors were referenced to the theo-
retical shielding of CO as a secondary reference by subtracting the theo-
retical shielding data of the compound from that of CO (calculated with
the corresponding theoretical method and basis set) and then adding
diso(CO)=187.1 ppm.[91]
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