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The solution structures of lithium benzeneselenoate (PhSeLi) and lithium diphenylphos-
phide (PhyPLi) in ether, THF, and mixtures with HMPA were studied by multinuclear NMR
techniques. Lithium benzeneselenoate is aggregated in ether, as established by observation
of 7Li—""Se coupling in both the "Li and ""Se NMR spectra (J1i—se = 18 Hz). It is probably
dimeric, although a cyclic trimer could not be definitively excluded. The titration of PhSeLi
with HMPA in ether produces initially a triply bridged dimer 1la ((PhSeLi);(HMPA)3;) and
eventually (with excess HMPA) a separated ion pair. In THF the reagent is likely a contact
monomeric species, as judged by Li and Se d values and the sequence of ion pair formation
during an HMPA titration. A mono HMPA contact ion pair and then a separated ion pair
species is formed. Lithium diphenylphosphide is also dimeric in ether. Higher cyclic
oligomers could be definitively ruled out by the analysis of the virtually coupled multiplet
for the ipso phenyl carbon signal, resulting from large (>120 Hz) P—P J coupling between
the lithium-bridged phosphorus nuclei. In THF, PhoPLi appears to be monomeric; treatment
with HMPA leads to formation of a mono HMPA contact ion pair, followed by ion separation.
When PhSeli and PhyPLi are mixed in ether, a statistical mixture of a heterodimer and the
two homodimers is formed. The heterodimer (PhSeLi‘PhoPLi) was characterized by 13C, 31P,
"Li, and ""Se NMR spectroscopy. It shows coupling between Li and P ({JLi—p = 46 Hz),
between Li and Se ({Js.-1; = 18 Hz), and between the lithium-bridged Se and P nuclei (%/s.—p
= 91 Hz). Higher cyclic oligomers can be strictly ruled out for the mixed oligomer on the

basis of the NMR spectra.

Introduction

The solution structure and reactivity of lithium salts
is profoundly affected by interactions between the
solvent and the lithium cation. Competition between
solvent (or solvent additives) and the anionic counterion
for coordination sites on lithium control aggregation
phenomena and the formation of contact and/or sepa-
rated ion pairs for monomers.

Although aggregation can be detected by colligative
measurements, J-coupling between lithium and at-
tached nuclei is a more convenient and less error-prone
technique, although subject to significant limitations.
Coupling to carbon was first detected for the more
abundant Li isotope, 7Li,2 and this nucleus usually
works quite well for monomers (which show larger
coupling than aggregates).®4212a—¢ However, reagents
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enriched in 8Li allow more general detection of the
characteristic multiplets resulting from the multicenter
bonding in lithium aggregates.®5¢ In favorable cases
multinuclear NMR techniques using lithium chemical
shifts and J-coupling of ®Li or "Li with NMR-active
anionic atoms (such as !3C in carbanions,!a—e4ab56 15N
in amides,”~® 1198n in lithium organostannates,’e:10 31p
in phosphides,!'12 or 29Sj in (trialkylsilyDlithium re-
agents?) can allow the determination of solution struc-
ture in considerable detail. Coupling with such atoms
in coordinating solvents such as HMPA, or in chelating
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groups (such as 15N in enriched amine or amide groups!?),
can be used to define the lithium coordination sphere
beyond contacts to the counterion. In addition to these
techniques, isotopic shift patterns can provide direct
information about aggregation state.l3

For lithium bonded to electronegative heteroatoms,
dimers and tetramers are often found in THF (Rq-
NLj,78ab ROLi,% LiCl,Xf MeSLilf) unless charge is well
delocalized and/or there is steric hindrance. For other
heteroatom-bonded lithium salts such as PhyoPLi,!! Rs-
SiLi,? and BusSnLile monomeric structures are observed
(R3SnLi is monomeric even in etherl®!0), In more
strongly coordinating media (THF—HMPA) a few such
lithium species maintain aggregated structures (phen-
oxides,® lithium amides’d), but many undergo ion
separation (e.g., LiC1,!f LiBr,1&f Lil,Xf M~SLi,1f MeSeLilf).

We report here the results of NMR studies of PhyPLi
and PhSeLi in THF, ether, and mixtures with HMPA.
Both are easily prepared nucleophilic reagents valuable
for the preparation of phosphines and selenides, which
have significant uses in organic synthesis.14"1€¢ These
reagents provide an especially favorable situation for
NMR studies since both 31P (100% abundance) and 7"Se
(7.7% natural abundance) are spin-1/; nuclei. We dem-
onstrate NMR techniques which allow the difficult
distinction between cyclic dimers and higher cyclic
oligomers to be made.

Lithium Benzeneselenolate has been little studied;
neither aggregation state nor ion pair structure (CIP/
SIP) in ether or THF is known. Various methods for
the preparation of metal selenolates produce reagents
of widely different reactivity.'® We reported recently
the characterization by HMPA titration in THF of
related salts MeSeLi and MeSLi.Xf The aggregation
state for MeSeLi was not determined; MeSLi was found
to be dimeric in THF. Both form separated ions in
THF—-HMPA, consistent with the finding that highly
nucleophilic thiolate and selenolate species are formed
in HMPA 1617

X-ray crystal structures of THF-solvated monomeric
lithium 2,4,6-tri-tert-butylbenzeneselenolate!® and a
mixed dimeric lithium—lutetium benzeneselenolatel®
have been reported.

Lithium Diphenylphosphides. A number of in-
vestigations have provided considerable insight into the
chemistry'4 and solution structure of PhoPLi.11,20-22 A
31P and "Li NMR study showed that lithium was coupled
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to two phosphorus nuclei, and vice versa, so that a cyclic
oligomer (probably a dimer) is formed in ether at low
temperature.!! These workers also examined PhHPLi
by NMR and found a cyclic trimer structure. A tet-
rameric structure has been claimed for PhoPLi in THF
solution, but this is probably in error.2° In addition, the
equilibrium between solvated monomeric ion pairs and
solvated dimers was found by 13C NMR to be solvent
dependent,?! with the monomer CIP favored in THF and
the SIP in the presence of added cryptand (C 2.1.1). A
number of X-ray structures of PhoPLi with different
complexing ligands have been reported: polymeric Pho-
PLi(Et30) and PhyPLi(THF)3,28 a TMEDA-complexed
dimer,2¢ lutetium—lithium mixed dimer,25 PMDTA-
complexed monomer,?* and a 12-crown-4-complexed
separated ion pair.22 An X-ray structure of lithium di-
2-pyridylphosphide shows that the contact ion pair lacks
a Li—P contact owing to coordination of the lithium to
the nitrogen atoms of the pyridyl rings.28

HMPA Titration Technique for Determining Ion
Pair Structure. We have reported that Li—P coupling
could be observed in low-temperature 3'P, "Lj, and SLi
NMR spectra of HMPA-complexed organolithium rea-
gents!h—d1 (3150 discovered independently by Snaith?72),
Under these conditions individual solvated species
having one to four HMPA molecules attached to lithium
can be detected and quantified, and the CIP/SIP transi-
tion reliably identified.2® As a result, properties of
lithium reagents long recognized as crucial in under-
standing reactivity, but for which experimental tech-
niques were lacking or difficult, can be determined.
Published work in this area has included principally
studies in THF solution and mixtures of THF with
dimethyl and diethyl ether. The systems studied have
included organolithium reagents,*~4f lithium ate com-
plexes,!f-i lithium halides,f-272 lithium amides,”8ab
lithium chalcogenides,*!f and lithium phenoxides.827

Low-temperature work in ether is complicated by the
poorer solubility of many lithium reagents and lithium
reagent—HMPA complexes and by the generally higher
aggregates found in ether than in THF. Only three
compounds have been reported: lithium fluorenide,f
(trimethylstannyl)lithium,!¢ and (tributylstannyl)lith-
ium.'* For the first two compounds, insoluble materials
formed at >1 equiv of HMPA. Interesting HMPA-
bridged dimers ((BusSnLi)2(HMPA)3) were observed for
the two stannyllithium reagents.!* Snaith and co-
workers have crystallized a number of lithium salt—
HMPA clusters from nonpolar media, including an
HMPA-bridged LiBr dimer analogous to (BusSnLi)s-
(HMPA);3.272 We report here additional examples in
diethyl ether.
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Figure 1. "Li and 3P NMR spectra of an HMPA titration
of 0.16 M PhSeLi in 3:2 THF—ether at —133 °C (h =
HMPA).

Results and Discussion

Lithium Benzeneselenolate in THF. The "Li and
77Se NMR spectra of PhSeLi (formed by the reaction of
diphenyl diselenide with n-BuLi) in THF or mixtures
of THF and ether are singlets. Although no Jpi-s.
coupling could be detected to provide direct information
about aggregation or CIP/SIP status, the chemical shifts
are informative. The selenium shift at § 87.3 is more
consistent with a monomeric CIP structure, since it is
52.3 ppm downfield of the known dimer in ether (see
below) and 123.7 ppm upfield of the SIP formed during
the HMPA titration discussed below. Similarly, since
the "Li shift at 6 1.12 is upfield of the dimer in ether (8
1.5) and downfield of typical SIP’s in THF (6 —0.6), a
monomeric CIP structure in THF—ether is indicated.
Separated ions usually appear in a very narrow region
between —0.35 and —1 ppm (exceptions are strongly
magnetically anisotropic SIP’s such as lithium fluo-
renide, which appears at 6 —1.5).1f

The assignment of structure of the THF species is
supported by the results of an HMPA titration in 3:2
THF—ether (Figure 1; see Table 1 for data). The
PhSeLi(HMPA) complex (d, 61; 0.85; 1:1:1:1 quartet, dp
27.94, Jr;—p = 8.5 Hz) formed at 1 equiv of HMPA is
also a CIP, as indicated by the "Li and 3'P chemical
shifts and proven by the jump in coordination to form
PhSe~//Li(HMPA);*. The simultaneous appearance of
mono and tris HMPA coordinated lithium (with little
or no bis HMPA complexed material) is diagnostic of
the CIP to SIP transition.f Additional HMPA produces
the typical "Li quintet of PhSe~/Li(HMPA),*. The ease
of SIP formation observed during the HMPA titration
of PhSel.i is similar to that seen for LiBr, MeSeLi, (2-
(trimethylsilyl)dithianyl)lithium,P ((phenyldimethylsi-
lyl)(phenylthio)methyl)lithium, and others,1*¢ as well as
that of PhoPLi reported below.

Lithium Benzeneselenolate in Ether. Although
the spectra of PhSelLi in THF were fully consistent with
a monomeric structure, we were unable to support this
assignment with the observation of Se—Li JJ coupling.
We therefore examined PhSeLi in ether in the expecta-
tion that exchange processes would be slower. Indeed,
PhSelLi had a singlet at 6 1.50 in the "Li NMR spectrum
which shows selenium satellites (1Jge—1; = 18.0 Hz;
Figure 2A). This is the first reported observation of

Reich and Dykstra

lithium—selenium coupling. An analysis of the 7"Se
NMR spectrum (Figure 2A) revealed a 1:2:3:4:3:2:1
septet at 4 35.1 indicating a selenium coupled to two
lithiums. A cyclic oligomer is thus present, probably a
dimer. The addition of only 1 equiv of THF to an ether
solution of PhSeLi resulted in the loss of coupling in
the 77Se NMR, and addition of 16 equiv of THF (~15:
85 THF/ether) caused extreme broadening of the 7'Se
NMR signal such that it was unobservable.

The addition of HMPA to ether solutions of PhSeLi
is troublesome due to the formation of a colorless
precipitate which was insoluble even above —78 °C. The
precipitate did dissolve with 14 equiv of HMPA to give
the characteristic quintet of the separated ion pair
PhSe//Li(HMPA),*. In 3:2 toluene—ether a homoge-
neous solution could be maintained during part of the
HMPA titration (Figure 3). In the early part of the
titration a 3P NMR signal at § 26.5 appears which could
indicate a mono HMPA dimer or trimer structure;
however, adequate coupling information could not be
obtained in the "Li and 77Se NMR spectra. A second
species which appears in the early part of the titration
could be more securely identified. This species has a
quartet (6 1.17, 2Jy—p = 4.1 Hz) in the "Li NMR,
characteristic of triply HMPA-bridged dimers (1a). The

MO:N‘
MezN\"r/NM‘Z
X
/ 18 X =SePh
MouN 1b X =SnBus
g 207 1c X=8r
MeoN 7 =NMe,
NMe,

coupling could not be fully resolved in the 3P NMR
spectrum, but the chemical shift at 6 30.0 (well down-
field of “normal” HMPA adducts of dimers and mono-
mers) and narrow peak shape are similar to that found
for the triply HMPA-bridged dimer (BusSnLi):(HMPA);
(1b) formed under similar conditions.'* An X-ray struc-
ture and NMR observation of a related LiBr complex
(1¢) has been reported.2’2

Lithium Diphenylphosphide in THF. Solutions
of PhyPLi were prepared by metalation of diphenylphos-
phine with n-BuLi in 3:2 THF—ether. The 3P NMR
spectrum of the phosphide at —120 °C showed a singlet
(6p —20.0). The absence of the phosphorus—lithium
coupling expected for a tight contact ion pair could
indicate the presence of a SIP species. However, the
7Li NMR signal (singlet, 6 0.22) is well downfield (Figure
4; see Table 1 for additional data) of the chemical shift
range of a typical SIP and suggests the presence of a
contact species (PhgP—Li). The lack of one bond cou-
pling to lithium in the 3P NMR is analogous to the
1198n NMR spectrum of BusSnLi or MesSnLi in THF1e
and is likely due to rapid exchange of the PhyP ligand
between lithium cations. The HMPA titration sup-
ported the assignment of a monomeric structure. The
concentration of contact and separated ion pairs ob-
served at 1.0 equiv of HMPA for PhyPLi is similar to
that seen for BuzgSnLi. Almost equimolar amounts of
PhyP—Lihg, “PhyPLih,”, and PhyP~//Lihs* are present,
where “PhsPLih;” (doublet, § —0.20) may be a mixture
of PhyP—Lih; and PhyP~//Lih;* in rapid exchange. As
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Table 1. Chemical Shifts (ppm) and Coupling Constants (Hz) in Parentheses for Lithium Benzeneselenolate
species conditions 4(i-C) 6(0-C) 8(m-C) 8(p-C) Ose (Wse—L1) O Op(HMPA) (3Jp—1;)
PhSeH a 1244 132.8 129.2 126.4
PhSeBu b 131.2 131.1 129.9 126.5 290
PhSeLihgy b 144.1 137.0 127.2 120.1 89 1.12
PhSeLih; b 146.2 1371 126.9 119.3 110 0.85 27.9 (8.5)
PhSe~//Lihs* b 152.5 137.8 126.1 117.0 221 -0.35 27.3(7.2)
(PhSeLi)zho c 140.0 1374 1279 122.2 36 (18) 1.40
PhSeLi—h;—LiSePh c 144.5 137.5 1274 120.4 100 1.17 30.0
PhSe~//Lihs* c 153.0 138.4 126.6 117.4 222 -0.25 27.2(1.7)
(PhSeLi) (LiPPhy) c 139.7 137.0 127.6 121.8 38 (18) 1.21
2 CDCl; at room temperature. ® 4:1 Me;O—THF at —120 °C. < 4:1 toluene—ether at —100 °C.
7Ll 77ge
Phsel \SePh
A S 31 =] 13C 1 3C
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\w W
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Figure 2. Selected signals in the "Li, 7"Se, 3'P, and 13C NMR spectra in ether at ~110 °C of PhSeLi (A), a mixture of

PhSeLi and PhyPLi (mixed dimer) (B), and PhoPLi (C).
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Figure 8. (A) "Li and %P NMR spectra of an HMPA
titration of 0.18 M PhSelLi in 3:2 toluene—ether at —110
°C (h = HMPA). (B) Spectra of (BusSnLi)o(HMPA); in
ether at 1.5 equiv of HMPA 1

0.5

observed also for BugSnLi,!¢ the chemical shift of the
mono HMPA species was strongly temperature depend-
ent, as expected for a CIP—SIP equilibrium. It should
be noted that at 1.0 equiv of HMPA the 3P NMR signal
of the phosphide became broader and moved downfield
almost 13 ppm (to 6 —7.2). The 3!P chemical shift of
the SIP (in ether or THF with 6.0 equiv of HMPA) was
~+3.0 ppm. It is interesting that PhyPLi undergoes ion
separation more easily than does PhSeLi, even though
it is considerably more basic.

Lithium Diphenylphosphide in Ether. The HMPA
titration of PhoPLi in ether (Figures 5 and 6) produced
more informative spectra than those obtained for Ph-
SeLi in ether because of better solubility and the high

L
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Figure 4. "Li and 3P NMR spectra of an HMPA titration
of PhoPLi in 3:2 THF—ether at —125 °C.

natural abundance of %1P. The phosphide solution
shows a well-resolved triplet (61 1.54, 'J1i~p = 45.1 Hz)
in the 'Li NMR and a 1:2:3:4:3:2:1 septet (dp —32.4,
1J1i—p = 45.1 Hz) in the 3P NMR spectrum, as already
reported by McFarlane.!12! This indicates that each
phosphorus atom is coupled to two neighboring 7Li
nuclei, and vice versa, and defines a cyclic oligomer
(most likely a dimer; more on this below). Interestingly,
between the peaks of the septet in the 3P NMR, a
quartet of triplets (J = 45.1, 17.1 Hz) can be observed
due to the 14% of dimer containing one 7Li and one SLi
(natural abundance 7.4%) nucleus (Figure 2C).

With the addition of up to 1.0 equiv of HMPA two
new sets of signals are seen in the 7Li and 3P NMR.
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Figure 6. P NMR spectra (phosphide region) of an
HMPA titration of 0.18 M Ph,PLi in ether at —126 °C.

The first is the mono HMPA-solvated dimer character-
ized by a 1:2:3:4:3:2:1 septet (ép —30.7, Y¥Jp-; = 44.2
Hz) and a 1:1:1:1 quartet (ép, 27.1, 2Jp—1; = 9 Hz) in
the 3P NMR and a triplet (61; 1.6, 1J1;-p = 44.7 Hz)
and triplet of doublets (td, d1; 1.64, LJ1—p = 43.6, 2Jri—p
= 9 Hz) in the "Li NMR. The second set of signals (Jp
—18.1, 1:1:1:1 quartet, Jp-1; = 47.6 Hz; ép +27.3, 1:1:
1:1 quartet, 2Jp_1; = 10.7 Hz; 81; 0.45, dd, J = 47.6, 10.7
Hz) is due to a mono HMPA-complexed monomer. A
temperature dependent 3P NMR chemical shift and a
broad "Li NMR signal suggest that the mono HMPA
monomer in ether, like in THF, is a mixture of
PhsP—Lih; and PhsP~//Lih;* in rapid exchange. With
a greater concentration of HMPA (4~6 equiv) one bond
lithium—phosphorus coupling was lost in both spectra
(a broad singlet was seen at  +3.0 in the 3P NMR)
and the usual "Li and 3P NMR signals for the tetra
HMPA SIP were present. Thus HMPA transforms
dimeric PhoPLi in ether through a series of intermediate
structures to eventually form a separated ion pair. This
can be contrasted with the behavior of dimeric lithium
diisopropylamide in THF, which coordinates up to one
HMPA per lithium but does not subsequently undergo
deaggregation or ion separation even when excess
HMPA is present.ld

Between 1.0 and 4.0 equiv of HMPA no spectra were
obtained due to the formation of an unidentified white
precipitate. The precipitate did not dissolve in the
presence of toluene, furan, or triethylamine. In the
presence of 4.0 equiv of HMPA, however, the solution
again became homogeneous.

The 13C NMR spectra show distinct signals for each
of the species discussed (Table 2). The ipso carbon
signals show a downfield shift from 6 135.1 for PhyPH
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(YJe-p = 9.4 Hz) to 6 151.5 and 152.4 (no HMPA and
mono HMPA dimers, respectively), to 6 156.7 (mono
HMPA monomer), and finally to 6 161.1 for the tetra
HMPA SIP (!{Jc—p = 60.3 Hz). The corresponding para
carbon signals move upfield from 8 129.2 for PhoPH, to
8 121.4 for the dimer, and finally to ¢ 115.8 for the SIP.
Such chemical shift patterns, downfield for ipso and
upfield for para, have been reported for a number of
phenyl compounds where negative charge is present at
atoms adjacent to the aromatic ring: e.g., PhSeM (Table
1), PhOM,8¢ and PhLi.lh

Distinguishing Cyclic Dimers and Trimers: 13C
NMR Spectrum of Lithium Phosphide Dimer. The
dimer of PhoPLi in ether shows an unusual and unex-
pected spectroscopic feature: the ipso and ortho carbon
signals are apparent triplets (Figure 2C), instead of the
doublet expected for coupling to a single phosphorus.
Since it is unlikely that these carbons are coupled
equally to the directly bonded and remote P nuclei of
the dimer, there must be a substantial coupling between
the two phosphorus nuclei. This is thus a case of virtual
coupling, such as is frequently seen for phosphine
signals in symmetrical P—O—P compounds and in bis-
(triphenylphosphine) transition metal complexes of the
close-coupled ABX type.?? In principle this is a system
of the AA’X type, but we expect a 13C isotope shift
between the two P nuclei, making the system ABX. We
could not determine the one-bond 3C isotope shift in
Ph,PLi dimer, so we measured it for PhgP and found a
value of 2.8 Hz at 145.8 MHz (19.2 ppb).

To aid in the analysis of this spectrum we performed
a variable-temperature experiment and observed the
transformation of the apparent triplet at —98 °C to a
normal doublet at 0 °C (}Jc—p = 28 Hz), consistent with
the loss of ZJpLip coupling due to interaggregate ex-
change of the dimer. We have not fully analyzed the
curious variable-temperature behavior of this system,
in which the low-temperature apparent triplet first
transforms to an apparent singlet as temperature is
raised and then transforms to a doublet. A similar
doublet is found for the separated ion PhyP~//Li-
(HMPA),* (t{Jcp = 60 Hz, —126 °C). A change in
aggregation at higher temperature is not likely since
no noticeable temperature dependance was observed for
the "Li or 3P (<1.5 ppm downfield shift) NMR signals.

The separation between the outer lines of the appar-
ent triplet in THF (19.7 Hz) corresponds to lJcp +
3JcrLip (Jax + JBx of the ABX system). Since this is
smaller than the 28 Hz determined for the true value
of 1Jo—p in the high-temperature spectrum, we tenta-
tively conclude that the ipso phenyl carbon is coupled
to both P nuclei of the dimer, with 3Jcprip = —8 Hz. Of
course, it is possible that unknown structural changes
in the PhyPLi aggregate at the higher temperature
caused the change in the one bond coupling. The ortho
carbon behaves similarly, except that the iong range
C—P coupling (JccpLip) is apparently zero, since the
separation between the outer lines of the low-tempera-
ture triplet and the two lines of the doublet are identical
(14.6 Hz); hence, the ortho carbon is coupling only to
the near phosphorus.

(29) Harris, R. K.; McVicker, E. M.; Higele, G. J. Chem. Soc., Dalton
Trans. 1978, 9. Beckmann, H.; Grossmann, G.; Ohms, G. Magn. Reson.
Chem. 1992, 30, 860.

(30) NMR simulations were done with the IBM-PC computer
program RACCOON.



Li Benzeneselenolate and Li Diphenylphosphide

Organometallics, Vol. 13, No. 11, 1994 4583

Table 2. Chemical Shifts (ppm) and Coupling Constants (Hz) in Parentheses for Lithium Diphenylphosphide

species conditions  (i-C) (Me—p) 0(0-C) CBlc—p) 6(m-C) CJe—p) 6(p-C)  6p (Wp—r) Ovi (Jri-p) Sp(HMPA) (3p-1)
Ph,PH a 135.19.4) 134.5 (16.7) 129.3 (6.1) 129.2 -38.7
Ph;PLihy a 156.8 (46.5) 129.0 (17.8) 127.2 1187 -16.8 0.09
PhoP~//Lihs* a 161 127 126 116 2.6 —0.35 27.5 (7.6)
(PhyPLi)hg b 151.5 1309 127.7 1214 -—324(45.1) 1.54 (45.1)
(PhyPLi);h; b 1524 130.8 1274 120.7 -—30.7 (44.2) 1.61, 1.64 (44.7, 43.6) 27.1(9)
PhyPLih; b 156.7 (43.5) 129.6 (18.6) 127.1 1189 -—18.1(47.6) 0.21 (47.6) 27.3(10.7)
PhoP~//Lihs* b 161.1 (60.3) 1279 126.6 1158 29 -0.18 27.4(71.8)
(PhSeLi) (LiPPh,) b 1513 130.8 1277 1214 -36.6 1.31
26:4:1 THF—Et,0—hexane at —125 °C. ¥ 100% ether at —125 °C.
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Figure 7. Variable-temperature 1C NMR spectra (ipso

and ortho phenyl carbons of aryl region) of PhyPLi dimer
in ether from —98 to 0 °C.

We have attempted to estimate a lower limit for the
size of 2JpLip by performing a series of simulations. We
used Jcp = 28 Hz and 3Jcprip = —8.3 Hz. From the
absence of outer small lines (lines 14 and 15 of the ABX
pattern®!) in the experimental spectrum and the absence
of detectable splitting of the central line of the triplet,
we estimate that 2Jpr;p must be at least 80 Hz (Figure
8). One caveat to this estimate is the small but
unknown amount of dynamic broadening in the lowest
temperature spectrum. Since such processes would
broaden the small outer satellites more than the inner
lines, it is possible that satellites of this size in the Jpp
= 80 Hz simulation could escape detection. The lower
limit of 80 Hz is quite compatible with the directly
detected coupling across lithium of 90.7 Hz in the mixed
dimer reported below and with the coupling of 240 Hz
reported for mixed dimer of (PhPLi)(PhMePLi).11b

Distinguishing between Cyclic Dimer and Tri-
mer. The above analysis has another important im-
plication for the structure of the PhyPLi aggregation.
The Li—P couplings alone indicate that P is coupled to
two Li, and Li is coupled to two P. As previously
recognized for lithium amides and other aggregated
structures,’c such information is consistent with but
does not require a dimeric structure. Any cyclic oligo-
mer would give such coupling (e.g., a cyclic trimer, as
found for (2,6-bis(dimethylamino)phenyDlithium32), In

(31) Bovey, S. A. Nuclear Magnetic Resonance Spectroscopy; Aca-
demic Press: New York, 1969; p 107.

(82) Harder, S.; Boersma, J.; Brandsma, L.; Kanters, J. A.; Bauer,
W.; Schleyer, P. v. R. Organometallics 1989, 8, 1696.
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Figure 8. Experimental (lower trace) and simulated 13C
NMR spectra of the ipso-carbon signal of the PhyPLi
dimer.?® The simulations use Adpp = 2.8 Hz, 1Jcp = 28
Hz, 3JcpLip = —8.3 Hz, and 2Jpip = variable, as shown on
the spectra.

the present case, the observation of an apparent triplet
for the 13C of P-bonded carbon requires the cyclic dimer
structure; otherwise the 13C NMR signal would show a
higher multiplicity; i.e., the carbon would be virtually
coupled to more than two P nuclei. For a trimer, the
spin system would be AB;X (where X represents carbon,
A represents the 3!P bonded to 13C, and B represents
the other two 31P nuclei), and an apparent quartet would
be observed (see top spectrum in Figure 8). A cyclic
trimer structure has been found for PhHPLi on the basis
of an analysis of the 3!P and "Li NMR spectrum.l1?

Analysis of the "Li NMR spectrum of PhyPLi in ether
also leads to the conclusion that only a cyclic dimer
would give the observed triplet. For higher oligomers,
with Jpp > 0, “virtual coupling” effects would result in
more complex multiplets (see the simulations in Figure
9).

Mixed Dimer of PhSeLi and PhyPLi. The sym-
metric structure of the phosphide dimer prevents full
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analysis of the coupling pattern and direct measurement
of JpLip. We therefore examined mixtures of PhyPLi and
PhSeli to test for the formation of mixed dimers and
to explore the generality of such couplings.

Figure 2B shows "Li, 7’Se, 3!P, and partial !3C NMR
spectra of a ~1:1 mixture of PhSeLi and PhyPLi in
ether. In addition to the two homodimers, there are
peaks in the spectra of all four nuclei for the mixed
dimer (PhoPLi)(LiSePh). Inthe "Li NMR there is a new
doublet, 1J1;p = 45.8 Hz, in the 3'P NMR there is a new
1:2:3:4:3:2:1 septet for coupling to two lithiums, and the
"Se NMR spectrum shows a doublet of septets, the
septet splitting (1J ~ 18 Hz) from Se coupling to the
two lithiums and the doublet due to 2Jg.Lip coupling of
90.7 Hz. The 13C NMR spectrum is informative; the
ipso-carbon region at 6 151.5 shows, in addition to the
apparent triplet at 6 151.5 for (PhyPLi), a doublet with
Je—p = 25.4 Hz at 6 151.2 for the mixed dimer. The
ortho-carbon at 6 131.0 is also a doublet (2Jc—p = 14
Hz). These observations nicely confirm the conclusion
reached above for the PhyPLi homodimer; there are
indeed large couplings between nuclei bridged by lithium
in dimeric structures, and analysis of these can give
structural information.

Conclusions. The current study has shown that
both PhSeLi and PhyPLi form dimers in ether and
monomers in THF. In each case addition of excess
HMPA produces separated ion pairs. The two species
also form a mixed dimer in ether with nearly statistical
distribution. For the lithium phosphide dimer and the
mixed dimer the NMR analysis unambiguously ruled
out higher oligomeric structures.

Experimental Section

General Methods. Tetrahydrofuran (THF) and ether were
freshly distilled from sodium benzophenone ketyl before use.
Hexamethylphosphoric triamide (HMPA) was obtained from
Aldrich, distilled from CaH, at reduced pressure, and stored
under N7 over molecular sieves. Transfers of HMPA were done
by syringe techniques in a fume hood. Glassware was dried
overnight in an 110 °C oven or flame dried to remove moisture.
Common lithium reagents were titrated with n-PrOH (or
i-PrOH) in THF using 1,10-phenanthroline as indicator.

Diphenylphosphine and n-Buli were obtained from Aldrich.
Diphenyl diselenide was prepared by literature procedure.?
Reported reaction temperatures are those of the cooling bath
with —78 °C being maintained by a dry ice/ethanol bath.

NMR Spectroscopy. 'H nuclear magnetic resonance
(NMR) spectra were obtained on Bruker WP-200 or WP-270
spectrometers. All 'H NMR spectra were measured in CDCl;
with tetramethylsilane (TMS) as an internal standard (6 0.00).

All multinuclear low-temperature NMR experiments were
run on a wide-bore AM-360 spectrometer at 139.962 MHz ("Li),
145.784 MHz (°'P), or 68.683 MHz ("’Se) with the spectrometer
unlocked. Digital resolution was 0.5—1.0 Hz for "Li and 3P
and 1.5 Hz for "7Se. For a 0.15 M solution, 40 transients for
the "Li spectrum and 80~120 scans for the 3P spectrum
afforded an excellent signal to noise ratio. For 7Se NMR,
1000—5000 scans were required to obtain adequate resolution.
(Note: Although the spectrometer was unlocked during ac-
quisition, the field was generally very stable and only oc-
casionally did an experiment have to be abandoned due to a
field shift.)

(33) Reich, H. J.; Renga, J. M.; Reich, L. L. J. Am. Chem. Soc. 1975,
97, 5434. Renga, J. M. Ph.D. Dissertation, University of Wiscon-
sin—Madison, 1977; p 28.
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Figure 9. Simulated "Li NMR spectra of cyclic trimer (or
higher oligomers with various values of Jpp.3°

The NMR shift standards used were as follows: for 7"Se,
n-BuSePh at 6 290 as a secondary internal standard; for "Li,
0.3 M LiCl in methanol as an external standard; for 3P, PPh3
in THF at —6 ppm as a secondary external standard.

General Procedure for HMPA Titration of Lithium
Reagents. Samples of the lithium reagent (0.66 mmol) in
THF or other solvent (3.5 mL) were prepared in 10-mm thin-
walled NMR tubes which were oven-dried, Ns-flushed, and
fitted with a septum (9-mm inner diameter). The outside top
portion of the tube was lightly greased to make a better seal
for the septa which were held securely by parafilm. Silicon
grease was placed on the septa tops to seal punctures, and
the tubes were stored at —78 °C until the experiment was per-
formed. After adjustment of the field homogeneity values for
the CDCl; lock sample, the AM-360 spectrometer was unlocked,
the probe was cooled (—120 to —130 °C), and the temperature
was measured before and after the experiment using a
calibrated RTD (resistance temperature device) accurate to
0.03 °C. The reading was taken 10 to 15 min after the RTD
element had been lowered into the probe. (The reading
fluctuated within ~0.1 °C at this point.) The sample was
inserted, and the spectrometer was tuned. Since deuterated
solvents were not used, the field was tuned on the 3C FID of
C-3 of THF, and NMR spectra of ’Li, 3P, and other nuclei were
measured. The sample was ejected, placed in a —78 °C bath,
and, for example, 0.25 equiv of HMPA (28.0 uL, 0.161 mmol,
28.8 mg) was added. In order to get the HMPA to dissolve
the tube had to be repeatedly warmed slightly and shaken.
The sample was placed in the probe, and after about 10 min
the NMR spectra were taken with various amounts of HMPA.

"Li, 3P, ""Se, and *C NMR Spectroscopy of an HMPA
Titration of 0.18 M Lithium Benzeneselenolate. To a 10-
mm NMR tube containing 218 mg (0.70 mmol) of diphenyl
diselenide dissolved in 2.4 mL of THF and 1.6 mL of ether
was added n-BuLi (350 4L, 0.70 mmol, 2.00 M in hexane). The
solution became colorless upon mixing, and an NMR experi-
ment ("Li and 3P NMR taken during an HMPA titration) was
performed with a probe temperature of —133 °C. Proton NMR
analysis (using pentachloroethane as an internal reference)
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of the Mel-quenched lithium reagent gave a 90% yield of
PhSeCH;. 'H NMR (CDCls, 200 MHz): 6 2.23 (s, 3H), 7.1-
7.5 (m, 5H). The ""Se and 3C NMR spectra were obtained in
4:1 Me,O—THF at —120 °C. The NMR data for the lithium
benzeneselenolate ion pair species are presented in Table 1.

"Li, 3!P, "7Se, and 3C NMR Spectroscopy of an HMPA
Titration of 0.18 M Lithium Benzeneselenolate in Ether
or 3:2 Toluene—Ether. To a 10-mm NMR tube containing
218 mg (0.70 mmol) of diphenyl diselenide dissolved in 3.6 mL
of ether at —78 °C was added n-BulLi (259 4L, 0.70 mmol, 2.70
M in hexane). The solution became colorless upon mixing, and
an NMR experiment was performed with a probe temperature
of —110 °C. Upon addition of 0.5 equiv of HMPA a yellow
suspension formed which made the acquisition of spectra
difficult. With a mixture of 3:2 toluene—ether the solution
remained homogeneous at —100 °C with up to 2.0 equiv of
HMPA. The NMR data for the lithium benzeneselenolate ion
pair species are presented in Table 1.

"Li and 3P NMR Spectroscopy of an HMPA Titration
of Lithium Diphenylphosphide in THF/Ether at ~125 °C.
A 10-mm NMR tube was rinsed with MeLi solution to remove
adventitious moisture. Diphenylphosphine (122 uL, 0.70
mmol), 2.1 mL of THF, and 1.4 mL of ether were added, the
solution was cooled to —78 °C under an N; atmosphere, and
n-BuLi (350 4L, 0.70 mmol, 2.0 M in hexane) was added. The
solvent composition was 6:4:1 THF—ether—hexane. The solu-
tion turned yellow-orange upon shaking and was stored at —20
°C for 1 h. An HMPA titration was performed with a probe
temperature of —125 °C. The NMR data for the lithium
diphenylphosphide ion pair species are presented in Table 2.

7Li and 3P NMR Spectroscopy of an HMPA Titration
of Lithium Diphenylphosphide in Ether at —125 °C. To
a MeLi-flushed 10-mm NMR tube containing diphenylphos-
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phine (122 uL, 0.70 mmol) and 1.5 mL of ether cooled to —78
°C under N; atmosphere were added MeLi (464 xL, 0.70 mmol,
1.51 M in ether) and 2.0 mL of additional ether. The solution
turned yellow upon shaking and was allowed to stand at room
temperature (or —20 °C) for 30 min (only starting material
was present after 1 h at —78 °C). An HMPA titration was
performed with a probe temperature of ~125 °C. An orange
solution resulted from the addition of up to 1.0 equiv of HMPA
with the solution becoming red with 4.0 equiv of HMPA. With
1 or 2 equiv of HMPA present the solution was heterogeneous,
even at temperatures warmer than —78 °C. The NMR data
for the lithium diphenylphosphide ion pair species are pre-
sented in Table 2.

7Li, 3P, 13C, and 7"Se NMR Spectroscopy of a Solution
of Lithium Diphenylphosphide and Lithium Benzene-
selenolate in Ether at 110 °C. The contents of two 10-mm
NMR tubes containing ether solutions of lithium diphe-
nylphosphide and lithium benzeneselenolate (prepared as
described above) were combined at —78 °C by cannula. The
volume of the solution was adjusted to 4.0 mL, and NMR data
were acquired with a probe temperature of —105 °C. 3C NMR
(90.556 MHz, ether, —105 °C) of mixed dimer: 6 121.38 (P
p-), 121.82 (Se p-), 127.58 (Se m-), 127.72 (P m-), 130.80 (P o-,
doublet Jc-p = 14.6 Hz), 136.96 (Se 0-), 139.70 (Se i-), 151.30
(P i-, doublet, Jc-p = 25.4 Hz). ""Se NMR (68.683 MHz,
ether): 6 87.9 (doublet of septets, Jse—p = 90.7 Hz, Jge—1; ~ 18
Haz).
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