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Complexes

Robert W. Schurko,* ' Ivan Hung,' Siri Schauff,” Charles L. B. Macdonald,* and
Alan H. Cowley*

Department of Chemistry and Biochemistry, birsity of Windsor, Windsor, Ontario, Canada N9B 3P4, and
Department of Chemistry and Biochemistry, bisity of Texas at Austin, Austin, Texas 78712

Receied: March 25, 2002; In Final Form: June 25, 2002

Solid-state double-resonance and triple-resonai@e'B, and'H NMR experiments are used to investigate

two main group metallocene complexes: the decamethylcyclopentadienylborinium catiosB]Catnd bis-
(pentamethylcyclopentadienyl)methylborane, §B¥e. The crystal structure for the latter complex is reported
herein. A combination of magic-angle-spinning and st&®{'H} NMR experiments are used to measure

1B nuclear quadrupole coupling constan@) and rare instances of anisotropic boron chemical shielding
tensors. Boron-11 nuclear quadrupole coupling constants reflect the higher spherical symmetryBFCp*
compared to CpBMe, with Co(*'B) = 1.14 MHz in the former andCo(*'B) = 4.52 MHz in the latter.
Chemical shielding tensor spans are measured for J&p*and Cp%BMe asQ = 73.0 and 146.0 ppm,
respectively. HartreeFock and hybrid density functional theory (B3LYP) calculations of electric field gradient
and chemical shielding tensors are in quantitative agreement with experiment, and are applied to examine the
relationships between the anisotropic NMR interaction tensors and the structure and symmetry of these
chemically analogous but structurally dissimilar boron complexes. Variable-tempef&WRAS NMR, 1*C

CPMAS NMR, and*C/B/*H CP TRAPDOR NMR experiments are applied to make a preliminary
investigation of motion of the Cp* rings of [CpB]™.

Introduction the central metal quadrupolar (i.e., spin 1/2) nuclei in a
fascinating array of structurally and chemically tunable mol-
ecules. Main group metallocenes can be synthesized that possess
nonbridged or bridged Cpings of variable hapticity, diverse
ring substituents, variable ring dynamics, and linear or bent
geometries about the central nucleus depending on the steric
and electronic characteristics of the substituents. Many of the
main group metallocenes currently under investigation in our
laboratory possess quadrupolar nuclei that are amenable to solid-
state NMR analysis by virtue of their small nuclear quadrupole
moments, high natural abundances, and substantial magnetogyric
ratios. The manifestation of the second-order quadrupolar
interaction in magic-angle-spinning (MAS) spectra of half-
integer quadrupolar nuclei should provide much insight into the
electronic environment and symmetry at the metal or metalloid
centers of these metallocenes. Moreover, variable-temperature
double- and triple-resonance solid-state NMR experiments are
useful for providing enhanced understanding of ring dynamics
in such systems.

The present paper is devoted to a solid-st#Beand!3C NMR
spectroscopic analysis of the borocenium cation in the salt
[Cp*2B][AICI 4] and the tricoordinate borane CjMe, the
progress through am?-arrangement, and end up ag- structures of which are illustrated in Figure 1. T_he X-ray
coordinated. Addition of a third ligand to the boron center structlére of the former_ compound h?‘s been published else-

where? the X-ray analysis and synthesis of the latter compound

. : . ; .
gfeniﬁgitiénﬁaogglggﬁgﬁzg' in which both of the Cp rings is included herein. From a combination of MAS and stati

From the perspective of solid-state nuclear magnetic reso- NMR experiments, thé'B quadrupolar parameters (i.e., nuclear

. quadrupole coupling constanGg, and asymmetry parameters,
nance, metallocenes represent a wonderful opportunity to studynQ) and boron chemical shielding tensors in these complexes

have been determined. Boron-11 is an excellent NMR nucleus
* To whom correspondence should be addressed. . . . ) .
t University of Windsor. for studies of this type, with nuclear spir= 3/2, high natural
* University of Texas at Austin. abundance (80.42%), a relatively small nuclear quadrupole
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Transition metal metallocenes, such as ferrocene, have long
been the focus of structure and reactivity studies in organome-
tallic chemistry. However, more recently there have been many
reports of syntheses and structural characterizations of main
group metallocenes from groups 1, 2, 13, 14, and*%uch
main group metallocenes are of great interest, not only on
account of their structural diversity and the discovery of
structural types that are not observed for their d-block analogues,
but also because of potential industrial applications as materials
precursors, polymerization catalysts, and CVD sources for
ultrapure metals. Some of the main group metallocenes that
feature lighter first row elements, such as the decamethylbo-
rocenium cation, [CpB]*,>¢ and beryllocene, CiBe, represent
examples of “tightly squeezed” isoelectronic metallocenes (Cp
= CsRs, R = H7, R = Me®). In the former, only one of the
pentamethylcyclopentadienyl rings hgscoordination with the
boron center, while the other ring ig!-coordinated. The
[(CsRs)2B]* cations (R= H, Me) have been the subject of a
recent computational investigation, from which it was concluded
that there may be fluxional degrees of hapticity between the
two rings? For example, one ring can ly@-coordinated initially,
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Figure 1. ORTEP drawings of the (A) [CpB]* cation in [Cp%B][AICI 4]

moment= 0.04100x 1028 m2,1° and high magnetogyric ratio

= 8.5847x 10" rad T~ s71 (Larmor frequency of 115.589 MHz
atByo = 8.46 T). There is an abundance! quadrupolar data

in the literature for three- and four-coordinate boron complexes;
however, very few definitive cases of boron chemical shielding
anisotropy have been report8el2The standard boron chemical
shift range is approximately 230 pp¥hincluding inorganic and
organometallic boron complexes and boranes.

In addition to the foregoing, we have examined the [{B}*
cation using variable-temperatud® MAS NMR, 13C CPMAS
NMR, and!B/13C/*H CP TRAPDOR“*NMR experiments. The
guadrupolar powder pattern, the effectiveness of cross-polariza-
tion, and efficiency of the TRAPDOR effect all indicate the
existence of rapid rotation of the>-Cp* ring, and hitherto
undescribed motions of thg!-Cp* ring in the solid state.

Experimental Section

Synthesis of Bis(pentamethylcyclopentadienyl)methylborane,
Cp*,BMe. A solution of MeLi in EO (4.6 mL of a 1.4 M
solution, 6.4 mmol) was added to a solution of&s),BClI
(2.03 g, 6.4 mmol) in EO at—40°C. The pale yellow mixture
was stirred overnight. Volatiles were removed in vacuo, and
the resulting white powder was extracted with consecutive
portions of hexane and dried under vacuum. Colorless crystals
were obtained by sublimation of the remaining white residue
at 45 °C and 0.04 Torr. Yield: 75%. mp 578 °C. CI
HRMS: calcd for GiH33B1, 296.2675; found, 296.2687. NMR
(CeDg): H: 6 0.389 (s, BMe), 6 1.595 (s, GMes). 13C{H}:

0 13.442 (s, GMes), 0 124.440 (sCsMes). 1B: 0 85.625.

X-ray Crystallography of Bis(pentamethylcyclopentadi-
enyl)methylborane, Cp*BMe. The crystal used for the dif-

graphite monochromator with Modradiation ¢ = 0.710 73

A). A total of 103 frames of data were collected usingscans
with a scan range of°land a counting time of 20 s per frame.
The data were collected at120°C using an Oxford Cryostream
low-temperature device. Details of crystal data, data collection,
and structure refinement are listed in Table 1. Data reduction
was performed using DENZO-SMNThe structure was solved
by direct methods using SIR%¥7and refined by full-matrix least

and (B) Cp*%BMe.

TABLE 1: Summary of X-ray Crystallographic Data for

Cp*.BMe

empirical formula
formula weight
temperature (K)
wavelength (A)
crystal system
space group
unit cell dimensions

a(A)

b (A)

c(®

o (deg)

$ (deg)

(deg)
voI)l/Jme 1)

calculated density (g cnd)
absorption coefficient (mnt)
F(000)

crystal size (mm)

6 range for data collection (deg)
limiting indices

reflections collected/unique
refinement method
data/restraints/parameters
goodness-of-fit o2

final Rindices | > 20(1)]

R indices (all data)

largest diff peak and hole (e &)

GiH33B
296.28
153(2)
0.71073
orthorhombic
P2:2:2;

7.5688 (15)
17.863 (4)
27.857 (6)

—23=<k=<23

—36=<1=<35
7702/77@;fy = 0.0600]
full-matrix least squaresFén

7702/0/419

1.017

R1=0.0696, wR2= 0.1416
R#¥ 0.1413, wR2=0.1783

0.189 and-0.255

the non-H atoms using SHELXL-93 All hydrogen atoms were
placed in calculated positions (AFIX 137). The function
SW(|Fo|? — |Fc|?)? was minimized, wherav = 1/[(0(Fo))? +
fraction experiments was handled, selected, and coated in(0.0713)? + (1.708#)] and P = (|Fo2 + 2|F¢?)/3. No
perfluoro(poly)ether prior to data collection. The data were correction for secondary extinction effects was necessary.
collected on a Nonius Kappa CCD diffractometer using a Neutral atom scattering factors and values used to calculate the
linear absorption coefficient are from the International Tables
for X-ray Crystallography (1992 All figures were generated
using SHELXTL/PC' Tables of positional and thermal pa-
rameters and metrical parameters are provided in the Supporting

Information.

Solid-State NMR. Samples were prepared under aa N
environment and packed into 3.2 mm o.d. rotors. Spectra were
acquired on an 8.46 Tyf(*H) = 360 MHz) Chemagnetics
squares oI with anisotropic displacement parameters for all CMX-360 NMR spectrometer at the State University of New
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York at Stony Brook (courtesy of Prof. Clare P. Grey), with scale to that of (€Hs)0-BF;3 (diso = 0.0 ppm). This was carried
vo(MB) = 115.515 MHz andwo(*3C) = 90.536 MHz. A out by subtracting theoretical chemical shielding data of
Chemagnetics 3.2 mm triple-resonance HXY probe was applied [Cp*,B]* and Cp%BMe from those of BH~, which were

for all experiments. Fot'B NMR experiments, solid NaBH calculated using the corresponding methods and basis sets, and

was used as a secondary chemical shift reference dwih'B) then adding-42.06 ppm. Carbon chemical shielding parameters
= —42.06 ppm, setting the chemical shift scale against the were converted to carbon chemical shifts by calculating the
primary reference, which is neat liquid £@s),O-BF3; with absolute chemical shielding of the carbon nucleus=0C and

diso(11B) = 0.00 ppn?° 13T NMR spectra were referenced to  setting the chemical shift to the experimentally determined value
TMS (0iso(*3C) = 0.0 ppm) by setting the high-frequency of diso(*3C) = 187.1 ppm with respect to the carbon nucleus in
resonance of adamantane to 38.57 ppm. Proton-decolfied TMS (Jiso(*3C) = 0.0 ppm)?° The rotational barrier of thg®-
MAS NMR spectra were acquired with spinning speeds ranging Cp* ring in [Cp*;B]™ was determined by calculating the self-
from 5 to 20 kHz, with pulse widths of 1.6s, v; = 80 kHz, consistent-field (SCF) energy of the molecule, keeping all atoms
and recycle delays of 1 s. Proton-decouplé® Hahn echo fixed and rotating they>-Cp* ring by six degree intervals.
experiments were conducted with similar pulse widths and Movement of then5-Cp* ring was accomplished using the

recycle delays, with interpulse delays of-5000 us. Proton- z-matrix input format. Calculations were also conducted in which
decoupled3C MAS, CPMAS, and VACPMAS NMR spectra  the entire molecular geometry was allowed to optimize except
were acquired at spinning speeds ef@kHz with proton 90 for the angle responsible for the relative orientation of the Cp*

pulse widths of 2.%s, recycle delays from 2 to 8 s, and contact rings.
times ranging from 0.1 to 15 ms. Rotor-synchroniZégd/*H/ , ,
1B CPMAS TRAPDOR experiments were conducted in a Result§ and I?|scu33|o_n ) _
manner similar to thé3C CPMAS experiments above, except In this section we discuss the experimental and theoretical
with strong on-resonance irradiation of tH8 peaks with a rf measurement of two NMR interaction tensors: the electric field
field of 80 kHz over one, three, and five rotor cycle periods. 9gradient (EFG) tensory, and the chemical shielding (CS)

Spectral Simulations.Analytical simulations of thé!B MAS tensor,o. Both V and & are second-rank tensors with nine

and static NMR spectra were carried out on a Pentium |1l COMPONeNtss = {oas; o, f =Xy, 2 andV = {Vg; a, f =
computer using thpe WSOLIDS simulation packageThis X, Y, Zt. The origins of NMR powder patterns affected by these

software incorporates the space-tiling method of Alderman and anisotropic NMR interaction tensors are well discussed else-

30,31 N/ i .
co-workers for the generation of frequency domain solid-state where*The EFG.tenSON’ IS tr_aceless af‘d symmetric, and
NMR powder patternd? Carbon shielding tensors were ex- can be expressed in its own principal axis system (PAS) by

tracted from3C MAS NMR spectra using the method of three principal components assigned such fMaf < [Vl =
Herzfeld and Berge® Prior to simulating8 MAS NMR |Vs3|. This can be further reduced to two commonly reported

spectra, the sidebands were summed into the isotropic center-gg\zyﬁtgrr]s;w;hs n;ncéet?wrequl?;c;rulfocl)?arcgipm%;?nsci?aieter
band to produce a powder pattern resembling that obtained at ) q P y yp

infinite spinning speeds. nQ = 0/&1 — V22)/Va3, where 0= g < l: The chemicgl shielding
. . . . o tensor,s, has a nonzero trace and is asymmetric, though the
_Numerlcal 5|mulat|ons of the full centra}l transition spinning asymmetric components of the CS tensor do not make an
sideband manifold were performed using the SIMPSON pnenaple contribution to the NMR spectrum. The CS tensor
software package for general simulations of solid-state NMR yeqcrines the shielding of a nucleus relative to the bare nucleus,

spectra. Simulations were accomplished by @ompute  \yhich has chemical shielding of 0 ppm (i.e., no shielding), and

method of powder averaging using tzewA4180crystal file has three principal components in its PAS which are assigned
provided in the package. For the sake of simplicity, _the start from least to most shielded as; < 02, < 033 Under conditions
and detect operators were set ftg and lip, respectively,  of rapid random tumbling, only the isotropic chemical shielding
requiring us only to set the delay parameter to 9899n the is observed, and is given g, = (011 + 022 + 039)/3. Chemical

pulse sequence section. Simulated spectra were saved in fre%hielding is often described with respect to a reference com-
induction _decay (EID) f_ormat as ASCII files without any  pound (i.e., the chemical shift), which typically has sharp
mathematical manipulation and converted for processing {0 resonance(s) that is (are) arbitrarily assigned some chemical shift
NUTS (Acorn NMR) readable files using a script written within - yajye. The chemical shift tensors also has three components
our research group. which are assigned from least to most shieldedas: 52, =

Ab Initio Calculations. Calculations of electric field gradient 033, with diso = (611 + 622 + d33)/3. Chemical shift and chemical
and chemical shielding tensors were performed using the shielding are related to one another Sigmple= (Gref — Tsampid/
Gaussian 98 computational package on a Dell Precision 420 (1 — o) x 10° & Oref — Osample TWO additional parameters,
workstation with dual 733 MHz Pentium Il processors running the span and the skew, are derived from the three principal
Red Hat Linux 6.2 (Zoot). Molecular coordinates of [GB}* components. The span of the CS ten$®rjs used to describe
and Cp%BMe used in calculations were obtained from crystal the range of chemical shielding anisotropy, with= o33 —
structure data resolved by X-ray diffraction studies from ref 5 ¢1; = 613 — 033 The skew, describes the degree of axial
and the present work, respectively. Computations were carriedsymmetry of the CS tensor, with= 3(0iso — 022)/Q2 = 3(022
out using the restricted Hartre€ock (RHF) method and density  — 8is)/Q, where—1 < x < +1.32
functional theory (DFT) with the B3LYP functiorf&l?’ in In performing time-independent analytical simulations of
conjunction with basis sets (6-31G**, 6-311G**, 6-3tG**) MAS NMR spectra of quadrupolar nuclei, we neglect the effects
provided by the Gaussian 98 package. Chemical shielding of chemical shielding anisotropy by assuming infinite spinning
tensors were calculated using the GIAO metfdBue to the speed conditions. The appearance of the MAS NMR spectrum
lack of a standardB absolute chemical shielding scale, is therefore dependent upon only three parametgsq, and
calculated chemical shielding data were referenced to theoreticaldiso. In the case of static NMR spectra (i.e., stationary sample),
BH,~ isotropic chemical shielding as a secondary reference the anisotropic chemical shielding is not averaged, andthe
usingdiso(BH4~) = —42.06 ppm, which sets the chemical shift and« make contributions to the appearance of the spectrum. In
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Figure 2. Experimental and simulatééB{'H} MAS NMR spectra at 8.46 T of (A) [CRB][AICI 4], vt = 6.0 kHz, and (B) CpsBMe, vrot = 20.0

kHz.

TABLE 2: Experimental Boron-11 Chemical Shift and
Quadrupolar Parameters in [Cp*,B][AICI 4] and Cp*,BMe

parameter [CpBI[AICI 4] Cp*,.BMe
Co (MHz) 1.14 (1) 4.52 (2)
7 0.10 (4) 0.11 (1)
Oiso (PPM) —41.3(1) 81.9 (1)
QP (ppm) 73.0(3) 146.1 (3)
K© 0.98 (2) 0.75 (4)
012 (ppm) -16.7 136.7

022 (ppm) —-175 118.4

033 (ppm) —89.7 -9.4

2 Quadrupolar asymmetry parametgg = (V11 — V22)/Vaz. ° Span
of the CS tensorQ2 = d11 — 033 ¢ Skew of the CS tensok, = 3(d22
— 0iso)/Q. 9 Principal components of the CS tensor from least to most
shielded: 11 = 022 = Jaa.

addition, the relative orientation of the CS and EFG tensors
plays a role in determining the shape of the static powder
pattern3334 The relative orientations of these tensors are
described by Euler angles 3, andy,3® where the CS tensor is
described in the EFG PAS by the rotational operafm,3,y)

= Rz(y) Ry(f) Rz(a), wherea andy range from 0O to 2 and

p ranges from 0 tar. Complete fitting of a static NMR spectrum

involves a simulation dependent upon eight independent vari-

latter Co(*'B) is comparable to that measured in trimesitylborane
(Co(*B) = 4.75 MHz)}* with which it is structurally similar.

It has been demonstrated that certain special arrangements
of point charges about the vertices of centrosymmetric polyhedra
can generate a zero EFG tensor at the center of the polyhedra,
$.36:37 This simple model can be used to rationalize the
differences in nuclear quadrupolar coupling constants in these
compounds. In the case of [GiB], we can imagine the boron
nucleus at the center of an icosahedron (i.e., 12 vertices, 20
faces), with the nearest-neighbor carbons (i.e., five from the
7°-Cp* ring and one from they-Cp* ring) approximately
positioned on six of the twelve vertices. In general, the null
EFG occurs at the center of a centrosymmetric polyhedron with
V vertexes if like point charges are placed/& of the vertices
such that none of them are related by reflection through the
center point,%.%” However, this is of course not exactly the
case for this molecule, since (i) thg-Cp* ring carbons are
not positionedreciselyon the icosahedron vertices, and possess
different charges than thg'-coordinated Cp* ring carbon, and
(i) the EFG at the boron is sensitive to the presence of second-
coordination sphere atoms, such as methyl carbons, noncoor-
dinatedy!-ring carbons, protons, etc. Nonetheless, this spherical
pseudosymmetry likely accounts for the smaller valu€sf'B)

ables, though the problem can be reduced to five variables byin [Cp*,B]* compared to that measured in GBMe. In the

using data obtained from concomitant MAS NMR spectra.

Numerical time-dependent simulations are used (see Experi-

case of Cp3BMe, the BG skeletal geometry is trigonal planar;
however, overall the molecular symmetrydsand consequently

mental Section for details) to examine the combined effects of the observed value do(*!B) is very large.

the quadrupolar interaction, the chemical shielding anisotropy,
and magic-angle spinning in solid-state NMR spectra. Such
simulations rely on the numerical evaluation of the time-
dependent Liouville-von Neumann equation of motion, with
high-field truncated Hamiltonians describing the quadrupolar
and chemical shielding interactions in the Zeeman fréhié.
Boron-11 MAS NMR. Boron-11 MAS NMR spectra of
[Cp*2B]™ and Cp%BMe and best fit simulations are shown in
parts A and B, respectively, of Figure 2. The parameters from

Of equal interest is the difference in nuclear shielding in the
1B NMR spectra of these two complexes. The boron chemical
shift range is typically quoted as being ¢820 to —130 ppm
for four-coordinate boron compounds and¢4.00 to—10 ppm
for three-coordinate borot.The three-coordinate CgBMe has
a boron chemical shift of 81.9 ppm, which is comparable to
the high chemical shift values of most three-coordinate organ-
ometallic boron complexes. In [CEB]™, the presence of one
7°®-Cp* ring and oney-Cp* ring results in a large increase in

these simulations (Table 2) are obtained from comparison of nuclear shielding, withiso(1'B) = —41.3 ppm. Such a change

simulations of complementary MAS and static (vide infra) NMR

in shielding in the presence of tiy-Cp* ring is not surprising,

spectra. As the local environment of the boron changes from as a rough perusal of solution NMR literature quickly shows

the “two-coordinate”n!,p®-arrangement in [CpB]" to the
three-coordinatey!,n!,Me-arrangement in CpBMe, there are

that the majority of;>-bis(cyclopentadienyl) coordinated main
group metals have isotropic chemical shifts occurring to low

two conspicuous differences apparent in the NMR parameters:frequency of standard chemical shift ranges. For instance, the

(i) a substantial increase in th# nuclear quadrupole coupling
constantCo(*'B), and (ii) considerable deshielding of the boron
nucleus. TheCo(*!B) increases from 1.14 MHz in [CpB]* to
452 MHz in Cp%BMe, whereas the asymmetry parameters,
7o, remain similar. A small distortion is visible in théB MAS
NMR spectra of [Cp3B]™, which is identified as arising from
impurities in the accompanying static spectra (vide infra). The

magnesium chemical shifts normally range from 0 to 100 ppm
(from reference compound MgS@H,0 to EbMg);13 however,
Cp:Mg has a chemical shift of85.4 ppm. Substitution of
various Lewis bases at the Mg site, which cause bending of the
metallocene structure, result in decreased nuclear shielding (i.e.,
higher chemical shifts¥ Similar results have been observed
for main group metallocenes such as the aluminocenium cation,
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Figure 3. Experimental and simulatedB{'H} static NMR spectra at 8.46 T of (A) [CEB][AICI 4] and (B) Cp*%BMe. Simulations with and
without the effects of boron chemical shielding anisotropy are included for comparison.

300 200 100 0 4100  -200  ppm

Oiso(?’Al) = —114.5 ppm?® (standard shift range-8800 ppm
from Al(H,O)e*"), stannocenegdiso(11%Sn) = —2199 ppm?
(organometallic tin complexes from400 to 200 ppm, with
respect to SnMgat 0 ppm), and plumbocend;s(2°’Pb) =

A

without CSA

observing boron chemical shielding anisotropy. Simulation of =

the static spectrum using only the quadrupolar parameters %0 0 - -100 ppm
obtained from the!'B MAS NMR spectra indicate that ad- B

ditional anisotropic NMR interactions are present. It is clear

that there is an anisotropic boron chemical shielding tensor in

[Cp*.B]™, with the following parameters obtained from best

fit simulations: diso = —41.3 (1) ppmQ = 73.0 (3) ppm, and

k = 0.98(2) (Figure 3A). The relative orientation of the EFG experimental
and CS tensors is described by Euler angles § = y = 0°,

which indicates that the largest component of the EFG tensor,

—6150 ppmP (organometallic lead complexes fror400 to A \ N experimental

+400 ppm with respect to PbMat 0.0 ppm). A metal with a

single ®-coordinated Cpring should have a chemical shift

somewhere between the limits of three-coordinate planar and

bis#®-Cp coordinated metallocenes. I\ N simulaton
Boron-11 Static NMR. To better understand the origins of

nuclear magnetic shielding in these complexes, stBdNMR

spectra were acquired for both complexes, with a view to simulation

0

V33, and the most shielded component of the CS tengsy, simulation
are coincident. A small “hump” in the spectrum is visible at with CSA
approximately—40 ppm, which results from an impurity with

a relatively sharp resonance, and constitutd$o of the total simulation

integrated signal (included in the simulated spectra). without CSA

Static 1B NMR spectra and simulations for Cf8Me are
pictured in Figure 3B. A larger boron chemical shielding Figure 4. Experimental and numerical simulations (using Simpson)
anisotropy is present, withiso = 81.9(1) ppm,Q = 146.1(3) of 1B MAS NMR spectra of (A) [Cp3B][AICI 4] and (B) Cp*%BMe.
ppm, andc = 0.75(4). Best fit simulations indicate that the EFG
and CS tensors are essentially coincident, witks § = y = analytical simulations are in good agreement with experimental
0°. The range of chemical shielding anisotropy, described by data. The presence of chemical shielding anisotropy at the boron
the span, is comparable to that previously reported for trimesi- center in [Cp3B]* can easily be confirmed by the dramatic
tyloorane Q = 121 (1) ppm)i! and represents the largest boron disappearance of spinning sidebands upon neglect of anisotropic
CSA measured by solid-state NMR to date. The origin of the shielding contributions to the powder pattern. A small satellite
anisotropic boron shielding in these molecules is further peak arising from thet3/2 < +1/2 satellite transitions is
investigated using ab initio methods discussed in the next sectionobserved slightly to the left of the isotropic centerband of the

300 ppm

400 300 200 100 0 2100 -200

of this paper.

Experimental and best fit numerical simulationstg MAS
NMR spectra of the [CpB]* cation @t = 6000 Hz) are shown
in Figure 4A and for CpsBMe in Figure 4B ¢t = 20 000

Hz). Numerically simulated MAS spectra using the quadrupolar

central transition MAS spectrum. The spinning sidebands in the
1B MAS NMR spectrum of CpsBMe do not disappear
completely, but are much reduced in intensity in the absence
of boron chemical shielding anisotropy.

Ab Initio Calculations of Boron NMR Interaction Tensors.

and chemical shielding parameters from time-independent Introduction. Ab initio calculations of NMR parameters
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represent some of the more demanding computations of mo-TABLE 3: Experimental and Theoretical Boron
lecular properties. In particular, calculations of chemical shield- Quadrupolar Parameters in [Cp*2B]" and Cp*;.BMe

ing tensors and indirect spirspin coupling constants present source Vi (au) Vax(au) Vas(au) |Cql®(MHZ) 1ot

formidable challenges to theoreticiaiis2 Nuclear magnetic [Cp*-B]*

shielding is dependent upon local electronic structure about the experimental 1.14(1) 0.10 (4)

nucleus, and under the Ramsey formalism has its origin in a RHF

diamagnetic ground-state contribution and paramagnetic con- 231(13;* —8-8322 —8-822461 gig%g‘ i-gg 8-82

tr|but|qn arising from magnehc dipole allowed mixing of  B3LHG*™ —00749 —0.0826 01575 152 0.05

occupied and virtual orbitals. There are now many instances in DFT(B3LYP)

which ab initio calculations yield chemical shielding tensors  §-31G*  —0.0622 —0.0665 0.1287 1.24 0.03

which quantitatively match tensors obtained from solid-state  6-311G* —0.0664 —0.0714 0.1378  1.33 0.04

powder and single-crystal NMR dathBoron chemical shield- 6-311+G* -0.066 —0.071  0.137  1.32 0.04

ing calculations with suitable basis sets on the isolated molecule Cp*:BMe

should closely predict experimental resdft42 providing that eRﬁgrimental 452(2) 0.11(1)

there are no unusual molecular motions which serve to average

the components of t_he nuclear magnetic shielding tensor which g:gif;* 8:2282 8:%822:8:2232 g:iz 8'.%

are observed experimentally. 6-311+G* 0.259  0.3038 —0.5628  5.42 0.08
The electric field gradient tensor is a ground-state property DFT(B3LYP)

of the molecule, and it is very dependent upon the asymmetry ~ 6-31G™ 02235 0.2671-0.4906  4.73 0.09

of electronic charge density near the nucleus. In the past, g:gﬁfe** 8'22:'03 09'2%%744:8:23;1 g:ig 8:11

calculations of the EFG tensor involved the use of a simple o

point charge model, where atoms surrounding the probe nucleus> 2 Vi are principal components of the EFG tensor, whesg = V2|

were assigned arbitrary charges, which were then summed to>- V1. ° The largest component of the EFG tensdy, is converted
lculate the EEG t Such oint ch lculati | from atomic units toCq in MHz by multiplying by 9.7177x 10?*V

calculate the ensor. Such point charge calculations rarely .=z “eqyh © Quadrupolar asymmetry parametg, = (Va1 — Vao)/

correspond closely with experimental data, as they do not .,

account for polarization of electron density (notably the core

electrons), and rely on empirically assigned charges. timated by both methods, but EFG tensors with almost axial
Two main methods presently used for calculation of EFG symmetry o = 0.03-0.11) are predicted for both molecules,
tensors are ab initio and density functional theory calculations in close agreement with experimental results. The B3LYP
of small clusters of atoms and linear-augmented-plane-wave calculations are closer to the experimental results than RHF
(LAPW) band structure calculatiorté.In the case of ordered  calculations, and as the basis set size is increase@dtiéB)
two- and three-dimensional solids with ionic components, the moves further away from the experimental value. The discrep-
latter method is thought to be superior, notably for heavier atoms ancy between experimentally determined and theoretically
where Gaussian-based orbital methods do not describe thecalculated quadrupolar parameters likely arise from the fact that
electron density near the nucleus adequately. However, Hartree intramolecular motions are not taken into account, although it
Fock and DFT methods have been applied on isolated moleculess possible that there are some contributions to the EFG tensor
and larger clusters of atoms in many instances to successfullyfrom distant point charges in the solid lattice. The overestimation
calculate nuclear quadrupole coupling constants and asymmetryof the Co(*'B) is therefore not surprising, as rapid molecular
parameters that closely match experimental solid-state data. Inmotion is most often observed to significantly decrease the
solids, the EFG tensor at a nucleus is mainly dependent uponmagnitude of nuclear quadrupole coupling constants due to
the local chemical environment, though it can be influenced by averaging of atomic positions within the molecule or ionic
long-range electrostatic interactions with distant electric mono- solid#> Calculations predict that th€q(*'B) in Cp*;.BMe is
poles, dipoles, and quadrupolédn addition, solid-state quad- ca. 3.9 MHz larger than that in [CpB]*, in reasonable
rupole coupling constants are affected by changes in temperatureagreement with experimental results (3.38 MHz difference). The
(typically the Cq is observed to increase with decreasing EFG tensor orientations in [CpB]* and Cp%BMe are pictured
temperature), due to motions of molecules or ions within the in Figure 5A. In [Cp%B]™, the largest component of the EFG
crystalline lattice*® Embedded cluster molecular orbital (ECMO)  tensor ¥z3) is coincident with they>-Cp* ring’s pseudo-5-fold
calculations, which involve RHF or DFT calculations on a axis of symmetry, while in CpBMe it is aligned with a 3-fold
cluster embedded within a lattice of point charéfesy full- axis perpendicular to the plane of the coordinated ligands. The
crystal DFT on periodic ionic system&4”are often used to  EFG tensor is observed to be nearly axial symmetric by both
improve the accuracy of theoretical calculations of EFG tensors experimental and theoretical methods for both [¢§}* and
by taking into account electrostatic interactions arising from Cp*;BMe, meaning tha¥i; andV,, are similar in magnitude
sources distant from the nucleus. In this study, only Haftree and positioned perpendicular to the 5-fold and 3-fold axes in
Fock and hybrid-DFT calculations are applied to study the boron [Cp*,B]" and Cp%BMe, respectively.
EFG tensors in the isolated molecules, as the solid is not highly  Boron Chemical Shielding Tensors.There is remarkably
ionic in nature and long-distance electrostatic interactions are good agreement between experimental boron chemical shielding
not expected to significantly alter the EFG tensor at the boron tensors and those calculated by both RHF and B3LYP methods
nucleus. Similar calculations on boron EFGs in small molecules (Taple 4). All chemical shielding tensor values have been
have previously been conducted with a high degree of suc- converted to the boron chemical shift scale (as described in the
cessll4s Experimental Section) for ease of comparison with experimental
Boron Electric Field Gradient Tensors. Calculations of the results. For [Cp3B]™, diso and Q are predicted satisfactorily,
EFG tensors for an isolated [CfB]* cation and an isolated and the experimental and theoretical skews match almost
Cp*,BMe molecule are summarized and compared with ex- identically. RHF calculations overestimate the nuclear magnetic
perimental data in Table 3. The values@j(*'B) are overes- shielding in the directions af;; andds3, and B3LYP calcula-
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Figure 5. Theoretical (A) EFG tensor and (B) CS tensor orientations in jBp* and Cp%BMe.

TABLE 4: Experimental and Theoretical Boron Chemical Shift Tensors in [Cp*,B]* and Cp*,BMe?

source 811 (ppm) 822 (ppm) 33 (ppm) Jiso (PPM) QP (ppm) K°
[Cp*2B]*
experimentd -16.7 -175 -89.7 —41.3(1) 73.0 (3) 0.98 (2)
RHF
6-31G** -220 —24.8 —101.9 —49.6 79.9 0.93
6-311G** —22.1 —24.4 —103.4 —50.0 81.3 0.94
6-311+G** —205 —23.1 —102.0 —485 81.4 0.94
B3LYP
6-31G** -105 —145 —-89.8 —38.3 79.3 0.90
6-311G** -10.7 —14.0 —93.0 —39.2 82.3 0.92
6-311+G** —-8.6 -115 -89.7 —36.6 81.1 0.93
Cp*gBMe
experimentd 136.7 118.4 -17.3 81.9 (1) 146.0 (3) 0.75 (4)
RHF
6-31G** 130.9 100.0 —12.7 72.8 143.6 0.57
6-311G** 140.4 107.9 -10.6 79.3 151.0 0.57
6-311FG** 141.8 109.5 -9.3 80.7 151.1 0.57
B3LYP
6-31G** 143.8 108.9 -5.2 82.5 149.0 0.53
6-311G** 161.6 122.6 -2.3 93.9 163.9 0.53
6-311+G** 164.9 124.4 -0.1 96.4 164.9 0.51

aGeometry of [Cp3B]™ and Cp%BMe are taken from experimental X-ray crystal structures (see Experimental Section for degjilah of the
CS tensorQ = 811 — sz ¢ Skew of the CS tensok = 3(022 — diso)/Q. ¢ Experimental and theoretical chemical shifts were referenced with
respect to B, 6(*'B) = —42.06 ppm.

tions underestimate the nuclear shielding alépng In the case one considers the relatively homogeneous electronic environ-
of Cp*,BMe, RHF calculations seem slightly better than B3LYP ment perpendicular to thg>-Cp*-boron bond axis. The most
methods in predicting experimental values. Notably, there is shielded principal component in Cf8Me is directed from the
excellent agreement between experimental and RHF boronboron nucleus perpendicular to a plane containing the three

isotropic shifts and spans. directly bound carbons, while;; approximately bisects the
The orientations of the boron chemical shielding tensors in angle between the methyl carbon and one of the boron-bound

[Cp*2B]* and Cp%BMe are pictured in Figure 5B. In [CpB]*, Cp* ring carbons. In this case;; andoy; point into electroni-

the most shielded componentss, is directed approximately  cally distinct environments due to the different orientations of

from the boron nucleus to the center of theCp* ring, with the 1-Cp* rings, thereby resulting in a nonaxially symmetric

o011 pointing along the direction of thpso-methyl carbon which chemical shielding tensor; however,= 0.75, indicating that
“bends” away from the boron atom. The near-axial symmetry these two components are relatively similar to one another, and
of the boron chemical shielding tensor is easily justified, when o33 is the distinct principal component.
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TABLE 5: Theoretical Diamagnetic and Paramagnetic Contributions to Shielding at the Boron in [Cp%B]*, Cp*,BMe, and
BH,4~

o119 o1 02 02 o33 o3 Oisd” Oisd® Oisg @
[Cp*2B]*
RHF/6-31G** 196.70 —57.38 199.61 —57.49 219.07 0.10 205.12 —38.25 166.87
RHF/6-311G** 191.29 —54.48 193.97 —54.86 220.30 —2.16 201.85 —37.17 164.69
RHF/6-31H-G** 68.26 68.20 112.12 26.84 121.01 96.86 100.46 63.97 164.43
B3LYP/6-31G** 201.94 —77.22 203.27 —74.59 224.37 —20.32 209.86 —-57.37 152.49
B3LYP/6-311G** 195.34 —74.31 196.87 —72.50 222.91 —19.61 205.04 —55.47 149.57
B3LYP/6-31H-G** 70.67 50.98 108.83 15.69 122.36 80.34 100.62 49.00 149.62
Cp*zBMe
RHF/6-31G** 171.39 —185.01 201.18 —183.85 208.85 —78.87 193.81 —149.24 44 .56
RHF/6-311G** 170.13 —195.86 197.04 —190.25 209.20 —83.93 192.12 —156.68 35.44
RHF/6-31H-G** 150.28 —176.15 178.06 —171.64 180.43 —55.21 169.59 —134.34 35.26
B3LYP/6-31G** 180.19 —209.80 211.42 —206.08 213.69 —94.26 201.77 —170.05 31.72
B3LYP/6-311G** 174.45 —225.69 204.77 —217.08 212.34 —99.67 197.18 —180.81 16.37
B3LYP/6-31H-G** 156.02 —207.85 179.49 —190.82 196.03 —82.92 177.18 —160.53 16.65
BH4~
RHF/6-31G** 186.52 —27.15 186.52 —27.15 186.52 —27.15 186.52 —27.15 159.37
RHF/6-311G** 183.63 —26.87 183.63 —26.87 183.63 —26.87 183.63 —26.87 156.76
RHF/6-31HG** 185.16 —27.19 185.16 —27.19 185.16 —27.19 185.16 —27.19 157.97
B3LYP/6-31G** 189.23 —32.96 189.23 —32.96 189.23 —32.96 189.23 —32.96 156.27
B3LYP/6-311G** 185.49 —33.11 185.49 —33.11 185.49 —33.11 185.49 —33.11 152.38
B3LYP/6-31H-G** 188.29 —33.20 188.29 —33.20 188.29 —33.20 188.29 —33.20 155.09

A breakdown of theoretical paramagnetic and diamagnetic changes in thé'B MAS NMR spectra (Figure 6) of [CpB] ™.
magnetic shielding contributions at the boron nuclei in [{&*, Typically, slowing molecular motions resulting from decreasing
Cp*;BMe, and BH~ are given in Table 5. In [CpB], temperature are associated with increasesCin Best fit
magnetic dipole allowed mixing of energetically proximate simulations of variable-temperature (VT) NMR spectra indicate
occupied and virtual orbitals is undoubtedly responsible for that on lowering the temperature only a negligible increase (from
magnetic deshielding perpendicular to the pseudo-5-fold mo- about 1.16 to 1.17 MHz) is observed. A similarly subtle yet
lecular axis. Such mixing is absent perpendicular to this axis, noticeable change ing (from 0.15 to 0.24) is also seen. The
as evidenced by the much higher shielding in this direction. It isotropic chemical shift does not correlate with temperature in
is interesting to note that both RHF and B3LYP calculations a linear fashion and slight changes41.3— —40.4— —40.6
predict very small negative paramagnetic shielding contributions — —40.8 ppm) are observed upon decreasing the temperature
in [Cp*2B]™; notably, calculations using the 6-3tG** basis (25— —30 — —90 — —145°C). These experimental results
set actually predict positive paramagnetic shielding contribu- are in qualitative agreement with theoretical predictions of a
tions. There are numerous small positive paramagnetic contribu-low rotational barrier, and general insensitivity of the anisotropic
tions resulting from both mixing of occupied with virtual and NMR interactions in the [CpsB] ™ cation to different rotational
mixing of occupied with occupied orbitals, which result in the conformations.
high shielding at the boron nucleus in this molecule. Further  Carbon-13 CPMAS NMR and Carbon Chemical Shield-
discussion of high magnetic shielding in metallocenes can being Tensors.13C{1H} CPMAS experiments were conducted on
found in a recent theoretical study of ferrocéP&he origin of [Cp*2B]™ (Figure 7), to determine carbon chemical shielding
anisotropic magnetic shielding of the boron nucleus in the tensors. The;>-Cp* ring is rapidly rotating, so that only one
trigonal planar Cp3BMe molecule is analogous to that discussed resonance is observed for each of the Cp* ring and methyl
by Wasylishen and co-workers for the trimesitylborane spéties, carbons, at 109.3 and 5.8 ppm, respectively. All of the carbon
and will not be discussed here in great detail. It should be sites on they'-Cp* ring are resolved as well, with chemical
pointed out that the magnetic shielding in GBMe has large shifts in close agreement with those observed in soltition.
negative paramagnetic shielding contributions in comparison to Room-temperature3C CPMAS experiments with variable

[Cp*2B]™ (Table 5). contact times ranging from 3 to 15 ms showed little variation
Theoretical calculations (B3LYP/6-31G**) predict the rota- in cross-polarization efficiency.

tional barrier of the;>-Cp* ring in [Cp*2B]* to be approximately A number of spinning sidebands are observed forjhe

7.3 kJ mott. The lowest energy conformer has one of e Cp* ring carbons as well as for the- and -carbons in the

Cp* ring carbons eclipsed with the proton attached toipise- n*-Cp* ring, due to chemical shielding anisotropy. These

carbon of they’-Cp* ring. The highest energy conformation is  spinning sidebands can be analyzed by the Herzfeld and Berger
when the®-Cp* ring is rotated 72from this position. A slight method?® to yield the principal components of the chemical
decrease inQ of —1.4 ppm with an increase imjs, Of shielding tensors of the three carbon environments mentioned
approximately 1.0 ppm is predicted as thering is rotated above. Table 6 lists results from HerzfelBerger analysis along
into a position which is staggered compared to its original low- with RHF and B3LYP calculations. For thg-Cp* ring, results
energy conformation. SimilarhZq is predicted to vary by only  are comparable to reporté¥C CS tensors of CgM system&°51
about 6 kHz. Owing to the ease and speed at which rings of with principal componentsi; = 157 ppm,d22 = 140 ppm,ds3
pentahapticity are able to rotate in the absence of bulky ligands,= 32 ppm, shielding anisotrop§2 = 124 ppm, and a skew of
it is very unlikely that these relatively low magnitude changes « = 0.7. Chemical shift parameters for tle and g-carbons
in chemical shielding and EFG will be observed even at low on the #-Cp* ring are similar, the main difference being a
temperatures<140 K). decrease i1 of about 67 ppm which increases the span of
Variable-Temperature 1B MAS NMR Experiments. Low- the chemical shielding tensor t2 = 181 and 186 ppm,
ering the temperature from 25 t0145°C leads to very subtle  respectively. These parameters correspond closely with previ-
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Figure 6. Variable-temperaturé'B MAS NMR spectra of [Cp3B]* at 8.46 T. (A) Full spectral width and (B) expanded isotropic centerbands.

(standard3C{H} CPMAS NMR spectra) of [CpB]™ acquired

17 Co(CHa)s at 25 and—150 °C are shown in Figure 9. Not only are
17+ C(CHy)s TRAPDOR effects visible at both temperatures, there is also
7 a-Co(CHy)s considerable variation in the efficiency of cross-polarization.
7" B-Co(CHy)s In the room-temperature control spectrum, cross-polarization

is efficient for both the aromatic and mett\{C nuclei of the
Cp* rings. Upon irradiating on thé!B channel using the
TRAPDOR sequence, all of the aromatf€ signals disappear
almost completely, while the®®C methyl signals remain
relatively unchanged. This is indicative of relatively strong
dipolar coupling between thEB and aromatict3C nuclei in
both Cp* rings, even in light of rapid rotation of thg#-Cp*
ring and the large internuclear distances between boron and ortho

7' -C5(CHy)s

Vi = 2555 Hz

Vo = 2035 Hz

200 150 100 50 0 ppm and meta carbons in thg-Cp* ring. Dipolar coupling constants
Figure 7. 3C{'H} CPMAS NMR spectra of [CpB][AICI ;] at 8.46 may be easily calculated from the crystal structure of the
T, vt = 2555 and 2035 Hz. [Cp*,B]* cation, and scale as the inverse cube of the internuclear
distance. Dipolar coupling constants between#h€p* ring
ously measured carbon shift tensors for #&ings in tetrakis- carbons and boron are quite large, WRbp(*'B,13C) = 1760
(cyclopentadienyl)titaniurf? Hz, andRpp(*1B,13C) = 2430 Hz between boron and the directly

A series of calculations of thEC chemical shift tensors is ~ bound “ipso” carbon of the;*-Cp* ring. 1B, 3C dipolar
also presented in Table 6. For thy-Cp* aromatic carbons, coupling constants range from 250 to 650 Hz for the remainder
RHF calculations tend to exaggerate the magnitud€ dfy of the 13C nuclei in the molecule. A+150 °C, with various
overestimating the shielding perpendicular to the ring plane (i.e., Spinning speeds and contact times, CP torth€p* aromatic
d33). B3LYP calculations seem to predict the span more closely. and methyl carbons drops substantially (though peaks can still
Furthermore, the B3LYP calculations are also superior in be distinguished), and thg!-Cp* carbon sites can be seen
predicting values odis, andQ for the »-Cp* ring. In the case clearly. Notably, much definition can be seen in the methyl
of then°-ring, there is a discrepancy between the experimental group region (see inset, Figure 9). The only clearly discernible
and theoretical skews, likely resulting from averaging of the difference in the CP TRAPDOR spectrum-at50°C is at the
observed CS tensor due to ring motion. For teing, skews “ipso” carbon ¢ 37.0 ppm, marked with an asterisk), indicating
are more accurately calculated by both methods. that this is the only carbon nucleus still strongly dipolar coupled

Theoretically obtained3C shielding tensors for Cp* ring 1O boron. Closer examination reveals that there is a4d®%o
carbons are all oriented so the largest principal compopent, ~ decrease in signal intensity for thg-Cp* aromatic carbons,
is directed approximately perpendicular to the Cp* rings while much less than observed at room temperature (though this is
the less shielded components; andosy, lie very close to the  difficult to strictly quantify due to the reduction in CP
Cp* ring planes and assume a variety of different orientations €efficiency). Signal intensity decrease is not observed for the
(Figure 8). This is the case for all except tipso-carbon on remainder of the carbon sites in thel50 °C TRAPDOR
the »1-Cp* ring, which hasoi; and o2, positioned in such a  spectra.
way that they'-Cp* ring nearly bisects the angle between them,  This set of results initially seems to be counterintuitive, as
andogs is perpendicular to the borer(ipso-carbon)-(methyl stronger dipolar couplings betwe#lB and!3C are expected at
carbon) plane. lower temperatures as thg-Cp* ring motion slows down,

1B/13C/"H TRAPDOR NMR of [Cp* ,B]™. In this section perhaps leading to a stronger TRAPDOR effect. In addition,
of the paper, we address TRAPDOR NMR effects and their variable contact time CPMAS experiments at various spinning
relation to apparent intramolecular dynamics of [eB}. 11B/ speeds fail to improve the CP efficiency to thecarbons at
13C'H CP TRAPDOR MAS NMR spectra and control spectra low temperatures. However, the TRAPDOR results do suggest
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TABLE 6: Experimental and Theoretical Carbon-13 Chemical Shift Tensors in [Cp* ,B]*

site 011 (ppm) 022 (ppm) 033 (ppm) dis® (PpM) QP (ppm) 1
Experimental
175: Cs(CH3)5 5.9
7% Cs(CHa)s 156 140 32 109.3 124 0.73
771: i-Cs(CHe,)s 37.7
7t o-Cs(CHg)s 224 135 43 134.2 181 0
% B-Cs(CHa)s 224 144 38 135.5 186 0.14
RHF/6-31G**
7% Cs(CHa)s 151.0 139.7 19.3 103.3 131.7 0.83
149.4 147.6 15.9 104.3 133.5 0.97
149.2 145.4 15.1 103.2 134.1 0.94
147.7 144.6 15.2 102.5 132.5 0.95
148.8 145.1 17.3 103.7 131.5 0.94
7t i-Cs(CHa)s 41.7 35.6 10.3 29.2 31.4 0.61
7t a-Cs(CHs)s 238.8 129.6 28.7 132.4 210.2 —0.04
236.7 127.8 291 131.2 207.6 —0.05
nt: B-Cs(CHs)s 2442 120.2 39.8 134.7 204.4 —-0.21
240.9 121.3 39.6 133.9 201.3 —0.19
RHF/6-311G**
7> Cs(CHa)s 148.0 134.4 9.2 97.2 138.8 0.80
146.6 143.1 55 98.4 141.1 0.95
146.3 140.9 5.0 97.4 141.3 0.92
144.7 140.1 51 96.7 139.6 0.93
145.3 140.4 7.1 97.6 138.2 0.93
7t i-Cs(CHa)s 33.3 26.4 -0.9 19.6 34.2 0.59
7% a-Cs(CHs)s 245.8 125.0 20.0 130.3 225.7 —0.07
243.6 123.2 20.5 129.1 223.2 —0.08
nt B-Cs(CHs)s 249.3 113.0 30.5 130.9 218.8 —0.25
2455 1141 30. 130.0 215.2 —0.22
RHF/6-31H-G**
7> Cs(CHa)s 148.3 134.9 9.5 97.6 138.8 0.81
147.2 143.7 5.8 98.9 141.4 0.95
146.9 141.4 53 97.8 141.6 0.92
145.4 140.5 5.4 97.1 140.0 0.93
145.8 141.0 7.3 98.0 138.5 0.93
7t i-Cs(CHa)s 33.5 27.0 —-0.6 20.0 34.1 0.62
7% a-Cs(CHa)s 246.3 126.0 20.3 130.9 226.0 —0.06
2442 124.3 20.7 129.7 2235 —0.07
7t B-Cs(CHz)s 249.6 113.7 30.8 131.4 218.7 —-0.24
245.8 114.8 30.7 130.4 2151 —0.22
B3LYP/6-31G**
7> Cs(CHa)s 158.0 152.1 39.1 116.4 118.9 0.90
160.5 156.7 35.5 117.6 125.0 0.94
158.5 154.4 34.6 115.8 123.9 0.93
157.7 153.8 34.9 1154 122.9 0.94
157.7 155.6 371 116.8 120.6 0.96
7t i-Cs(CHa)s 61.0 55.2 30.8 49.0 30.2 0.62
7% a-Cs(CHa)s 224.3 148.5 47.5 140.1 176.8 0.14
223.2 146.2 48.0 139.1 175.3 0.12
7t B-Cs(CHz)s 231.6 141.3 57.4 143.4 174.2 —0.04
228.6 142.2 57.1 142.6 171.4 —0.01
B3LYP/6-311G**
7% Cs(CHa)s 156.2 146.9 25.0 109.3 131.2 0.86
156.3 154.5 21.7 110.8 134.6 0.97
154.1 151.8 211 109.0 133.0 0.97
153.3 151.5 214 108.7 131.8 0.97
153.1 152.7 23.0 109.6 130.2 0.99
7t i-Cs(CHa)s 51.2 44.8 16.1 374 35.1 0.64
7t o-Cs(CHg)s 232.3 143.2 36.1 137.2 196.2 0.09
2311 140.9 36.5 136.1 194.6 0.07
7t B-Cs(CHz)s 238.1 135.1 44 .8 139.3 193.3 —0.07
234.4 136.2 44.7 138.4 189.7 —0.03
B3LYP/6-31HG**
7% Cs(CHa)s 157.5 149.8 25.6 111.0 132.0 0.88
158.0 156.7 23.8 112.8 134.2 0.98
156.5 153.2 22.6 110.8 133.8 0.95
155.2 153.6 22.8 110.5 132.4 0.98
155.6 154.2 23.9 111.2 131.7 0.98
nt: i-Cs(CHa)s 52.5 44.6 16.4 37.8 36.1 0.57
7% o-Cs(CHg)s 234.4 147.1 36.2 139.2 198.2 0.12
233.1 144.3 36.5 137.9 196.5 0.10
7% B-Cs(CHz)s 240.6 136.7 455 140.9 195.0 —0.07
236.3 137.7 45.9 140.0 190.5 —0.04

a Absolute chemical shieldings are converted to chemical shifts with the foromgla osampie Whereoyes is the absolute chemical shielding of
C=0. See Experimental Section for detaflgis, = (011 + 922 + 033)/3, @ = d11 — 33, andi = 3(d22 — diso)/ Q.
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an 2-Cp* transition state§.Such sigmatropic rearrangements
have been previously studied dy1 wide-line and3C/*H
CPMAS NMR experiments in a number of monohapto-Cp
containing transition metal metallocenes such as TGP
CpHgX (X = Cl, Br, 1), and CpFe(CO}.53 Double- and triple-
resonance NMR experiments of this nature seem very promising
for examining such intramolecular motions; currently, additional
one- and two-dimensional experiments at variable temperatures
are being conducted in our laboratory to probe ring motion and
effects of intramolecular dynamics on cross-polarization and
cross-relaxation in this complex and analogous substances.

Figure 8. Orientation of theoretical carbon chemical shielding tensors Conclusions
of aromatic carbons in [CpB]*. Arrows signify direction ofrs; at all

carbons withoy; and a,; components omitted for clarity. The full The central transitions of solid-sta8 MAS and static NMR
chemical shielding tensor orientation is shown for the ipso carbon in spectra are markedly affected by anisotropic quadrupolar and
the »*-Cp* ring. chemical shielding interactions, which in turn are strongly

influenced by the local symmetry and structure of the bis-
(pentamethylcyclopentadienyl)boron cation. Comparable data
have been obtained for bis(pentamethylcyclopentadienyl)-
+25°C methylborane. Two structurally different metallocenes exhibit
vastly different quadrupolar coupling constants and chemical
shielding tensor spans and symmetries, suggesting that chemi-
cally similar metallocenes may also be differentiated by simple

solid-state NMR methods (albeit with less noticeable changes
N JJ _ TRAPDOR in the anisotropic NMR parameters). Ab initio calculations of

both chemical shielding and EFG tensors are in very good

agreement with experimentally determined parameters, dem-
i control onstrating the useful prognosticative nature of these calculations.
” ’ - . , Mttt it Double- and triple-resonancBC/A1B/IH NMR experiments
250 200 150 100 50 0 50 -100  ppm performed at variable temperatures support previously observed
sigmatropic rearrangements of-Cp' rings and show promise
o for further examinations of ring motion in metallocene com-
-150°C plexes. However, for metallocenes with low internal rotation
barriers, it may be necessary to drop to very low temperatures
(e.g., <50-60 K) to observe any significant effects on solid-
state NMR spectra of the central metal nucleus. We believe
that acquiring and analyzing NMR spectra of metal quadrupolar
nuclei in metallocenes, in combination with theoretical com-
putation of anisotropic NMR interaction tensors, provides an
excellent means of probing metallocene structure, dynamics,
and chemistry. We hope that our work will encourage further

TRAPDOR

*
W’LMW control work of this nature on this important class of organometallic
250 200 150 100 50 0 50 100 ppm compounds.
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