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Summary — Multinuclear (*H, '*N, ?*Si, 3'P, ''Sn) NMR data of sterically crowded acyclic stannylphosphines tBuzSnPHY
(Y = H, SnMej, SntBuj, SiMe;; 1-3, 10), (iBuzRSn)2PH (R = Me, Cl; 4, 5), tBusSnPY; (Y = SnMes, SiMe;; 6, 11),
PH(SntBuzPHSntBus), (7), SntBu2(PY2)2 (Y = H, SiMes, PHSntBus; 8, 9, 12), cyclic stannylphosphines (¢BuzSnPY).
(n=2,Y = H, C3HgCl, tBu, SnMe;; 13-16; n =3, Y = H; 18), (Me2SnPSntBuj)z (17), and stann;lamines tBusSnNHY
(Y = H, SnMes, SntBuy; 19-21) were obtained by various 1D- and 2D-techniques. *'P- and '°N-shieldings may be
explained qualitatively in terms of two counteracting influences, vz electronegativity differences and steric requirements
of the substituents. In a similar manner, the trends in one-bond coupling ' Ksa.p and ' Ksan may be rationalized using a
simple model based on the deformation of bond angles by sterically demanding substituents. The signs of long-range couplings
?Ksnpu and ' Kpsaccn could be determined, which may be useful for future structural studies. Temperature-dependent effects
in the spectra of 13, 18 allow conclusions about the conformational dynamics of the molecules.

tin-phosphorus compounds / tin-nitrogen compounds / ' P chemical shifts / '°N chemical shifts / ''9Sn chemical

shifts / trends in ' Kspp and 'Kson / 19Sn''%Sn and ''9Sn®!P long-range couplings / phosphorus inversion

Introduction

Organotin compounds with direct bonds between tin
and the group 15 elements phosphorus and nitrogen
have attracted considerable interest because of the
intriguing reactivity of the tin-element bond, which
makes these derivatives useful synthetic intermedi-
ates and starting materials in organic and element-
organic chemistry [1]. In addition to the application
of NMR as an analytical tool to determine constitu-
tion or purity, information about the nature of the tin-
nitrogen bond was gained from analysis of trends in
chemical shifts and couplings for various tin-nitrogen
compounds [2]. Even if the NMR investigation of tin-
phosphorus compounds is much easier, systematic stud-
ies have been confined to trimethylstannylphosphines
(MeaSn),PR3_,, (R = H, alkyl, Ph) [2-4]. Recently, by
following a familiar concept in element organic chem-
istry, as yet unknown structural types of stannylphos-
phines with tin-phosphorus chain or ring structures,
respectively, were made accessible via kinetic stabiliza-
tion by sterically demanding -Sn(tBu),- and -Sn(tBu)s
groups [5-8]. Initial investigations of the chemical re-
activities of these compounds |7, 8] gave evidence for
a promising synthetic potential due to the presence of

* Correspondence and reprints

highly reactive phosphorus-hydrogen, phosphorus-tin,
or phosphorus-silicon bonds.

In this work, a systematic multinuclear ('H, 3'P,
1195, 295i, 'SN) NMR study of these novel, sterically
crowded stannylphosphines and some related stannyl-
amines is presented. The data give evidence for a
marked influence of sterically induced bond deforma-
tions and dynamic processes (pyramidal inversion at
phosphorus) on the NMR parameters, thus enabling a
qualitative discussion of trends in structure and bond-
ing.

Experimental section

Compounds 1, 15 [5], 2-4, 6-8, 14, 16-18 [9], 5 (8],
9, 11, 12 (7], 10 [10], 13 [6], 19 [11], and 20, 21 [12] were
prepared following literature procedures. NMR spectra were
recorded on Varian FT80 A (*'P) and Bruker AMX 300
spectrometers ('H, '°N, 2°Si, *'P, ''“Sn) equipped with
multinuclear units. Samples were measured in CgDg (5-25%
solutions) in 5 mm o.d. tubes at 30°C if not stated other-
wise. The spectra of 13 were recorded at 10°C and those
of 14, 18 at 70°C, respectively, in order to reduce dynamic
broadening effects. Chemical shifts §'H [6'H(CgDsH 7.15)]
and 6§%Si (2%°Si = 19.867184 MHz) are given relative to
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Fig 1. Double quantum filtered 121.5 MHz *'P {'H}-spectrum of (tBu:SnPH)j, 18, at 70°C (760 scans; spectral
width = 3300 Hz; 16 K data points; interpulse delays of 3 s; data processing with 3 Hz exponential line broadening).
The presence of magnetically active ''7/''°Sn nuclei removes the magnetic equivalence of the *'P nuclei, so that the satellite
spectrum may be observed. Since the parent line is suppressed by the double quantum filter, the splitting due to the 3J

(PSn) coupling becomes visible.

external MeySi; §'°N (2'°N = 10.136767 MHz) relative to
external neat MeNOz; 6*'P (Z¥'P = 40.480747 MHz) rel-
ative to external 85% H3POy; 6''Sn (Z''%Sn=237.290665
MHz) relative to external MesSn. Heteronuclear cou-
plings were obtained from 'H-("Jpu, "Jsau) or 'P
{*H}-spectra ("Jsap). 2Jpp between chemically equiva-
lent nuclei was extracted from ''°Sn- or **Si-satellites
in normal or double quantum filtered *'P {'H}-spectra
(fig 1), or by analysis of the AA’XX'-pattern of
the PH-resonance (13). 2Jpp and 3Jpu of 9 were
calculated from the 3'P {'H}-spectra of a mixture
of isotopomers H.D;_.PSn(tBu)2PH,D2_, (z,y = 0-2)
prepared by partial deuterolysis (CD3OD/H20) [7] of 12.
In order to facilitate the discussion of different hetero-

nuclear couplings, the values of the reduced coupling con-
stants Kag = 47°/(hya7s) JaB are also included where ap-
propriate. All J values are given in Hz; reduced couplings
are actually presented as K x 107'® and are given in SI
units (N A"?>m™3). '"9Sn- and ?°Si-NMR spectra of phos-
phine derivatives were in general recorded using the DEPT-

uence based on *Jsnccu(62-95 Hz), *Jsncn (50-55 Hz),
or “Jsicu (5-6 Hz), yielding the appropriate chemical shifts
together with "Jsap, ' Jpsi, 2Ji19ga117g, and 2Jsasi (fig 2).
The values for > Ji1sg, 1175, were converted into 2 Jirag,119g, ;
the accuracy of the couplings is +1 Hz for ' Js,p and £0.2 Hz
in the other cases. In the case of 5, 14, 18, where line broad-
ening resulting from dynamic eflects or partially relaxed
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Fig 2. Vertical expansion of the 111.9 MHz '**Sn {'H}-DEPT spectrum of t-BusSnP(SnMe;)z, 6 (256 scans; spectral
width = 62500 Hz; 64 K data points; interpulse delays of 4 s; defocusing delay 7 ms, 10° read pulse; data processing
with zero filling to 128 K and gauss filtering). Peaks marked with an asterisk are due to an impurity; (C) denote *C
satellites. *'7/119Gq satellites due to coupling between chemically non-equivalent tin nuclei are present on both signals. The
119, satellites show a characteristic phase distortion; the asymmetric appearance results from their nature of AB-type
spectra. The SnMe; resonance (upfield doublet) exhibits an additional single pair of satellites arising from the isotopomer
tBusSnP(''*SnMe;)(*'"SnMes) where the magnetic equivalence of the SnMes groups is removed due to the different isotopic

labelling.

couplings to quadrupolar 35/37Cl-nuclei occurred, the data
were obtained from 'H-detected 2D-shift correlations, with
couplings being accurate to +10 Hz. In the same way,
15N NMR data in natural abundance were extracted from
'H-detected 'H/'®N-correlation experiments; in addition,
1Jsan of 21 was obtained from the ''*Sn-spectrum under
suppression of the signal of the '*N-isotopomers with the
DEPT-sequence [13].

Results and discussion

Relevant NMR data (*H, '°N, 29Si, 3! P, 1198n) are given
in tables I-III (acyclic stannylphosphines), IV (cyclic
stannylphosphines), and V (stannylamines). The val-
ues of coupling constants are generally shown without
a sign. In those cases where signs are explicitly included,
their determination is based on the extraction of relative

signs of reduced couplings from analysis of 2D-spectra
(fig 3) or higher order multiplets. The assignment of ab-
solute signs is based on the following “key couplings” :
'Ksnp < 0 [4, 14]; 'Kgon < 0 [2, 14, 15]; 'Kgip < 0
(14]; ?Ksacu < 0 [14]; and 3Ksacon > 0 [14].

Chemical shifts

The 3'P and '°N resonances of acyclic stannylphos-
phines 1-6 and stannylamines 19-21 appear at
higher field than the parent hydrogen derivatives EHg
(E = N, P) and further display a marked increase with
the number of stannyl groups attached to the phos-
phorus or nitrogen atom, respectively. The same ef-
fects are known for the derivatives (Me3Sn), PR3, [2-
4], and their origin has been related to a low degree of
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Table V. NMR data of stannylamines.
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6'8n  2Juegauiegy® 8N MJuegaisy® 8'H (NH) 'Jispiy  2Jiiogaig®

19 tBusSnNH, -27.9 - -402.5 1133 065 628 16.5 (3.66)
(248.0)

20 tBusSnANHSnBMe; -15.7 [SnA| 430 (255) 4087  nd® -150 602 18 (4.0)

74.5 [SnB) 11 (2.4)

21 (tBusSn);NH ~16.1 381 (226)  -419.3 1385 —1.87 551  +35(-7.8)
(303.2)

® reduced couplings K (in units of 10'®* N A2 m™3) in parentheses. ®

low S/N level.
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Fig 3. 300.13 MHz 'H-detected 'H/'*N heteronuclear
HMQC-shift correlation of (tBusSn)NH, 21. 256 experi-
ments of 48 scans and 2K data points were collected ; spec-
tral width 1200 Hz in F2 and 608 Hz in F1; zero-filling
to 512 W in F1, shifted sine multiplication in both dimen-
sions. The spectrum is displayed in magnitude mode. The
tilt of the cross peaks attributable to the ''7/11°Sn satel-
lites gives 2K ("'7/1%Sn'H)/' K(*'7/'1%Sn'*N) > 0). Since
'K (*'°Sn**N) < 0 [2, 14], it follows that *K (**7/*?Sn'H)
< 0and 2J(*'/"Sn'H) > 0.

hybridization at phosphorus [3], and low electronega-
tivity and high nuclear polarisability of the adjacent
tin nuclei [4L. In addition, the observed values of §°'P
(1-6) and 6'°N (19-21) show a strong dependence upon
the nature of R in the R3Sn-groups, which can be un-
derstood qualitatively on the basis of two major influ-
ences. Firstly, the group electronegativity of an R3Sn-
moiety is enhanced by o-acceptor (R = Cl) and atten-
uated by o-donor substituents (R = tBu, Me), leading
to relative deshielding or shielding, respectively, of the
adjacent phosphorus or nitrogen nuclei (see §%'P for
(tBuaRSn),PH : —296 (R = Cl, 5), —340 (R = Me, 4)).
In the same sense, the strong electron-releasing proper-
ties of the tBu-moieties may be held responsible for the
fact that the increase in 3! P-shielding, which is observed
as a consequence of formal replacement of hydrogens in
EH3, by R3Sn-substituents, is significantly stronger for

no unequivocal assignment possible because of

R = tBu than for R = Me (6°'P for PH; : —238 [14];
R3SnPH; : —304 (R = tBu, 1), —269 (R = Me [16]);
tBu3Sn(R3Sn)PH : —325 (R = tBu, 3), —316 (R = Me,
2). Secondly, intramolecular interactions between bulky
stannyl ligands can force enlargement of the valence an-
gles at the central atom, which results in a decrease
of nuclear shielding. A similar relation is known for
tertiary phosphines [17]. In the case of the extremely
large tBusSn-group, the effect of sterically induced dis-
tortions on the phosphorus or nitrogen shielding coun-
teracts the electronegativity influence, which is seen as
the reason for the observed sequence of chemical shifts
for (tBuaRSn),PH (63'P = —340 (R = Me, 4), —326
(R = tBu, 3). The sterically induced bond angle vari-
ation is certainly a cooperative quality which is deter-
mined by both the number and size of all non-hydrogen
ligands present. Since its influence on the phosphorus
shielding cannot be neglected in comparison to other
effects, it was not possible to derive a simple increment
system to predict chemical shifts of stannylphosphines
in terms of additive substituent contributions.

Synchronism of both electronegativity and steric fac-
tors sufficiently explains the 3!P-deshielding in the
chain-type stannylphosphines 7-9 and the silylated
derivatives 10-12, in particular, the downfield shifts ob-
served for ®!'P in 12 and the central 3!'P nucleus in 7
point to a high degree of local steric hindrance. A sig-
nificant influence of the ring size on phosphorus shield-
ing is found for the heterocycles [PHSn(tBuz)], (n = 2
(13), 3 (18)). As compared to the chemical shift of the
central phosphorus in 7 (§3!'P —272.5), which displays a
very similar substitution pattern as in the cyclic deriva-
tives, the 3!P resonance is shifted to lower field for the
four-membered ring derivative, 13 (63'P = —261 (av-
erage)), and to higher field for the six-membered ring
compound, 18 (6*'P = —336). The latter suggests that
the phosphorus bond angles in the six-membered het-
erocycle may be somewhat smaller than in the open-
chain derivatives.

The observed range of ''9Sn chemical shifts indicates
tetra-coordination of the tin nuclei in all cases. Even if
a consistent theoretical discussion of !'9Sn shielding is
extremely difficult [2], some qualitative trends emerge
from the data in table I-V. The tin nuclei in the stan-
nylamines 19-21 are slightly deshielded (6''°Sn —28
to —16 ppm) with respect to comparable tetraalkyl-
stannanes (tBugSnMe : §'1°Sn —25.4 [2]), reflecting the
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higher electronegativity of the amino group. Phosphinyl
substituents induce pronounced downfield shifts compa-
rable to those of tin-sulfur or -selenium derivatives (2],
which can be attributed to the availability of low lying
o*(PSn) states. The rather large but non-overlapping
ranges observed for the chemical shifts of '“Sn nu-
clei in'tBusSnP (6''9Sn 25-50 ppm) and tBu;SnP;
fragments (6''°Sn 75-120 ppm), respectively, indicate
a sensitive dependence of the shielding on the lower-
ing of the local symmetry (14| as well as on neighbor-
ing effects associated with variations in the second co-
ordination sphere. The 1'°Sn chemical shifts for com-
pounds (R3Sn),EH3_, increase with n for derivatives
with E = P, N; however, both systems exhibit a differ-
ent behavior with respect to variation of R. For stan-
nylamines, the values of 6''°Sn increase upon changing
from R = Me to R = tBu (see 20 and appropriate ex-
amples in [2]). The opposite effect is observed in the
phosphine series : in the case of tBu3SnPH, (SnMe3)z_n
(n =1 (2), 2 (6)), the ''9Sn resonances of the nuclei
in the tBu3zSn-groups appear at lower field than those
of the Me3Sn-group (Aé = 15 ppm). Chemical shifts
for '9Sn nuclei in tBu;SnP; fragments are generally
higher in cyclic stannylphosphines as in acyclic deriva-
tives, irrespective of the ring size. No simple explanation
is present for the unique upfield shift of 14, however, a
higher coordination number at tin resulting from weak
intramolecular interactions between tin and the chlorine
atoms in the side chains [18] may be of importance.

Coupling constants

Due to the dependence of the signs and values of Jap
on the gyromagnetic ratios (y) of the nuclei, compar-
isons of couplings involving different elements or even
different isotopes of the same element are best done
by using the concept of reduced coupling constants
Kap = 47%/(hyam) Jap instead (values are given
together with J in tables I-V where necessary). It is
recognized that ! Ks,p is generally negative [2, 4, 14];
furthermore, ! Ks,n has been found to be negative in
compounds of the type R3SnNY; [13, 15]. For the fol-
lowing discussion it is therefore assumed that ! Kg,g <
0 (E = P, N), even if the signs were not experimentally
determined for each individual case.

Inspection of the data in tables I-V reveals that vari-
ation of the substituents at phosphorus and nitrogen
results in similar trends for ! Kg,p and !Ksun, respec-
tively, as has been discussed for the *'P and >N nu-
clear shieldings. Thus, Kspg in 1-12 (E = P) and
19-21 (E = N) changes continually to more nega-
tive values with increasing number of stannyl- or silyl-
substituents at E. Similar behavior has been previ-
ously found for ! Ksyp in trimethylstannyl-phosphines
(Me3Sn),PR3_, (R = H, Ph, tBu) (3, 4, 16]. Compar-
ison of the values for ! Ks,p between compounds with
the same number of R3Sn-substituents indicates that
the reduced coupling is also notably affected by the
nature of the alkyl group R : 'Ks,p is substantially
more negative in a fragment tBuzSnP as compared to
Me3SnP. The same trend emerges when the values of
1 Ksan in 19-21 (table V) are compared with that of
(Messn)gN, 22 (IJSnN = —84 Hz I15}, IKs,-,N = —184x

101 N A~2 m~3). The value of !Ks,p for the com-
mon R3SnP-fragment in R3SnPHSnR; (R = tBu;
R’ = Me (2), tBu (6)) and (R3Sn);SnPR’ (R = Me,
R’ = Me (!Jsnp = +832 Hz [3, 4], 'Kgpp = —457 x
10" N A2 m~3), tBu (3)), respectively, grows more
negative when the alkyl substituents in adjacent stannyl
groups are changed from R’ = Me to R’ = tBu. As has
been discussed in the previous section, this neighboring-
group effect strongly suggests that the variations in
! Ksng are to a great part attributable to steric effects
which grow in importance with increasing bulk of the
stannyl moieties. Again, the same situation has been
found for tertiary phosphines R3P, where ! Kpc also
adapts more negative values with increasing size of R
(17, 19].

Even if it is generally recognized that a concise dis-
cussion of substituent effects on 'Kg,g (E = P, N) is
rather intricate (2, 13, 14], the observed trends indicate
that sterically induced expansion of phosphorus or ni-
trogen valence angles is of major importance. Whereas
a moderate variation of the bond angles is expected to
have no effect on the hybridization (this seems appro-
priate at least for E = P [20]), it will result in reduced
s-orbital overlap fsae and concomitantly lower bond
energies (and therefore lower o-0° excitation energies).
In terms of the Pople-Santry model [21], both factors
work to enhance the negative value of the mutual po-
larizability term and thus produce an overall algebraic
decrease of ' K.

In contrast to the steric influences discussed so far,
the electronegativity of R in the R3Sn ligands seems
to exert rather small effects on 'Ks,p in 1-11. The
only notable exception is 5, where the increase of all
couplings to the tin nuclei (* Ksnp, 2KsnpH, *KsnccH)
can be attributed to the presence of the electronegative
chlorine atom.

The bond angle influence on 'Ksup is lucidly cor-
roborated by the observed differences between endo-
cyclic and exocyclic couplings in the four-membered
ring systems 13-17, where endocyclic Sn-P-Sn bond
angles have been found to be close to 90° [5, 6]. Re-
garding the low degree of hybridization in the phos-
phorus valence shell [20}, this allows maximum overlap
of bonding orbitals, giving less negative values of fGg,p
as well as higher bond energies. As a result, a net al-
gebraic increase in 'K is expected, which is in accord
with the less negative values observed for 1K5.,p.mdo
(see table IV). Since the endocyclic bonds are fixed
within the rigid ring structure, any steric pressure re-
sulting from introduction of additional bulky stannyl
groups in 16, 17 is expected to be released predom-
inantly via distortion of the exocyclic phosphorus-tin
bonds; consequently, ! Ksnp ezo is comparable to the
values found for the acyclic derivatives 1-12. The mag-
nitude of ' Ksap for the six-membered ring system 18
(*Ksop 574 x 10" N A-? m~3) is only marginally
smaller than for the open-chain analogues 7, 8 (! Ksnp
588, (—)610 x 10 N A=2 m~3 in the PSn® fragment,
table II), indicating that the Sn-P~Sn bond angles in 18
are significantly larger than in four-membered ring sys-
tems and presumably come close to those in the open-
chain structures.

The magnitude of the geminal couplings ? Ksansa in
20, 21 (226, 255x 10" N A=%2 m~3) is in the same range



as 2Kgnpsn in 2-18 (139-407 x 10" N A2 m~3?); no
sign information is as yet available. A general correla-
tion of the values of 2 Kgngss With structural parameters
is not immediately evident, but it appears that changes
in both steric requirements and electronegativity of the
substituents have effects on the coupling. Considering
that quantitative understanding of structural influences
upon 2Js,gsy is generally difficult (2], no further discus-
sion is attempted.

Data on further long-range couplings (?Kpsnp,
2KsapH, *Kpsapn) are included in tables I-V. The signs
of ?Ksnpn (< 0) and *Kpsncen (> 0) were determined
from 2D-spectra and may prove valuable as a base for
further relative sign determinations. The values of 2 Kpp
are generally small; this is not unexpected regarding the
presence of highly electropositive stannyl-substituents
as well as steric crowding effects which tend to increase
the energies of rotamers with gauche-orientations of
phosphorus lone-pairs (this would place bulky stannyl-
groups in positions gauche to each other). The absolute
values of both 2Ksnpy and 2Kpsap show a marked in-
crease in the four-membered ring systems as compared
to acyclic derivatives and the six-membered heterocy-
cle 18. This effect may be attributed to changes in the
bond structure discussed above, together with the pres-
ence of an additional coupling pathway. The relative
magnitudes for the two isomers of 13 (*Kpsnp a1s >
2KpsnP trans) are in accord with the different dihedral
angles between the two phosphorus lone pairs [22].

Conformation and stereoisomerism

All studied substrates except 13 display a single set of
NMR signals, indicating that these molecules may be
described in terms of a single sterecisomer on the NMR
time scale. According to their 'H-spectra, the two sets
of signals in the case of 13 can be assigned to stereoiso-
mers with ¢is- or trans-orientation of the phosphorus
substituents relative to the four-membered ring. From
the integration of relative intensities, the trans-isomer
is slightly energetically favored (AG = 0.3 kJ mol™" at
298 K). The dynamic interconversion of both isomers at
elevated temperatures has been reported previously [6].
In the case of 14, a similar isomerization process is sug-
§est.ed by the observed temperature dependence of the

1P- and ''9Sn-NMR spectra which show substantial
dynamically induced line broadening at ambient tem-
perature. However, owing to the extremely low solu-
bility at temperatures below 0°C, no spectrum in the
slow exchange limit could be obtained. No evidence for
dynamic changes was detected for the remaining four-
membered ring systems, 15-17, suggesting that these
derivatives exist in a stable conformation. The num-
ber and multiplicity of the signals in the 'H- and '3C-
spectra is in accord with trans (Cap)-rather than cis
(Cay)-substitution, in analogy to the solid state struc-
tures of 13 and 15 [5, 6]. It may be proposed that the
cis-isomers are in this case destabilized owing to en-
ergetically unfavorable interactions between the bulky
phosphorus ligands.

Temperature-dependent line-broadening effects sim-
ilar to that of 14 were also observed for the six-
membered heterocycle, 18. At the high temperature
limit, only a single set of sharp signals is found for all
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tBu- and PH-moieties, respectively, indicating an effec-
tive molecular symmetry of Djgj,. Since no static molec-
ular conformation of appropriate symmetry is possi-
ble to give a pyramidal coordination geometry at the
phosphorus centers, the observed symmetry must be
explained by dynamic averaging between different con-
formational isomers via configuration inversion. To be
observed spectroscopically, the dynamic process must
involve diastereomers with different orientation of the
PH-hydrogens relative to the ring plane (cis-trans-trans
and all-cis stereoisomers), but the NMR data allow no
conclusion if the six-membered ring has a planar or
rapidly inverting, puckered structure.

Even if different diastereomers are expected for the
acyclic stannyl-phosphines 7-9 due to the presence of
two chiral phosphorus centers, only a single set of NMR
signals is observed, and no dynamic broadening effects
are detectable in this case. This suggests that as in the
cyclic systems, configuration inversion at phosphorus
occurs very easily. The comparison of the extent of
the dynamic effects in the spectra of cyclic (13, 18)
and acyclic (7, 9) stannylphosphines indicates that the
inversion process is fastest in the open chain derivatives
and becomes consecutively slower with smaller ring
sizes.
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