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Line-shape analyses of the proton-decoupled *'P NMR spectra of F,P(SCH3), CF;PF3(SCH;) (including in this case !°F
dynamic behavior of the CF; region), (CF;),PF,(SCHj;), and (CF;);PF(SCHj) have been carried out. Two processes can
be distinguished in CF;PF;(SCH,): the five-coordinate permutation (i.e., Berry pseudorotation (BPR)) and the rotation
of the SCH; group about the P-S bond. Respective barriers (AGag*) are 12.8 (£0.6) and 10.2 (£0.3) kcal. The AG,gs*
values of 10.0 (£0.2) and 11.0 (£0.3) keal/mol obtained for the observable process in (CF;),PF,(SCH;) and CH;(C-
F;)PF,(SCH3;), respectively, are attributed to a pure rotation process since there is no spectral evidence to support CF;—F
positional interchange. The processes which equilibrate the three distinguishable fluorine environments in F,P(SCH;) (a
pair of equatorial fluorine atoms and two distinct axial environments) yield only one barrier of 11.0 (£0.3) kcal, /larger
than that reported for F,PN(CHj,),. Detailed analysis of the line shapes and the above behavior of CF;PF;(SCHj;), wherein
the processes are separable, strongly suggest that the permutational process in F,P(SCH;) is not concerted (i.e., BPR is
not intimately coupled with rotation about the P-S bond) but rather involves uncorrelated independent rotation and
pseudorotation processes represented by an overall barrier. The barrier to exchange (permutation of CF; groups) in

(CF,);PF(SCH,) is 11.5 kcal.

Introduction

As part of a study? of permutational processes in five-coor-
dinate phosphoranes with monofunctional substituents, we have
undertaken a study of the energetics of the NMR-observable
processes (axial-equatorial permutation and/or P-S bond
rotation) in the (methylthio)phosphoranes F,P(SCH;),? CF;-
PF,(SCH,), CF,(CH,)PF,(SCHj,), (CF;),PF,(SCHj,), and
(CF;);FP(SCH;).* The angular SCH; group introduces
magnetic nonequivalence in the biaxial F environments in all
but the last compound. This nonequivalence permits the de-
termination, in favorable cases, of a barrier for the P-S bond
rotation process, a process which has not hitherto been exten-
sively analyzed.

Results and Discussion

A. Tetrafluoro(methylthio)phosphorane. The limiting low-
temperature '’F NMR spectrum of F,P(SCH;) at 183 K
agrees with that described previously,® showing three distinct
fluorine environments. The coupling constants obtained herein
from °F and *'P NMR spectroscopy, confirmed by calculation
of the spectrum with NUMARIT,® are given in Table I and are
in fair agreement with those reported earlier.” The discrep-
ancies may be due to the absence of a signal lock in the pre-
vious work. The proton-decoupled 3'P low-temperature lim-
iting NMR spectrum of F,P(SCHj;) (Figure 1) consists of 12
lines: a triplet of doublets of doublets which is consistent with
the assignments based on the °F NMR spectrum.

The static ground-state structure of F,P(SCHj3) is most
likely a trigonal bipyramid® with the SCH; group located in
an equatorial position and lying out of the equatorial plane
in such a way as to create magnetically nonequivalent axial
fluorine environments.>*

Because the axial fluorine environments are not equivalent,
the exchange process has two observable features: permutation
of axial and equatorial fluorine environments and mutual
exchange of the unique axial fluorine environments. The latter
process is equivalent to rotation of the SCH; group about the
P-S bond (or to inversion at sulfur®). Regardless of the un-
derlying mechanism, it is clear that in order for the observed
spectrum to be reproduced both “pseudorotation” (i.e., Berry
pseudorotation'? (BPR) or its permutational equivalent!!) and
P-S bond rotation must cease. The process may be viewed
in two ways. In the first a correlated motion is visualized in
which the fluorine permutations are coupled to P-S rotation

such that axial-equatorial fluorine interchange is accompanied
by 90° rotation about the P-S bond, thus destroying the
equivalence of the equatorial fluorine atoms upon their trans-
formation into the axial environment. A kinetic magnetiza-
tion-transfer matrix'? based on this model is given in Table
II. The magnetization-transfer possibilities represented by
elements in this matrix are multiplied by a rate constant which
is the unique rate for the concerted process. Alternatively we
may consider both processes to be independent (noncorrelated)
and to proceed with an overall rate which is the combined rate
for pseudorotation and rotation. A matrix constructed on this
concept in which the relative rates of rotation and pseudoro-
tation are 1:4 is given in Table IfI. Both cases involve
magnetization transfer between the same lines, but the dif-
ferent internal relative rates make the elements in the kinetic
transfer matrix different. The gross features of the spectrum
are accounted for by each of these matrices (Figure 2). Ma-
trices derived for non-Berry processes do not fit the spectrum;
hence such processes may be excluded. We cannot of course
distinguish between equivalent processes or nonobservable
processes, 01113713

Detailed examination of the behavior of the spectra in an
intermediate exchange region suggests that the correlated and
noncorrelated processes may be distinguishable as illustrated
in Figure 3. The former model yields calculated spectra which
show a prominence of the central line which is not present in
the experimental spectrum, and we suggest that the line shape
is better reproduced by the matrix for the noncorrelated pro-
cesses. It is possible that the subtle difference in the line shapes
of F,P(SCH;) models is due to the use of approximate sym-
metrized wave functions instead of the true eigenfunctions
(wherein the mixing of states is accounted for). This possi-
bility, and the fact that only one barrier value for ostensibly
two processes is obtained, renders the conclusion less convinc-
ing than the case of CF;PF;(SCH;), discussed below, where
the barriers are separable.

Thermodynamic parameters extracted from Arrhenius and
Eyring equations* are given in Table [V, In all cases barrier
comparisons are based on the more reliable AG* (evaluated
at 298 K) values rather than E,.!” Notably the barrier to
pseudorotation in F,P(SCH;) is larger than that obtained!®
for F,PN(CH,;), in contrast to the qualitative estimate of a
smaller relative barrier to exchange in F,P(SCHj) estimated
earlier.!® This emphasizes the value of proper barrier analysis.

0020-1669/79/1318-3400801.00/0 © 1979 American Chemical Society



Permutations in Phosphoranes

T=188°K

1 N { N L . i R ] L ]
-2400 -3400 ~4400 -5400 -6400 <7400 Hz

) R | N TR
SN 7 \\‘:?‘\ !

Figure 1. 3'P{'H} (36.4 MHz) FT NMR spectrum of F,P(SCH,) at
‘188 K. The stick diagram shows the spin-splitting patterns. The scale
gives offset frequencies corrected to P4Oq reference measured with
heteronuclear lock system.
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Figure 2. Temperature-dependent *'P{!H} FT NMR spectra of F,P-
(SCH,;) in the intermediate exchange region. The calculated spectra
were obtained with the uncorrelated matrix. The frequency scale gives
the offset frequencies relative to the P4O reference.

B. (CF),PF,(SCH,) and CF(CH;)PF,(SCH,). These two
compounds are characterized by magnetically nonequivalent
(axial) fluorine atoms in the limiting low-temperature spec-
trum. The only differentiable NMR permutation process is
mutual axial F exchange, equivalent to P-S bond rotation,?
and, in order for the spectrum to be reproduced, the permu-
tation matrix for each system, given in Table V, is repeated
seven or four times, respectively, for groups of lines spaced
by ZJpr. The CF; group is assumed to be freely rotating. The
limiting low-temperature spectra (parameters in Table I) are
in agreement with a trigonal-bipyramidal ground-state struc-
ture with SCH; occupying an equatorial site (along with the
two CF, groups) and lying out of the equatorial plane. While
the NMR data do not exclude the possibility that the non-
equ1va1ent fluorine atom environments in CH;(CF3)PF,(SC-
H,) arise from a square-pyramidal structure such as C (Figure
4), the required CF, inequivalence is not observed in the case
of (CF,),PF,(SCH,;) and structures A and B seem to be the
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Figure 3. Details of the central region (-4100 to —6500 Hz) of the
3P NMR spectrum calculated for different exchange matrices for
F,P(SCH,). Parts a—c describe (a) coupled BPR and P-S bond
rotation, (b) uncorrelated BPR (90%) and P-S bond rotation (10%),
and (¢) a combination of uncorrelated BPR (80%) and P-S bond
rotation (20%), and part d is the experimental spectrum at 238 K.
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Figure 4. Structure of (CF3),PF,(SCHj;) (A) and possible structures
of CF;(CH;)PF,(SCH,) (B and Q).

most reasonable choices. It is notable that 2/pg and @cg, are
temperature invariant, suggesting that the environment of the
CF, group is unchanged throughout the experimental tem-
perature range. The normal-temperature values of ¢ and 'Jpp
are weighted averages of the low-temperature limiting values,
indicating that exchange averaging is responsible for the be-

“havior of the spectrum.

The exchange process responsible for the averaging process
in these two compounds may be cessation of (a) the free
rotation of the SCH; group about the P-S bond® or (b) an

intramolecular exchange process which interchanges the fluo-

rine environments relative to a fixed SCH; group (with the
CH, out of the equatorial plane). The latter intermolecular
exchange process cannot be a BPR (or the permutationally
equivalent turnstile rotation (TR)) type because these processes
cannot interchange the two axial directly bound fluorine atoms
while maintaining the SCH;, group in a fixed orientation. A
third alternative (¢) is a concerted mechanism in which the
P-S bond rotation is closely coupled with the ligand positional
exchange process. Kinetic magnetization-transfer matrices
are identical for processes a and ¢, and these processes cannot
be differentiated. In view of the indication above that BPR
and P-S bond rotation are not concerted in F,P(SCH,), we
favor the simplest process (a), and the derived thermodynamic
parameters (Table IV) are attributed to the P-S bond rotation
barrier.

C. (Trifluoromethyl)trifluoro(methylthio)phosphorane. The
9F NMR spectrum of CF,PF;(SCH,) (Figure 5) at 273 K
(the highest temperature investigated) showed three features:
(a) a doublet of quartets due to the CF; group, (b) a very
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Table I. NMR Data for (Methylthio)fluorophosphoranes

Cavell et al.

chem shift coupling constd
compd 7,°C 1% or® ocr,” 0% Yp.p, P-Foy Vp-F Vp-H Ve-m Yr-m Yr-m Vpr  VE-F
F,P(SCH,)® 0 807 45.5 146.2 10327 ceel e ... 218 ...
14.18 1055/ 90.5!
—90{ 7.5h 917k 105.0™
58.21 1044 19.07
CF,PF,(SCH,) 0 7.5 69.2 140.0 1028.8"  168.0 ... 232 ... 18 82.0!  12.0f
16.18 9277 168.8 71.0M  16.0°
—90{ 24,81 ... 1057k 41.0"  4.0P
76.2! 1081.50 ... 16.09
(CF,),PF,(SCH;) 33 772 41.0 674 1424 9247 1305 ... 222 ... L7 ... 165
_100{ 38.7 867
45.1 986"
8.06"
(CH,)(CF,)PF,(SCH,) +30{ T1gs 204 69.8 1272 804 148 18.0 200 122 17 ... 150
18.0¢ 728 50
-90{ 26.4h 860k
(CF,),PF(SCH,) +30 792 1.0 61.7 16l5 980 103.7f L. 192 ... 25 16.5
—6 60.3¢ 161.5 975 1075
—70{ 59.9¢ 33.8t 13
1344

% Ppm relative to internal tetramethylsilane, r = 10.0. b Ppm relative to internal CCI,F with positive values indicating resonance to high
field of the standard. © Ppm relative to P,O, as external (capillary) reference,*® positive values indicating resonance to high field of the stand-

ard. ¢ In units of hertz. © Parameters are in fair agreement with those given in ref 5.

Average value. & Unique axial environment of one F

(type A), designated F,y. h Unique axial environment of one F (type B), designated F,,'. ' Equatorial fluorine atom environments. / Phos-
phorus coupling with type A axial fluorine. k Phosphorus coupling with type B axial fluorine. ! Fax'-Feq coupling constant. ™ Fay-Feq
coupling constant. ™ Trans Fyy~Fgay coupling constant. © Coupling between CF, group and the type A axial fluorines. ® Coupling between
the CF, group and the equatorial fluorine. 9 Coupling between the CF, group and the type B axial fluorine. " CH, on P. ¥ CH, on S.

t Axial CF, group. Y Equatorial CF, group. Y The axial CF, chemical shift is estimated because this portion of the spectrum is complex at
this and lower temperatures. The coupling constants are reliable because they are clearly resolved in the *'P spectrum.

Table II. Magnetization-Transfer Matrix for Concerted
“BPR” and Rotation

—tﬂ =3 o =} el z @ z Rel z @ 3 [s21
W @ @ w » B8 9 = s 5 @ =)
P2 T 3 B @ mw @ @ @ @« w @
v B z o] z <] =] o] B o3 <o) w @
eelala’
aalala o 0 0 0 o o0 0 0 o 0 0 0
aalald 0-1.0 0 0 1.0 0 0 O o o0 0 0

aalBla 0
aalB|B 0 0
aBlala 0
af|alB 0 0 0 0
aB|Bla o0 0 0 0 0
aBl8l8 0o 0o o0 0 0 0
galola o o o0 1.0 0 0 0 0 -1.0 0 0 0
8B a8 o 0o o0 0 o 0 0 1.0
BBlBla 0 0 o0 © 0 0 0 1.0 ©

ggfgjg o o o O B4 0O O O O O O O

broad doublet at low field (¢ = 23.2, WJpg = 1000 Hz), and
(c) a single high-field broad band centered at 81.1 ppm which,
considering the low temperature limiting I°F spectrum, is best
assigned as the high-field half of a second directly bound P-F
resonance. At 273 K, therefore, axial and equatorial fluorine
atoms are nonequivalent but fluorine exchange is occurring
at intermediate rates and the lines are broad. The limiting
low-temperature spectrum, obtained at 173 K, is consistent
with the presence of four different fluorine environments ar-
ising from one equatorial fluorine (at high field), two different
axial fluorines (at low field), and one equatorial CF, group
also located toward the high-field region of the spectrum.
Although accidental overlap of one portion of the equatorial
F signal with the CF; signal occurs, both features can be

clearly distinguished in the 173 K spectrum.

The proton-decoupled 3!P variable-temperature NMR
spectra (Figure 6) were similarly interesting, consisting es-
sentially of a quartet of quartets at 293 K. The intensity ratios
and widths of the central quartets suggested that the deviations
from ideality were due to a reduction of the rate of a molecular
process, in particular the averaging of the three directly bound
fluorine environments. The sharp quartet of quartets observed
at 223 K is a consequence of the isolation of an equatorial
fluorine environment with continued axial-axial fluorine
exchange—that is “pseudorotation” has ceased but P-S bond
rotation continues. The spectrum is best understood by in-
spection of the transfer matrices for the system (Table VI)
because at 223 K the system is still in the intermediate ex-
change region. The matrix for “pseudorotation” (Table VIA)
provides only two lines which are unaffected by exchange
whereas the rotation process (with a static equatorial fluorine
atom) provides a matrix (Table VIB) with four lines unper-
turbed by exchange. Each of these “lines” is of course a
quartet group due to 2/pp coupling to the CF; group. Since
the two groups of lines are defined by spin states differing only
in the equatorial fluorine spin state, 1JPFeq is visible at this
temperature. The broad lines present in the 223 K spectrum
are the lines affected by the rotation process, and this process
can be analyzed independently from this point. At the lowest
temperature, when all exchange has been stopped, these lines
sharpen and the limiting spectrum shows each of the unique
coupling constants. The limiting spectrum is composed of a
double doublet of doublets, with each of these components
further split into a quartet by the CF; coupling, giving a total
of 32 lines (Figure 6).

There are therefore two discernible averaging processes in
CF,PF;(SCH,), and the difference in the potential barriers
between the two processes is sufficient to permit individual
analysis. As in F,P(SCHj), stopping only one of the processes
cannot account for the splitting patterns and intensities ob-
served in the '’F and *'"P NMR spectra at the low-temperature
limits. If the F ligand positional exchange in CF,PF,(SCHj;)
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Table IIl. K Matrix for Axial-Equatorial F Exchange in F,PSCH, (80% “Pseudorotation’ and 20% Rotation)®

LI z 2 = 3 @ 3 «@ 3 «@ 2 =
o B E @ @ > ) @ @ = = @ Y
o 3 ) = ) Y = @ = ey = @ @
eel a! a' ? =] ] = 3 ] -} ] ] @ =y 5= @
aalalo 0 0 0 0 0 0 0 0 0 0 0 0
aalalB 0 -1.0 0.2 0 0.8 0 0 0 0 0 0 0
aa|B|a 0 0.2 =-1.0 0 0.8 0 0 0 0 0 o 0
ac|g|® 0 0 0 ~0.8 0 0 0 .0 0.8 0 0 0
aBlala 0 0.4 0.4 0 -0.8 0 0 0 0 0 0 0
aBlalg 0 0 0 0 0 =~0.6 0.6 0 0 0 0 0
aR|B|a 0 0 0 0 0 0.6 =0.6 0 0 0 0 0
oB|B|8 0 0 0 0 0 0 0 =-0.8 0 0.4 0.4 0
gelala 0 0 0 0.8 0 0 0 0 -0.8 0 0o 0
g8|alp 0 0 0 0 0 0 0 0.8 0 -1.0 0.2 0
geiB8la ) 0 0 0 0 0 0 0.8 0 0.2 -1.0 0
gslBle 0 0 0 0 0 0 o o 9 0 0 0
@ For the *'P{!H} spectrum.
Table IV, Activation Parameters of F,P(SCH;) and (Triﬂuoromethyl)(methylthio)phosphoranes"’b
compd E,, keal AH* keal  AS*,eu  AGy* ¢ (Tay), keal AG,,.%, keal remarks
F,P(SCH,) 10 8+02 104+0.2  -2.0+0.9 10.9 + 0.3 (232) 11.0+ 0.3 uncorrelated BPR and rotation
(CF,),PF,(SCH,) 7.7 £0.1 7.3:0.1 -9.2+0.6 9.1+0.2(192) 10.0£0.2 P-S bond rotation
CH,(CF,)PF,(SCH,) 10.1 £ 0.2 9.7+0.2 ~4.2 + 0.7 10.6 + 0.2 (215) 11.0 £ 0.3 P-S bond rotation
CF,PF,(SCH,) 98+0.2 93202 -29+0.9 9.9 + 0.2 (192) 10.2+ 0.3 P-S bond rotation
11.8 £ 0.4 113+ 04 -5.0z1.6 12.7 £ 0.6 (270) 128+ 0.6 pseudorotation (BPR)
12,1 £ 0.3 11.6 £ 0.3 -35+1.0 12.5 £ 0.4 (238) 127+04 d
(CF;);PF(SCH,) 13.6 £ 0.4 13.1 £ 0.4 541+1.5 11.8 £ 0.5 (250) 115+ 0.6 BPR of CF, groups

@ Derived from 3'P line-shape analysis unless otherwise noted. ? The limits of error given in this table are those derived from statistical
analysis and do not include systematic errors. ¢ Determined at the average temperature (T,y, K), which is not the coalescence temperature.

Obtained from the analysis of the CF, region of the '*F spectrum which is sensitive only to the permutation (BPR) of the single fluorine
nuclei.
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Figure 8. Temperature-dependent °F (94.1 MHz) CW NMR spectra of CF;PF;(SCH;). The intensity scale at each temperature is arbitrary
but consistent as possible throughout each temperature. The strong CF; signals at 6500 Hz have been scaled down by a factor of 5. The
scale gives offset frequencies relatlve to CFCl, reference.
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Table V. K Matrix for Mutual Axial Fluorme Exchange in
CH,(CF,)PF (SCH,)? and (CF,) PF,(SCH,)

ala’
ala’ alo alg Bla glg
ala 0 0 0 0
alg 0 -1.0 1.0 0
Bla 0 1.0 -1.0 0
Big 0 0 0 0

% One of four 4 X 4 submatrices for calculation of the **P{'H }
spectrum, The complete ' P spectrum consists of a quartet due to
coupling of the phosphorus with the CF, group. Complete repro-
duction of the *'P{*H } spectrum with all couplings requires that
this matrix be repeated four times with line spacings given by 2Jpp

One of seven 4 X 4 submatrices which is repeated seven times
with spacing of *Jpp to reproduce the 3P spectrum.

TEMP.= 293°K
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Figure 6. Proton-decoupled 3'P FT NMR spectra of CF;PF;(SCH;)
at three temperatures. Coupling constants are shown in each segment.
At 293 K, the coupling constants are averaged although exchange
has not reached the fast limit. At 243 K, the lines unaffected by
rotation are sharp while those affected by P-S rotation are broad.
At 173 K, cessation of all processes (P-S rotation and pseudorotation)
gives a spectrum described by the three limiting 'Jpg coupling constants
and the 2Jpp coupling constant.

is considered only in terms of either the BPR or the TR
mechanism,!®!! then the latter would seem to be the more
favorable route since it would preclude involvement of a
“high-energy” species with CF; and SCHj in axial positions
of the TBP. The present analysis cannot of course answer this
question. Selected temperature-dependent *'P NMR spectra
used to determine the barriers are shown in Figure 7.

The averaging process also transforms the CF; signal from
a doublet of quartets to a double doublet of triplets as the
pseudorotation of directly bound fluorine atoms ceases. The
differentiation of the axial F environments, due to P-S bond
rotation, is not revealed in the CF; portion of the spectrum
because the relevant couplings of the two axial fluorine envi-
ronments are, within the resolution limits imposed by the
breadth of the lines in this portion of the spectrum (~2 Hz),
identical. Fitting this portion of the spectrum revealed a
barrier in agreement with that obtained for “pseudorotation”
from *'P NMR.

D. Tris(trifluoromethyl)fluoro(methyithio)phosphorane,

Cavell et al.

Table VI. K Matrices for Axial-Equatorial F Exchange in
CF,PF,(SCH,)®

A. Pseudorotation

aale
aale aala  aalg afla oplg BBl 8818
aala 0 0 0 0 0 0
aalf 0 -1.0 1.0 0 0 0
afla 0 0.5 ~0.5 0 0 0
oI 0 0 0 -0.5 0.5 0
88la 0 0 0 1.0 -1.0 0
BBIg 0 0 0 0 0 0

B. P-SCH, Rotation with Distinct Axial Fluorines

ala'le

ala'le  alale  olelf  olfle @Bl Blala  glalg  Bigla BIBIB

alala 0 0 0 0 0 0 0 0
alalg 0 0 0 0 0 0 0 0
alfle 0 0 -1.0 0 1.0 0 0 0
algig 0 0 0 ~1.0 0 1.0 0 0
Blale 0 0 1.0 0 -1.0 0 0 0
Blalg 0 0 0 1.0 0 -1.0 0 0
B18la 0 0 0 0 0 0 0 0
glgig 0 0 0 0 0 0 0 0

@ Each matrix is one of four submatrices. The quartet splitting
of the spectrum arises from coupling of the phosphorus with the
CF, group. Complete reproduction of the 3P {*H } spectrum re-
quires that this matrix be repeated four times with line spacing de-
termined by 2Jpy.
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Figure 7. Experimental and calculated FT proton-decoupled 3'P
spectra of CF,PF,(SCH,;) through the two regions of visible processes
(cessation of pseudorotation and rotation). Spectra were calculated
by using the matrix of Table VI,

(CF,);PF(SCH;). The proton-decoupled 3'P NMR spectrum
of (CF,;);PF(SCH,) at 273 K consisted of a doublet of the
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Table VII. Hydrolysis of (Trifluoromethyl)phosphoranes

Inorganic Chemistry, Vol. 18, No. 12, 1979 3405

amt of compd,

yield, g (mmol)

conditions g (mmol) CF,H CH,SH species in soln

CF,PF,SCH, neutral 0.169 (0.83) 2 F-,BF,” bd

alkaline 0.107 (0.52) a (CH,S),,° CF,PO,*" d
CF,(CH,)PF,SCH, neutral 0.120 (0.60) 0.022 (0.46) F,¢ HF,T,f CH,(CF,)PO,"~

alkaline (10%) 0.100 (0.50) 0.033 (047) 0.021 (0.44) CH,(CF,)PO,",F~° HF,~ f

satd NaOH a a CH,S$", CH,P0Q,%",F,°
(CF,),PF,(5CH;) neutral 0.237 (0.93) 0.042 (0.59) CF,P0,*", CF,PO,H"

alkaline 0.134 (0.53) 0.036 (0.51) 0.017-(0.35)

@ Observed but not quantitatively determined. b An unidentified species (o = 74.8 (CFCl,), J = 112 Hz) assigned to decomposition and

not hydrolysis was also observed. ¢ r=7.84.
¢ op=1209. Top=148.8.

central eight lines!® of a decet, suggesting the equivalence of
the three CF, groups. The breadth of the peaks suggested that
the reduction of the rate of an exchange process is responsible
for the appearance of the spectrum. The limiting spectrum,
obtained at 213 K, indicated a ground-state structure with an
axial F and one axial CF;, with the assumption of a trigonal-
bipyramidal framework.>* The spectrum at 213 K comprised
a doublet of the central five lines of a septet of quartets, arising
from a splitting of P-F axial doublet components into a septet
by the fluorines of the two equatorial CF, groups and further
splitting into quartets by coupling of the axial CF, group. The
magnetic equivalence of the three sets of CF; groups observed
at higher temperatures is therefore likely due to a ligand
rearrangement which averages the two CF; environments, a
conclusion which is further supported by the fact that high-
temperature %Jpp values are the weighted average of the lim-
iting 2Jpg coupling constants.?0

It must be emphasized that the observed spectra have been
investigated only between 263 and 213 K and do not provide
any evidence for a fixed orientation of the SCH; group relative
to the molecular plane. While we might have expected SCH,
rotation to cease at very low temperatures, similar to the
behavior of (CF3)2PF2(SCH3) and CH3(CF3)PF3(SCH3), it
is not possible to extract this information in this case. The
only process revealed by the NMR spectra of (CF;);PF(SCH3)
is the permutational interchange of CF, groups between axial
and equatorial sites.

Computer simulation of the variable-temperature proton-
decoupled 3'P NMR spectra at various rates gave spectra
which could be fitted reasonably well to the experimental
spectra, but the poor signal to noise ratio of the experimental
spectra introduced a greater error in the fitting procedure and
consequently in the AG,gs* value. The magnetization-transfer
(K) matrix is given in the Appendix.?!

E. Barrier Trends. Arrhenius plots are shown in Figure
8, and the barriers obtained are summarized in Table IV,

The AG,o5* value of 11.0 kcal obtained for F,P(SCH,;) is
perhaps best ascribed to random, equally probable, rotation
and “pseudorotation” processes which must both cease in order
to yield the observed low-temperature limiting spectrum. The
numerical value of the barrier is that given by the random
processes although the correlated process yields similar values
and also accounts for the gross features of the temperature-
dependent spectrum. The barrier to “pseudorotation” in F,P-
(SCH,) is larger than that for F;,PN(CHj),, in contrast to the
earlier suggestion,'® without barrier analysis support, that the
reverse order prevailed. Clearly more numerical results are
necessary to illuminate the barrier trends in the XPF, system;
the qualitative estimations employed to date for many of the
systems are clearly inadequate.

Rotational barriers of 11.0 kcal for CH,;(CF;)PF,(SCHj;)
and 10.0 kcal for (CF;),PF,(SCH;) are close to the barrier
obtained for F,P(SCH;) which includes a P-S bond rotation
component.

Two minor P~F components, presumably decomposition products, were also observed.

Iog‘0 (rate)

171 x10°
Figure 8. Arrhenius plots for the *'P dynamic NMR analysis of the
compounds studied herein: (1) (CF3),PF,(SCH,); (2) CF;PF3(SCH3)
for (a) rotation and (b) pseudorotation [the line labeled 2c represents
the fit of the CF; (1°F) spectrum of CF,PF,(SCH,) which is sensitive
only to the cessation of pseudorotation in the molecule]; (3) CH,-
(CF3)PF,(SCH;); (4) F4P(SCH3); (5) (CF4)3PF(SCHy).

Of the two barriers obtained for CF;PF;(SCH;) the value
of 10.2 kcal ascribed to the rotation process is in good agree-
ment with the values derived above. The higher barrier, 12.8
keal, is best assigned to the process (BPR etc.) which is thought
to be responsible for scrambling the directly bound fluorine
atoms. The barrier to pseudorotatory processes appears to be
generally higher for PF,X, systems than for the corresponding
XPF, compounds.2!42! Tt is notable that the “pseudorotation”
barrier in CF,PF;(SCH;) (12.8 kcal) is smaller than that for
CF,;PF;N(CH,); (15.6 keal),?? in opposition to the order of
the barriers in the XPF, analogues discussed above.

The barrier of 11.5 kcal for the averaging process in (C-
F3);PF(SCH,), which is assigned to pseudorotatory inter-
change of CF, groups between axial and equatorial environ-
ments, is smaller than that obtained recently? for the similar
process in (CF;);CH;P(SCH,), 15.5 kcal. The difference in
values is significant in spite of the larger error in the former.
Replacement of a CH; group by a halogen appears to reduce
the barrier,? as demonstrated by these two compounds. No-
tably similar barriers to pseudorotation are exhibited by these
and related compounds, 4?2 indicating that the energy barriers
are not greatly dependent on the mass of the substituent.

There are few previous data available for P~S bond rotation
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barriers in PY (or PI') systems.?® The present values appear
to be reasonable and indicate that both systems possess similar
barriers 2*»2% While it has been suggested that these barriers
arise from 7 bonding,? the question remains unsettled.'®

Experimental Section

Instrumentation. All manipulations were carried out in a Pyrex
vacuum system equipped with vacuum taps greased with Apiezon N
stopcock grease. Separations were effected by means of cold “slush”
baths prepared from frozen organic solvents,

Infrared spectra were taken with a Perkin-Elmer 421 infrared
spectrometer using a 9-cm gas cell equipped with KBr windows. NMR
spectra were obtained with a Varian HA 100 or Bruker HFX 90
spectrometer, the former (‘H, 100.1 MHz; I°F, 94.1 MHz) operating
in CW mode with homonuclear lock and the latter (*'P, 36.4 MHz)
in the pulsed FT mode with heteronuclear lock. Samples were prepared
under vacuum in sealed tubes as approximately 10% solutions in CCl;F
with, in the case of 3'P spectra, added proportions of CD,Cl, for 2D
lock. Chemical shifts are referred to (CH,),Si (‘H), CCL,F (1F),
or P,0¢ (*'P)?" standards, positive values denoting resonances to high
field of the standard. Temperature-dependent spectra were obtained
on both instruments equipped with the Bruker temperature controller,
the accuracy of which was established by separate calibration. Sep-
arate experiment showed that no detectable temperature gradients
existed in the sample tubes. Measurement of some exchange rates
at different concentrations indicated that, within the accessible con-
centration range, the process is concentration independent. No sig-
nificant variation in line width or chemical shift with temperature
was observed.

Mass spectra were obtained with an AEI MS9 instrument at an
ionizing voltage of 70 ¢V, using a specially designed direct-inlet system
to introduce the compound.

Preparations. (a) F,P(SCH;). F,P(SCH;) was prepared by co-
condensing a 1:1 mole ratio of (CH,);Si(SCH,) and PFsin a 10-mL
reaction tube, which was then sealed under vacuum and maintained
in an ice-water bath for 30 min. The volatile products were then
separated by passing the volatile materials through a series of traps
maintained at -63, —78, -96, and —196 °C.?> The bulk of F,P(SCH,)
was trapped at —78 °C. A second separation treatment of the material
trapped at ~78 °C removed the remaining traces of (CH,),SiF, the
other major product of the reaction. All NMR spectra of F,P(SCH,)
were obtained below 273 K because of the known? instability of this
compound.

(b) CF;PF,(SCH,). CF;PF;(SCH;) was synthesized in a manner
similar to that described above, using a 1:1 mole ratio of CF,PF, and
(CH,);Si(SCH3). The reaction system was maintained at =23 °C
for 1 h. Vacuum separation of volatile products yielded CF;PF,(SC-
Hj;), which was collected at ~78 °C, (CH,);SiF, which was collected
at ~96 °C, and unreacted CF;PF,, which was collected at -196 °C.
The product was characterized by its hydrolysis reactions in both
neutral and basic mediums (Table VII).

(¢) CF;(CH,)PF,(SCH,). CH;(CF;)PF; (0.275 g, 1.60 mmol)
was treated with (CH,);Si(SCH,) (0.147 g, 1.23 mmol) at room
temperature. After agitation of the mixture for 2 days, the products
were separated as above. The bulk of the desired product, CH;(C-
F3)PF,(SCHj,), was collected in the —45 °C trap. A small amount
passed through into the —63 °C trap, giving, in total, a quantitative
yield (0.248 g, 1.24 mmol, 100%) of CF;(CH3)PF,(SCH;). The
remaining volatile fractions consisted of (CH,);SiF and excess CH;-
(CF,)PF,; (total mass 0.179 g).

NMR spectral data for CH,;(CF,)PF,(SCH,) are given in Table
1 and hydrolysis results in Table VII. The infrared spectrum showed
the following prominent bands (with principal assignments): 2976
(m), 2951 (m), 2771 (w) (»(CH)); 1436 (m), 1316 (W) (0,.5ym(CHa,));
1266 (s); 1214 (s), 1196 (s), 1147 (s), 1076 (vw), 1027 (vs) (»(CF));
971 (m), 891 (s), 859 (s) (»(PF)); 799 (s), 769 (s) (Uasym(CFg)) 712
(m), 693 (m), 607 (m), 583 (s), 471 (s) cm™

The SCD, analogue was prepared in the same fashion: CH,(C-
F;)PF; (0.140 g, 0.813 mmol) was condensed upon (CH3),Si(SCD;)
(0.087 g, 0.706 mmol) [prepared by reacting (CH3);SiN(CH,), (1.330
g, 11.4 mmol) with CD;SH (0.647 g, 12.7 mmol) for 3 days at room
temperature, the yield of the deuterated silyl thioether being 75.6%
on the basis of the initial amount of (CH;);SiN(CHs,), used], and
the reaction vessel was agitated for 2 h at 0 °C. A 98% yield (0.139
g, 0.685 mmol) of the deuteriothiomethylated phosphorane, based
on (CH,),Si(SCD;) tonsumed, was obtained. Comparison of the 'H
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NMR spectra of both derivatives allowed the unambiguous assignment
of the NMR signal due to CH; attached to phosphorus.

(d) (CF3),PF,(SCH;). (CF;),PF, (0.709 g, 3.14 mmol) and (C-
H3)5Si(SCH3) (0.276 g, 2.30 mmol) were sealed in a tube and allowed
to react at room temperature for 1 h. Separation of volatile products
under vacuum gave (CF;),PF,(SCH,) (0.565 g, 2.22 mmol, 80%
yield), unreacted (CF;),PF;, and (CHj;);SiF. Hydrolysis results are
given in Table VIL.

(e) (CF;);PF(SCH,).* (CF,;);PF, (1.26 g, 4.56 mmol) and (C-
H3);Si(SCH,) (0.501 g, 4.19 mmol) were combined in a sealed tube
and allowed to react slowly while being warmed from -78 to -15 °C
over a 1-day period. Separation of the volatile products under vacuum
gave (CF;);,PF(SCHj;) (1.16 g, 3.5 mmol, 82% yield) plus (CH3;),SiF.
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Application of Molecular Orbital Theory to Transition-Metal Complexes. 1. Fully
Optimized Geometries of First-Row Metal Carbonyl Compounds
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Extended Hiickel theory, modified with the inclusion of two-body repulsion, has been used to reproduce and predict optimum
geometries, including bond lengths, of some first-row transition metal carbonyl compounds.

Introduction

The application of molecular orbital (MO) techniques to
transition-metal complexes is an increasingly active field.! In
general, studies have focused on bonding in organometallic
complexes and how such bonding is influenced by changes in
the coordination sphere. A few papers have contained an
examination of bonding changes during chemical reactions.?

We are interested in using MO calculations as a practical
guide for laboratory studies. It is our goal to develop the
capability for theoretical studies of, for example, relative rates
of reaction or the comparison of first- and second-order sub-
stitution pathways. Ultimately this might facilitate the design
of reagents for specific chemical transformations. Though it
is widely held that only the more sophisticated nonempirical
MO techniques can give reasonable results, recent work has
demonstrated that semiempirical techniques can make sig-
nificant contributions in this area.? This is important in terms
of cost, computer time, and simplicity if such calculations are
to become a routine tool of the experimentalist.

Throughout this work a semiempirical MO theory as derived
by Anderson is used.* It is similar to extended Hiickel theory
(EHT)? but contains a correction for two-body repulsion.
While the modified extended Hiickel theory (MEHT) retains
the ability of EHT to reproduce bond angles, it markedly
improves bond length determinations. MEHT has been ap-
plied to the interaction of small molecules with metal clusters
and surfaces as well as with a few organometallic derivatives.®

In this and future papers, we will use the MEHT approach
to determine the relative energies of complexes in ground,
intermediate, and transition states’ and will be less concerned
with a detailed MO analysis of the causes of geometry and
bonding. We will demonstrate that for certain classes of
complexes, reliable results can be obtained. In the present
paper we will examine the ability of MEHT to predict correct
bond distances and angles of some simple metal carbonyl
derivatives and fragments and compare the results with pre-
vious EHT studies by Elian and Hoffmann® and by Burdett.?
In the companion paper,'® we will compare calculated energies
against known thermodynamic values for some dissociative
processes.

Results

A. M(CO);. Octahedral symmetry requires that only bond
lengths be optimized. The optimized metal-carbon distances
for one d° [M = V(0)] and three d® [M = V(-I), Cr(0),
Mn(I)] metal complexes are 1.87, 1.86, 1.86, and 1.87 A,

respectively, with corresponding optimized carbon—oxygen
distances of 1.10, 1.11, 1.12, and 1.12 A. For vandium(0) and
chromium(0), both the metal-carbon and carbon—oxygen
distances are shorter than those of the experimental values
kV—C =2015(2) A, C-0 = 1.138 (2) A;)! Cr-C = 1.91 (4)

, C-O = 1.14 (4) A'2], This is somewhat exceptional—more
often the optimized bond lengths are longer than experimen-
tally observed distances (vide infra).

In the d° vanadium(0) case, the octahedral geometry should
be unstable due to first-order Jahn—Teller effects. In accord-
ance with the distortion expected on the basis of ligand field
theory, i.e., a shortening of a trans pair of metal—-carbon bonds
relative to the other bonds,'? the geometry of vanadium hexa-
carbonyl was also optimized under Dy, symmetry., The axial
vanadium-carbon distances shortened from 1.87 to 1.85 A
while the equatorial vanadium—-carbon distances lengthened
to 1.88 A. However, the D,, geometry was calculated to be
only about 0.5 kcal/mol more stable than the Oy, geometry.
While we have not attempted to calculate a complete Jahn—
Teller surface, the small energy difference between O, and D,,
geometries is not inconsistent with the observation that the
predicted Jahn—Teller effect is small enough to give rise, ex-
perimentally, to a dynamic effect.’ The ability to explore
Jahn-Teller distortions is a potential strength of geometry-
optimized MEHT calculations.

B. M(CO)s. Geometries in M(CO)s complexes were op-
timized under both D,, (trigonal bipyramidal), 1, and C,,

(square pyramidal), 2, symmetry restrictions. In several
0 o
¢
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studies using semiempirical®® and ab initio'*** techniques, the
molecular orbitals generated under these two symmetries have
been detailed. In general, our results are in agreement with
previous findings and, with a few exceptions, the known
structural data.!®2° The optimized bond distances and angles
are presented in Table I. Demuynck, Strich, and Veillard,!4
using large basis set ab initio techniques, have also optimized
metal—carbon bond lengths and angles for several of the same
complexes and their results are included in Table I in brackets.
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