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The principal values of thé&*C chemical-shift tensors of natural abundance biphenylene were measured at
room temperature with the FIREMAT experiment. Of 18 crystallographically distinct positions (three sets of
six congruent carbons each), the three primary bands have been resolved into seven single peaks and four
degenerate peaks (two double, one triple, and one quadruple). Hence, eleven different chemical-shift tensors
are reported. An interpretation of the data is made by comparison to carbon chemical-shift tensors in other
molecules with similar chemical environments. Experimental and theoretical values based on a model of the
asymmetric unit of the crystal unit cell are in good agreement.

Introduction inequivalent NMR carbon environments in the crystal. The
eighteen lines group into three sets of six closely positioned
congruent carbon bands with some lines resolved in each set.
In this work, the FIREMAT experimehisolated 11 sideband
patterns in the biphenylene crystal system, one for each resolved
isotropic chemical shift in the spectrum (Figure 1).

Biphenylene is an interesting model compound in the study

The measurement &tC chemical-shift tensors of polycyclic
aromatic hydrocarbons has received considerable attention in
recent years:* Challenges to measuring chemical-shift tensors
in aromatic microcrystalline powders include the complexity
of the spectrum due to the spinning sideband patterns, the
relatively close isotropic chemical shifts of the various carbons i - . . ;
in the molecule (typically from 120 to 140 ppm), and the qf 9E:llchemlcal-_shn‘t tensors_due to |ts_stra|ne_d central
extensive overlap of molecularly equivalent peaks from crys- N9~ The detailed relationship between ring strain and the
tallographically inequivalent positions. The complexity of these Chemical-shift tensor principal values, while incompletely
spectra may be reduced by employing a two-dimensional (2D) upderstood, is of funfjamental |ntere§t. In a pragmatic sense
magic angle turning (MAT) experiment that isolates individual biphenylene is a possible component in cgrbonqceous materials
sideband patterns associated with different isotropic chemical SUch as coal and sobtHence, the chemical-shift tensors of
shifts from the composite spectrum. Recent advances in suchPiPhenylene make an important contribution to the study of
methods have made possible the isolation of several dozencomplex carbonaceous materials important to industry and the
sideband patterns from a complicated spectfufRrior to the environment.
development of the FIREMAT experiment (FIREMAT stands ~ Biphenylene has also been used as a model compound in the
for five<r replicatedMAT), the spectrum of biphenylene would ~ study of antiaromaticity?~1° as this fused aromatic molecule
have been too complicated to obtain well-resolved spectra, is the dibenzo derivative of cyclobutadiene, a classic example
largely due to coincidental degeneracy of nearly overlapping of antiaromaticity that is difficult to study due to thermal
isotropic shifts that arise from similar molecular positions found instability. The four-membered ring of biphenylene contains four
in different crystallographic positions. The FIREMAT experi- w-electrons, thus satisfying telel’s rule' for an antiaromatic
ment separates individual spinning sideband patterns by iden-ring. Hickel's rule predicts that monocycligpolyene with (4
tifying them with their respective isotropic chemical shifts. An  + 2) & electrons will be more stable than the corresponding
isotropic chemical shift spectrum is extracted from the pseudo- acyclic analogue because of a degeneracy in the lowest energy
2D data. Hence, a sideband pattern can be extracted for eaclstate. Conversely, if there are onlyn 4r-electrons in the
resolvable isotropic chemical shift. At first glance, one would monocyclic polyene, the molecule will be less stable than the
expect to find only three peaks in the biphenylene crystal system,acyclic analogue. Such molecules are called antiaromatic. The
one for each molecular position; however, the crystal system antiaromaticity of the central ring of biphenylene has been
has eighteen inequivalent carbon positions. The fact that thedetermined through a variety of methods. Among them is
three molecular positions of biphenylene are further resolved Schleyer's Nucleus Independent Chemical Shift (NICS) scHéme,
in the crystal system (due to magnetic inequivalencies in the which has been applied to numerous molectf{e¥ The NICS
crystallographic space group) demonstrates the potential ad-scheme is a criterion for determining aromatic and antiaromatic
vantages of solid-state NMR. character in which one evaluates the isotropic chemical shift at

There are six biphenylene molecules present in a total of four the nonweighted geometric center of a ring by calculating the
asymmetric units in thé2;/a unit cell® and they exhibit two chemical shielding at that location and changing its sign. The
different biphenylene structures present in a 1:2 ratio. The minor change in sign aligns thelirection of the NICS and the
structure labeled P (with two molecules per unit cell) is planar experimental chemical shift scales, although they still have
while the major structure (with four molecules per unit cell) different zero points. The NICS value is then interpreted as
labeled D, deviates very slightly from planarity. Thus, there is aromatic (negative) or antiaromatic (positive) depending upon
one entire biphenylene molecule D and half of a biphenylene the sign of the NICS shift. While the central four-member ring
molecule P in each asymmetric unit, resulting in eighteen of biphenylene has antiaromatic character, the two six-membered
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Figure 1. FIREMAT 13C spectra for natural abundance biphenylene. All spectra were derived from one FIREMAT dataset. See text for details.
The numbers listed on the right side of the figure indicate the approximate relative intensity of each spectrum.

rings are markedly aromatic in character, which contributes to back pulse, the optimum recycle delay was 60 s. A total of 384
the stability of the molecule. scans were collected in each of the eight evolution points so

Comparison with previously determiné&C chemical-shift that the entire experiment time was slightly more than 2 days.
tensors of some chemical environments similar to biphenylene In the FIREMAT experiment, the sample spinning speed was
is made to better understand the chemical-shift tensors in480 Hz. The spectral width in the acquisition and evolution
strained molecules. Comparison of measured chemical-shiftdimensions were 23 040 and 3840 Hz, respectively. Data were
tensors to those calculated at several levels of theory was alsaransferred to a Sun computer for processing and spectral
made to rationalize the assignment of the chemical-shift tensorsanalysis. TIGER processihgf the pseudo-2D data generated
to individual crystallographic positions of congruent carbons. an isotropic guide FID that was then fit as the sum of eleven

model FIDs. The resulting model was used to extract the FIDs

Methods for each of the resolved spinning sideband patterns that were

Experimental. Biphenylene was purchased from Aldrich and  then fit to yield principal values for the chemical-shift tensors.
used without further purification. The crystalline form was  Theoretical. To simulate the spectra of crystallographically
verified by comparing an X-ray diffraction spectrum to a inequivalent carbons in the experimental portion of this work,
simulated spectrum based on the literature crystal struéture. a faithful model is needed that captures the degeneracies
All NMR experiments were carried out on a CMX-200 NMR common to congruent carbons in the crystallographic asym-
spectrometer with &#C Larmor frequency of 50.307 MHz. The  metric unit. The smallest practical model is one in which the
1H T, of the sample was determined by saturation recovery to asymmetric unit is augmented with the remainder of the
be approximately 69 s at ¥ frequency of 200.0 MHz. To  fragmented biphenylene molecule, thus forming a two-molecule
enhance signal intensity, cross polarizatiomas used with an asymmetric unit model (AUM). The level of theory used to
optimal contact time of 2.5 ms. Proton decoupling was carried calculate the chemical-shift tensors for the AUM was selected
out at a field strength of approximately 61.0 kHz. A FIREMAT by performing a series of calculations on a single molecule of
experiment was carried out on the sample. With use of a flip- biphenylene.
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In the single molecule model (SMM), a partial optimization TABLE 1. Measured *3C Chemical-Shift Tensors of
was carried out at the B3PW91 level of theBnyith Dunning’s Biphenylene

cc-pVDZ basis s& on molecule D from the asymmetric unit. on 022 O3 diso span  acentricity
Keeping the carbon nuclei in their crystallographic positions, carbot  ppm  ppm ppm ppm  ppm ppm
only the proton positions were optimized with Gaussiar?98. 2458 1569 54.1 152.3 191.7 6.986

2457 1553 543 151.8 1913 5.292
2453 153.1 55.7 1514 189.7 2.633
227.6 1457 181 1305 209.6 22.830
. . 126 1296 2173 24.931
227.2 146.6 13.8 129.2 2135 26.133
199.6 150.7 133 121.2 186.3 44.298
198.2 1464 153 120.0 182.9 39.605
196.3 146.0 16.2 1195 180.1 39.791

Chemical-shift tensors were calculated for the SMM at the
RHF2> MP226:27 B3LYP 2829 and B3PW91 levels of theory.
The shielding calculation on the AUM was performed at the
B3PW91 level of theory. All shielding calculations employed
the GIAO ansat2? One shielding calculation was carried out
on the SMM at the B3PW91 level of theory with the cc-pVTZ
basis set. All other shielding calculations employed the cc-pVDZ
basis set?® The principal values from the B3PW91/cc-pVTZ 2020 1448 104 1191 1916  38.598
calculation were compared against those from the B3PW91/ 1996 1444 118 1186 1879 38.697
cc-pvDZ to demonstrate the correspondence between the 2Each carbon is labeled according to its molecular position as
calculated shieldings with each of these basis sets. For each ofiuaternaryp, or 3.
the four cc-pVDZ calculations on the SMM, the calculated ) ] B o
principal shielding values were plotted against the experimental the isotropic peaks to quaternaxy, or /i positions is simple
shift values. The linear regression performed on each plot was9iven their relatively large separation and correspondence to
then used to correlate the calculated chemical shieldings toPrevious solution assignmer#sThe calculated values (vide
chemical shifts. infra) confirm this general grouping of lines. Assignment of
The AUM was partially optimized in the same fashion as Fhe mleasured tensors.to the crystallographic positions was
SMM above. A single chemical shift calculation was carried Nvestigated by calculating the variance between the calculated
out on AUM at the B3PW91/cc-pVDZ level of theory based and experimental principle values for all 720 possible permuta-
on the chemical-shift tensor results of the SMM for both the tions of the assignments within each of the molecular positions
choice of level of theory and the choice of basis set. Calculated (Guaternaryg., or 5) and applying the F-test to see if any one

chemical shieldings were correlated to the chemical shift scale 25Signment was significantly better than another. Hence, the
in the same fashion as above. assignments contained in this work are those with the best least-

squares fit. Unfortunately, statistics fail to demonstrate that this
assignment is superior to at least some of the other possibilities
because the tensors between corresponding crystallographic
Figure 1 contains the FIREMAT experiment spectra. The positions tend to be degenerate.
possibility that some of the lines were due to polymorphs of  Quaternary Chemical-shift Tensors. It is interesting to
biphenylene was ruled out by comparing the X-ray diffraction compare the chemical-shift tensors of the biphenylene molecule,
to a simulation of a diffraction spectrum based on the crystal 1, with similar unusual structures. One notable case is cyclo-
structure. Instead, the lines are due to the eighteen magneticallybutadiene2, of which biphenylene is the dibenzo derivative.
inequivalent carbons in the asymmetric unit. Both 2 and the center ring df are antiaromatic. Each satisfies
The guide spectrum, exhibiting 11 unique lines, was extracted Huckel's rule for molecules havingir electronsit = 1) in a
from the pseudo-2D data and is displayed on the left of the monocyclic polyene ring and exhibit positive chemical shifts
figure. The guide spectrum is an isotropic chemical shift in the NICS scheme (vide supra).
spectrum which is fully equivalent to a high-speed MAS -
spectrum but is obtained from the pseudo-2D data as described
previously? The guide spectrum has approximately 1:1:1 D h v
integrated bands for each of the three subsets of carbons 1 2 3 4
(quaternarye, andg positions), although each region is partially
resolved further due to minor intermolecular interactions arising  The 13C chemical-shift tensor o2 has principal values of
from the different crystallographic positions. In the quaternary 267, 92, and 78 ppri# These values reflect the ring strain
position Qiso &~ 150 ppm) there are three resolved lines in a present in the cyclobutadiene ring. Thg component, which
1:4:1 ratio. The middle line exhibits a 4-fold degeneracy. For best reflects the effects of ring strain (vide infra), is considerably
the o position Qiso =~ 120 ppm) there are five lines, the most  downfield A0 = 24 ppm) compared to 54 ppm, thiss
upfield of which has double intensity due to accidental component for the quaternary positionlinThe chemical-shift
degeneracy of these two isotropic chemical shifts. A pesition tensors for the quaternary position are not like the condensed
(0iso ~ 130 ppm) shows three resolved peaks with weighting position in naphthalene (cf. 208, 2026 ppm)3* Instead, the
degeneracies of 1:2:3. While indeterminable, the extent of chemical-shift tensors here appear more like a substituted car-
accidental or near degeneracy in this subset is of minor bon position, as was found in previous work on tripheny-
consequence as the data indicate that all of the principal valuesiene? in which the G-C bonds connecting any two rings have
lie within the experimental error. Note, the inability to show virtually no 7z character. The same appears to be the case for
that two or more tensors differ from one another is not a failure biphenylene; the average<C distance between two quaternary
to measure the overlapping tensors. Admittedly, degeneratecarbons in different rings is slightly greater than 1.51 A in
peaks cannot be assigned to specific carbons, but their identi-biphenylene, a bond length quite typical of & C single bond.
fication with congruent sites is straightforward. The difference in the values betwednand 2 reflects the
Table 1 contains the chemical-shift tensor principal values increased stability of.
of biphenylene determined with the FIREMAT experiment. Also ~ Orendt et aP® reported the*C chemical-shift tensors of a
included are the span<)) and acentricity £Q2/3), all the number of olefinic compounds, several of which have four-
components of which are defined elsewh&@Assignment of membered rings that provide comparable tensors. These include

RRRRQATIZIOOO
N
N
©
©
=
N
o
N

Results and Discussion



13C Chemical-Shift Tensors

methylenecyclobutane, and 1,2-bis(methylene)cyclobutane,
4. The 11 principal values of the chemical-shift tensor for the
quaternary positions il (ca. 246 ppm) are consistent with
values for other quaternary positions with carbon substituents
that possess double-bond character inek@CH, double bond
attached to the ring iB8 or 4 (253 and 250 ppm, respectively).
The 611 value of the=CH, carbon in4 is more similar tol,
probably due to the similar conjugation Ihand4. There is
also similarity in thadss components not only for the molecules
mentioned above but also for other four-member ring systems,
particularly those which are substituted to any degree. These
include 1,2-dimethylcyclobutene, bicyclo[2.2.0]hex-1(4)-ene,
bicyclo[3.2.0]hept-1(5)-ene, and bicyclo[4.2.0]hept-1(6)-ene
with d33 components of 45, 46, 56, and 43 ppm, respectively.
The common occurrence of this downfield shift of the;

component in these four-member rings suggests that it is due

primarily to ring strain. Notegsz appear in the range of ¥20
ppm for typical six-member ring®. This is consistent with
chemical-shift tensor data recently reported by Orendt ét al.
for coronene and corannulene.

Chemical-Shift Tensors of Protonated CarbonsThe pro-
tonated carbons exhibit more conventional aromati¢iGensor
values. Theo positions have isotropic chemical shifts which
are shifted upfield from typical aromatic positions by ca. 8 ppm.
This upfield shift is almost entirely due to tlg; component
which is upfield compared to other typical aromatic systems.
This can be rationalized in terms of the relatively greater electron
shielding at thea position due to the preference for the

resonance structure with a double bond between the quaternary

anda positions. This is also supported by the relative lengths
of the carbor-carbon bonds in the diffraction structures. The
isotropic chemical shifts of thg positions are only modestly
upfield from that of benzene at cryogenic temperatdfe¥.

The chemical-shift tensor principal values for theositions

are quite similar to the analogous positions in naphthalene, viz.,
228, 139, and 11 pprt.

Calculated Tensors.The partial optimizations of the SMM
and the AUM resulted in €H distances in both structures
which are very similar to the average—-@ distance reported
in an electron diffraction study of biphenylene (1.086.009
A).40 Figure 2 shows a plot of the B3LYP/cc-pVTZ principal
values plotted against the B3LYP/cc-pVDZ principal values.
There is a high degree of correlation between the two sets of
calculated data. The use of the doublestead of tripleg basis
set therefore differs primarily only in terms of the actual values
for the slope and intercept; both have comparable correlation
coefficients and rms measures. The trifjlslope exceeds unity
by almost the same amount as the doubleiderestimates the
correlation slope. The two levels of approximation at the
B3PW91 level of theory thus have comparable merit. This
correlation approach for converting calculated shieldings to the
experimental shift scale has succeeded in a number of
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Figure 2. Plot of the shielding principal values for biphenylene
calculated at the B3LYP level of theory with the cc-pVTZ basis set vs
those calculated at the same level of theory with the cc-pVDZ basis
set for the SMM. The high correlatiow{ = 0.9998 and rms= 1.17
ppm) between the two approaches demonstrates the validity of using
the smaller basis set to correlate calculated and measured data.
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Figure 3. Plot of the calculated vs experimental principal values for
the SMM used to select the level of theory to calculate the chem-
ical-shift tensors for the AUM. The linear regression equation for
each level of theory is included with uncertainties provided at the 95%
confidence interval. These equations were used to correlate the
calculated values to the experimental scale as described in the text.

effortg?~441-45 in this lab. The linear relationship between the and avoids the need to calculate the shielding of a reference
values calculated with cc-pVDZ and cc-pVTZ justifies the use compound that has considerable differences in electronic
of the smaller basis set for the calculation on the larger AUM structure. It also has the desirable property of improving any
because the calculated values are correlated to the experimentadtatistical analysis between the converted calculated values and
scale by means of a linear regression. In many chemical shift the measured values because the use of the correlation equation
calculations in the literature the conversion of calculated should eliminate any systematic errors, thus leaving (in prin-
shieldings to the chemical shift scale is achieved by calculating ciple) only random errors. It is important to note that this
the difference between the shielding of TMS (or some secondary approach is not always feasible when there are an insufficient
reference) and the value of interé%t’ It is well established number of experimental values to reliably correlate the experi-
that in these cases it is necessary to use basis sets of at leashental and calculated values. Solid-state NMR studies have an
triple-¢ quality to obtain accurate resuffs.The correlation advantage over gas or solution phase studies in this regard in
approach used in this laboratory negates these minor problemghat there are three principal values available from the solid-
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TABLE 2: Calculated 13C Chemical-Shift Tensors of

A
C, =) Biphenylene
4’%{5 carbo® number 611 022 O3z OJiso Span acentricity
(ﬂ‘ ppm ppm  ppm  ppm ppm ppm  ppm ppm
3 Q 8b 246.6 161.2 57.2 155.0 1894 9.297
2 4 Q 4b 246.7 159.8 58.3 154.9 188.4 7.319
Q 8a 246.6 159.3 579 154.6 188.7 7.059
1 Q 44 2448 1582 575 153.5 187.3  7.023
8b 4a Q 4a 2451 158.6 56.5 153.4 188.6 7.735
D 8a 4b Q 84 2446 157.2 58.4 153.4 186.2 5.707
o 3 227.7 148.2 125 1295 2153 28.086
8 5 a 3 229.7 144.2 14.0 129.3 2157 22.316
6 o 2 229.1 1446 142 1293 2149 22967
7 a 2 230.2 1424 14.9 129.2 2153 19.848
o 6 228.0 1444 138 128.7 2142 23.527
a 7 228.0 142.8 145 128.4 2135 21.611
p 1 2019 141.8 11.8 1185 190.1 34.995
B 4 202.0 1432 9.6 118.3 1924  37.443
p 5 202.7 1405 115 118.2 191.2 33.320
P B 8 201.3 141.2 11.2 117.9 190.1  34.939
B 4 201.0 140.6 11.2 117.6 189.8 34.491
p 1 200.9 1394 109 117.1 190.1  33.522
@2Each carbon is labeled according to its molecular position as
D quaternarygo., or 3.
hatch pattern removed). While all twelve carbons in molecule
P were included in the calculations, only the six hatched carbons
which lie inside the boundary box in the figure were reported
D and used in the data correlations with experiment. The eighteen
carbons involved in the data analysis (twelve from molecule D
P and 6 from molecule P) represent the asymmetric unit of the
27y biphenylene crystal.
=(§/ As above in the SMM, the 18 calculated chemical shieldings
associated with the asymmetric unit from the AUM were
C”; correlated to the experimental scale via a linear regression of

the form dcac = —0.9768 (0.0102) ocqac + 193.4 (1.6).
Figure 4. Simplified representation showing those molecules associated Jncertainties are provided in parentheses at the 95% confidence
with one biphenylene unit cell. The effect of the 2-fold screw axis is level. The rms differences for these calculated values are 1.0
most easily understood by following the planar (P) molecules (which . . L

ppm for the isotropic values and 3.1 ppm for the principal

contain an inversion center) through the screw axis operation. The P . . .
molecule near the bottom right of the image is rotated abouCthe ~ Values. Table 2 contains the chemical-shift tensors, spans, and

axis and is then translated up the axis by one-half of that direction’s acentricities for the AUM calculated at the B3PW91/cc-pVDZ
unit cell length to locate the one P molecule shown on the left side of level of theory.
the axis. Repetition of that operation identifies the P molecule near the While the calculated tensors are in very good overall

upper right corner of the figure. The two sites occupied by the distorted . .
(D) molecules are repeated similarly. One-half of each of the two P adreement with the experimental values, the components

molecules on the right side of the figure lie outside the unit cell Of the o andj positions were outliers relative to the overall
boundaries which is emphasized by the removal of their hatch patternsregression in SMM, particularly at the RHF and MP2 levels of
present on all carbons that lie inside the boundaries. The labels for thetheory (see Figure 3). There is considerable improvement in
top 18 carbons which lie inside the boundary correspond to the {ha 5., principal components for the calculations in which the
calculated tensors in Table 2. : . :

chemical-shift tensors were calculated with DFT. The shortcom-

state experiment for each nucleus under study compared withingS appearing at the RHF and MP2 levels are not unduly
single isotropic values in gas or solution studies. surprising. RHF theory does not treat electron correlation, and

For the SMM, once the calculated shielding tensors were the_MPZ Ieyel of theory is_ only the first step in a perturba_tive
correlated to the experimental chemical-shift tensors by the S€ries and is generally believed to overcompensate the estimates
regression equations shown in Figure 3, the root-mean-squareof electron correlatiof%%1 The use of the semi-empirical DFT
(rms) deviations between the calculated principal values of the Mmethods appears to offer a better approximation of the effects
SMM and the measured principal values were calculated. TheOf charge densities and electron correlation and provides
RHF and MP2 rms deviations were 5.3 and 6.2 ppm, respec-improved results over both the RHF and MP2 calculations. This
tively. The B3LYP and B3PW91 (cc-pVDZ and cc-pVTZ) shift is demonstrated in a quantitative fashion by inspecting the
calculations had rms deviations in ppm of 3.8, 3.0, and 3.2, regression equations for SMM shown in Figure 3. In this work,
respectively. These rms deviations for the DFT methods are all of the DFT approaches exhibited regression slopes much
comparable to other aromatic hydrocarbon work in this labora- closer to the idealized case efl than either the RHF or the
tory 1249 MP2 results. The regression intercepts for the DFT methods

Figure 4 shows a representation of the biphenylene crystal. are also improved over the RHF and MP2 methods, having
The AUM used for the chemical-shift calculations consists of values nearer the idealized case of the estimated 185.4 ppm
the topmost molecule P and molecule D in the figure (including shielding value of TM$?2 The uncertainties in both the slopes
the half of molecule P in the upper right corner that had its and intercepts are nearly a factor of 2 smaller than the respective
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values for the RHF and MP2 methods (see Figure 3 for 95%

confidence limits).

Conclusions

Interpretation and analysis of complicated solid state NMR

spectra are more easily facilitated by use of 2D experiments.

The principal values for the chemical-shift tensor of the

quaternary carbons in biphenylene reflect the ring strain of the
four-membered ring. This suggests that the quaternary position
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