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The title compound has been synthesised, and characterised
by multinuclear magnetic resonance spectroscopy, both in
solution and in the solid state. The bandshapes of variable-
temperature solution-state 'F NMR spectra have been iter-
atively fitted to obtain information on the kinetics of rotation
about the PC bond for one of the aryl groups, and values for
the enthalpy and entropy of activation of the process have
been derived. Magic-angle spinning NMR techniques have
been extensively applied to the solid, using !°F, 3'P and 3C
nuclei. Triple-channel methods and different magnetic field
strengths have been employed to yield a range of comple-
mentary information. Heteronuclear interactions and intram-

olecular motions have been investigated. Bandshapes arising
from (P, Cl) residual dipolar coupling have been analysed.
Satisfactory agreement is found between experimental spec-
tra and those simulated with estimated values of the para-
meters involved, and it is confirmed that the electric field
gradient at chlorine is co-axial with the PCIl bond. The sign
of the isotropic (PCl) indirect coupling constant is obtained
for the first time and is shown to be negative. The crystal
structure of the compound at 150K confirms the presence of
two different aromatic residues, as deduced from the spectro-
scopic studies.

Introduction

The novel compound 2,6-bis(trifluoromethyl)phenyl-2,4-
bis(trifluoromethyl)phenyl-chlorophosphane (1) has been
synthesised as part of a continuing study of low-coordinate
phosphorus compounds containing bulky electron-with-
drawing aromatic groups.['8! The formation of this com-
pound with different bis(trifluoromethyl)phenyl groups
arises (Exp. Section) because 1,5-bis(trifluoromethyl) ben-
zene can be lithiated by butyllithium in two different posi-
tions: Either ortho to both CF; groups, giving a 2,6-bis(tri-
fluoromethyl)phenyl-lithio derivative, or ortho to one of the
CF; groups only, yielding the analogous 2,4-substituted
compound. These groups are designated Ar and Ar respect-
ively herein. On treatment with PCls, both of the dichloro-
phosphanes are obtained, with the 2,6 derivative (Ar) pre-
sent in the larger amount. The isomers can be readily distin-
guished by their 3'P and '"F solution-state spectra. The
solid disubstituted product isolated from the reaction mix-
ture was shown to be the title compound ArArPCl (Fig-
urel), firstly by solution-state NMR and secondly by
extensive (*'P, '°F and '3C) solid-state NMR investigations.
Its structure was eventually determined by single-crystal X-
ray diffraction at 150K. Variable-temperature solution-state
"9F NMR spectroscopy was used to determine the enthalpy
and entropy of activation for internal rotation about the PC
bond of the Ar group. The aims of the solid-state NMR
experiments were to gain further structural information,
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and to investigate the interaction between phosphorus and
the quadrupolar chlorine nucleus, as shown by residual di-
polar splitting.

CF,

Ar"

Figure 1. Lettering scheme for carbon atoms in ArArPCl (1)

A major feature of interest in the solid-state NMR spec-
trum of 1 is the bandshape of the 3'P resonance. Indirect
isotropic (PCl) coupling should split the NMR signal of 3'P
bonded to a single chlorine into a quadruplet of lines of
equal spacing and intensity. In the solid state, dipolar coup-
ling may also come into play; however, such coupling be-
tween two spin 1/2 nuclei is generally eliminated by MAS if
the spin rate is fast enough. In the case of coupling to a
quadrupolar nucleus, however, this may not be true and,
although MAS will cause partial averaging, the spin 1/2
spectrum may retain a residual dipolar splitting, with pow-
der bandshapes involved for each of the quadruplet lines
mentioned above. Such effects have been fully discussed in
many articles and reviews.’l Most examples refer to 1*C!“N
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interactions, but such effects have been seen!'” for the P/Cl
pair in phosphonitrile chloride cyclic trimer. The case of
PCl;s has also been studied, and the effect on the 3'P spec-
trum of such residual dipolar coupling (RDC) to the four
and six chlorines of the two  counter-ions
investigated((AUTHOR: But PCls doesnt have any counter-
ions. Please rephrase this sentence)).'') At high temper-
ature, however, both phosphorus environments give rise to
sharp singlets because of fast isotropic reorientation and/or
short spin-lattice relaxation times of the chlorine nuclei (self
decoupling). Isotropic indirect (scalar) effects, when these
are present, would only be affected by fast spin-lattice re-
laxation.

Provided the relevant quadrupole coupling constant,
e?qQlh, is small compared to the Larmor frequency of the
quadrupolar spin, the residual dipolar splitting can be
treated by perturbation theory.”) In such a situation the
outer pair of lines in the 3'P spectrum influenced by iso-
tropic indirect coupling to a chlorine nucleus will be shifted
according to Equation(1):

3
A=—1_62’D/Vc1 O] 1)

where D is the (PCI) dipolar coupling constant and ¢ is
the Larmor frequency of the chlorine nuclei. The inner pair
of lines move by the same amount but in the opposite direc-
tion. In these cases it is often assumed that the electric field
gradient tensor, ¢, is axially symmetric and that ¢ and D
(the dipolar tensor) are coaxial, but this is not necessarily
true. A further common assumption is that the indirect
coupling anisotropy, J, is negligible. Otherwise, D must be
replaced by D = D J/3, though even this assumes that J is
axially symmetric and that D and J are coaxial. However,
these simple situations are not necessarily the case for the
P/CI nuclear pair, so that use of the full Hamiltonian may
be required.

The interactions between phosphorus and chlorine may,
in principle, be complicated by the presence of the two dif-
ferent spin 3/2 isotopes for chlorine, *Cl and 3’Cl. How-
ever, due to their differing natural abundances and similar
nuclear properties, it can be expected that the separate ef-
fects will not be resolved, given the observed linewidths. In
simulations both isotopes can be accounted for.

Results and Discussion

Solution-State NMR Measurements

The molecular structure of the title compound was first
established by solution-state NMR spectroscopy. The 3!P
spectrum (for a solution in CH,Cl,/CDCl;) consists of a
complex multiplet at = 67.3. The '°F spectrum (obtained
for a [Dg]toluene solution) was expected to be composed of
two doublets, one having double intensity (from the Ar
group), and one singlet (in principle a doublet but with ®Jpg
negligibly small). At ambient probe temperature, however,
a doublet at = 58.9 (*Jpr = 58.3Hz), and two singlets (a
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broad double-intensity line at = 55 and a sharp peak at =
63.6) were observed. At 98 C, the broad signal was resolved
into the expected doublet [ = 54.9 (*Jpp = 41.7Hz)], dem-
onstrating that rotation of the Ar group about the PC bond
is fast enough on the NMR timescale for the two CF;
groups to become equivalent. At 90 C, however, two doub-
lets and two singlets were detected (Figure2).

L

8 (ppm)

Figure 2. Fluorine-19 spectrum at 376.35MHz and 90 C of a solu-
tion of ArAr"PCl in [Dg]toluene; the high-frequency doublet and
the high-frequency singlet are assigned to the Ar group and are
the resonances which broaden and coalesce at higher temperatures;
spectrometer operating conditions: pulse angle 34.8, 16 transients,
recycle delay 4.0 s

The doublet and singlet assigned to the Ar group were at
virtually identical positions to those at room temperature
( = 58.8 and 62.8, respectively), suggesting either that rota-
tion about the PAr bond is rapid on the NMR timescale
even at low temperature or that there is a single fixed con-
formation about the PAr bond. For the Ar moiety, a doub-
let at = 53.4 (*Jpr = 76.7Hz) and a singlet at = 55.8 were
found (consistent with the average and J observed at +98
C). We believe that the values of *Jpg in systems involving
ArP or ArP linkages may contain a strong contribution
from through-space effects. Therefore, this result implies
that not only are the two CF5 groups of Ar inequivalent at
83 C, but also that one of them may be appreciably further
away from the phosphorus atom. This was subsequently
confirmed by the crystal structure, determined at 123 C (see
below). 'F NMR spectroscopic data are summarised in
Tablel.

The Ar group rotation about the PC bond was investig-
ated in detail by bandshape fitting for 12 temperatures be-
tween 15 C and 90 C on the basis of two-site equal-popula-
tion mutual exchange. The coupling to 3'P involves sum-
ming the intensity of two such exchange pairs, with equal
intensity but slightly different effective chemical shifts for
one of the sites. Figure3 shows the Eyring plot for the ex-
change. The resulting thermodynamic parameters are: H =
51.0 0.6kJ mol' and S = 8 3 J K' mol', the errors quoted
representing only the statistics of the linear fit.

The '3C{'H} NMR spectrum was also recorded for a
toluene/CDCl; solution at ambient temperature. Probable
assignments (see Figurel for the notation) are shown in
Table2, though some of these are necessarily tentative. In
particular the signals from the carbons to which the CF;
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Table 1. Comparison of fluorine chemical shift data in different situations for compound 1

Assignment J/ppmAT o/ PpPMAT JppmAr JppmAr (para) Averagelinewidth/Hz
Solution hif%h temp. 98 C 5491 58.8[®I 64.0
ambient temp. 22 C 550 58.9Md] 63.6
low temp. 83 C 53.4[l 55.8 58.8lfl 62.8
Solid high temp. 50 C 54.1 57.7 59.9 65.3 568
ambient temp. 4.3 58.0 60.3 65.5 597
low temp. 120 C 55.1 57.9,1159.2 [el 61.4 66.6 680

[l Doublet (double intensity). “Jpr = 41.7Hz. ! Doublet. “Jpr 56.8Hz. [l Broad, double intensity. 9 Doublet. “/pr = 58.3Hz. [
Doublet. “Jpr = 76.7Hz. T Doublet. *Jpr = 59.5Hz. &l Low intensity.

Ln(k/T)
W

28 30 32 34 38 3.8 40
1000/T (K"

Figure 3. Eyring plot for the exchange of the CF; groups of the Ar
moiety in ArArPCl by internal rotation about the PC bond in the
solution state

groups were attached were of low intensity (presumably be-
cause the recycle delay used to secure good S/N for the
other peaks was inadequate for relaxation of these car-
bons), and in a similar region to other signals. The presence
of two distinct resonances for carbons ipso to phosphorus
confirms the asymmetric nature of the title compound, as
does the observation of three different CF; signals, one of
double intensity.2

Table 2. Assignments for the solution-state '*C spectrum of 1

Carbonl® /ppm J HzIb!

A 137.6 d, Upe 67.9

B 136.7 d, Jpc 84.0

C 132.11Ll S

D 131.1 s (broad, double intensity)
E 134.2 d, 2Jpc 8.7

F 128.0 d, 2Jpc 3.4

G 123.7 m, 3Jpc 5.0

K 123.18cl q, 'Jrc 275.8 (double intensity)
L 123,241 qd, Ure 275.5, 3pe 3.4
M 123.1 q, WUpe 272.6

N 132.06¢ m

(6] 132.3 m

P 131.8 m

[a See Figure 1. [ Only the magnitudes of coupling constants were
obtained, not the signs. [l Although the absolute accuracy of the
chemical shifts is only quoted to one decimal place, a further digit
is given when two signals are very close but resolved.

Residual Dipolar Coupling Between 3'P and 33 CI

A single phosphorus environment for 1 in the solid state
is indicated by the 3'P CPMAS spectrum, as expected from
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the fact that the crystallographic asymmetric unit is one
molecule (see below). However, the signal was split into
four lines at the lowest applied magnetic field used due to
the effect of the adjacent chlorine (Figure4, lowest trace).
The apparent chemical shifts of these lines were = 75, 72,
66 and 62 for the 200MHz spectrometer, the last two not
being completely resolved (though a shoulder was easily ob-
servable). The four shifts were obtained by deconvolution
using the Spinsight software.[!?]

3, / ppm

Figure 4. Phosphorus-31 {'H} spectra of solid ArArPCl;
centreband region only; spectral frequencies (top to bottom)
242.95MHz, 121.42MHz, 81.02MHz; cross-polarisation from pro-
tons; contact time 9 ms, recycle delay 5 s, number of acquisitions
between 150 and 450

The nature of the splitting was identified by running
spectra at different field strengths, namely on the 200, 300
and 600MHz (proton) spectrometers (Figure4). The split-
ting decreased on both a frequency and a ppm scale, con-
firming that there is a single phosphorus resonance affected
by residual dipolar coupling to the adjacent quadrupolar
chlorine. Such coupling can be contrasted with the cases of
isotropic (indirect) coupling or crystallographic splittings,
which decrease in ppm and increase in Hz, respectively, on
going to higher magnetic field strength. Where all four lines
can be seen (for the CMX 200 spectrometer), the separa-
tions of the lines are 228, 602 and 287Hz (from high to
low frequency). The first two splittings were still resolved
at 121.42MHz and are 188 and 449Hz respectively. At the
highest field no splitting was observed within the linewidth
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of 650Hz (the separation of a high-frequency shoulder peak
from the signal maximum was approximately 350Hz). At
each field the individual bandshapes did not show any sig-
nificant changes over the spinning sideband manifold. The
value of the isotropic coupling constant, Jpcy, is likely to be
around 100130Hz in magnitude,!'¥ so it is not surprising
that no splitting from this cause is resolved at the highest
field. At 121.42MHz the appearance of the spectrum ap-
proached that of a doublet (i.e. Jpcy not significantly effect-
ive),['¥l whereas at lower field there was further perturba-
tion, producing a more complex multiplet.

From ab initio calculations using Gaussian94,!'! the elec-
tric field gradient (EFG) of the quadrupolar chlorine nuc-
leus can be estimated. For this computation the full molecu-
lar structure was used, and the calculations to give the
NMR parameters also included a structural energy minim-
isation. Results were converted to an appropriate axis sys-
tem within a Mathcad worksheet. is calculated by multiply-
ing ¢ (obtained in atomic units as the largest component of
the electric field gradient from a HartreeFock approxi-
mation using the 631g* basis set) by 2.3495 103 C J! s!.
Values of of 55 and 44MHz were calculated for 3*Cl and
37CI respectively, with the major EFG axis approximately
along the PCl bond and a low value (but nonzero) for the
asymmetry parameter. NQR frequencies of magnitude 25.5,
25.7 and 26.3MHz have been reported for Et,PCI, Bu,PCl
and (C¢Hs),PCl, respectively.['® These represent the magni-
tude of 1/2¢*Qql/h (i.e.1/2) if the asymmetry parameter is
zero, and therefore show that the values used in the calcula-
tions for the compound studied here are reasonable. The
value of D may be obtained for 1 from the known PCI dis-
tance of 2.0608(6) A (this work). For 3'P, 35CI the result is
D = 662Hz, whereas for 3'P, 3Cl it is 551Hz. Thus values
of , the parameter defining the second-order effects under
perturbation theory, may be calculated, assuming D = D
(i.e. ignoring J). These results are given in Table3. The pre-
dicted values are of the correct order of magnitude to ac-
count for the observed splittings, but a reasonable fit to the
spectra at the different fields cannot be obtained, so a more
accurate calculation is required.

tween the PCI interatomic distance and the EFG axis). A
nonzero value of the isotropic scalar coupling, Jpc;, can
also be incorporated. The values of used were: S5SMHz for
the *>Cl isotope and 44MHz for 3’Cl (vide supra). The mag-
nitude of J('P, 33Cl) was set to a little lower than the liter-
ature values for related systems,'? i.e. to 100Hz (which im-
plies that JG'P, 7Cl) is 83Hz), since this seemed to yield a
slight improvement in the fitting, and D was given the value
calculated from the crystal structure (therefore assuming a
negligible value of the anisotropy in J). As indicated before,
a splitting of ca. 100Hz is significantly less than the ob-
served linewidths and so will not be resolved, but it may,
however, contribute to the distortion of the multiplet pat-
tern. The relevant parameters were varied in the simulation
and fitting by eye attempted. Altering D to include a pos-
sible anisotropy in Jpc; would lead to a slight change in the
total width of the whole pattern, but changing the value of
D (D) from 500 to 660Hz does not, in practice, have a signi-
ficant effect on the simulated spectrum. A larger magnitude
of Jpc; than 100Hz does lead to an increase in the outer
splittings and a smaller value for the largest central split-
ting. However, changing the sign of Jpc; has a much more
marked effect. Whereas a positive value led to substantial
discrepancies between observed and simulated spectra, a
negative value resulted in a good fit (see Figure3 and 4) at
both 81.02 and 121.42MHz. Several different angles were
used (in the range 0 to 180) and the approximate splittings
of the simulated bands compared to the experimental data.
The best agreement at 81.02MHz was found with = 0,
giving approximate splittings of 200, 670 and 300Hz meas-
ured between the centres of gravity of the simulated powder
patterns involving 3°Cl (experimental values are 228, 602
and 287Hz). If is increased to 20, the splittings move signi-
ficantly away from the experimental values, giving four
bands with more nearly equal separation. At higher values
of , of around 90, the lines converge and the difference be-
tween the experimental and simulated spectra is obvious.
Given that this system consists of a directly bonded spin-
pair involving a monovalent quadrupolar nucleus, co-axial-
ity of the EFG and the PCI bond is expected, so this result

Table 3. Theoretical parameters for the reduced P,Cl dipolar splittings observed for compound 1

3P frequencyMHz Isotope DHz[ MHz Hz 2Hz Observed splittingHz"!
81.02 335C1 662 557 1114 860

37C1 551 44 446 892

121.42 35C1 662 372 744 560

37C1 551 44 297 594

242.95 35C1 662 186 372 350

37C1 551 44 149 298

[l Assuming rpc; = 1.93 A. T Doublet splitting at the highest field, and approximate separation of the midpoints of the pairs of doublets

at 81.02 and 121.42MHz.

Using a program based on the full Hamiltonian ap-
proach,®!”! the bandshapes at 200 and 300MHz were simu-
lated (Figure5). This calculates the MAS spectrum of a spin
1/2 nucleus under the influence of a quadrupolar (I = 3/2)
spin, with the assumption of axial symmetry of the electric
field gradient, but with variation allowed for the angle (be-
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gives confidence in the methods used. The calculated split-
tings (for = 0) involving **Cl at 121.42MHz are 270, 470
and 230Hz (compared with measured values 188 and
449Hz, the third splitting being unresolved in this experi-
mental spectrum). At 242.95MHz, there is not sufficient
resolution in the experimental spectrum to make any mean-
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ingful comparison with the simulated lineshapes. However,
the overall width of the lines shows reasonable agreement
with the width of the unresolved doublet.

b T T T 1
1200 800 400 0 -400 -800 -1200
Lineshapes / Hz
Figure 5. Experimental (upper solid lines) and simulated

centreband shapes for the 3!P spectra of solid ArArPCl run at
121.42MHz (a) and 81.02MHz (b); the calculated powder bandsh-
apes are shown below for coupling to **Cl (black lines) and 3’Cl
(grey lines) in the appropriate proportions, with JC'P, 3°Cl) =
100Hz and JC'P, 3’Cl) = 83Hz, respectively; the dotted lines rep-
resent the two simulated spectra, with a line broadening of 100Hz

A value of slightly lower in magnitude (around S0OMHz)
than that calculated by ab initio methods was found to be
perhaps more appropriate for the most abundant isotope,
35CL. In this case the simulated bands are brought slightly
more in line with the experimental data. With an even lower
value of the intensity differences between calculated and
experimental spectra become more significant. Perturbation
theory makes it clear that the principal variable is the prod-
uct D.

Figure5 shows a comparison of the experimental and fi-
nal simulated lineshapes. There is obviously significantly
more broadening of the experimental lineshapes, but for
ease of distinguishing the individual lines the simulation
linewidth was kept low. The contribution from 37Cl gives
significantly different lineshapes to that from 33Cl (see Fig-
ureS). The simulated spectra were obtained by summing the
two contributions in the appropriate proportions. After line
broadening has been applied there are only minor discrep-
ancies between observed and simulated spectra, so it is clear
that the parameters used for the latter are close to their
correct values. In particular, it is proved that isotropic Jpc
is negative (Figure6). Because of the quadrupolar nature of
the chlorine isotopes, very few values of this coupling con-
stant have been reported, and this is the first determination
of the sign.

Of course, there are still assumptions involved in the
spectral simulation, especially axial symmetry in the EFG
tensor, and there were limitations of not being able to op-
timise all the parameters by small increments because of
the computational time involved in the calculation of each
spectrum. This work represents the first time a 3'P reduced
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Figure 6. Centreband 3'P bandshapes for solid ArArPCl at
121.42MHz (top 3 spectra) and 81.02MHz (bottom 3 spectra); for
each trio of spectra the top one is as experimentally observed, the
middle one is as simulated for J(*°Cl, 3'P) = 100Hz and the bottom
one as simulated for J(*Cl, 3!'P) = +100Hz; note that the simula-
tions do not include a contribution from molecules containing the
37Cl isotope

dipolar coupling pattern has been successfully simulated,
including the first use of combined 3°Cl and 3"CI effects.

Cross-Polarisation Experiments

Both '°F and 'H nuclei were used for polarisation trans-
fer to phosphorus. All three nuclei are abundant in the sense
that their natural isotopic proportion of the element is
99.9%. Therefore cross-polarisation dynamics are more
complex than may appear at first sight. For instance, al-
though results from a 'H3'P variable-contact-time experi-
ment may in general be fitted to only two parameters (a rise
time T and a decay time 7%}") these cannot be simply
related to the specific cross-polarisation time 7yp and
single-nucleus 7' respectively. Instead, both measured
parameters depend on Tp, Ti and 7V. A detailed analysis
of this problem may be found in refs.['>!°] On the other
hand, for compound 1, phosphorus is chemically dilute in
the sense that there is only one 3'P per molecule, which is
likely to result in a long 77 (motional questions notwith-
standing), as for the common case of '3C. When the ratio
of spins yvx = Ny/Nx for a system involved in an XY CP
experiment is low, deviations from simple behaviour are ex-
pected to be small. In the present case pg is 1:12 and py is
1:6. It is found that for both "F3!P and 'H3'P the rise of
magnetisation during a variable contact time is substan-
tially faster than the T)-dependent decay. For '°F to 3'P
cross polarisation, both the TORQUE (TOneRhoQUEnch-
ing)?% curve (for which the total constant spin-lock time
was 10 ms) and the standard cross-polarisation experiment
show an almost horizontal region at long spin-lock times.
This implies that 7} and 7% are both long. The measured
cross-polarisation time TH}p is relatively short (ca. 0.5 ms)
and T}" is a lot longer than the maximum duration of spin-
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lock pulse available from the amplifiers. It is therefore diffi-
cult to measure these accurately, but a value for 7T of ap-
proximately 100 ms was obtained from a 'F3'P CP experi-
ment, with a variable pre-contact spin-lock time. The effect-
ive value of Typ derived from 'H3'P cross polarisation is
longer, at 3.5 ms, than T%%. In the 'H3'P experiment the
TORQUE curve has a positive slope at long spin-lock time,
suggestingl!-181 T4 7% as expected.

Solid-State F Spectra

High-resolution '°F spectroscopy of solids containing hy-
drogen as well as fluorine has been the subject of relatively
few investigations to date because the proximity of '"H and
9F resonance frequencies requires a specialised probe to
facilitate proton decoupling with sufficient frequency fil-
tering. The present experiments provide evidence of the
value of solid-state '’F NMR spectroscopy for structural
characterisation when such problems are overcome. '°F
spectra (Figure7) of the solid powdered sample were ob-
tained over the temperature range 120 C to +50 C.

T T T T T T T

100 0 -100 -200
8/ ppm

Figure 7. Fluorine-19 direct-polarisation spectrum of solid Ar-
ArPCl; spectral frequency 188.3MHz, recycle delay 2 s, number of
acquisitions 400, spin rate 12kHz

Throughout this range, the spectra show four peaks of
approximately equal intensity within experimental error
(considering the overlap of lines), with chemical shifts of =
54, 58, 60, and 65, although no splitting arising from *Jpg
was resolved because the linewidths are broader than in so-
lution. These observations indicate that there are different
environments for all four CF3; groups, indicating the lack of
molecular symmetry and in conformity to the solution-state
spectra. Rapid internal rotation will cause averaging of the
positions, and therefore also of the chemical shifts of the
three fluorines in each CF; group. It is also observed that,
in contrast to the solution state differences in splitting due
to PF coupling between the four CF; bands, there were no
obvious variations in linewidths from deconvolution of the
four peaks for the solid state, so only average values are
quoted in Tablel. There was little change in the spectrum
as the temperature was lowered, and the value of 7% re-
mained relatively constant at around 0.9 0.1 s, within ex-
perimental error, from 20 down to 80 C, with a slightly
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lower value of 0.6 s at ambient temperature (27 C). All four
peaks showed small, similar trends in chemical shift to
lower values as the temperature decreased, possibly arising
from a variation in the referencing.

Solid-State 3C Spectra

The 3C spectrum of the solid (with cross polarisation
from protons, using a recycle delay of 5s and a contact time
of 8 ms) appears to consist of three peaks with chemical
shifts = 134, 133, and 129 (by deconvolution) (Figure8).
All these peaks were also observed in a dipolar dephasing
experiment!! in which only quaternary (or methyl) carbons
remain. With an echo experiment run with identical condi-
tions apart from the presence of the 50 s dephasing time, a
subtraction of the normal and dipolar dephased spectra
was made, resulting in a spectrum of protonated carbons
only. In this case a broad underlying peak was observed
with a maximum intensity at = 134. By taking advantage
of the different cross polarisation and decoupling combina-
tions possible in a fluorinated molecule and the triple-chan-
nel HFX probe, further conclusions about the carbon spec-
trum can be made. The low-frequency peak increases signi-
ficantly in intensity on application of cross polarisation
from fluorine, as does that at the highest frequency, indicat-
ing proximity of these carbons to the CF3 groups. The low-
est frequency peak also displays narrowing on application
of fluorine decoupling. Although all these peaks appear in
the aromatic '3C region, no peaks were observed in any
other region of this spectrum. It is concluded that the CF3
resonances are also contained within this region. This result
is supported by the solution-state spectrum described earl-
ier, where all the relevant resonances lie between = 138
and 123.

F-C cp HF dec

F-C cpHdec

H-C cp HF dec

H-C cp Hdec

[ S S S e S B B S B S S B S S B S R R B S R

200 190 180 170 160 150 140 130 120 110 100 80 80 70 60 80
8¢ /ppm

Figure 8. Solid-state '3C spectra at 50.33MHz for compound 1 un-
der various experimental regimes: cross polarisation, with contact
time 7 ms, recycle delay 10 s, spin rate 4kHz; '’F'3C CP and '"H'3C
CP used 280 and 64 acquisitions, respectively
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X-ray Structure of ArArPCI

The crystal structure of the title compound at 150K is
shown in Figure9, together with selected bond lengths and
angles; according to the October 1999 release of the Cam-
bridge Structural Database (CSD),??! this is the first
Ar,PCl compound to be structurally characterised. The
structure shows some interesting features arising from steric
and intramolecular interactions. The three covalent bonds
to the P atom have a pyramidal configuration,
complemented by two relatively short intramolecular con-
tacts PF(1) at 2.890(1) A and PF(8) at 2.897(1) A, approx-
imately in trans positions to covalent bonds [angles
C(9)PF(1) = 172.45(5); CIPF(8) = 163.08(3)]. These con-
tacts are shorter than the sums of the empirical van der
Waals radii® of P (1.91 A) and F (1.40 A), as well as the
theoretical ones (estimated as 2.05 and 1.42 A respect-
ively).?Y As deduced from the '"F solution-state NMR
spectra at low temperatures, there are marked differences in
the fluorine-to-phosphorus distances for the two ortho CF;
groups in the Ar moiety. The calculated distances to F(5)
and F(6) are 3.68 and 3.25 A, respectively, compared with
2.89 A to F(1) or F(2). Rapid rotation of each of these
groups about the CCF3 bonds is expected at higher temper-
atures, but the average PF distance will still be longer to
one CFj; group than the other. These observations allow the
F signal at 83 C at = 53.4 to be assigned to F(1,2,3),
assuming there is a significant through-space contribution
to “Jpr (see above). The short PF(8) distance is then con-
sistent with the existence of a moderately large *J[P,F(8)].
Such conclusions assume the structure of the molecule in
solution is very similar to that in the crystalline solid. There
is a possible hydrogen bond between the chlorine and the
ortho hydrogen of the Ar group, at a calculated distance of
2.52 A. This H-bond lies in the same plane as that of the
aromatic ring of Ar, and may thus play an important role
in determining the conformation of the compound. Because
of the influence of the bulky CF; groups, the two aromatic
rings form a dihedral angle of 94.

Figure 9. Molecular structure of 1, showing 50% thermal ellipsoids;
selected bond lengths (A) and angles (): PCl 2.061(1), PC(1)
1.875(1), PC(9) 1.852(1); CIPC(1) 100.23(4), CIPC(9) 102.10(5),
C(1)PC(9) 109.23(6)
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The PCI bond of 2.061(1) Ais relatively short; in eleven
previously reported R,PCI (where at least one of the R
groups is alkyl) structures (CSD) this distance varies from
2.06 to 2.35 A, with the exception of the four-membered
ring compound II, where it is reduced to between 2.01 and
2.03 A.251 The PCl distance is clearly sensitive to electronic
effects from other groups bonded to phosphorus, and its
shortening here can be attributed to the electron-with-
drawing properties of the CF3 groups on the aromatic rings.

cl
C
CI—P/ \P—Cl
A4
C
Cl,

I

Experimental Section

Synthesis of AArPCl: nBuLi (57 mL of a 1.6 M solution in hexanes,
91.2mmol) was added dropwise over 10 minutes to a solution of
1,3,5-tris(trifluoromethyl)benzene (ArH) (20.03g, 94mmol) in ether
(200 mL) at 78 C. The solution was allowed to warm to room
temperature and left stirring for four hours. A dark brown solution
containing ArLi and ArLi was formed. It was added dropwise at
78 C to a solution of PCl; (16 mL, 25.2g, 162mmol) in ether (100
mL) over 10 minutes. The mixture was allowed to warm to room
temperature, and a precipitate of LiCl slowly formed. This was fil-
tered off, and the solvent and excess PCl; removed from the filtrate
in vacuo, leaving a brown intractable oil. A mixture of ArPCl, and
ArPCl, (9.46g, 42%) was obtained by distillation at 45 and 0.01
Torr. Further distillation led to ArArPClI at 93 C (0.01 Torr); yield
(based on ArH) 7.45g, 26%. The compound was purified by recrys-
tallisation from hexanes. C;sH¢CIF,P (492.63): calcd. C 39.01, H
1.23; found C 38.94, H 1.24.

Solution-State NMR Spectroscopy: Solution-state NMR spectra
were recorded in Smm o.d. sample tubes on a Varian VXR 400
Fourier-transform spectrometer, operating at 100.57 (!3C), 161.91
(3'P) and 376.35 ('°F) MHz. Internal reference signals of TMS or
CFCl; were used for '*C and '°F spectra, respectively, while an
external reference of 85% H;PO, was employed for all 3'P spectra.
For the '3C spectrum, 12824 FIDs were accumulated, using pulse
angle 48.7 and recycle delay 3 s. The corresponding values for the
19F spectra were 16, 34.8 and 4 s, respectively, whereas those for
the 3P spectra were 492, 36 and 3 s, respectively. Fluorine-19 band-
shape fitting for the exchange process was carried out using an in-
house computer program involving a complete Liouville treatment
(including exchange rates, chemical shifts and transverse relaxation
rates as variables). This program was developed in the MATLAB
environment. Iteration to the bandshape was optimised to 2. Tem-
peratures were calibrated using the chemical shift differences be-
tween the CH; and OH resonances of methanol (for temperatures
below ambient) and between the CH, and OH resonances of glycol
(for high temperatures). The standard Varian hardware was em-
ployed for temperature control.

Solid-state NMR Spectroscopy: Because the sample could be sub-
ject to possible decomposition if exposed to moist air, it was sealed
in a small plastic insert, which then fitted tightly into the rotors
used.
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The spectrometers used for solid-state NMR were: Chemagnetics
CMX200, Varian Unity Plus 300, and Chemagnetics Infinity 600.
Most of the results were obtained on the lowest field spectrometer
with which three main probes were used. The diameters of the ro-
tors are: HX and HFX probes, 7.5mm, and HF probe, 4mm. These
allow almost any combination of observation, cross polarisation
and decoupling to be carried out, with the use of appropriate filters.
Recycle delays were initially determined by variable delay-time ex-
periments and checked by measurement of 7}! where appropriate.
A recycle delay of 5 s and a 1 ms contact time were found to be
optimum for the 3'P spectra. For cross-polarisation experiments,
optimum contact times were found by arraying this parameter and
choosing that with the greatest signal intensity. Spin rates used were
generally 46kHz with the 7.5mm rotors and 1015kHz for the 4mm
rotor. However, the small (3.2mm diameter) rotor system used with
the Chemagnetics 600 spectrometer meant that a speed of 16.5kHz
was easily attained. The frequencies of the individual nuclei on the
three spectrometers are: (i) for the Chemagnetics CMX200: 3'P,
81.02MHz; 13C, 50.33MHz; '°F, 188.29MHz; 'H 200.13MHz, (ii)
for the Varian Unity Plus 300: 3'P, 121.42MHz; '3C, 75.43MHz;
'H 299.95MHz, and (iii) for the Chemagnetics Infinity 600: 3'P,
242.95MHz; 'H 600.13MHz.

Referencing was done by replacement, setting the chemical shift
scales as follows using the compounds named: 3'P, CaHPO, set
to = 1.2 (w.r.t. the signal for 85% H;PO, at zero ppm, though this
primary standard was used directly as the reference on the 300MHz
instrument); '°F, C¢F¢ set to = 166.4 w.r.t. the signal for CFClj;
13C, high-frequency peak of adamantane set to = 38.4 w.r.t. the
signal for (CH3),Si. Fluorine shifts are corrected for the BlochSieg-
ert effect®®! at ambient probe temperature by recording the refer-
ence '°F resonance with high-power irradiation at the proton fre-
quency applied. The same correction is assumed to apply at low
temperatures. In all cases, the standard MAS, direct- or cross-po-
larisation sequences gave good '°F spectra with sufficient resolu-
tion to be able to use deconvolution to extract shift, intensity and
linewidth parameters, so that CRAMPS operation was not neces-
sary. Cross polarisation operation has the advantage of removing
the small, broad probe background '°F signal (which is observed
with direct polarisation), but as direct polarisation for fluorine can
lead to a better signal-to-noise ratio, in a comparable time, this may
be favoured when the background and desired signals are easily
distinguished or where the latter is much greater than the former.
Because of the resulting increased averaging of the strong homo-
nuclear interactions, spinning at the higher spin rates (ca.12kHz)
was found to give good resolution. Most spectra were recorded
at ambient probe temperature, but this may be in excess of room
temperaturel?’->81 by up to 15 degrees for the faster spin rates.

Fluorine-19 and phosphorus-31 spin-lattice relaxation times were
measured using the Torchia sequence,*” i.e. by '"H 'F (or *'P) CP
followed by a 90 '°F (or 3!P) pulse, a variable delay, and a 90 °F
(or 3'P) read pulse. Proton decoupling was applied during acquisi-
tion but not during relaxation. In general, coupled spin systems will
not yield single-exponential plots for relaxation times. However, the
present measurements generally showed reasonably single-exponen-
tial curves. For proton spin-lattice relaxation times the pulse se-
quence used consisted of a 180 pulse on the proton channel fol-
lowed by a variable delay, then a 90 'H pulse and contact to observe
31P spectra. The fitting of intensities in relaxation experiments was
done within Chemagnetics Spinsight software. That for 7' used a
three-parameter fit, taking into account the efficiency of the inver-
sion. The number of data points recorded at each temperature was
1520 for T%. For all 7| and T, measurements for *'P and 'H 12
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data points were recorded, the maximum spin-lock time (an instru-
mental restriction) for the latter being 20 ms, which obviously limits
the accuracy of measurement for long rotating frame relaxation
times. Measurements of 7 and T generally have statistical errors
of 28%, with the larger values being for longer relaxation times
(where the end of the decay is not observed due to, for instance,
limits on spin-lock time).

Spinning sideband analysis was carried out using an in-house pro-
gram, ssb97,3% based on the theory of Maricq and Waugh,3!
which includes the error analysis of Olivieri.['”! Between 5 and 11
peaks were fitted for the sideband manifolds analysed. The pro-
gram anychi-x, used for calculating bandshapes of spin 1/2 spectra
involving dipolar coupling to a quadrupolar nucleus, was written
in BASIC and provided by Olivieri.??!

X-ray Diffraction: The X-ray diffraction experiment was performed
on a SMART 1K CCD area detector, using graphite-monochrom-
ated Mo-K radiation ( = 0.71073 A). The structure was solved by
direct methods and refined by full-matrix least-squares against F>
of all reflections, using SHELXL-97 programs.3 Crystal data:
CsH(CIF,P, M = 492.63, T = 150K, triclinic, space group Pl
(No. 2), a = 7.949(1), b = 9313(1), ¢ = 12.369(1) A, =
104.25(1), = 90.49(1), = 96.35(1), U = 881.4(2) A3, Z = 2, D, =
1.856g cm?, = 0.43 mm!, crystal size 0.36 0.34 0.34mm, 10579
reflections (4735 unique), R = 0.032 [4253 data, I 2(])], wR(F?) =
0.086, 1y = 0.58 eA.

Crystallographic data (excluding structure factors) for the struc-
ture(s) included in this paper have been deposited with the Cam-
bridge Crystallographic Data Centre as supplementary publication
no. CCDC-148986. Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road, Cambridge CB2
1EZ, UK [Fax: (internat.) + 44-1223/336-033; Email: deposit@-
ccde.cam.ac.uk].
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