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Macrocyclic complexes provide stimulating examples for

studying the conformational properties of the molecules, owing
to the possible stable arrangements which the ligand can adopt
around the metal ion.
- The detection and the investigation of the different con-
formers for a given macrocyclic complex have beeh usually
accomplished by means of X-ray diffractometric analysis'™
and/or proton magnetic resonance spectroscopy of solutions
containing diamagnetic complexes.*” The use of the latter
technique, however, is limited by strong J-J coupling effects,
which make difficult the interpretation and the assignment
of the resonance signals of nonequivalent proton sets. If the
complexes, however, are paramagnetic, the resulting large
isotropic shifts can provide a powerful tool for the detection
of the isomers and for obtaining conformational information.
Indeed it has been shown.that the contact shift contribution
drastically depends on the conformational character, i.e., axial
or equatorial, of the resoriating proton.3-10

The results of an '"H NMR investigation on some hexa-
coordinate selected complexes of general formula NiLX, (L
= tetraamine macrocyclic ligand; X = Cl or NCS) are here
reported and neatly show the conformational characterization
of the nickel(IT) macrocyclic moieties.

Experimental Section

The ligands 1,4,8,11-tetraazacyclotetradecane ([14]aneN,) and
meso-5,12-dimethyl-1,4,8,11-tetraazacyclotetradecafie (Me,[14]-
aneNy) were prepared according to published methods.!'2 Their
paramagnetic derivatives \Ni([14]aneN,)Cl, and Ni(Me,[14]-
aneN,)Cl, were prepared by reaction of equimolar quantities of
nickel(IT) chloride and of the appropriate ligand in a minimum amount
of methanol.

The diperchlorate derivatives of the isomers 8-meso-; 8-rac-, and

v-rac-5,1,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclotetrade-
canemckel(II) (Ni(Meg{14]aneN,)) were prepared by reduction of
the parent 4,11-diene compound with NaBH, in basic solution and
separated as described.*® TIsomers selectively deuterated on the
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R=H N4 aneN,

R=CH, Me,[14) ane N,
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Figure 1. Proton magnetic resonance spectra at 34 °C of CDCl,
solutions of (i) Ni([14]aneN,)Cl, and (ii) Ni(Me,[14]aneN,)Cl,. The
resonance signals of protons labeled as d in the scheme are not shown.
Signals labeled with x are due to solvent impurities.

5,5,14,14-methyl groups were similarly obtained by using a parent
4,11-diene compound obtained by the reaction between the tris-
(ethylenediamine)nickel(I1) ion and hexadeuterioacetone. The di-
thiocyanato derivatives of the three isomers were prepared by reaction
between the appropriate diperchlorate derivative and sodium thio-
cyanate in dilute acidic solution, according to Warner and Busch.®
The dichloro analogues of 8-meso and y-rac derivatives were prepared
in a similar way by using acetonitrile as solvent and tetraethyl-
ammonium chloride. All the complexes were satisfactorily analyzed
for C, H, and N.

'H NMR Measurements. Proton magnetic resonance spectra were
recorded on a Varian DA-60 IL spectrometer at 60 MHz and on a
Varian EM 390 spectrometer at 90 MHz. Shifts were calibrated from
internal tetramethylsilane (Me,Si). The spectra were recorded both
in HR mode (side-band technique used for calibration) and in HA
mode in internal lock. Deuteriochloroform (Merck 99.8%) was used
as solvent.

Results and Discussion

The 'H NMR spectrum of the paramagnetic Ni([14]-
aneN,)Cl, is reported in Figure 1 together with a scheme of
the molecular structure of the complex.! The spectral data
are reported in Table I. The conformation of the ligand in
this compound is such that the six- and five-membered chelate
rings are in a chair and gauche conformation, respectively, so
that in the idealized C,, symmetry there are six sets of
nonequivalent protons, as labeled in Figure 1. Four of the six
sets contain twice as many protons as compared to the re-
maining two sets. Accordingly, the 'H NMR spectrum of this
compound consists of six resonances, four located downfield
and two upfield with respect to Me,Si. The downfield res-
onances are two times stronger than those upfield. The
correspondence between the observed signals and the sets of
ndnequivalent protons indicates that the conformation is fully
retained in solution and no evidence exists of other species
(eithét fast or slow on the 'H NMR time scale) with the
conformer shown in Figure 1. The resonance line pattern is
completely different from those observed for complexes formed
by simple symmetrical diamine ligands. As an example, 'H
NMR spectra of solutions containing 1:1 nickel(II)
ethylenediamine® ahd nickel(II) 1,3-propanediamine!® com-
pléxes show a single line at ~93 ppm and two lines at —175
and +14 ppm, respectively, as a result of the averaging of axial
and equatorial methylenic proton resonances by fast con-
formational interconversion. In contrast with this behavior,
the high barrier of interconversion of the chelate ring system
in the Ni([14]aneN,) moiety {as well as in all the 14-
membered macrocyclic systems here investigated) allows the
observation of “frozen” resonance signals for axial and
equatorial protons.
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Isotropic Shift Data (ppm)? and Spectral Assignments for Nickel(1[) Tetraaza Macrocyclic Complexes in CDCI, at 34 °C

Table I.

six-membered chelate 1'ingsb’c

a-CHeq (d) 8-CH,y (b)

five-membered chelate rings?¢

CH,y (D)

-20
-19

Me,

Mezd

Meld

B-CHeq (a)
+13.5
+13.7
+13.8

a-Cli,y (0)

CHeq (e)

-175

complex

Ni([14)aneN,)Cl,

+4.5

-317

-15.4
—-13.7
—-15.0
—-17.3

+5.0
+5¢
+5¢
+6°
+6¢

—180,—-175

Ni(Me, [ 14 JaneN )Cl,

+4.2

-20.1
-21.1
-22.7

—189,-180
—177

—-30,-20

-21
-33

Ni(p-meso-Me, [ 14]aneN )Cl,

+3.5

+14.9
+15.5

Ni(g-meso-Me, [14 JaneN, }(NCS),

+4.7

-76,—-125
—188,—-185, 181

-160

Ni(g-rac-Me, [ 14 JancN,)(NCS),
Ni(y-rac-Me [14janeN,)CL,

+0.6
—-13.9

+4.0

-19.7,-18.6

+12.3,13.8

-31,-29

+0.7
-14.9

+4

-19.8

+15.4,174

+7¢

-194,-163 —-47

-23

Ni(y-rac-Me, [14 JaneN, )(NCS),

a-CH —2.8 ppm (average), 6-CH — 1.7 ppm (average), Megq — 1.1 ppm, Me,

2.0 ppm.

¢ The isotropic shifts are determincd relative to the shifts of the free ligands or diamagnetic nickel(II) complexes:

€ See Figures 1-4.

b Key: ax

Resonances vanishing in deuterated samples.

d

= axial; eq = equatorial.

shifts >-100 ppm, 1.5 ppm; shifts <—100 ppny, 1.0 ppm.
¢ FFrom the spectra of deuterated samples because of the overlapping with Me, resonances.

Estimated errors in isotropic shift data:

Notes

10 ppm
—_—

s it

Figure 2. Proton magnetic resonance spectrum at 34 °C of Ni(3-
meso-Meg[14]aneNy)Cl, in CDCly. Signals labeled with % are due
to impurities.

The assignment of the resonances, as reported in Figure 1
and Table I, is based on: (i) the intensity ratios; (ii) the
consideration that the 8-methylenic protons of the propylenic
chains shift upfield with respect to the diamagnetic position,
probably because of spin polarization mechanisms;'®'? (iii) the
values of the isotropic shifts, whose average for each pair of
geminal protons approaches the values observed for the
corresponding methylenic protons in nickel(11)-ethylenedi-
amine and nickel(IT)~1,3-propanediamine complexes. As to
the last point it is worth noting that the observed values of the
isotropic shifts agree with those calculated by Reilley et al.*0
for “frozen” conformations of diamino chelate ligands in
pseudooctahedral paramagnetic nickel(I) complexes.

The assignment of axial and equatorial protons is proposed
on the basis that the former protons are expected to experience
a smaller contact shift according to the well-known relationship

A, =By + B, cos* 0,

where A; is the hyperfine coupling constant and 4 is the di-
hedral angle between the Ni-N and C-H bonds in the
Ni—-N-C-H moiety.*!* Furthermore the less shifted axijal
proton resonances are broader than those of the equatorial
protons since the former protons are closer to the paramagnetic
center and therefore are more affected by a dipolar relaxation
mechanism.!®

Similar considerations hold in order to assign the spectrum
of the Ni(Me,[14]aneN,)Cl, complex (Figure 1), which can
be considered as derived from Ni([14]aneN,)Cl, by substi-
tution of the equatorial protons of C(5) and C(12) carbons
with two methyl groups. As a result of this substitution the
molecule has a lower symmetry, i.e., C, than the parent
Ni({14]aneN,)Cl, molecule and therefore a larger number of
resonance signals is expected, the sets of nonequivalent protons
amounting to ten. The 'H NMR spectrum of this compound,
as compared with that of the Ni([14]aneN4)Cl, complex,
shows the splitting of the resonances attributed to the
equatorial ethylene protons and to the axial a-propylenic
protons; no splitting is observed for the resonances of the axial
ethylenic protons, probably because of the large line width of
the signals, The resonance attributed to the two equatorial
a-propylenic protons has not been detected in this case, since
it is expected to fall beyond -300 ppm from Me,Si.

This type of spectral analysis can be useful also for systems
known to give rise to a large variety of isomers. An example
is given by the Ni(Me¢[14]aneN,) system, whose three di-
astereoisomers labeled as 8-meso, 5-rac, and y-rac have been
characterized by means of X-ray diffraction analysis* and 'H
NMR spectroscopy of solutions containing the diamagnetic
square-planar derivatives.%® The spectral data of the fully
paramagnetic dichloro- and dithiocyanato derivatives of these
conformers are reported in Table 1.

The Ni(8-meso-Meg[14]aneN,) diastereoisomer has the
chelate ring skeleton similar to that of the above discussed
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Figure 3. Proton magnetic resonance spectrum at 34 °C of Ni(8-
rac-Meg[14]aneN,)(NCS), in CDCl;. Signals labeled with # are due
to impurities. ‘

Ni({14]aneN,;) and Ni(Me,[14]aneN,) complexes. The
symmetry is C; and the '"H NMR spectrum (Figure 2) shows
a pattern of resonances strictly relatable to those of the latter
compounds. The eight resonance signals can be therefore
assigned following the considerations discussed above. In this
case also, the axial and equatorial geminal proton signals are
well split; in particular the difference of ca. 180 ppm and ca.
-20 ppm for the equatorial and axial ethylenic protons, re-
spectively, indicates the existence of a quite regular gauche
conformation of the five-membered chelate rings. The res-
onances at —22 and +2 ppm, with respect to the Me,Si res-
onance, are assigned to the equatorial and axial geminal methyl
groups, respectively, and the resonance at —16 ppm is assigned
to the methyl groups attached to the asymmetric carbons. The
latter assignment is supported by the spectra of samples
containing selectively deuterated geminal methyl groups (see
Table I). It should be noted that the different conformational
character, i.e., axial or equatorial, of the methyl groups is well

accounted for not only by the magnitude of the isotropic shift -

or by the line width of the signal but also by the sign of the
hyperfine coupling constant, the axial and equatorial methyl
groups experiencing upfield and downfield shifts, respectively.
Similar conclusions fully agree with the analysis of the 'H
NMR data reported by Reilley et al. on the nickel(Il)
complexes with racemic and meso 2,3-butanediamine'® and
2,4-pentanediamine,'® which, however, display fast confor-
mational interconversion on the 'H NMR time scale.

The Ni(B-rac-Meg[14]aneN,) diasterecisomer has a C, axis
orthogonal to the NiN, plane (Figure 3). The six-membered
chelate rings adopt the same chair conformation as in the
B-meso isomer; the five-membered rings, on the contrary, adopt
a strongly distorted gauche conformation, because of the
opposite configuration of the consecutive pair of nitrogens. As
a consequence the methylenic protons of the ethylenic chains
are in4termediate between the axial equatorial limiting posi-
tions, ;

This conformation clearly shows up in the spectrum of this
compound (Figure 3). A pattern of resonances similar to that
of the B-meso diastereoisomer is observed for the protons of
the six-membered chelate rings, whereas the signals of the
ethylenic protons are closer to each other than the proton
resonances of the regular gauche conformation. If the con-
formation of the five-membered chelate rings was exactly
eclipsed, a single signal in the range —80 to —-90 ppm would
have been expected. The splitting of the signal of the ethylenic
protons, as compared to the splitting occurring in the spectrum
of the B-meso isomer, can be taken as a measure of the degree
of the distortion from the eclipsed conformation.

The Ni(y-rac-Meg[14]aneN,) diastereoisomer has the same
nitrogen configuration of the 8-meso, but owing to the same
configuration of the asymmetric carbons, the two six-mem-
bered chelate rings cannot be equivalent: one of them retains
the regular chair conformation, whereas the other adopts a
highly distorted conformation intermediate between the chair

Inorganic Chemistry, Vol. 18, No. 3, 1979 893

Figure 4. Proton magnetic resonance spectrum at 34 °C of Ni(y-
rac-Meg[14]aneN,)Cl, in CDCl;. Signals labeled with x are due to
impurities.

and the twist-boat. As a result of this inequivalence, the two
five-membered chelate rings adopt unsymmetrical gauche
conformations and therefore this diastereoisomer has C,
symmetry.*

The pattern of the resonances, which appears in the
spectrum of this compound (Figure 4), can be related to that
of the B-meso isomer; however, the lack of symmetry causes
the splitting of all the signals. Four resonance signals are
detected for the equatorial protons of the ethylenic chains in
the range ~190 to ~160 ppm, whereas the resonances assigned
to the related axial protons are not well resolved because of
the large line width. Again, two signals are observed for the
two equatorial protons attached to the 8 carbons of the
propylenic chains and for those of geminal groups occupying
equatorial sites (labeled in Figure 4 as Me, and Me/"). .In the
latter case the nonequivalence of the axial counterparts cannot
be detected because of the small values of the isotropic shifts
and the line width of the signals. However the most relevant
feature of this. spectrum is the shift difference between the
resonances of the methyl substituents Me; and Me;’ of the
asymmetric carbons: the former resonates at —15 ppm in a
spectral region typical, as seen above, of equatorial methyl

-substituents and the other at —1.4 ppm, in a region expected

for axial substituents.

The results here reported show how powerful the isotropic
shift technique can be in detecting and assigning different
conformers of the macrocyclic complexes. As a matter of fact,
both the resonance position and the line width are strictly
related to the conformational character of each resonating
proton. Despite the full paramagnetism of the complexes, the
signals are spread over a large spectral range and therefore
the sensitivity of the 'H NMR technique is highly improved.
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Polyphosphine ligands have been synthesized with two
primary aims:! First, the chelate effect has been used to reduce
complications in studies of catalytic properties of the metal
complexes by eliminating substitution equilibria of labile
moriodentate phosphine ligands.? Second, linking the phos-
phines in an open chain arrangement would eliminate steric
interactions of the attendant R groups in otherwise bulky
phosphines and permit the metal atom to assume an undis-
torted but defined coordination geometry. Complexes of Rh(I)
and other metals with the linear tridentate triphosphine ligand
PhP(CH,CH,CH,PPh,), (ttp) should provide excellent probes
with which to study catalytic hydrogenation, substrate dis-
placement reactions, and metal-induced activation of small
molecules (e.g., O,, SO,, H,). Since the intramolecular steric
forces are expected to be small, this system should also serve
well to probe the trans influence of a variety of ligands upon
the central phosphorus—metal bond. As the ttp chelate ensures
that the ligand field about the rhodium is enforced, this system
has the advantage that a homologous series RhX(ttp), I, can
be.prepared, wherein the geometrical configuration is fixed
for differing ligands, X.

Ph
]
1
P R‘h Y
27 —r2
o/ | \ ph
o X Ph
I

The ttp ligand has been found, however, to endow its Rh(I)
complexes with somewhat different reactivity than its tris-
(triarylphosphine) monodentate counterparts. For example,
the rhodium atom in RhCl(ttp) is a much stronger nucleophile
than that in the RhCI1(PPh,), analogue, reacting readily with
neutral and cationic acids (SO,, BF;, CO, Cl,, CH,I, NO*,
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Table I. *'P NMR Data for [Rh(ttp)X]"* Complexes
cone
JRh—P" JRh—Pl’ angle, .
complex? Hz Hz deg PA(X)
Rh(OH)(ttp) 166.5 1277 90 390¢
RhCI(ttp) 162.5 128.7 102 333d
Rh(N,)(ttp) 1522 1316  95-110
[Rh(ttp)(CH,CN)]PF,  151.5 123.0 95 186¢
Rh(NCS)(ttp) 149.3 127.4
[Rh(ttp)(py)] BF, 139.7 1297 119 2257
Rh(CN)(ttp) 122.6 1345 95 3494
Rh(CH,)(ttp) 1133 152.8 90 405¢
[Rh(ttp)(CO)] PT, 113.3 1143 95 1437
[Rh(ttp)(PEt,)] AsF, 113.2 1379 132 ~220%
[Rh(ttp)P(OMe), ] AsF, 111.6 124.7 107 218k

@ P, is the central, P, the terminal phosphorus atom. ? From
ref 15; some values for the smaller ligands (e.g., CH,CN) have
been estimated from models. € S. A. Sullivan and J. L.
Beauchamp, J. Am. Chem. Soc., 99,5017 (1977). 4 8. A.
Sullivan and J. L. Beauchamp, ibid., 98, 1160 (1976). ©¢J. L.
Beauchamp, Annu. Rev. Phys. Chem., 22,527 (1971). T D. H.
Aue, H. M. Webb, and M. T. Bowers, J. Am. Chem, Soc., 94, 4726
(1972). € Estimated from values of other phosphines, " R. V.
Hodges, T. J. McDonnell, and J. L. Beauchamp, J. Am. Chem,
Soc., in press, ! Gas-phase proton affinity in kcal/mol.

N,Ph*, CH;*, CH;CO™, and H*) to yield stable five-coor-
dinate complexes.’® The apparént basicity of the metal center
is in fact more akin in its behavior to that of IrCi(PPhj;);
complexes.* Studies on the five-coordinate SO, adducts of
[RhX(ttp)]™ (n = 0, X = CI, Ny, CN,n =1, X =
CH,CN, PPhMe,, CO, and PEt;)’ suggest that the envi-
ronment at the fourth coordination site of the parent
[RhX(ttp)]™ may actually be somewhat sterically hindered
and thus may contribute to that site’s reactivity. In [Rh-
(ttp)(PEt3)(SO,)1, it is the equatorial PEt; group rather than
the normally more weakly bound SO, that is the more labile.”®

In order to explain this behavior and to gather data for trans
influence studies, we have synthesized and characterized an
extended series of [RhX(ttp)]"* complexes, examined their
3P NMR spectra, and determined the structures of the X =
py and X = PEt; derivatives. ‘

In Table I we have assembled some of the *'P NMR results
for a number of the neutral and cationic four-coordinate
complexes [RhX(ttp)]™*, arranged in the order of decreasing
rhodium-phosphorus coupling constant, Jgyp,.. We find, as
has been fourd for Pt(II) complexes,® that the neutral dnd
cationic complexes can be considered together; the range of
rhodium~—phosphorus coupling constant values, particularly of
Jrh-p, are indistinguishable. As for the platinum complexes,
the rhodium~-phosphorus coupling constants (Jgy.p ) can be
used similarly to establish a trans influence series for the
ligands. Our observed ordering, in pdrt, is OH™ < CI” < Ny~
~ CH;CN ~ NCS < py < CN" < CH; ~ CO ~ PEt; ~
P(OMe),, which is considerably different from that found
(using Jpp) for Pt(ID):*° CH;CN < CI” < py < SCN™ < OH~
< PhS™ < CO < CN~ < P(OPh); ~ PPh; ~ CH,. That the
ordering of the ligands is different is not surprising, because
the trans influence of a ligand depends not only upon the
nature and properties of the ligand itself but as well on the
particular metal, its oxidation state, the other ligands, and the
degree of coordination of the metal!® We do, however, find
the placement of some of the ligands in this series inconsistent
with bonding arguments which should hold a priori for these
complexes and which have well rationalized the trans influence
series observed for some other metal systems.!*!!

Equation 1 is appropriate for discussion of the rhodium-

Jre-p = YruYearn Wrn(ss) (0)Pap’¥ean (0)PFCAE)™ (1)
phosphorus coupling constants:'? +, is the appropriate gy-
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