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JouN CHARLES THOMAS RENDELL and LAURENCE KENNETH THOMPSON. Can. J. Chem.
57,1 (1979).

A series of cobalt(11), copper(II), and zinc(II) complexes of the title ligand are reported. 1:1
complexes of cobalt and zinc, M(OBT)X, (M = Co, Zn; X = Cl, Br, I, NCS), have four-
coordinate pseudo-tetrahedral stereochemistries while for copper (X = Cl, Br), distorted
square geometries are suggested. Six-coordinate 1:1 derivatives are also obtained for cobalt
and copper, M(OBT)(NO3), (M = Co, Cu), while the 1:2 derivative Cu(OBT),(ClO,),-2H,O
may be square planar. OBT appears to coordinate as an N, donor in all cases. Preliminary
X-ray data confirm a distorted square CuN,Cl, structure for the copper chloride complex.
Hydrogen bonded chloroform solvate molecules appear to be present in three cobalt complexes
(X = (I, Br, NCS).

JoHN CHARLES THOMAS RENDELL et LAURENCE KENNETH THOMPSON. Can. J. Chem. 57, 1
(1979).

On décrit une série de complexes du cobalt(I1), du cuivre(11) et du zinc(IT) avec le coordinat
ci-dessus. Les complexes 1:1 du cobalt et du zinc, M(OBT)X, (M = Co, Zn; X = Cl, Br, I,
NSC), sont tétracoordonnés et possédent une structure pseudo-tétraédrique, tandis qu’une
géométrie carrée déformée est proposée dans le cas du cuivre (X = CI, Br). On obtient égale-
ment des composés 1:1 hexacoordonnés du cobalt et du cuivre, M(OBT)(NO3), (M = Co,
Cu), alors que le composé 1:2 Cu(OBT),(ClO.),-2H,0 pourrait étre plan carré. Dans tous les
cas, le coordinat OBT joue le réle de donneur N,. Les données préliminaires de diffraction des
rayons X confirment la structure plane carrée CuN,Cl, du complexe chloré du cuivre. Trois
complexes du cobalt (X = Cl, Br, NCS) semblent renfermer des molécules du solvant, le
chloroforme, retenues par liaisons hydrogéne.
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Introduction

The current surge of interest in metalloprotein
model systems has revealed that imidazole nitrogen
and thioether sulphur functional groups are likely
to be involved in coordination to copper in both
Type I and Type III copper metalloproteins (ref. 1
and references therein). Benzothiazole has hetero-
cyclic sulphur and pseudo-imidazole functional
groups, the former being a poor Lewis base. Studies
on the complexes of benzothiazole and 2-substituted
benzothiazoles (R = NH,, CH;, Cl) (2-8) reveal that

1To whom all correspondence should be addressed.

[Traduit par le journal]

with first row transition element ions (M = Fe, Co,
Ni, Cu, Zn) benzothiazole is N-bonded, except in a
few cases involving bridging benzothiazole (4) in
which it is assumed to behave as a bidentate ligand
involving both N and S donation. The polyfunc-
tional benzothiazole ligand 2,6-(dibenzothiazol-2-
yDpyridine (9) has been shown to behave as an N
donor, rather like 2,2",2"'-terpyridyl, in its complexes
with manganese(Il), iron(Il), and nickel(II). The
ligand 2-(o-hydroxyphenyl) benzothiazole behaves
as an NO donor to copper(II) (10).

Studies on the cobalt(Il), copper(Il), and zinc(II)
complexes of the ligand 2,2’-0-phenylenebisbenzo-
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Fi1G. 1. 2,2’-0-Phenylenebisbenzothiazole.

thiazole (OBT) (Fig. 1) reveal that OBT behaves as
an N, donor. Reaction of the ligand (OBT) with
cobalt(IT), copper(II), and zinc(IT) salts in ethanol or
acetone leads to a series of tetrahedral, octahedral,
and square complexes whose structures have been
established by electronic, vibrational, and esr spectra,
magnetism and conductance data, and an X-ray
structure.

Experimental

Electronic spectra were recorded on a Cary 17 spectrom-
eter, infrared spectra were obtained with a Perkin-Elmer model
283 spectrometer, and electron spin resonance spectra were
recorded at —196°C on a Varian E-3 X-band spectrometer,
the magnetic field strength being calibrated with an nmr probe
and with Mn(II) in MgO powder. Magnetic susceptibilities
were obtained at room temperature by the Faraday method
with a Cahn model #7600 Faraday Magnetic Susceptibility
system, coupled to a Cahn gram electrobalance and conduc-
tance data were obtained with a General Radio Company
bridge with impedance comparator and a constant tempera-
ture bath adjusted to 25°C. Microanalyses were carried out
in part in the Chemistry Department at Memorial University
with a Perkin-Elmer model #240 Elemental Analyzer and by
Atlantic Microlab, Inc., Atlanta, Georgia. Metal analyses
were determined by Atomic Absorption with a Varian Tech-
tron AA-5, after digestion of the samples in concentrated
HNO; or aqua-regia.

Metal Complexes of OBT

OBT was synthesized according to the procedure of Rai and
Braunwarth (11). Hydrated or anhydrous metal salts were
employed.

Co(OBT)X,(CHCl3), (X = Cl, Br, NCS;n = [; X =1,
n = 0) Co(OBT)(NO3),2H,0

Stoichiometric amounts of the appropriate metal salt and
OBT were dissolved separately in hot ethanol and the solutions
were mixed and stirred with heating for 15 min. The resulting
solutions were filtered and reduced in volume to induce crys-
tallization. Some difficulty was encountered in obtaining crys-
tals and it was found that addition of acetonitrile to concen-
trated solutions of the complexes resulted in the formation of
crystalline products. Recrystallization was effected from chlo-
roform and the complexes were dried under vacuum.

Cu(OBT)X, (X = Cl, Br, NO3)

Stoichiometric amounts of the appropriate metal salt and
OBT were dissolved separately in hot ethanol and the solutions
were mixed. Crystalline products were obtained rapidly, which
proved to be fairly insoluble in most solvents. The chloro- and
bromo-compounds were recrystallized from dichloromethane
and dried under vacuum while the nitrato-complex was recrys-
tallized from chloroform.

Cu(OBT),(ClO,),2H,0
Stoichiometric amounts of the metal salt and OBT were
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dissolved separately in hot ethanol containing about 5%

triethylorthoformate. On mixing the solutions a light khaki

green precipitate was obtained which was washed with an

ethanol/triethylorthoformate mixture and dried under vacuum.

Zn(OBT) X, (acetone), (X = Cl, Br,n = 1; X = I, NCS,
n=20)

Stoichiometric amounts of the metal salt and OBT were
dissolved separately in hot acetone and the solutions were
mixed. Crystalline products were obtained and were dried
under vacuum.

Analytical data for the complexes are given in Table 1.

Results and Discussion

Cobalt Complexes

The cobalt complexes Co(OBT)X, (X = Cl, Br,
NCS, 1) exhibit electronic spectra, both in solution
and in the solid state, typical of pseudo-tetrahedral
cobalt(Il) (Table 2). The splitting of the three com-
ponents of v, is quite large, falling in the range 3130~
3850 cm ™', suggesting a crystal field of lower sym-
metry than 7, Systems of the type CoL,Br,
(L = 4Etpy, 2Etpy) have comparable spectra with
large splittings of v, (12). The general similarity be-
tween the spectra and ligand field parameters of the
OBT complexes and Co(benzothiazole)X, (X = Cl,
Br, I) (7) and Co(benzimidazole)X, (X = Cl, Br, I,
NCS) (13) coupled with the absence of any intense
bands, which could possibly be associated with sul-
phur-to-metal charge transfer, suggests that in these
systems OBT coordinates as a bidentate ligand via
two nitrogen atoms. The iodo-complex displayed a
high intensity band around 22 500 cm ™!, both in the
solid state and in solution; this is assigned to I — Co
charge transfer (14).

The pink cobalt nitrate complex, Co(OBT)-
(NO;),-2H,0, has an electronic spectrum typical
of a pseudo-octahedral system (Table 2). Two mod-
erately intense bands are observed, and the spectrum
bears a close resemblance to that of Co(a-picoline),-
(NO;),, a six-coordinate pseudo-octahedral complex
with bidentate nitrate groups (15). Again it appears
that OBT is behaving as a bidentate N, donor.

Conductance measurements in nitromethane
(Table 3) indicate that the cobalt complexes are all
essentially non-ionised in solution at 1073 M. The
iodo-complex exhibits the highest molar conductance
indicating a small degree of dissociation. It was noted
that this complex was somewhat more sensitive than
the others to hydrolysis in wet solvents. The cobalt
nitrate complex appears to be a non-electrolyte in
freshly prepared nitromethane solution but on
standing some dissociation occurred (approximately
20 mho mol~! cm? after 12 h). Magnetic moments
(Table 3) are typical for pseudo-tetrahedral cobalt(1l)
systems, with the exception of the chloride complex
which has a moment somewhat higher than one
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TABLE 1. Analytical and other data

Found Calced

Compound Colour C H N M C H N M
Co(OBT)Cl,-CHCl; Blue 41.9 2.28 4.71 10.2 42.5 2.19 4.72 9.93
Co(OBT)Br,CHCl; Blue 36.9 1.96 3.81 8.49 36.9 1.90 4.10 8.64
Co(OBT)1, Green 36.3 1.82 3.98 8.69 36.5 1.83 4.26 8.98
Co(OBT)(NCS),-CHCl; Blue 43.0 2.11 8.60 9.00 43.2 2.04 8.77 9.23
Co(OBT)(NO3),2H,0 Pink 42.0 2.31 9.72 10.8 42.6 2.84 9.95 10.5
Cu(OBT)Cl, Green 50.2 2.54 5.82 13.3 50.2 2.51 5.85 13.3
Cu(OBT)Br, Dark purple 42.2 2.15 4.95 11.5 42.3 2.12 4.94 11.2
Cu(OBT)(NO3), Blue 45.1 2.30 10.5 11.9 45.2 2.26 10.5 12.1
Cu(OBT),(ClO4),2H,0 Buff-green 48.6 2.55 5.71 6.64 48.7 2.84 5.68 6.43
Zn(OBT)Cl,-(CH3;),CO White 50.9 3.13 5.11 12.4 51.3 3.34 5.20 12.1
Zn(OBT)Br,(CH3),CO White 43.9 2.62 4.56 10.2 44.0 2.87 4.46  10.4
Zn(OBT)I, White 36.4 1.93 4.10 9.20 36.2 1.81 4.22 9.86
Zn(OBT)(NCS), White 50.3 2.50 10.5 12.2 50.6 2.30 10.7 12.4

would expect for systems of this type (3, 4, 13). The
higher magnetic moment (5.18 BM) associated with
the nitrato complex confirms the pseudo-octahedral
nature of this system (15, 16).

The infrared spectra of all the cobalt complexes
show a general similarity where vibrations associated
with the ligand are concerned. A sharp band of
medium intensity in the range 2985-2995 cm™! is
assigned to CH stretch (v,,4,) in chloroform (Table
4) in the complexes Co(OBT)X,-CHCl; (X = Cl,
Br, NCS). In addition, a strong band around 740
cm ™! in these complexes is assigned to a chloroform
deformation mode (vs,E). These bands are absent
in the cobalt iodide complex and also in the copper
and zinc halide complexes. Chloroform exhibits the
v, band at 3034 cm™?! in the vapour phase, while
the vs band occurs in the range 760-770 cm ™! for
the gaseous or liquid phases. Shifts in these bands in
the cobalt OBT complexes from their free solvent
positions are consistent with a hydrogen bonded
chloroform molecule and it is assumed that the
coordinated anions act as acceptor sites (ref. 17 and
references therein). Prolonged drying of these com-
plexes under vacuum at moderate temperatures does
not remove the solvent molecule.

The complex Co(OBT)(NCS),-CHCl, exhibits two
bands due to CN stretch (2070, 2058 cm ') which
are associated with two isothiocyanates in an ap-
proximately C,, environment. A low energy band at
473 cm~! (Table 4) can be assigned to NCS bending
in an N-bonded thiocyanate (18). The ligand has a
fairly rich spectrum in the far infrared region but in
general the observed bands are not affected very
much by coordination. Other bands below 350 cm ™!
can be associated with metal-ligand vibrations
(Table 4) (3, 4, 19).

The cobalt nitrate complex exhibits nitrate funda-
mentals (20) and combination bands (21) typical of

bidentate nitrate, in keeping with the proposed
monomeric nature of the complex (Table 4). Absorp-
tions at 290, 268 cm~! are tentatively assigned to
Co—O stretch (3). It is apparent from the high
energy region of the spectrum that water is present in
this compound, even after prolonged drying. How-
ever, it is assumed that the water molecules occupy
lattice sites and are not coordinated to the metal.

Copper Complexes

The electronic spectra of the copper complexes
(Table 2) can be divided into two groups according
to the presence or absence of moderately intense
bands in the range 19 000 — 25 000 cm~*. The com-
plexes Cu(OBT)X, (X = Cl, Br) are characterized
by absorptions at 17 000 cm ™! or below whose in-
tensities are too low to be associated with charge
transfer transitions and are assigned to d-d transi-
tions. Bands of much higher intensity are found in
the range 19 000 - 25000 cm™! and it is suggested
that these are associated with ligand-to-metal charge
transfer transitions. The nitrate complex does not
exhibit bands above 17 000 cm ™! which can be asso-
ciated with charge transfer and although the per-
chlorate complex has a fairly intense shoulder around
24 000 cm ™!, this may well be associated with a d-d
transition.

Benzothiazole complexes Cu(benzothiazole),X,
(X = ClI, Br) are reported by two groups to exhibit
d-d bands in the range 12 500 — 13 700 cm ™! in the
solid state, associated with polymeric, halogen
bridged pseudo-octahedral structures (3, 4). Higher
energy bands above 20 000 cm™! are reported but
are not discussed and it is assumed that in these com-
plexes the benzothiazole acts as a nitrogen donor
ligand. 2-(o-Hydroxyphenyl)benzothiazole (PBS) has
been shown to form a trans-planar CuN,O, complex
in which the benzothiazole groups are nitrogen



CAN. J. CHEM. VOL. 57, 1979

-X2 Ie[ow ‘() {Iap[NoYys ‘[ ] {oUBYISWOIIIU Ul UOHN[OS ‘P {3UOJIDE Ul UOIIN|OS ) {WIOJOIOIYD

*JUIIDY0d uondUI}

ur uonnjos ‘g {(ainjeradwa) WOoI) WnId3ds dUBNIWSURI] [[NW ‘D :SUIMO[[0) Y] UBIW S[aqQET4

(009)f000€z]  (98)[06091] p
[ooot] [ooLo1] B O“HZ-H(TO1D)Y(1da0)nD
F000191  (09)[00€ET] q
00€91 [008¢1] e Y(EON)(1gOo)MND
(S6$)00V61 (99001911 (T€2)000€ T P
(0LS)00S8T F1oloocer] q
00261 [00s91] [oovET] e cg(rgond
(00$)006€T (7900811 (0L)OOLET p
(I1$)001+¢ (cL)oosy1]  (4L)009€1 q
[oo1¥¢] 00ZL1 009€ T e Qelfs:(e)ltle)
n)«xu p-p
780 09L 0886 (96)0506T ($1)0068 >
00L8T 0296 e OTHZ (CON)(LE0)0oD
g (-w)  (;_wo) Q) (*a) punodwo)
g b@o1 L= @)Ly Ly~ Uy
L9°0 649 098% FTEOPILT (0201)0SSST (08L)0STST] (££00201 (010008 (6¥)[05€9] q
ovSLI 00091 00£01 0008 [0099] B fIDHD-Y(SON)(LE0)0D
L9°0 6v9 068€ (00%1)00LZT ($95)009ST  (0S8)00LYT (9¥6)006€1 (99)0€€8 (S91)0EY9 (F)00TS] q
00S7C 0£9S1 008%1 006€1 o8 0LE9 [092s] e 1(Lg0)oD
IL°0 L89 (\1487 (TLE)0ESOT  (609)00%ST (0FL)OS6HT (L0188 (L11)08L9 (+E)[09¥5] q
00591 00LS1 0v0s1 0£68 0089 ovss e fIDHD-“19(190)0D
€L°0 YOL oy (180)0¥eLT  (184)0SSST (OY)ose6  (S8)0TIL (0£)0TLS q
0S691 0lI¢sT 00€6 oviL 00LS e fFIDHO-FID(Ld0)0D
! (f-wo)  (;_uw) (a) (») punodwo)
g baor Ve~ (d)' Ly Wy = (D'

+(;W0) B1oads o1U101109]g 7 14V ],

"Ajuo asn feuos.ad o4
2T/5S0/60 UO G#G2'/8°0TZ AQ W0I'SSa1dy0.18858.104U" MMM LLIDJ Y papeo [UMOq "Wy T "ued



Can. J. Chem. Downloaded from www.nrcresearchpress.com by 210.87.254.5 on 09/05/12
For personal use only

RENDELL AND THOMPSON 5

TABLE 3. Magnetic moment and conductance data

M*
(mho mol~* u (BM)t
Compound cm?) (room temperature)
Co(OBT)Cl,*CHCl; 5.33 4.85
Co(OBT)Br,-CHCl; 10.0 4.66
Co(OBT)I, 23.0 4.67
Co(OBT)(NCS), CHCl; 7.22 4.44
Co(OBT(NO;),2H,0 4.0 5.18
Cu(OBT)Cl, 22.2 1.92
Cu(OBT)Br, 45.1 1.87
Cu(OBT)(NO;). 34.1 1.98
Cu(OBT)(Cl0y),2H,0 196 1.99

*Solvent nitromethane at approximately 10=3 M (25°C).

+Magnetic moment measured in solid state by Faraday method.
bound. A d-d band occurs around 17 000 cm ™' and
bands at 22 700 and 24 100 cm ™! are assigned to
¥ « 1 or ¥ « n intraligand transitions (10).

The copper nitrate complex exhibits an electronic
spectrum which is essentially the same in both solid
state and solution (Table 2) and is typical of a
pseudo-octahedral system of the type CuL,(NO;),
(L = a-picoline, quinoline, isoquinoline) (15). OBT
is assumed to behave as an N, donor. The mull
transmittance spectrum of the perchlorate complex,
Cu(OBT),(ClO,),2H,0 shows a d-d band at
16 700 cm ™! and a more intense high energy shoulder
at 24000 cm~!. Square coplanar CulN, systems
would be expected to exhibit two major transitions
at fairly high energy with the higher energy band
appearing at 20 000 cm ™' or higher. Cu(LE),(ClO,),
(LE = 1,2-bis(2’-pyridyl)ethane) is assumed to have
a square planar CuN, structure and exhibits bands
at 18200 and 21 600 cm™! (22). Cu(LP),(ClO,),
(LP = 1,2-bis(2’-imidazolin-2'-yl) benzene) has
bands at 16 000 and 21 000 cm ™! attributable to a
CuN, square planar structure.? The large separation
in energy between the two bands observed in the
spectrum of the perchlorate complex of OBT can be
rationalised in terms of a square CuN, system in
which axial perturbation is either reduced to a mini-
mum or absent. Molecular models suggest that a
trans arrangement of two OBT ligands about a square
planar metal centre would effectively block both
axial sites. As an alternative explanation the band at
24 000 cm ™! could be associated with a n* « n or
7* « n intraligand transition while the lower energy
absorption at 16 700 cm™! could be assigned to a
d-d transition in a cis-octahedral species involving
two coordinated water molecules (infrared data sug-
gest the possibility of coordinated water).

Recent reports of copper thioether complexes and
their relation to ‘blue’ copper proteins (1, 23, 24)
indicate that c(S)—Cu LM charge transfer bands for

2Unpublished observations.

thioether systems occur as fairly intense bands in the
range 22 000 — 31 000 cm™!. Copper complexes of
2,5-dithiahexane and 3,6-dithiaoctane have charge
transfer bands of moderate intensity in the range
22000 -26 000 cm™', assigned to S—Cu charge
transfer (25). Complexes with less polarizable amine
type ligands, e.g. Cu(en),?* and its alkylated deriva-
tives (26, 27) exhibit o(N)—>Cu charge transfer ab-
sorptions at ca. 40 000 cm~!. OBT can be considered
as a bis-imidazole (N,) or as a bis-sulphur donor
(S,) or as a mixed ligand if NS coordination takes
place. As a sulphur donor ligand it would perhaps
be expected to exhibit S—Cu charge transfer at com-
parable energies to those mentioned previously. It is
probably unwise to compare imidazoles with simple
aminesbutitisunlikely that N— Cu charge transfer for
imidazole systems would occur below 30 000 cm ™.
In a recent paper describing copper complexes of the
tripod ligand tris(2-benzimidazylmethyl) amine, no
bands below 30 000 cm ™! could be associated with
imidazole N—Cu charge transfer (28).

The halide complexes exhibit fairly intense bands
at 24 100 cm ™! (Cl) and 19 200 cm™" (Br) in their
solid state spectra which are assigned to m-halo-
gen—Cu charge transfer (29, 30). Lower energy
bands for the chloro complex at 13 600 cm™' and
17200 cm™! are assigned to d-d transitions asso-
ciated with a four coordinate species having an al-
most square arrangement of donor atoms. Solution
studies on this species indicate the presence of the
charge transfer band but a shift to lower energy of
the d-d bands. This can be interpreted in terms of the
pseudo-square solid state species becoming more
tetrahedral in solution. The bromo complex exhibits
an intense band at ca. 19 000 cm ™! both in the solid
state and in solution, which is assigned to a nBr —
Cu charge transfer transition while lower energy
bands at 16 000 and 13 000 cm ™! can again be asso-
ciated with d-d transitions in a four-coordinate spe-
cies with a stereochemistry in between square and
tetrahedral.

Although the charge transfer bands in the halide
complexes fall in a range consistent with S—Cu
charge transfer, this assignment has been excluded
because of the large difference in energy observed
for this band in the chloro- and bromo-derivatives
and their otherwise general similarity. Recent X-ray
data® confirm this assignment and show that the
complex Cu(OBT)Cl, has an almost square planar
CuN,Cl, structure (Fig. 2).

Conductance measurements (Table 3) on the cop-
per complexes indicate the perchlorate complex to
be a 1:2 electrolyte in nitromethane, while the halide
and nitrate complexes appear to be largely non-

3R. G. Ball and J. Trotter. Private communication.
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TABLE 4. Infrared data (cm~1!)*
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CHCl;

Compound v(M—X) v(M-—N) vCN(NCS) vi(4;) vs(E)
Co(OBT)Cl,*CHCl; 344, 326 214 2995 744
Co(OBT)Br,-CHCl, 255, 249(sh) 2985 742
Co(OBT)I, 238, 231 222,215
Co(OBT)(NCS),-CHCl; 333, 313, 298 222,218 2070, 2058 2990 741
Cu(OBT)Cl, 319, 309
Cu(OBT)Br, 259, 240
Zn(OBT)Cl,(CH3),CO 321, 295 214
Zn(OBT)Br,:(CH;),CO 243, 225 218
Zn(OBT)I, 212
Zn(OBT)(NCS), 327, 302(sh), 291 213 2070(br)

Compound Bidentate nitrate v + va) v(M—O)
Co(OBT)(NO3),-2H,0 1500, 1280, 806 1768, 1714 290, 268(sh)
Cu(OBT)(NO3), 1496, 1275, 809 1753, 1713 322, 305(sh)

ClO,~
Compound vi(T,)  vu(T,)

Cu(OBT),(ClO4),2H,0 1080 620

*Infrared spectra obtained as Nujol or hexachlorobutadiene mulls between KBr or CsI plates.

FiG. 2. X-ray structure of Cu(OBT)Cl,. Dihedral angle 9.8°.

ionised. Storing of nitromethane solutions of the
halide complexes for extended periods of time in-
duced decomposition of these systems. Magnetic
moments (Table 3) appear to be normal for systems
of this type.

Copper halogen stretching vibrations have been
identified in the far infrared spectra (Table 4) of the
halide complexes, suggesting an approximately
C,, environment for these groups around the copper
centre. Lorenz et al. (10) observed a band in the in-
frared spectrum of Cu(PBS), at 352 cm ™" which was
assigned to Cu—N stretch for a nitrogen bound
benzothiazole. No such band was observed in the
spectra of the copper halide derivatives of OBT and

between 240 and 370 cm ™! the only bands observed
were those due to copper halogen stretching. Nitrate
fundamentals and combination bands (20, 21) indi-
cate bidentate nitrate groups for the complex
Cu(OBT)(NO,), and low energy bands at 322, 305
cm™! are assigned to Cu—O stretch.

Electron spin resonance parameters are sum-
marised in Table 5. Frozen glass spectra in nitro-
methane of the nitrate and perchlorate complexes are
typical of axial species. Resolvable nitrogen super-
hyperfine splitting is observed in the case of the
nitrate complex but is absent in the perchlorate deriv-
ative. In contrast the room temperature spectrum of
the perchlorate complex in nitromethane shows
nitrogen superhyperfine splitting while the nitrato
derivative does not. Spin Hamiltonian parameters
are similar to those for Cu(Melm),(ClO,), and
Cu(LP),(ClO,), (Table 5) in nitromethane, although
values of g, are somewhat higher than those ex-
pected for a CuN, chromophore and suggest mixed
NO in plane donor atoms, which would certainly be
the case for the nitrate complex.?

Frozen glass spectra for the halide complexes in
dichloromethane gave rather poorly defined signals
at 77 K with little evidence for copper hyperfine
splitting. Room temperature powder spectra are
consistent with distorted square four-coordinate
systems. The spectra are characterised by narrow
line widths (15-18 G at half height in the g , region)
and while no splitting due to copper nuclear spins is
apparent only two resonance peaks are clearly re-
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TaBLE 5. Electron spin resonance data

Compound g g1 go [Ault ALt Ao &

Cu(OBT)(NO3), MeNO,, 77 K 2.286 2.058 205 3t
MeNO,, RT 2.134 66
Powder 2.229 2.099

Cu(OBT),(ClO,4),2H,0 MeNO,, 77 K 2.275 2.063 182 34
MeNO,, RT 2.099 83
Powder 2.198 2.050 185

Cu(Melm)4(ClOy),* MeNO,, 77 K 2.256 2.055 192 35

Cu(LP),(ClOy),* MeNO,, 77 K 2.219 2.044 160 47

Cu(OBT)Cl, CH,Cl,, 77K 2.052
Powder 2.144 2.074

Cu(OBT)Br, CH,Cl,, 77 K 2.060
Powder 2.161 2.044

*Unpublished observations. .
1All hyperfine coupling constants in units 10-4 cm~1!.

$Opposite sign to 4. A1, giestimated via 34¢ = 241 - Ay, 3go = 2g1 + g using gy, A at 77 K, go, Ao at 300 K.

solved. Narrow line widths have been observed in the
solid state spectra of sulphur bound systems, e.g.,
Cu(3,5-dithiahexane),(BF,), (31), but clearly in this
case we are dealing with a nitrogen bound system.
Other CuN,Cl, systems, e.g., Cu[2-(2-dimethyl-
aminoethyl)pyridine]Cl, (32), Cu(sparteine)Cl, (33),
have similar solid state spectra but larger g values, in
keeping with the more tetrahedral nature of these
complexes.

Zinc Complexes

Analytical and infrared spectral data confirm the
four-coordinate pseudo-tetrahedral nature of these
systems. Metal halogen vibrations compare with
those observed for both the cobalt and copper halide
complexes and metal-ligand vibrations, associated
with metal-nitrogen stretch, are observed as fairly
strong bands in the range 212-218 cm ™',
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GonNzaLo Buono-Cork, KivosHr Iwal, YuaN L. CHow, ToHRU KOYANAGT, ARITSUNE KA1,
and Jun-tcHl Hayamr. Can. J. Chem. 57, 8 (1979).

Bis(acetylacetonato)copper(Il) was sensitized by some ketones with a wide range of triplet
energies to undergo photodecomposition to give the same products as that obtained in the
direct photolysis but with much better efficiency. Other sensitizers such as fluorenone and
aromatic hydrocarbons failed to sensitize the reaction. There exists no correlation of the sensi-
tizer triplet energies with the sensitization results. This, and rapid quenching processes, indi-
cated that the classical energy transfer process was unlikely. The sensitization process by an
electron transfer within an encounter complex was proposed to explain the decomposition of
Cu(acac),; the calculated free energy changes (AG) associated with the electron transfer from
the available data support the proposal. Chemical reactions of excited state anthracene and
I-cyanonaphthalene with Cu(acac), may also occur. Irradiation of Cu(acac), in the presence
of triphenylphosphine and benzophenone led to an excellent yield of Cu(acac)(PPh3), without
causing precipitation of copper(I) complexes.

GonzaLo Buono-Corg, KivosHr Iwai, Yuan L. CHow, ToHRU KOYANAGI, ARITSUNE KAJI
et Jun-icHI Hayami. Can. J. Chem. 57, 8 (1979).

On a sensibilisé du bis(acétylacétonato) cuivre(Il) par quelques cétones couvrant une gamme
¢tendue d’énergies d’états triplets provoquant une photodécomposition conduisant aux mémes
produits que par photolyse directe mais avec une meilleure efficacité. D’autres sensibilisateurs
comme la fluorénone et des hydrocarbures aromatiques n’ont pas réussi a sensibiliser la
réaction. Il n’existe aucune corrélation entre les énergies triplet des sensibilisateurs et les
résultats des sensibilisation. Ce résultat et le fait que le processus d’extinction est rapide
indiquent que le transfert classique d’énergie est peu probable. Le processus de sensibilisation
par un transfert d’électron a I'intérieur d’un complexe de rencontre a été proposé€ pour expli-
quer la décomposition du Cu(acac,); les changements calculés d’énergie libre (AG) associée
avec les transferts d’électrons disponibles a partir de données publiées sont en accord avec les
propositions. Il peut aussi se produire des réactions chimiques entre les états excités de I’an-
thracéne et du cyano-1 naphtaléne avec le Cu(acac),. L’irradiation du Cu(acac), en présence
de triphénylphosphine et de benzophénone conduit & un excellent rendement du Cu(acac)-
(PPh;), sans provoquer de précipitation de complexes du cuivre(l).

[Traduit par le journal]

In connection with other research projects we
have undertaken investigations of photochemical
decomposition of bis(acetylacetonato)copper(1l) (1)
in organic solvents. While there are many photo-
chemical studies of other first row transition metal
B-diketonate complexes (1, 2), only one report (3)
on photodecomposition of copper(ll) B-diketonate
complexes can be found in the literature. This and
other studies (1, 4-6) of copper compounds use
direct irradiation of solutions and have reported
observations of reduction of copper(Il) to copper(l)
or metallic copper. Direct photodecomposition of
copper(Il) p-diketonates in alcohols, however,
occurs only by irradiation of the charge transfer band
of the ligand-to-metal type (CTTM) (3) at 230-250
nm and gives low quantum yields of <0.04. These

studies have led the authors to propose the following
mechanism

/)—OH
o

where L is a ligand derived from solvent. The
copper(I) complex thermally decomposes to Cu®
as reported previously (7). Noting earlier studies

0008-4042/79/010008-09$01.00/0
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that transition metal complexes have marked
activity as quenchers for the triplet states of organic
molecules (8-10), we have decided to investigate the
sensitized photodecomposition of bis(acetylaceto-
nato)copper(Il) in detail. In a recent publication (4)
it was briefly mentioned that benzophenone and
acetophenone sensitize the photodecomposition of
polyfluorinated copper -ketoacetonates. The general
reaction pattern is reported here.

Results

In preliminary experiments methanol solutions
of bis(acetylacetonato)copper(ll), Cu(acac),, were
irradiated in a conventional immersion type quartz
photocell. This apparatus was clearly unsatisfactory
because of the deposition of black precipitates fol-
lowed by the formation of lustrous metallic copper
mirrors, both of which obstructed the incident light.
Nevertheless, we confirmed several features of the
photodecomposition reported (3), e.g., (i) the blue
colour of Cu(acac), disappeared slowly under nitro-
gen to form metallic copper with a quartz but not a
Pyrex filter, (ii) the photolysate, on exposure to air,
was slowly converted to a blue solution of Cu(acac),,
and (iii) under oxygen, the Cu(ll) complex was irre-
versibly decomposed on irradiation.

In order to avoid the deposition problems, an
apparatus as shown in Fig. 1 was designed in which
the solution was irradiated from overhead with
Hanovia Mercury lamp (SH 616 A0130, 140 W).
This set-up proved to be satisfactory for semi-quan-
titative experiments, although it may not be a suitable
apparatus for accurate quantitative studies. Since
Cu(acac), in alcohol solutions absorbs light strongly
at A, 293 nm (g, 23 500) which tails to the 370 nm
region with € ~ 600 at 330 nm, concentrations for
the sensitizations were adjusted so that sensitizers
absorb part or all of the incident light energy. Irradi-
ation of a methanol solution of Cu(acac), (5.7
mmolar) containing 6.3 mmolar of benzophenone
under nitrogen gave a suspension of black precipitate
in 3 h with concurrent discharge of the blue colour.
On continued irradiation, the suspension changed to
lustrous copper particles suspended in a colourless
solution (or gave a copper mirror) in 18 h. The pro-
gress of the photoreaction was monitored by fol-
lowing the decrease of the absorption band of
Cu(acac), at 630 nm. The yield of copper was deter-
mined by colorimetry to be quantitative. The colour-
less solution contained acetylacetone (78%), as de-
termined by high pressure liquid chromatography
(HPLC) and uv spectroscopy, and formaldehyde
(509 as its 2,4-DNPH); benzophenone was re-
covered quantitatively and the absence of benzpin-

N, outlet

| ;

ry i\
H,0 outlet
HaO inlet

F1G. 1. Photolysis apparatus.

acol was ascertained. Irradiation of an ethanol solu-
tion of Cu(acac), in the absence of benzophenone
through a quartz filter under similar conditions took
more than 24 h to cause a 109 decrease in the in-
tensity of the band at 630 nm.

The metallic copper suspension, obtained after
photolysis, was stable under nitrogen. However,
on exposure to air it dissolved slowly and reverted
quantitatively to give Cu(acac), with the original
concentration. This occurred more rapidly under
oxygen purging; in both cases benzophenone was
recovered nearly quantitatively. The suspension of
the black precipitate in the transparent solution also
reverted quantitatively to the original Cu(acac),
solution under oxygen and to half of the original
Cu(acac), concentration under nitrogen as deter-
mined by uv spectroscopy; metallic copper was also
deposited in the latter case.

The effect of solvent was such that the sensitized
photodecomposition of Cu(acac), in ethanol caused
appearance of the black precipitate within 30-40 min
and in isopropanol within 15 min. In both cases
copious amounts of the black suspension were
formed rapidly as irradiation proceeded. The sus-
pension was transformed to metallic copper (1009,
and 987, respectively) on prolonged irradiation in
3 and 1 h, respectively. The yields of acetylacetone
were analysed to be 849, and 767, and the oxidation
products of the solvents, acetaldehyde and acetone,
were determined to be 389, and 697, respectively.
Benzophenone was recovered in high yields in both
cases.

Under similar conditions, the benzophenone-
sensitized photodecomposition of Cu(acac), in tetra-
hydrofuran solution followed a similar pattern, i.e.,
disappearance of the 630 nm band in 1.5 h and com-
plete reduction to Cu® in 6 h. However, oxidation
products of THF could not be isolated. In benzene
and chloroform the photodecomposition occurred
very slowly but the colour changed to deep green
and was not pursued further. The pattern of photo-
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chemical changes in 1:1 mixtures of benzene-meth-
anol or chloroform-methanol were the same as those
observed in the alcohol solutions.

In the presence of <0.1 M 1,3-pentadiene,
benzophenone-sensitized photodecompositions of
Cu(acac), (6 x 107> M) were not retarded, but
when the concentration of the diene was 0.15 or 0.70
M, the black precipitate was formed in lesser
amounts. In the presence of 1.14 x 1072 M tri-
cthylamine the photodecomposition was not re-
tarded, and benzophenone was not consumed. When
the photodecomposition was carried out in methanol
in the presence of 0.6 M cyclohexene, dicyclohexenyl
was formed, as shown by tlc and vpc analyses,
together with the formation of a copper mirror and
recovered benzophenone.

As the primary photodecomposition product was
the black precipitate, its identity was investigated.
Its ready disporportionation to Cu(acac), and Cu°
appeared to be similar to the behaviour of a cuprous
complex, Cu(acac)-2.5NH;, prepared by Nast ez al.
(7). The black precipitate when treated with ethanol
solution of triphenylphosphine under nitrogen gave
a white crystalline compound analyzing as Cu(acac)-
(PPhj),. Benzophenone sensitized photolysis of
Cu(acac), in the presence of triphenylphosphine gave
a colourless, clear solution without formation of the
black precipitate. From this photolysate the above
crystalline compound (94%), acetylacetone (80%)
and acetaldehyde (42% as 2,4-DNPH) were obtained.
The compound was not formed in the dark. It ex-
hibited identical ir and nmr data as those of
Cu(acac)(PPh;), reported in the literature (11).

Other sensitizers were investigated in order to gain
an insight to the mechanism of the photodecom-
position. The results are summarized in Table 1.
Photodecomposition of Cu(acac), could be sensi-
tized by anthrone, benzophenone, biacetyl, and
xanthone (shown in order of decreasing efficiency).
In all these sensitized decompositions the black pre-
cipitate, metallic Cu, and acetylacetone were formed
in nearly stoichiometric yields and the sensitizers
were recovered almost quantitatively. Vapour phase
chromatographic analyses of the recovered anthrone
and biacetyl showed small peaks that were assumed
to be minor photoproducts of the sensitizers as they
are known to decompose photolytically (12). Other
sensitizers shown in Table 1 failed to photodecom-
pose Cu(acac), as indicated by uv and visual observa-
tion. Except in a few cases to be described below, the
sensitizers were recovered quantitatively and no
acetylacetone or black precipitate was obtained.

Fluorenone failed to sensitize the photodecom-
position of Cu(acac), in methanol or isopropyl
alcohol on prolonged irradiation. Although in the

VOL. 57, 1979

latter solvent the absorption maximum at 630 nm
was shown to shift to ~680 nm, no product other
than the starting material was recovered from the
photolysate in either solvent. Photolysis of a meth-
anol solution containing Cu(acac), and anthracene
immediately precipitated the dimer of the latter (13).
On prolonged irradiation the dimer was obtained in
70% yield and 609 of the Cu(acac), was recovered.
Trace amounts of other unidentified products were
also detected by vpc but no acetylacetone was ob-
tained. In the phenothiazine sensitized photodecom-
position only 60%, of Cu(acac), was recovered and
trace amounts of other products were detected by tlc.
While prolonged photolysis gave a dark brown solu-
tion, phenothiazine was recovered in ~80%, yield.

An attempted sensitization with 1-cyanonaph-
thalene did not cause reduction to the black precipi-
tate but proceeded slowly to show a 15%, decrease of
the optical density at 630 nm and deposited a small
amount of blue precipitate. The ir and melting point
were identical with the compound obtained by reac-
tion of Cu(acac), in methanolic KOH solution for
which structure 2 was assigned from ir, uv, and visible
spectra (14). The authors (14) determined the mag-
netic moment to be 0.75 BM. The paramagnetic
nature was shown by broad nmr and esr signals. The
clemental analysis of our product indicated an em-
pirical formula of Cu(acac)OCH;. The ir spectrum
showed, in addition to the ir peaks of Cu(acac),,
absorption at 2820, 1070, and 560 cm™! (but no
absorption above 3000 cm™!), indicating the pres-
ence of a methoxide moiety. A chloroform solution
of the blue precipitate was evaporated to give a resi-
due which showed an identical ir (KBr) spectrum to
that of Cu(acac),. The mass spectrum of the blue
precipitate showed mj/e peaks at 386, 355, 324, and
261 (100%) corresponding to M*, M* — [OCH;],
M* — 2[0CH;], and M" — [Cu(OCH,),]. The
fragmentation pattern below m/e 263 was very similar
to that of Cu(acac),. Structures 3 and 4 besides 2
could be suggested for the compound; 4, however,
appears to satisfy the mass spectral data better than
the others.

/
n, CH0 0
2 3
-0 O
! Cu/ B
e 4 \
Qg 9
;Cu
CH;0 OCH;
4
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TaBLE 1. Sensitized decomposition of Cu(acac), 3.2-5.7 x 1073 M

Concentration E¢ Ecaja—y’ AG
Sensitizer (M x 103) Solvent (kcal/mol) V) (kcal/mol) Result®
Benzophenone 6.4 EtOH,MeOH, 69 —-1.72 —1.3 +
IPA,THF
Anthrone 3.8 EtOH 72 —1.09 —19.3 +
Biacetyl 470 EtOH 57 —1.0¢ —-6.4 +
Xanthone 12.7 MeOH 74 —1.65 -7.1 +
Fluorenone 5.5 MeOH,IPA 53 —1.37¢ +6.4 -
1-Cyanonaphthalene 6.5 EtOH,IPA 57.5¢9 —2.33¢ +23.84 —
p-Dicyanobenzene 8.5 MeOH 70.1¢ —2.001 +4.84 -
Acetylacetone 900 EtOH . —1.68 - -
Anthracene 5.6 MeOH 43 —1.92 +29.1 —
Pyrene 4.2 EtOH 48 —2.09 +27.9 —
Phenanthrene 11.4 EtOH 66 —2.44 +21.8 —
Perylene 0.33 EtOH 35 —1.67 + 31 —
Carbazole 5.0 EtOH 70 - — —
Phenothiazine 5.0 EtOH 627 — — —

“The progress of reactions was followed by uv spectroscopy at 630 nm and the recovered materials were analysed by vpc, tlc, and in some

cases by isolation. The details are described in the results.
*Unless specified otherwise, E(s/a-) in dimethylformamide (38).
<The triplet energies were quoted from ref. 39.

iThe E(x/p-) was obtained in CH3CN as reported in ref. 24. If E| = 89.4 kcal/mol was used for the calculation, AG —8.1 kcal/mol.

¢Quoted from ref. 26.

/The approximate Er calculated from the triplet absorption maximum at 460 nm (33).

Discussion

The results described above show that certain car-
bonyl compounds sensitize the photodecomposition
of Cu(acac), much more efficiently than direct photo-
decomposition. The product patterns in both cases
are the same, i.e., acetylacetone and a copper(I)
acetylacetonate complex are the primary photoprod-
ucts. The latter thermally disproportionates to Cu®
and Cu(acac), under nitrogen or is oxidized to
Cu(acac), under oxygen. Heterogeneity of the reac-
tion can be avoided by running the photolysis in the
presence of triphenylphosphine whereby the inter-
mediate copper(I) complex could be intercepted to
form soluble Cu(acac)(PPh;),; this provides a
direct proof that a copper(I) complex is the primary
photoproduct. Since in the presence of 0.1 M acetyl-
acetone, where the incident light is mostly absorbed
by acetylacetone (see Table 1), Cu(acac), does not
decompose, it is concluded that the slow direct photo-
decomposition is not catalysed by acetylacetone. The
reaction pathway can be expressed by reactions
[1]-[4] where S* is an excited state sensitizer.

=0
[1] Cu(acac), + S* —> Cu(acac) + i\: + S
o

5

[2] Cu(acac) + xLL —> Cu(acac)L,
[3] Cu(acac) + 2PPh; —> Cu(acac)(PPh;),

[4  Cuacac)l, —2, Cu(acac), + Cu® + xL

Since disproportionation of the copper(I) complex
as in reaction [4] is rather slow in the solvents used

in comparison to photodecomposition of Cu(acac),
(see reactions [1] and [2]) the black precipitate always
appears first followed by the slow appearance of
metallic copper. In ethanol or propanol, the photo-
decomposition of reactions [1] and [2] occurs much
faster as seen by the rapid disappearance of the blue
colour of the Cu(acac), solution and immediate
heavy deposition of the black precipitate. In the
presence of triphenylphosphine the step of reaction
[4] is circumvented and the sensitized photodecom-
position occurs rapidly under homogeneous condi-
tions. Provided that triphenylphosphine does not
affect the rate of reaction [1], these conditions might
allow quantitative studies of the sensitized photo-
decomposition in a homogeneous solution.
Stoichiometrically, the reduction of copper(Il)
to copper(0) via copper(l) in the sensitized photode-
composition must be coupled with the oxidation
reaction of alcohols to carbonyl compounds. The
mechanism of the oxidation might be related to the
way an acetylacetonate ligand acquires a hydrogen
to form acetylacetone. That the redox processes take
place by radical mechanism is suggested by the fol-
lowing observations. Firstly, poor H-atom donating
solvents, such as benzene and chloroform, do not
promote the photoreduction. Secondly, the sensi-
tized photoreduction occurs in alcohols with a de-
creasing order of efficiency of isopropyl alcohol >
ethanol > methanol, which coincides with the effi-
ciency order (15) in which these alcohols donate an
a-hydrogen (but not hydroxy hydrogen) (3) by a
radical mechanism. Finally, the formation of dicyclo-
hexenyl in the sensitized photodecomposition of
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Cu(acac), in the presence of cyclohexene is consistent
only with a radical mechanism. Therefore the yet
unproven acetylacetonatoxy radical 5 might be sug-
gested as the reactive intermediate in mediating the
oxidation reaction by abstraction of an a-hydrogen
of alcohols as shown in reactions [5] and [6]. Further,
if a competing electron transfers from Cu(acac) to
5 is assumed to occur (reaction [7]), it is possible to
explain the order of the photoreduction efficiency
in these alcohols.

[5] 5 + RCH,OH —» CH3;COCH,COCH; + RCHOH
[6] 2RCHOH — RCH,OH + RCH=0
[7] 5 + Cu(acac) — Cu(acac),

Various mechanisms could operate in the sensitiza-
tion step of reaction [1]. A hydrogen atom transfer
from alcohol to Cu(acac), mediated by the triplet
state sensitizer as in reactions [8] and [9] is attractive
in view of the well established reaction pattern of the
benzophenone triplet state (16).

[8] *(CsH5),CO + RCH,OH — (CﬁHs)zéOH + RCHOH
[9] (CﬁHs)zC.OH + Cu(acac), = (CsHjs),CO + Cu(acac)
+ acacH

This mechanism, however, suffers inconsistency in
that the H-abstraction by the benzophenone triplet
is fairly slow (k = 1.8 x 10° M ™! s™! from isopro-
panol) and readily quenched by 1,3-pentadiene (16).
The direct photodecomposition has been specu-
lated to occur by an internal redox process arising
from the excitation of the charge-transfer or the
ligand-to-metal band (CTTM) at 243 nm (£ ~ 119
kcal/mol), based on which the acetylacetonatoxy
radical 5 has been proposed as the intermediate (3).
Since Cu(acac), shows no emission, the energy levels
of its excited states are unclear. While the sensitized
photodecomposition might be assumed to proceed
from a yet undefined excited state of Cu(acac), by an
internal redox mechanism similar to that proposed
for direct photolysis, evidence as shown in Table 1
is against a classical triplet energy transfer mechanism
(17) from excited states of the sensitizers to the
ground state of Cu(acac),. For example, the order of
sensitization efficiency, i.e., anthrone > benzophe-
none > biacetyl > xanthone, does not agree with
the order of the lowest triplet energies of the sensi-
tizers. It is also apparent none of these ketones has
a singlet state energy high enough to successfully
activate the CTTM band transition for Cu(acac),.
There are many investigations on the mechanism
of sensitized reactions in metal complexes (18-21).
It was found that (18-21) the luminescent excited
state of polypyridineruthenium(II) complexes is
quenched by various metal ions or complexes by

either electron transfer or energy transfer mech-
anisms depending on the nature of the quenchers.
In particular, this state of the ruthenium(ll) com-
plexes can act as an electron donor as well as an
acceptor for a wide range of quenchers. On the other
hand, Wilkinson (22) and others (23) have observed
that the quenching efficiencies of the triplet states of
organic compounds by iron and other coordination
complexes are dependent on the relative energy levels
of interacting states, from which energy transfer is
put forward as the mechanism of quenching. While
reinterpretation of Wilkinson’s results (22) by an
electron transfer mechanism might reveal more de-
tails, the present sensitized decomposition is not
likely to occur by energy transfer for reasons given.

From the results of kinetic flash photolysis investi-
gations Hammond and co-workers (24) have recog-
nized that some transition metal complexes quench
triplet states of a variety of sensitizers efficiently and
that k, are not correlated with the sensitizer triplet
energy levels. The rate constants are k, > 10° M ™!
s~1 with very little variation. They have concluded
that either the complexes have low lying excited
states to which they can be promoted by energy
transfer or with these complexes quenching does not
involve energy transfer (24). In the present case, the
former assumption is untenable from the pattern as
shown in Table 1. An extremely high quenching rate
of benzophenone excited states by Cu(acac), is evi-
dent in the present investigation. The inefficient
retardation of benzophenone-sensitized Cu(acac),
decomposition by 1,3-pentadiene indicates that the
sensitization process is much faster than the quench-
ing of the lowest triplet benzophenone by the diene,
the rate constant (25) of which has been calculated
to be 3.75 x 10° M~! s7!. Triethylamine, which
quenches triplet state benzophenone at a rate con-
stant (26) of 2.3 x 10° M ~! s~ 1, does not retard the
sensitized Cu(acac), decomposition at all. Both
observations indicate that an excited state benzo-
phenone is quenched by Cu(acac), with a rate con-
stant at least an order of magnitude higher than these
constants, or say ~3 x 10'® M~ ! s7! Such a rate
constant is in the region of the diffusion-controlled
bimolecular encounter rate constant (27), in meth-
anol at 20°C kg = 1.8 x 10'° M~1 571, Since the
uv spectrum of a methanol solution containing
Cu(acac), and benzophenone is essentially a com-
posite of the individual uv spectra, formation of a
ground state complex is not evident.

The sensitization of reaction [1] is thought to
occur by electron transfer from the ligand of
Cu(acac), to excited states of the sensitizers (S*) via
an unspecified encounter complex (and/or exciplex)
as shown in reactions [10] and [11]. The free energy
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change (AG) associated with the electron transfer in
the encounter complex (reaction [10]) is represented
by reaction [12] in which Ey b+ is the oxidation
potential of the donor, E,,,-, the reduction poten-
tial of the acceptor, and AE,_, the excited state energy
of the acceptor in the present case (26, 29). The
coulombic attraction term e,*/ea in a polar medium
with encounter distance of ca. 7 A is small and is
omitted in the calculation. Reaction [12] has been
proposed by Rehm and Weller (28) from kinetic
analysis of quenching and has been successfully
applied by others (26, 29) to account for sensitization
by electron transfer.

[10] Cu(acac), + S* 2 [Cu(acac),---S*]
Encounter complex

2 Cu(acac), te---S—°
Solvated ion pair

(i Cu(acac), **---S~+ - Cu(acac), ** + S~
[12]  AG(kcal/mol) = 23.06[Epp+)—Ea/a-)
- 6‘02/80(] - Eo—o

In the present case, £+, of Cu(acac), is cal-
culated (26, 30) from its ionization potential (IP =
7.75 eV) (31). These calculations (Table 1) show that
the electron transfer to the triplet state of the first
four ketones is spontaneous but to other sensi-
tizers it is not, in general agreement with the observed
experimental results. In polar alcoholic solvents, the
electron transfer is complete as in reaction [10] and
the ion pair separation of reaction [11] is probably
facilitated wherefrom reactions of the individual
radical ions may be observed.

The subsequent reactions of these radical ions
remain a matter of conjecture at present. Among
various possibilities reactions [13]-[14] might be
proposed to conclude the photoreduction in analogy
to those proposed for sensitized addition to olefins
(29).

[13] Cu(acac), ™* — Cu(acac)* + 5

[14] Cu(acac)* + S~ — Cu(acac) + S

In addition to the quenching process described so
far, excited states of anthracene and 1-cyanonaph-
thalene (and probably of fluorenone) in alcohols ap-
pear to undergo unknown and slower chemical
reactions to cause consumption of Cu(acac), and/or
to give other products, such as [Cu(acac)(OCH,)],,
rather than the reduction products. These reactions
were not studied further but must occur at com-
parable rates to the photoreduction. Fluorenone has
been shown to possess a m — n* transition as its
lowest triplet state and to be photostable in alcohols
(32). Formation of the dimer from photolysis of

anthracene has been well known for some time (13).
The singlet excited state of 1-cyanonaphthalene is a
good electron acceptor from B-phenylalkyl ethers
and diphenylethylene and has been successfully used
to sensitize photoreaction of these substrates (29).
It should be mentioned that in the photolysis of
I-cyanonaphthalene and Cu(acac),, 1,3-pentadiene
(0.3 M) did not retard the formation of [Cu(acac)-
(OCH,)];.

The triplet states of fluorenone and anthracene
have been shown to be quenched by Cu(acac), in
benzene solution at rate constants of 1.0 x 10° and
0.6 x 10° M~* s, respectively, as determined by
flash photolysis (24). As fluorenone is photostable in
alcoholic solution (32), we could not observe the
extent of quenching by Cu(acac), using stationary
state methods. The reason for quenching of these ex-
cited states without decomposition of Cu(acac), is
not immediately clear. If the proposed mechanism
for the sensitized Cu(acac), decomposition is ac-
cepted, it might suggest that, in fluorenone and
anthracene sensitization, the solvated ion pairs are
readily decayed to the ground state through the re-
verse electron transfer.

In methano] solution the phenothiazine triplet
state has been shown to be quenched by electron
transfer to metal ions to give phenothiazine cation
radical and the reduced metal ions provided the
reduction potentials of the latter are favorable (33);
the quenching rate constant by Cu?* ion was deter-
mined to be 6 x 10° M~! s~! in methanol. The
failure to photolytically reduce Cu(acac), by phe-
nothiazine photosensitization suggests that reduction
of the complex by the direct electron transfer to the
metal does not occur. The free energy change asso-
ciated with the direct electron transfer from the
triplet excited state phenothiazine or carbazole to
Cu(acac), are calculated from reaction [12] to be
—37 and —27 kcal/mol, respectively. The negative
experimental results might be taken as an indication
that this mode of electron transfer is not operating.

In summary, there are compelling reasons to be-
lieve that excited states of these organic sensitizers
are quenched by Cu(acac), by accepting one electron
from Cu(acac), and/or by entering other chemical
reactions with Cu(acac),: operation of the classical
energy transfer is unlikely.

Experimental

Melting points (mp) were determined on a Fisher-Johns
apparatus and were uncorrected. Infrared spectra (ir) were
obtained with a Perkin-Elmer 457 spectrophotometer, ultra-
violet and visible spectra with a Cary 17 spectrophotometer,
mass spectra with a Hitachi-Perkin-Elmer RMU-6E instru-
ment, and nmr spectra with a Varian A56/60 spectrometer in
CDCl; using TMS as an internal standard. Vapour phase
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chromatographic analyses were performed on a Varian 1200
(flame ionization detector) with a 109, SE-30 (6 ft x 1/8 in.)
column. The gas chromatographic — mass spectra (gc-ms) used
a 209, SE-30 (10 ft x 1/8 in.) column in a Varian 1400 which
was directly coupled to the mass spectrometer. High pressure
liquid chromatography was carried out with a Varian Model
LC-4010-1 using a Porasil C-400 (37-75 p) column. Elemental
analyses were carried out by M. K. Yang on a Perkin-Elmer
240 microanalyzer.

Materials

Sensitizers were commercially available and purified by
recrystallization, vacuum sublimation, or combinations of
both. Cu(acac), was prepared by the known method (34) and
recrystallized from benzene. Solvents were previously distilled
and stored over molecular sieves. Tetrahydrofuran (THF)
was distilled from lithium aluminum hydride and stored over
sodium. Nitrogen gas (Union Carbide of Canada) was
scrubbed with a Fieser’s solution and dried with sulfuric acid
before being introduced to the reaction vessel.

Photolysis Procedure

The photolysis apparatus (Fig. 1) consisted of a cylindrical
vessel fitted with a condenser, a Pyrex plate cover, and a gas
inlet tube. A solution of Cu(acac), (~ 100 mg) and sensitizer
in 100 ml of solvent under nitrogen was irradiated with a
140 W Hanovia mercury lamp (SH 616 A 0130) at running
water temperature. The progress of the reaction was followed
by examining the decrease in the visible absorption of
Cu(acac), at ~630 nm. After photolysis copper was filtered
and determined, after dissolution in HNOj; (1:1), by colori-
metric methods (35). The filtrate was distilled, the first fraction
being collected with a receiver (cooled on a dry ice — methanol
bath) containing a 2,4-DNPH solution. The yellow precipitate
was filtered and recrystallized to afford the 2,4-DNPH of
volatile carbonyl compounds. The second fraction containing
the major part of the solvent was analyzed by HPLC to give
only one peak which had the same retention times with acetyl-
acetone. The concentration of acetylacetone was calculated
from its uv absorption at Am., 273 nm. The residue was
analyzed by vpc or tlc. Sensitizers and/or products were sepa-
rated when possible by preparative tlc or column chromatog-
raphy on silica gel.

Benzophenone Sensitization

(a) In Methanol

A solution of Cu(acac), (150 mg, 0.57 mmol), benzophenone
(112 mg, 0.64 mmol) in methanol (100 ml) was irradiated to
give a black solid after ~ 3 h. Irradiation for 18 h gave metallic
copper suspension. The filtered solution showed no absorption
at 630 nm. Copper (98%,) was separated by filtration using a
sintered glass funnel. A cold trap containing 15 ml of 2,4-
DNPH solution was used to trap volatile compounds during
filtration. A yellow precipitate was filtered out, washed, and
dried under vacuum to give the 2,4-dinitrophenylhydrazone
of formaldehyde (55 mg, 46%,); the solid was recrystallized
from methanol:H,O, mp 166-168°C (lit. mp 166°C) (36). The
filtrate was evaporated in a flash evaporator to give a solid
(107 mg, 96%;); mp 48-50°C; the ir spectrum superimposable
with that of benzophenone. The distillate was analysed by
HPLC to give one peak corresponding to acetylacetone. The
uv spectrum of the distillate with 100-fold dilution showed
Amax 273 nm, O.D. = 0.52. The yield of acetylacetone was
estimated from the O.D. (0.76 mmol, 67%,). A similar photo-
lysis was run in the presence of cyclohexene (250 mg). Copper
was filtered. The solvent in the filtrate was evaporated to a
small volume. Both tlc and vpc analysis showed the presence
of benzophenone and dicyclohexenyl.

VOL. 57, 1979

(b) In Ethanol

A solution of Cu(acac), (120 mg, 0.46 mmol), benzophenone
(112 mg, 0.64 mmol) in ethanol (100 ml) was irradiated to
give a black solid after 1 h. After 3 h metallic copper suspen-
sion was observed and the absorption at 630 nm of a filtered
aliquot disappeared. Usual work-up of the photolysate gave
copper (100%,), acetylacetone (0.77 mmol, 84%,), and benzo-
phenone (104 mg, 93%), the 2,4-DNPH of acetaldehyde (29
mg, 28%); mp 146-148°C; lit. mp 147°C (ref. 36, p. 320).

(¢) In Isopropyl Alcohol

A solution of Cu(acac), (50 mg, 0.19 mmol), benzophenone
(112 mg, 0.64 mmol) in isopropyl alcohol (100 ml) was photol-
lyzed to give a black solid after 15 min. After 1 h copper sus-
pension was formed and no absorption at 630 nm was ob-
served. Copper (98.4%) was filtered out and determined by the
usual method (35). The filtrate was distilled (3 ml) into a re-
ceiver containing a 2,4-DNPH solution to give a solid (33 mg,
73%) which was recrystallized from ethanol-H,O to give the
2,4-DNPH of acetone; mp 124-126.5°C (lit. mp 126°C) (37).
The remainder was flash evaporated to give benzophenone
(98 mg, 88%). HPLC analysis of the distillate showed the
presence of acetylacetone (0.29 mmol, 76%,) as determined by
the O.D. at Ay, 273 nm.

(d) In THF

A solution of Cu(acac), (200 mg, 0.77 mmol), benzophenone
(164 mg, 0.94 mmol) in THF (100 ml) was irradiated to give a
black solid after 3.5 h. After 7 h metallic copper was formed
and the absorption at 630 nm disappeared. Copper (43 mg,
89%) was filtered. The filtrate was flash evaporated to give a
yellow oil (214 mg). Analysis by vpc showed the presence of
benzophenone and two minor compounds which were not
identified. Acetylacetone (0.94 mmol, 61%,) was determined by
the O.D. at 273 nm.

(e) In the Presence of PPh;

A solution of Cu(acac), (100 mg, 0.38 mmol), benzophenone
(112 mg, 0.64 mmol), and PPh; (240 mg, 0.92 mmol) in ethanol
(100 ml) was irradiated for 2 h to give a colorless solution. The
absorption at 630 nm had disappeared. The solution was dis-
tilled and the distillate was worked up as usual to give acetalde-
hyde (42%;) and acetylacetone (80%,). The residue was treated
with ether and filtered to give a white solid (242 mg, 92%);
mp 176-179°C; ir (Nujol) 1598, 1583, 1508, 745, and 700
cm™'; nmr (CDCl;) & 1.76 (s, 6H), 5.08 (s, 1H), and 7.21 (s,
30H). The ir and nmr spectra were identical with those of
Cu(acac)(PPh3), (37). Anal. caled. for C4H3,CuO,P,: C
71.65, H 5.4; found: C 71.76, H 5.5. Preparative tlc of the
residue on silica gel (elution with CH,Cl,) gave benzophenone
(109 mg, 97%) and PPh; (43 mg, 0.16 mmol).

Fiuorenone Sensitization

(a) In Methanol or Isopropyl Alcohol

A solution of Cu(acac), (100 mg, 0.38 mmol) and fluorenone
(200 mg, 1.10 mmol) in 100 ml of solvent was irradiated for
28 h. The visible spectra of the photolysate showed no de-
crease of O.D. at 630 nm. After work-up Cu(acac), and fluor-
enone were recovered.

1-Cyanonaphthalene Sensitization

(a) In Methanol

Cu(acac), (100 mg, 0.38 mmol) in methanol (100 ml) was
irradiated in the presence of I-cyanonaphthalene (100 mg,
0.65 mmol) for 48 h. A blue solid (15 mg) was filtered off,
washed with methanol, and dried under vacuum; mp 205-
209°C; ir (KBr) 2820, 1590, 1530, 1400, 1360, 1275, 1070,
1025, 775, 560, and 460 cm~'; ms (%) 386 (M *, 0.6), 355 (1.0),
324 (20.4), 261 (100), 246 (75), 231 (56), 225 (6.4), and 43 (41).
Anal. caled. for C¢H,;303Cu,: C 37.21, H 5.16; found: C
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36.81, H 5.04. [Cu(acac)(OMe)], was prepared by the method
of Bertrand and Kaplan (14) and was identical, by ir and mass
spectra, to the product obtained above. After work-up of the
filtrate 76 mg of Cu(acac), were recovered. Analysis by vpc
indicated that 1-cyanonaphthalene was recovered unchanged.

(b) In Ethanol or THF
Solutions were irradiated for 48 h. After the usual work-up,
the starting materials were quantitatively recovered.

Photolysis in the Presence of Other Sensitizers

Xanthone

A solution of Cu(acac), (100 mg, 0.38 mmol) and xanthone
(250 mg, 1.27 mmol) in methanol (100 ml) was irradiated for
48 h to give metallic copper suspension. A 50%, decrease was
observed in the 630 nm band. The usual work-up of the solu-
tion gave copper (48%) and acetylacetone (30%,) determined
as before. Cu(acac), and xanthone were recovered in 40%, and
96%.

Biacetyl

A solution of Cu(acac), (100 mg, 0.38 mmol) and biacetyl
(5 g, 48 mmol) in ethanol (120 ml) was irradiated to give a
black solid after 1 h. After 6.5 h metallic copper was formed
and no absorption was observed at 630 nm. Copper was fil-
tered and determined as usual in 819 yield. The filtrate was
analyzed by vpc to show two major and five minor peaks. The
major peaks were shown to be biacetyl and acetylacetone by
peak matching.

Anthrone

A solution of Cu(acac), (100 mg, 0.38 mmol) and anthrone
(86 mg, 0.45 mmol) in ethanol (120 ml) was irradiated to give
a black solid after 15 min. Irradiation for 3.5 h gave metallic
copper suspension and the solution showed no absorption at
630 nm. Filtration attempts were unsuccessful due to the col-
loidal nature of copper. The solution was flash evaporated to
give a red-brown solid (99 mg). After treatment with ether,
copper (92%) was filtered and determined as usual. The filtrate
was evaporated to give a yellow solid (74 mg). Treatment with
acetone (10 ml) gave an unidentified white solid (12 mg); mp
136-142°C; ir (KBr) ~ 3500, 1470, 1190, 1035, 780, 740, 700,
670, 650, and 640 cm~'. The vpc of the filtrate showed one
major peak, matching in retention time with anthrone, and
one unidentified minor peak. Acetylacetone (68%;) was deter-
mined from the distillate.

Anthracene

A solution of Cu(acac), (100 mg, 0.38 mmol) and anthracene
(100 mg, 0.56 mmol) in methanol (100 ml) was photolyzed to
give white crystals after 15 min. Irradiation for 28 h showed an
~ 607 decrease in absorption at 630 nm. Formation of copper
was not observed. The solution was filtered to give anthracene
dimer (76 mg, 76%); mp 274-276°C (lit. mp 275°C) (13); ir
(Nujol) 1300, 1220, 1160, 945, 820, 770, 760, and 680 cm™*;
ms (%), 356 (M*, 4.5) and 178 (100). The filtrate was flash
evaporated to give a blue solid (120 mg). Analysis by tlc on
silica gel (elution with CH,Cl;) showed two major spots (R;
~0.95 and 0.15) and one minor spot (R; ~0.5). Preparative
tlc on silica gel (elution with CH,Cl,) gave Cu(acac), (85 mg,
85%), anthracene (18 mg, 18%), and an unidentified solid
(8 mg) with ir (KBr), 2940, 1720, 1680, ~ 1600, 1450, 1290,
920, 740, 695, and 670 cm 1.

Phenothiazine

A solution of Cu(acac), (100 mg, 0.38 mmol) and pheno-
thiazine (120 mg, 0.6 mmol) in ethanol (120 ml) was irradiated
for 48 h to give a dark brown solution. The absorption at
630 nm decreased about 80%,. The solution was flash evapo-
rated to give a brown solid (176 mg). After treatment with
acetone (20 ml) a blue solid (56 mg) was separated; the ir spec-

trum was superimposable with that of Cu(acac),. Analysis of
the filtrate by vpc showed only one peak corresponding to
phenothiazine by comparison with authentic sample.

Carbazole, Phenanthrene, Pyrene, Perylene, and

Acetylacetone

A solution of Cu(acac), (100 mg, 0.38 mmol) and the sensi-
tizer in ethanol (120 ml) was photolyzed for 24 h. No decrease
was observed in the absorption of the 630 nm band. After
work-up the unchanged starting materials were recovered.
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MARC LARCHEVEQUE et PATRICK MuLoT. Can. J. Chem. 57, 17 (1979).

Les amides w-cyanés sont aisément préparés par action d’un cyanure alcalin sur un amide
w-halogéné. Sous I’action des dialkylamidures de lithium en solution dans I’éther, ils con-
duisent a la formation exclusive d’un anion en o du groupe cyano. Celui-ci peut alors réagir
sur la fonction amide pour conduire & des cyclanones a-cyanées diversement substituées.

MaRC LARCHEVEQUE and PATRICK MuLOT. Can. J. Chem. 57, 17 (1979).

®-Cyano N,N-disubstituted amides are conveniently prepared from halogenated amides by
treatment with alkaline cyanides. By reacting them with powerful bases such as lithium
dialkylamides in ether, these cyano amides may be metallated in « position to the cyano group
only. When they are warmed up, the anions react with the amide group to afford a-cyano

cyclanones by an intramolecular cyclisation.

Introduction

Les cyclisations de Dieckmann et de Thorpe-
Ziegler ont été fréquemment utilisées en chimie
organique pour préparer des cyclanones diverse-
ment substituées (1). Ces réactions sont, malgré tout,
d’un emploi relativement limité en synthése car elles
sont difficilement applicables aux composés dis-
symétriques. Les produits de départ sont en effet,
dans ce cas, d’un accés difficile; de plus, on isole en
général apreés réaction des mélanges car la différence
d’acidité entre les hydrogénes en o des fonctions
F, et Fy" (1, F, = F,' = ester ou nitrile) qui est due &
la présence d’un groupe R électrodonneur, est trop
faible pour conduire a la formation dun anion
unique (2). D’autre part, la réversibilité de cette
réaction (qui peut étre controlée dans certains cas (3))
contribue également a la complexité de la réaction.

Fo—CH,—(CH;),—CHR—F,’
1

Au cours de notre travail, nous avons essayé
d’accroitre le champ d’application de ces réactions
et de remédier a leurs inconvénients en utilisant des
composés porteurs de deux fonctions F, et Fy’
différentes. Nous avons fait appel aux w-cyano
amides et nous proposons une méthode qui permet
d’accéder directement a partir de ces composés a des
cyclanones a-cyanées par cyclisation anionique.

Préparation des amides w-cyanés

L’intérét présenté par I’emploi de ces amides est
double: (i) il existe une différence de pK, assez
importante entre les hydrogénes en o des deux fonc-

tions; il est donc possible dans des conditions bien
définies d’arracher un hydrogéne plutdt que 'autre et
d’effectuer ensuite une cyclisation anionique; (/i) les
amides -cyanés dissymétriques sont aisément
accessibles a partir des amides chlorés. Ceux-ci sont
obtenus suivant une méthode déja décrite par con-
densation d’un dérivé chloro-bromé sur un car-
banion d’amide (4). On passe ensuite a |’amide-
nitrile par action du cyanure de sodium dans le

DMSO.
R

|
CICH;—(CH,),—CH—C

/
\\O

N(CH3),

DMSO 80°C\“J“CN

R
l A
CN—CH,—(CH,),—CH—C
N(CH;),
n=2o0ul

La réaction s’effectue avec de bons rendements
(tableau 1) pourvu que 'on opére dans le DMSO.
En milieu alcoolique on observe de nombreuses
réactions parasites.

Cyclisation basique des amides w-cyanés

La réaction de cyclisation nécessite la formation
d’un carbanion qui puisse ensuite s’additionner sur
I’amide par réaction intramoléculaire. Le milieu
utilisé pour effectuer une telle opération doit donc
étre suffisamment basique pour former le carbanion
en o du nitrile (pK, ~ 25) en quantité appréciable

0008-4042/79/010017-04%$01.00/0
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R

Lith R

| 40 (/C3H,),NLi o 1 //O
CN—CH,—(CHy),—CH—C] “her CN—CH—(CHZ),,—CH—C\
2 N(CH3)2 N(CH3)2
R
| | //O
CN——CH—(CHZ),I——CH—C\
N(CH3),
3
R
) | //O
CN—CH—(CH,),—CH—C
N(CH3),
LitH
0J'"N(CH3), 0O
R CN R CN
—_—
(CHy), (CH,),
4

sans pour autant 1’étre trop, ce qui conduirait
également a I'attaque en o de 'amide (pK, ~ 29).
L’hydrure de sodium est a éviter: il n’est pas assez
réactif et I’hétérogénéité du milieu ne favorise pas la
formation du carbanion en o du groupe cyano. Par
contre, les “amidures activés” (Li—Et,NH—CsH,—
HMPT) qui servent a préparer les amides w-chlorés
sont trop réactifs; ils conduisent & une proportion
notable de goudrons indistillables. Nous avons
finalement choisi les dialkylamidures de lithium en
solution dans I’éther. Ceux-ci donnent avec les
amides nitriles 2 une réaction propre contrairement
a ce que ’on observe lorsqu’on opére dans le THF.
La température joue un role important et il est
nécessaire d’additionner la base a température rela-
tivement basse si I’on veut éviter des réactions para-
sites d’auto-condensation du carbanion: on opére
en général vers —40°C. On observe dans ces condi-
tions uniquement la formation du carbanion en o du
nitrile. Celui-ci peut ensuite, si on laisse le milieu
réactionnel se réchauffer vers —20°C, réagir sur la
fonction amide; on isole alors aprés hydrolyse acide

TABLEAU 1. Synthése d’amides m-cyanés

R n Rendement (%)
CH; 2 89
C,H; 2 79
(CH3),CH 2 77
(CH,),CHCH, 2 75
CH; 3 75
C,H; 3 77
(CH3), CH 3 76

les cétones a-cyanées 4 avec de bons rendements
(tableau 2). Il devrait également, en théorie, étre
possible de piéger cet anion par un électrophile con-
venable (par exemple un dérivé halogéné) de fagon a
obtenir le nitrile-amide bisubstitué¢ 3. En opérant
dans I’éther nous avons effectivement observé cette
réaction, mais nous n’avons jamais réussi, quelle que
soit la température du milieu réactionnel, a dépasser

TABLEAU 2. Synthése de cyclanones o-cyanées

R n Cétone a-cyanée Rendement (%)

CH,; 2 CN 78

o
(0]
C,H; 2 /\é/CN 87
o

iC3;H4 2 \ ? CN 65
o

iC4Hy 2 Y\é/CN 68
(o]

CH; 3

[0}
CN
CH; 3 /\&( 72
(0]

2Les rendements sont donnés en produits isolés.

71

iC3H, 3
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un rendement de 259 en produit 3. La réaction de
substitution nucléophile s’effectue trop lentement sur
le dérivé halogéné (surtout en milieu éther) pour
concurrencer la réaction de cyclisation.

Celle-ci permet donc de préparer les cycles penta-
gonaux et hexagonaux avec de bons rendements. Par
contre, les diverses tentatives faites pour I’appliquer
aux cyclobutanones ont échoué: la réaction des
amides y-cyanés (2, n = 1) avec les dialkylamidures
de lithium en solution dans I’éther ne fournit que des
goudrons.

Nous avons observé que les dérivés obtenus sont
particuliérement acides. IIs sont en fait isolés aprés
hydrolyse sous forme de sels 5 et il est nécessaire de
traiter ceux-ci par I’acide chlorhydrique a 509, pour
libérer les céto-nitriles. 1l faut noter que ces com-
posés ne se présentent pas toujours sous forme
cétonique. Ils sont partiellement énolisés et on isole
fréquemment des mélanges contenant une forte
proportion de composés 6. Celle-ci dépend de Ia

ROACN ot ROACN X R CN
(CHY), (CHy), (CHy),
5 6 4

nature du radical R et elle est particuliérement
élevée dans le cas des cycles cyclopentaniques ou elle
peut dépasser 80%,. Ce résultat est en désaccord avec
celui de Kulp et al. (5) qui isole, lors de la synthese
de cyano-5 dialkyl-2,2 cyclopentanones, des com-
posés ne comportant qu’une seule bande CN a
2250 et une bande CO a 1750 cm ™. Par contre, les
cyano-2 cyclohexanones se présentent presque ex-
clusivement sous forme cétonique.

Nous avons indiqué ci-dessus que nous n’avions
pas réussi & préparer les amides-nitriles 3 avec de
bons rendements: il n’est donc pas possible dans ces
conditions de synthétiser directement les a-cyano
cyclanones o,a’-disubstituées 7. On peut néanmoins
les préparer par alkylation ultérieure des a-cyano
cyclanones monosubstituées 4. Ces composés ana-
logues aux dérivés de la série malonique peuvent en
effet étre trés aisément métallés. Nous avons vérifié
que cette alkylation s’effectuait avec de bons rende-
ments.

Le traitement par ’hydrure de sodium dans I’éther
suivi d’une addition d’iodure de méthyle conduit a
I'obtention d’un mélange de composé 7 (R = C,Hj,

0 o o
R R || R
SO e S SO
o) R'X cN TR CN

4 7

R’ = CH;) et de produit o,0’-dialkylé dans la pro-
portion 85:15 (rendement global, 87%). Ainsi, il est
possible par cette méthode d’accéder a des composés
polyfonctionnels qui sont, particuliérement en série
cyclopentanique, des intermédiaires de synthése
intéressants.

Partie expérimentale

La structure des différents produits a été confirmée par
infrarouge et rmn. Les spectres infrarouges ont été effectués
sur un spectrophotométre Perkin Elmer 457 sous forme de
film. Les spectres rmn ont été enregistrés sur un appareil
Perkin Elmer R 24 a 60 MHz dans le tétrachlorure de carbone
et en utilisant le tétraméthyl silane comme référence interne.
La pureté des produits a été contrdlée par cpv (colonne SE 30
de 2.5 m). Les analyses centésimales sont correctes a +0.25%,
pour le carbone et +0.35%, pour ’hydrogéne.

Amides @-chlorés

Cette réaction est décrite dans la réf. 4. Cependant les pro-
duits suivants n’avaient pas été synthétisés.

Chloro-5 méthyl-2 N,N-diméthyl pentanamide—rendement
75%; pé 126°C/13 Torr; ir: 1640 cm~! (C=0); rmn &: 1.07
(3H, d, J = 6.0 Hz, CH3), 1.67 (4H, m, CH,), 2.67 (6H, d,
J = 8.0 Hz, N(CH,;),), 3.51 (2H, t,J = 6.0 Hz, CICH,).

Chloro-5 éthyl-2 N,N-diméthyl pentanamide—rendement
849, pé 144°C/13 Torr; ir: 1645 cm~"' (C=0); rmn &: 0.84
(3H,t, J = 6.0 Hz, CH3), 1.55 (6H, m, CH,), 2.97 (6H, d,J =
8.0 Hz, N (CH3),), 3.47 (2H, t,J = 6.2 Hz, CICH,).

Chloro-5 isopropyl-2 N,N-diméthyl pentanamide—rendement
73%; pé 86°C/0.1 Torr; ir: 1640 cm~! (C=0); rmn §: 0.89
(6H, d de d, J = 6.0 Hz, (CH;),CH), 1.62 (4H, m, CH,),
2.96 (6H, d,J = 7.3 Hz, N(CH,),), 3.12 2H, m, CICH,).

Chloro-5 isobutyl-2 N,N-diméthyl pentanamide—pé 113°C/
0.5 Torr; ir: 1645 cm~! (C=0); rmn §: 0.89 (6H, d, J = 6.0
Hz, (CH;).CH), 3.00 (6H, d, J = 8.6 Hz, N(CH3),), 3.47
(2H, t, CICH,).

Chloro-6  éthyl-2 N,N-diméthyl hexanamide—pé 109°C/
0.8 Torr; ir: 1640 cm~! (C=0); rmn &: 0.89 (3H, t, J = 6.0
Hz, CHj), 1.1-1.9 (8H, m, CH;), 3.00 (6H, d, J = 9.0 Hz,
N(CH3),), 3.51 (2H, t,J = 6.6 Hz, CICH,).

Chloro-6 isopropyl-2 N N-diméthyl hexanamide—pé 103°C/
0.5 Torr; ir: 1650 em~! (C=0); rmn §: 0.80 (6H, d de d,
J = 6.6 Hz, (CH3),CH), 1.1-2.0 (8H, m, CH,), 3.00 (6H, d,
J = 8.3 Hz, N(CH,).,), 3.52 (2H, t,J = 6.5 Hz, CICH,).

Amides-nitriles

Mettre dans un réacteur 0.3 mol de cyanure de sodium pul-
vérisé et 90 cm® de DMSO distillé sur hydrure de calcium.
Chauffer a 90°C et additionner lentement 0.22 mol d’amide
w-chloré. Laisser chaufler le milieu réactionnel jusqu’a 120°C
(environ 15 min). Refroidir, filtrer et distiller.

Meéthyl-2 cyano-5 N,N-diméthyl pentanamide—pé 104°C/
0.5 Torr; ir: 2240 (C==N), 1635 cm~! (C=0); rmn &: 1.07
(3H, d, J = 6.0 Hz, CH3), 2.37 (4H, m, CH,CO et CH,CN),
3.00 (6H, d, J = 9.0 Hz, N(CH3),).

Ethyl-2  cyano-5 N,\N-diméthyl pentanamide—pé 117°C/
0.8 Torr; ir: 2240 (C=N), 1630 cm~! (C=0); rmn &: 0.84
(3H, t, J = 7.3 Hz, CH3), 2.38 (4H, m, CH,CO et CH,CN),
3.00 (6H, d, J = 9.2 Hz, N(CH3),).

Isopropyl-2 cyano-5 N,N-diméthyl pentanamide—pé 128°C/
0.05 Torr; ir: 2240 (C=N), 1635 cm~! (C=0); rmn &: 0.91
(6H, d, J = 7.3 Hz, (CH;),CH), 2.38 (4H, m, CH,CO et
CH,CN), 3.00 (6H, d,J = 9.0 Hz, N(CHs5),).

Isobutyl-2 cyano-5 N,N-diméthyl pentanamide—pé 136°C/
0.1 Torr; ir: 2245 (C=N), 1640 cm~! (C=0); rmn &: 0.89
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(6H, d, J = 6.0 Hz, (CH;),CH), 2.33 (4H, m, CH,CO et
CH,CN), 3.00 (6H, d, J = 9.8 Hz, N(CH3)>).

Méthyl-2 cyano-6 N,N-diméthyl hexanamide—pé 119°C/
0.01 Torr; ir: 2245 (C=N), 1640 cm~! (C=0) rmn &: 0.92
(3H, d, J = 6.0 Hz, CH3), 2.30 (4H, m, CH,CO et CH,CN)
2.94 (6H, d, J = 9.0 Hz, N(CH,3),).

Ethyl-2  cyano-6 N,N-diméthyl hexanamide—pé 119°C/
0.01 Torr; ir: 2255 (C==N), 1640 cm~! (C=0); rmn §: 0.88
(3H, t,J = 6.2 Hz, CH3), 2.37 (4H, m, CH,CO et CH,CN),
3.00 (6H, d, J = 9.0 Hz, N(CH3),).

Isopropyl-2 cyano-6 N,N-diméthyl hexanamide—pé 124°C/
0.08 Torr; ir: 2240 (C=N), 1640 cm~! (C=0); rmn &: 0.89
(6H, d, J = 6.5 Hz, (CH;),CH), 2.31 (4H, m, CH,CO et
CH,CN), 3.00 (6H, d, J = 8.00 Hz, N(CH3),).

a-Cyano cyclanones

Préparer 0.05 mol de diisopropylamidure de lithium par
addition de butyllithium sur la diisopropylamine a 0°C. A
—40°C couler goutte a goutte "amidure préparé sur I’amide-
nitrile dissous dans 20 cm?® d’éther. Le milieu réactionnel se
prend en masse, mais redevient homogeéne dés que I’on revient
a température ambiante. Aprés avoir agité 3 h a température
ambiante, hydrolyser avec 5 c¢cm?® d’eau glacée. Le milieu
réactionnel se prend a nouveau en masse. Filtrer, laver le
précipité a I’éther, puis le dissoudre dans une solution a 507
d’acide chlorhydrique. Une couche organique relargue.
Décanter, laver la couche aqueuse a I’éther, sécher la couche
organique, chasser les solvants. Ne pas distiller car les produits
sont trés fragiles.

Cyano-2 méthyl-5 cyclopentanone—ir: 2245 et 2205 (C=N),
1750 (C=0), 1630 cm~* (C==C); rmn &: 1.09 (3H, m, CH3),
1.3-2.5 (5H, m, CH,), 3.0-3.5 (1H, m, CH et OH).

Cyano-2 éthyl-5 cyclopentanone—ir: 2240 et 2200 (C=N),
1745 (C=0), 1640 cm~* (C=C); rmn 6: 0.95 (3H, d de t,
CH3), 1.31-1.90 (6H, m, CH,), 1.95-2.52 (2H, m, CH et OH).

Cyano-2 isopropyl-5 cyclopentanone—ir: 2250 (C=N), 1750
cm™! (C=0); rmn §: 0.91 (6H, m, (CH3;),CH), 1.6-2.5 (6H,
m, CH,), 3.0-3.5 (1H, m, CN—CH—CO).

Cyano-2 isobutyl-5 cyclopentanone—ir: 2240 (C==N), 1735

cm™! (C=0); rmn &: 1.03 (6H, d, (CH3),CH), 1.65-2.05 (8H,
m, CH,), 3.3-3.5 (1H, m, CN—CH—CO).

Cyano-2 méthyl-6 cyclohexanone—ir: 2240 (C=N), 1720
cm~! (C=0); rmn &: 1.04 3H, d de d, J = 6.0 Hz, CH,;),
1.64-2.70 (7H, m, CH,), 3.3-3.6 (IH, m, CO—CH—CN).

Cyano-2 éthyl-6 cyclohexanone—ir: 2240 (C==N), 1720 cm ~'
(C=0); rmn &: 0.98 (3H, d de d, J = 7.0 Hz, CH3), 1.4-2.6
(9H, m, CH,), 3.3-3.6 (1H, m, CO—CH—CN).

Cyano-2 isopropyl-6 cyclohexanone—ir: 2245 (C=N), 1720
cm~! (C=0); rmn §: 0.94 (6H, d, (CH;),CH), 1.5-2.6 (8H,
m, CH,), 3.2-3.7 (1H, m, CO—CH—CN).

Cyano-2 éthyl-5 méthyl-2 cyclopentanone

Additionner goutte a goutte 0.05 mol de cyano-2 éthyl-2
cyclopentanone sur une suspension de 0.05 mol d’hydrure de
sodium dans du THF (25 cm?®). Maintenir la température en-
dessous de 30°C. Agiter 3 h puis additionner lentement 0.05
mol d’iodure de méthyle dilué dans 10 cm® de THF. Chauffer
+ h a 50°C; hydrolyser; extraire a 1’éther. Laver la coucher
organique a I’hyposulfite; sécher sur sulfate de magnésium. On
isole un mélange de produit monoalkylé et bisalkylé qui est
purifié par distillation sous vide poussé. La chromatographie
gazeuse (colonne SE 30 de 3 m chargée a 10%) et la rmn du
13C indiquent une composition de 85:15 en produit mono-
et bisalkylé.
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13C chemical shifts and '3C-*'P couplings are reported for 11 cyclic phosphoramidates of
ring sizes from four to nine. Vicinal couplings are compared with those of carbocyclic analogs
and provide insight regarding the degree of nitrogen lone pair delocalization into the N—P
bond. For six-membered and larger rings, there appears to be nearly complete lone pair
delocalization, i.e., a trigonal planar nitrogen atom. In azetidine derivatives the nitrogen lone
pair remains localized, giving rise to a highly puckered ring conformation. Pyrrolidine deriva-
tives are viewed as having a nitrogen with a partially delocalized electron pair.

GERALD W. BUCHANAN et FREDERICK G. MORIN. Can. J. Chem. 57, 21 (1979).

On rapporte les déplacements chimiques '*C et les constantes de couplage '3C—2'P de onze
phosphoramidates cycliques dont la grandeur du cycle varie de quatre a neuf. On compare les
couplages vicinaux a ceux des analogues carbocycliques et on obtient ainsi des informations
relatives au degré de délocalisation de la paire d’électrons non-partagée de ’azote dans la
liaison N—P. Dans le cas des cycles a six chainons ou plus, il semble que la délocalisation de
la paire d’électrons non-partagée soit complete, a savoir que 1’atome d’azote adopte une forme
planaire bigonale. Dans les dérivés de I’azétidine, la paire d’électrons non-partagée de 1’azote
reste localisée provoquant un plissement du cycle. On considére que la paire d’électrons non-

21

Structure and bonding in cyclic phosphoramidates as determined by carbon-13 magnetic

partagée de ’azote dans les dérivés de la pyrrolidine est partiellement délocalisée.

Introduction

Since the advent of commercially available !3C
Fourier Transform spectrometers, the application of
13C-heteronuclear spin coupling to structural analy-
sis has been widespread. Coupling interactions be-
tween **C and *!P seem particularly useful. In these
laboratories, attention has been paid to the study of
carbocyclic hydroxy phosphonates (1, 3, 4) and
phosphonates (2) via '*C chemical shifts and !3C-3'P
couplings through one to five bonds.

When a nitrogen atom is bonded to phosphorus,
the interesting question arises as to the degree of
nitrogen lone pair delocalization into the N—P bond
(below).

o0 O-—
"’N—g(ocw2 — "’rfz:l')(ocm)z
V4 /

(a) (b)

In cyclic systems, vicinal '3C-3'P couplings are
known to depend on the dihedral angle between the
coupled atoms, at least to a first approximation (5, 6).

If the ring nitrogen atom becomes trigonal planar
(resonance form (b) above), then the dihedral angles

"Presented in part at the 4th International Meeting on Nuclear
Magnetic Resonance Spectroscopy, York, England, July 2-7,
1978.

[Traduit par le journal]

from *!P to vicinal ring carbons will be substantially
altered, relative to the case (a) of a pyramidal nitro-
gen. With the expectation that the degree of nitrogen
lone pair delocalization should be, to some extent, a
function of ring size, we have synthesized a series of
cyclic phosphoramidates with ring sizes from four to
nine. Conformational conclusions are based on both
coupling and chemical shift arguments.

Results and Discussion

Spectral Assignments

Routinely the '3C spectra were recorded using
complete 'H noise decoupling. Subsequently the
single frequency off-resonance decoupling procedure
was employed to identify CH,, CH,, CH, and quater-
nary carbons. Selective 'H decoupling was occasion-
ally used, and the effects of molecular symmetry were
often valuable assignment aids.

Chemical Shifts
The 'C shieldings for 1-11 are presented in
Table 1, with the corresponding structures and

numbering scheme shown in Fig. 1. In Table 1, values
in parentheses indicate uncertain assignments. For
compounds 3, 4, and 8, the OCH; groups are
diastereotopic (7) and have small chemical shift
differences (ca. 0.1-0.2 ppm).

For the piperidine derivatives, 1 and 5, the '3C
shifts alone do not permit detailed structural con-

0008-4042/79/010021-06%01.00/0
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TaBLE 1. 13C shifts for cyclic phosphoramidates (6 from TMS +0.1)*

Position

Compound C-2 C-3 C-4 C-5 C-6 C-7 C-8 C-9 CH,; OCH;
1 45.8 26.3 24.6 26.3 45.8 52.8
2 45.2 34.8 31.2 34.8 45.2 22.3 53.3
3 52.4 31.5 33.3 26.0 45.3 19.3 53.2
53.1

4 47.1 31.1 19.1 26.6 39.5 16.7 53.0
53.1

5 46.5 26.5 24.9 26.5 46.5 53.5
6 47.2 26.7 26.7 47.2 53.2
7 49.6 18.5 49.6 53.6
8 58.3 26.7 45.7 23.5 53.3
53.5

9 47.9 30.6 27.3 27.3 30.6 47.9 53.0
10 48.2 28.3 25.1 27.0 25.1 28.3 48.2 52.8
11 48.8 27.6 (24.6) (26.0) (26.0) (24.6) 27.6 48.8 52.9

*0.2-0.3 M solutions in CDCl;.

clusions. It is interesting to note, however, that
introduction of the —P(O)(OCHj3), group on N
induces only minor shifts (<1 ppm) at each carbon
relative to piperidine itself (8). From this result it can
be suggested that there is no appreciable contribution
in 1 and 5 from a chair form in which the phosphorus
is axial, since this would be expected to shield C-3,5.
In the cyclohexyl compound (2) the —P(O)(OCH;),
is sterically bulky, —AG° being in excess of 3.0
kecal/mol. Additionally, it is clear that substitution of
S for O (5 vs. 1) has little effect.

5 6 ﬁ S 6 (‘tl) S 6 ﬁ
4 N—P(OR), CH;— N—P(OR), 4? N—P(OR),
32 32 3 2
CH,
1 2
S 6 IO| 5 6 |Sl 4 S (ﬁ
4 I\f_P(OR)z 4< I\ll_‘P(OR)z [E\{_P(OR)Z
32 3 2 3 2
CH,
4 5 6
0 o) o
. I . [ el
EIJ\{—P(OR)Z N—P(OR), SO_P(OR)Z
32 3 2 4 21
CH3 3
7 8 9
0 0
| N
6OI—P(OR)2 ] OI—P(OR)z
S 2 s 2
4 3 ) 3
10 1
R:CH3

FiG. 1. Structures and numbering scheme for phosphorami-
dates.

26.9 46.9
24.9 ( NH
-/

For compound 2, the CH 5 at C-4 is suggested to be
equatorial. This follows from comparison of the C-2,6
shifts in 1 and 2. Since these are only 0.6 ppm
different, it is clear the CHj is not axial to any large
extent, since the y shielding would be manifest at
C-2,6 relative to 1. One can calculate the CH;
substituent effects to be a,, = 6.6 ppm (deshielding)
and B, = 8.5 ppm (deshielding). These values are not
greatly different from those of methylcyclohexane (9):
Ueq = 5.6 ppm and B, = 8.9 ppm. Similar confor-
mational arguments apply to the 3-CH compound 3,
where again no notable y shielding is present com-
pared to 1 and an equatorial CHj is likely.

By contrast, results for 4 are clearly indicative of an
axial CH; at C-2. Both ring carbons which are
potentially y-gauche to an axial 2-CH; are shielded
relative to 1: namely C-6 by 6.3 ppm and C-4 by 5.5
ppm. Also, C-2 of 4 is deshielded by only 1.3 ppm
compared to 1, ie., o, = +1.3 ppm. Thus the o
effect of an axial CH5 in 4 is very similar to that in the

whereas o, = +5.6 ppm.

Further discussion regarding the degree of nitrogen
lone pair delocalization, and hence the overall ring
geometry, will follow in the coupling constant sec-
tion.

13C shieldings for pyrrolidine (10) are indicated
below. Substitution of the —P(O)(OCH,;), function
for H on the nitrogen (compound 6) causes essen-
tially no shift at C-2,5 and only a small deshielding
(1 ppm) at C-3,4. These results are not interpretable
in terms of a definite conformation for 6 but they do
rule out an envelope form with pyramidal nitrogen,
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having an axial or quasi-axial dimethylphosphono
group, since there is no upfield shift at C-3,4.

25.7
3.4
SUEEVA

H

For the azetidines 7 and 8, substitution of the CH,
at C-2 of 8 induces downfield shifts of the expected
magnitude (11) at the o and B positions (i.e., C-2 and
C-3, respectively) relative to 7. Interestingly, C-4 of 8
is shielded by 3.9 ppm relative to 7, which suggests an
axial CHj in a puckered azetidine ring. Further dis-
cussion will be presented to support this view in the
coupling constant section.

In the seven-membered ring compound 9, the
shifts are again not greatly different from those of the
simple amine (12) below. The nearly identical shifts
at C-2 probably reflect offsetting deshielding B effects
(by phosphorus) and shielding v effects (by oxygen)
in all the phosphoramidates compared to the parent
amines.

26.0
@28.0
SNEAE

H

Coupling Constants

Geminal and vicinal **C-'P couplings are pre-
sented in Table 2. In all materials, geminal J values of
5.8 + 0.2 Hz were noted between *'P and the OCH,
carbon but since these values were essentially in-
variant, they are not included in the table. All the
other geminal couplings are rather small, i.e., less
than 4.5 Hz, and trends are difficult to extract from
the data. The vicinal J values, however, show a rather
spectacular variation with ring size and can, we feel,
give insight into both ring geometry and the degree
of nitrogen lone pair delocalization in these mole-
cules.

For compound 1, a vicinal J of 4.6 Hz is found
between *'P and '*C via the P—N—C, ,—Cj 5 path.
This is a remarkably low value in light of the 16.2 Hz
coupling in the corresponding carbocyclic phos-
phonate below (2).

i
MP(OCH})Z
7

3 =162

There are three possible sources for this dramatic
reduction of 3/, which are as follows: (i) contribution
from an axial —P(O)(OCHs), group in a ring with a
pyramidal nitrogen; (if) a reduction owing to the in-
fluence of the more electronegative nitrogen (vs. car-
bon) in the coupling path: and (iii) a trigonal nitrogen,

which reduces the dihedral angles relative to the case
of pyramidal nitrogen.

Possibility (i) can be ruled out from our low tem-
perature experiments (to —120°C) in which the
spectra are essentially identical to those obtained at
room temperature. Also, couplings for the compound
below (only one isomer can be synthesized) are nearly
identical to those for 1.

0
5 1 H
o e
o—£3 4 b n—c—cy; = 4.6 Hz
14

The findings of Morr et al. (13) indicate that the
presence of an N atom in the coupling path does not
cause large reductions of 3Jpyncc relative to Jpcce.
For the cyclophosphate (below), via the path
P—N—C,—C,., 0 = 180° and 3J = 10.6 Hz. Since
3J values for 1-5 are ca. 4 Hz, it is unreasonable to
propose that the dihedral angles (0) for 1-5 are also
near 180°.

Accordingly, for 1-5 we envisage a flattened chair
conformation with a trigonal planar nitrogen atom
(below), which renders the overall ring geometry akin
to that of cyclohexanone. The dihedral angle for the
paths P—N—C, (—C; 5 is about 120° leading to
reduced 3J values ranging from 3.6 to 4.8 Hz. The

o-
5 +
4 3 2
recent work (6) in which a plot of 3Jp vs. dihedral
angle was illustrated for phosphonates, predicts a 3J
of ca. 4 Hz for 8 = 120°, in excellent agreement with
our findings. The coupling from *'P to C-4 in the
model compound below (60 = 120°) is 3.9 Hz (6).

‘N, SCH,
6 2
L ﬁ(ocm)z 3p_c, =39 Hz
N
o)

3

It might be argued that the S—CH; group has a
perturbing effect on 3J in this model but we have
recently found? that an S—CHj, has essentially no
influence on /¢y, for a given dihedral angle, relative
to a hydrogen substituent.

2G. W. Buchanan and J. H. Bowen. Unpublished observa-
tions.
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TaBLE 2. Geminal and vicinal 3C-3'P couplings in phosphoramidates (4 0.1 Hz)

Geminal Vicinal
Compound Path 2J Path 3J
1 P—N—C;,6 2.0 P—N—C—C;,s 4.6
2 P—N—C,.¢ 2.0 P—N—C—C;.5 4.8
3 P—N—C, 1.3 P—N—C—C; 4.3
P—N—C, 1.6 P—N—C—C; 4.8
4 P—N—C, 2.5 P—N—C—C; 4.7
P—N—Cs 2.6 P—N—C—C; 3.6
P—N—C—CHj; 1.4
5 P—N—C,;,¢ 1.6 P—N—C—C;,5 4.8
6 P—N—C; s 4.5 P—N—C—C;,4 9.0
7 P—N—C; 4 2.4 P—N—C—C; 18.0
8 P—N—C, 1.9 P—N—C—C; 20.4
P—N—C, 1.1 P—N—C—CH; nr*
9 P—N—C,., 4.0 P—N—C—Cj,¢ 3.7
10 P—N—C,.5 3.7 P—N—C—C; 4 3.3
1 P—N—C,.o 3.3 P—N—C—Cs g 3.6
*nris <0.6 Hz.

The case of the azetidine derivatives 7 and 8 is in
sharp contrast to that of the piperidine derivatives
1-5. Comparison of 3/, for 7 with that of its
carbocyclic analog (12) shows nearly identical values
of 18-19 Hz. In 7 and 8, the resonance form in which.

—ep = 187
W, o)
4v\ﬁ(ocm)z

0

12

nitrogen is trigonal planar will be much less favour-
able than in 1-5 owing to increased bond angle strain
in the four-membered ring. In fact, the *J of 18.7 in 12
indicates close to 180° dihedral angle between **P and
C-3 (2, 6), i.e., a highly puckered cyclobutane ring.
The close correspondence in 7 and 8 would indicate
that the azetidine is also highly puckered, with an
essentially pyramidal nitrogen atom. In 8, the
tendency of the axial CH; and the equatorial
—P(O)(OCH,), groups to minimize their steric
interactions will lead to increased puckering and
accordingly a slightly larger >/, in 8 (20.4 Hz) than
in 7, since the P—N—C, ,—C; angle will expand to
near 180° as the P—N-—C,—CH; angle opens to
near 90°. This latter expansion is reflected in the non-
resolvable (<0.6 Hz) 3/ between the CH; and *'P in
8. We therefore formulate the preferred conformation
of 8 as shown below.

H ., N
3 2 .

An alternative to a highly puckered azetidine ring
which would also give rise to a dihedral angle of 180°,
is a planar structure. Recent theoretical studies on the
structure of azetidine itself, however, indicate that a
planar form is of considerably higher energy than the
puckered conformer (14). Electron diffraction studies
on azetidine (15) give a large puckering angle of 33°.
Substitution of the sterically bulky dimethylphos-
phono group on N should, if anything, increase the
degree of puckering, and thus we favor an interpreta-
tion based on a highly puckered, rather than a planar
four-membered ring.

For the pyrrolidine derivative 6, *Jp__c—c,., i
9.0 Hz compared to 12.3 Hz for the carbocyclic
system 13 shown below. In view of the results for the

3 2 0

Z ] Yp—c—c—c,, = 12.3
475 1 P(OCH3), P—C—C—Cy,4

H
13

four- and six-membered rings, we suggest that the
five-membered analog is an intermediate case. The
significant reduction of 3.3 Hz for */ in 6 vs. 13 could
result from a minor (ca. 259) contribution from the
resonance form with a trigonal planar nitrogen, with
the major contribution being the tetrahedral nitrogen
moiety. The P(O)(OCH,), group will be equatorial,
predominantly.

For the seven-, eight-, and nine-membered rings
(9, 10, 11, respectively), >/ values are in the narrow
range of 3.3 to 3.7 Hz. Although the carbocyclic
analogs were synthesized, the 3/ values could not be
extracted from the spectra owing to peak overlap.
Shift reagents were not added since these would
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likely alter the conformations and render compari-
sons of data meaningless. The only materials related
to 9, 10, and 11 are the carbocyclic hydroxy phos-
phonates (3), which exhibit *Jp_c_c_c values of 10.9,
8.8, and 6.7 Hz, respectively, for seven-, eight-, and
nine-membered ring compounds. The considerably
smaller values in 9 — 11 seem to indicate trigonal
nitrogen, since values for hydroxy phosphonates are
known to be appreciably lower (3-4 Hz) than for
phosphonates of similar geometry (1-3). It seems
reasonable that these larger rings should be able to
accommodate a trigonal planar nitrogen and thus the
37 values for 9-11 are rather close to those of 1-5.

Infrared Spectroscopy as a Probe for N Lone Pair
Delocalization

For a series of acyclic phosphoramidates, (OR),P-
(O)NHR, and thiophosphoramidates, (OR),P(S)-
NHR, the P—N vibration occurs in the range 953—
965 cm ™! (25). This is intermediate between that for
a single bond (ca. 700 cm™~') and a double bond (ca.
1300 cm™ 1) and accordingly it is suggested that there
is partial double bond character in the N—P bonds.

In the materials examined here, no clear trends
emerge from the infrared spectral data. Interpreta-
tions are complicated by the fact that P—O stretching
occurs very near the position of P—=N stretching (ca.
1300 cm™1).

We propose, therefore, that !3C-3!'P vicinal
coupling constitutes a valuable addition to available
techniques for monitoring nitrogen lone pair de-
localization into N—P bonds.

Experimental

Spectra

13C spectra were obtained via previously described tech-
niques (1), on a Varian XL-100-12 NMR spectrometer,
operating at 25.16 MHz, for compounds 1—11 and 13. A
Varian CFT-20 instrument was employed in the case of 12,
with a 2000 Hz sweep width and 8K data points.

Materials

For amines of ring size of five and above, the following
general procedure was used to prepare the N-dimethylphos-
phono derivatives. To a solution of amine (2 equiv.), CCl,
(1 equiv.) in an equal volume of ether at 0-5°C was added
dimethyl phosphite (1 equiv.) dropwise with stirring. The reac-
tion mixture was stirred at room temperature for 4 h, the
hydrochloride salt filtered, the solvent evaporated and the
residue distilled. Compounds obtained in this fashion were:

Compound 1—bp 85-90°C/3 Torr, np?° 1.4513 (lit. (16) bp
119°C/15 Torr, np*° 1.4528).

Compound 2—bp 100-102°C/2.5 Torr, np?° 1.4509. Anal.
caled. for CgH,;§NO;P: C 46.37, H 8.76, N 6.76, P 14.95, O
23.16; found: C 46.31, H 8.59, N 6.82, P 14.87.

Compound 3—bp 91-92°C/2 Torr, np?° 1.4519. Anal. found:
C 4598, H 8.72, N 6.73, P 15.01.

Compound 4—bp 92-94°C/4 Torr, np?° 1.4554. Anal. found :
C46.22, H 8.72, N 6.74, P 14.63.

Compound 6—bp 90-93°C/3 Torr, np*° 1.4498 (lit. (17) bp
56-57°C/0.6 Torr, np?° 1.4498).

Compound 9—bp 94-96°C/1.5 Torr, np2° 1.4620. Anal. calcd.
for CgH,gNO3P: C 46.37, H 8.76, N 6.76, P 14.95, O 23.16;
found: C 46.31, H 8.52, N 6.81, P 14.79.

Compound 10—bp 112-115°C/3 Torr, np*° 1.4662. Anal.
caled. for CoH,oNO3P: C 48.86, H 9.11, N 6.33, P 14.00, O
21.69; found: C 48.70, H 9.18, N 6.25, P 14.34.

Compound 11—bp 111-112°C/4 Torr, np?° 1.4714. Anal.
caled. for CyoH,,NO;P: C 51.05, H 9.43, N 5.95, P 13.17,
0 20.40; found: C 51.27, H 9.31, N 5.80, P 13.11.

N-Dimethylphosphonoazetidine (7)

This compound was prepared as follows. 1-Azido-3-iodo-
propane (1.0 g, 4.7 mmol), prepared from acrolein by the
published method (18), and 0.58 g (4.7 mmol) of trimethyl
phosphite were stirred in 75 ml of pentane at room temperature
for 5 days. Extra phosphite (2.0 mmol total) was added occa-
sionally. After the pentane was evaporated off, the residue was
distilled to yield 7, bp 66°C/2 Torr (lit. (19) bp 108-109 °C/11
Torr).

N-( Dimethylphosphono ) -2-methylazetidine (8)

This was synthesized from 2.25 g 3-azido-1-iodobutane (0.01
mol) (18) and 1.55 g trimethyl phosphite (0.0125 mol) in 75 ml
pentane. The mixture was stirred for 3 days at room tempera-
ture and the excess phosphite removed under vacuum. The
residue was judged pure by 'H and **C nmr.

N-( Dimethylthiophosphono ) piperidine (5)

This compound was prepared as follows. To 4.0 g piperidine
(0.047 mol) in 50 ml anhydrous ether at 0°C was added drop-
wise 3.52 g (0.22 mol) dimethyl chlorothiophosphate with
stirring. The mixture was stirred at room temperature for 1 h,
filtered, concentrated, and distilled (bp 68-72°C/1.5 Torr,
np2° 1.5002 (lit. (20) bp 80°C/3.0 Torr.).

Dimethylphosphonocyclobutane (12)

This compound was prepared by methods previously
described (2), from cyclobutanone via cyclobutane-1,1-dithiol
(21) and subsequently the methyl thiophosphonate (22), which
was desulfurized using Raney nickel. For 12, np*° 1.4440
(lit. (23) np?5 1.4442).

Cyclopentyl Phosphonate (13)

Dimethyl phosphite (11.0 g, 0.1 mol) in 30 ml toluene was
brought to reflux in a 100 ml three-necked flask equipped with
an efficient condenser and dropping funnel. To this was added
a slurry of 4.09 g cyclopentene (0.06 mol) and 0.366 g dibenzoyl
peroxide (0.0015 mol). Reflux was continued for 3 h and the
toluene and excess dimethyl phosphite were removed under
vacuum. The resultant 1.3 g sample was chromatographed on
silica gel with ether as solvent to give the product with 'H nmr
identical to that of the literature (23); np2° 1.4521 (lit. (23) np*3
1.4511).

N-Dimethylphosphono-4-phenylpiperidine (14)

To 4-phenylpiperidine (2.0 g, 12.4 mmol), triethylamine (1.57
g, 15.5 mmol) and carbon tetrachloride (2.38 g, 15.5 mmol) in
40 ml anhydrous ether, maintained at 5°C, was added dropwise
dimethyl phosphite (1.57 g, 14.3 mmol). The reaction mixture
was stirred overnight, filtered and the solvent removed by
rotary evaporation. The resultant oil slowly crystallized.
Recrystallized from ethanol-hexane, mp 72-73°C; 'H nmr
(CDCl3) 6:7.23 (s, aromatic, 5H),3.7(d, J = 11.5Hz, CH;0—
P, 6H), 3.4-3.9 (m, 2H), 2.3-3.1 (m, 3H), 1.6-2.0 (m, 4H).



Can. J. Chem. Downloaded from www.nrcresearchpress.com by 210.87.254.40 on 09/05/12
For personal use only.

26

CAN. J. CHEM. VOL. 57, 1979

Acknowledgements

G.W.B. thanks the National Research Council of

Canada for financial aid. We thank Richard Ozubko
for examining the 13C spectrum of 12 and Catherine
Cousineau for the synthesis of this material.

1.

2.

G. W. BucHANAN and C. BENEZRA. Can. J. Chem. 54, 231
(1976).
G. W. BucHaNAN and J. H. BoweN. Can. J. Chem. 55, 604
(1977).

. G.W.BucHANAN and F. G. MorIN. Can. J. Chem. 55, 2885

(1977).

G. I. BiIrnBauM, G. W. BucHaNAN, and F. G. MoORIN. J.
Am. Chem. Soc. 99, 6652 (1977).

L. ERNsT. Org. Magn. Reson. 9, 35 (1977).

J. THiEM and B. MEYER. Org. Magn. Reson. 11, 50 (1978).

K. MisLow and M. RaBaN. Top. Stereochem. 1, 1 (1967);
2, 199 (1967).

G. E. Eruis and R. G. JoNES. J. Chem. Soc. Perkin II, 437
(1973).

D. K. DALLING and D. M. GRANT. J. Am. Chem. Soc. 89,
6612 (1967).

L. F. Jounson and W. C. JaNkowskI. Carbon-13 spectra.
Spectrum 84. Wiley-Interscience, New York, NY. 1972.

. J. B. StoTHERS. Carbon-13 nmr spectroscopy. Academic

Press, New York, NY. 1972. p. 123.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

T. PEHk and E. LipPMAA. Eesti NSV Tead. Akad. Toim.
Keem. Geol. 17, 291 (1968).

M. Morgr, M-R. Kura, and L. ErnsT. Tetrahedron, 31,
1619 (1975).

J. CATALAN, O. Mo, and M. YANEZ. J. Mol. Struct. 43, 251
(1978).

V.S. MASTRYUKOV, O. V. DOROFEEVA, and L. V. VILKOV.

J. Mol. Struct. 34,99 (1976).

J.CHAYMOL. C. R. Acad. Sci. 249, 1240 (1959).

N. P. GRecHKIN and L. N. GrisHINA. Izv. Akad. Nauk
SSSR, Ser. Khim. 7, 1608 (1969).

A. HassNer and J. E. GaLLE. J. Org. Chem. 41, 2273
(1976).

N. P. GRECHKIN and L. N. GrisHINA. Dokl. Akad. Nauk
SSSR, 162, 1063 (1965).

R. G. Cooks and A. F. GERRARD. J. Chem. Soc. B, 1327
(1968).

C. FOURNIER, B. LEMAIRE, B. BRAILLON, D. PAQUER, and
M. Vayeux. Org. Magn. Reson. 10, 20 (1977).
Z.YOSHIDA, S. YONEDA, and T. Kawasge. Chem. Lett. 279
(19795).

R. S. MARMOR and D. SEYFERTH. J. Org. Chem. 36, 128
(1971).

R. MaTtHis, M. J. KHEMDouUDI, T. Bouisson, M. BAR-
THELAT, and F. MATHIS. C. R. Acad. Sci. Ser. C, 281, 437
(1975).




Can. J. Chem. Downloaded from www.nrcresearchpress.com by 210.87.254.5 on 09/05/12
For personal use only

13C and 'H nuclear magnetic resonance spectroscopy of
C-19 and 63-methyl substituted steroids: long-range
shift effects in conformational analysis
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KATHERINE NAsFay ScoTt and THoMAs HAROLD MAREcI. Can. J. Chem. 57, 27 (1979).

13C and 'H nmr spectra were obtained and assigned for nine C-19 substituted cholest-5-enes,
three 6B-substituted 19-norcholest-5(10)-enes, and several related steroids. '3C chemical shift
effects have previously not been studied in either C-19 substituted steroids or in cholest-5(10)-
enes. In the present study, substituent effects on the *C chemical shifts of the o, B, v, and §
carbons were evaluated in detail. Although the substituent in C-19 substituted and 6f3-methyl
substituted steroids is less rigidly oriented with respect to the rest of the molecule than in ring-
substituted steroids, similar shift effects were observed. In cholest-5-enes the observed '*C and
'H shift effects and the temperature dependence of the '3C shifts indicate that the preferred
orientation of the C-19 substituent is anti to C-1. The relative stabilities of the rotamers can be
attributed to the orientation of the C-19 substituent with respect to the double bond. This inter-
pretation is supported by the fact that the preferred orientation of the iodine in 6f-iodo-
methyl-19-norcholest-5(10)-en-3p-ol has the same spacial relationship with respect to the
double bond, i.e., gauche to C-5 and C-7.

KATHERINE NASFAY ScoTT et THOMAS HAROLD MARECI. Can. J. Chem. 57, 27 (1979).

On a enregistré les spectres rmn de '*C et de ' H et fait les attributions pour neuf cholesténes-5
substitués en C-19, trois nor-19 cholesténes-5(10) substitués en 6B et plusieurs stéroides
apparentés. Les effets de déplacement chimique de !3C n’ont encore fait ’objet d’une étude ni
pour les stéroides substitués en C-19, ni pour les cholesténes-5(10). Dans le présent travail, on
évalue en détail les effets des substituants sur les déplacements chimiques de '3C des carbones
o, B, v et 8. Bien que le substituant dans les stéroides substitués en C-19 ou sur le groupe
méthyle en position 63, soit orienté moins rigidement par rapport au reste de la molécule que
dans les stéroides substitués sur le cycle, on a observé des effets de déplacement semblables.
Dans les cholesténes-5, les effets de déplacement de '3C et de 'H et I'influence de la température
sur les déplacements de '3*C indiquent que le substituant en C-19 adopte une orientation
préférentielle anti par rapport a C-1. On peut attribuer les stabilités relatives des rotaméres a
I’orientation du substituant en C-19 par rapport a la double liaison. Cette interprétation est
renforcée du fait que Dorientation préférentielle de Iiode dans I'iodométhyl-63 nor-19
cholestén-5(10) ol-3f posséde la méme relation spatiale par rapport a la double liaison, soit
gauche par rapport a C-5 et C-7.

[Traduit par le journal]

27

Introduction

Since steroids are rigid structures, long-range
effects of substituents on '*C chemical shifts have
previously been correlated with the spacial relation-
ship between the carbons and the ring substituent.
Substituents y-gauche or -eclipsed to a given carbon
produce shielding; when anti to the carbon the effect
is generally deshielding (ref. 1 and references cited
therein). The direction and the magnitude of the
shifts depends on the degree of substitution of the
intervening carbons. This conclusion has also been
reached from theoretical considerations (2). In ring-
substituted hydroxy steroids, methyl-frans-decalols,
and methylnorbornanols, substituents in the syn-

!Author to whom correspondence may be addressed.

axial configuration substantially deshield 6 carbons
(3-5). Deshielding of carbons four bonds from the
substituent is not peculiar to hydroxy substituents
or cyclic systems, but has also been observed for
methyl substituents and acyclic compounds (6, 7).
However, the crowded syn-axial 6 configuration has
ca. 3kcal/mol interaction energy (8); therefore,
more stable orientations of the substituent are
favored and deshielding § effects are seldom observed
in acyclic systems.

The y and d effects are of very obvious utility in
stereochemical assignment of rigid systems. In addi-
tion, since these y and o effects are frequently quite
substantial (2 ppm or larger), it seemed to us that
they might be utilized for conformational analysis of
less rigid systems which have rotation of the sub-

0008-4042/79/010027-11$01.00/0
©1979 National Research Council of Canada/Conseil national de recherches du Canada
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stituent about one bond. Accordingly we examined
substituent effects in some C-19 and 6f3-methyl sub-
stituted steroids.

The effect of introducing substituents at the C-19
methyl of steroids has previously not been investi-
gated (9). Rotation of the methyl group about the
bond between C-10 and C-19 allows for various
orientations of the C-19 substituent relative to the
rest of the molecule. An nmr investigation of C-19
substituted steroids could show whether substituent
effects in this less rigid system follow the trends
established for substitution on the steroid ring and
whether these effects could be used to establish any
orientational preference of the substituent. For this
reason we report '*Cmr and 'Hmr data on the
several C-19 substituted cholest-5-enes and related
steroids shown in Fig. 1. We examined several 19-hy-

?H
H,C
R
1 2
I ?
H,C H,C
R R
3 4
[
OCCH,CH;, O
HO : { 04\/::E
5 6

CH,I
7 8
a R=0H

¢ R=0CH;
b R=0CCH; d R=O0OCH,CH,

FiG. 1. Compounds studied: 1a, cholest-5-en-33-ol; 2b,
cholest-5-en-3P,19-diol  3-acetate; 3a, cholest-5-ene-3f3,19-
diol 19-p-toluenesulfonate; 4a, 19-iodocholest-5-en-3B-o0l; 5,
estr-5(10)-ene-3B,17B-diol 17-propionate; 6, estr-5(10)-ene-
3B,17B-dione; 7, 6B-methyl-19-norcholest-5(10)-en-33-ol; 8a,
6B-iodomethyl-19-norcholest-5(10)-en-3p-ol.
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droxy substituted cholest-5-enes, since the effect of
hydroxy substitution has been most widely studied
in steroids. Because we wanted to study conforma-
tional effects, bulky substituents, such as iodo and
p-toluenesulfonyl, were also examined. Our results
show that the preferred orientation for the C-19
substituent is ant/ to C-1. We attribute the relative
stabilities of the rotamers in the cholest-5-enes to
the orientation of the C-19 substituent with respect
to the double bond. To test this interpretation, we
also investigated the orientational preference of a
different double-bonded steroid, 6B-iodomethyl-19-
norcholest-5(10)-en-3-ol.

31T labelled 4a and 8a are two adrenal radio-
imaging agents approved for human use and are thus
of considerable biological and radiopharmaceutical
interest.

Results and Discussion
A. '3C Nuclear Magnetic Resonance

Spectral Assignments

The '3C chemical shifts obtained in this study are
summarized in Table 1. Chemical shifts for 1a, 15,
and Ic have been reported previously (10-13). The
chemical shifts in Table 1 for these compounds agree
with the literature values to 0.6 ppm or better, which
is in the range expected for solvent and concentra-
tion effects. Our assignments for 1a, 16, and 1c agree
with those originally reported (10-13) except for the
reversal of the assignments of C-12 and C-16, as
noted for cholesterol (14) and some cholestanes (15)
and later confirmed for several related steroids
(16-19).

In assigning the remaining compounds, it was
assumed that the D ring and the C-17 side chain
were least affected by substitution. Indeed, these
resonances changed little in the cholesterol series of
compounds and were assigned on this basis. The
expected shifts of the remaining carbons for each of
the compounds were predicted from the observed
shifts of appropriate model compounds and from
known substituent effects. Agreement between ob-
served and predicted shifts was sufficient to permit
preliminary assignment. Then the specific assign-
ments were confirmed by establishing the type of car-
bon (methyl, methylene, methine, quaternary) by a
combination of low power broadband decoupling
(LPBBD) or single frequency off-resonance decou-
pling (SFORD) of the protons. Unequivocal assign-
ment of all but a few resonances could be achieved by
the above procedure. Ambiguities in assignment re-
mained only for those few resonances for which the
spectrum contained close-lying resonances of carbons
with the same number of attached hydrogens or
where the SFORD spectra did not establish the num-
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ber of attached hydrogens. Possible alternative
assignments are indicated in Table 1.

The expected chemical shifts of the individual
compounds were predicted as follows: The shifts of
2b and of 2¢ were predicted from the observed shifts
of 1o and 1c¢ and the —OH substituent effect ob-
served in 2,2-dimethyl-1-propanol (115, 20). The
observed steroid shifts of 3 were very similar to those
of 2b and 2¢ and were assigned on this basis. We
determined the shifts for p-toluenesulfonyl chloride
(C-1" 141.8; C-2', C-6' 127.1; C-3', C-5" 130.3; C-4’
146.9; CH, 21.8) and this permitted the assignment
of the tosyl resonances of 3. The shifts of 4 were pre-
dicted from the observed shifts of 1 and the iodine
substituent effect observed for I-iodopentane
(1le, 21).

To facilitate our assignment of 8a, which is the
first 1*Cmr assignment of a 5(10)-ene steroid, we ob-
tained and assigned spectra 5, 6, 7, and 8c. Com-
pound 7 was obtained by LiAlH, reduction of 8a
and 8¢ was obtained by methylating 8a. Since there
are major discrepancies among the previously re-
ported 'Hmr data for 8z (22-25), we report the
assignment of the !*Cmr spectrum of this compound
in somewhat more detail to show that **Cmr un-
equivocally confirms the structure as 6p-iodomethyl-
19-norcholest-5(10)-en-3B-ol. Each of 7, 84, and 8¢
shows the same eight resonances as those observed
for the C-17 side chain in all the other cholesterol
compounds of this series and these resonances were
assigned to C-20 through C-27. The chemical shifts
of C-18 and the C- and D-ring carbons of 7, 8a, and
8¢ were predicted from the observed shifts of 1a and
the effect of the removal of the C-19 methyl. This
effect was obtained by comparing the shifts of
testosterone and 19-nortestosterone (10, 11a, 19). The
agreement between observed and predicted shifts
was 0.1-1.0 ppm. The larger deviations, which oc-
curred for the C-ring carbons, undoubtedly reflect
the additional structural differences in the A and B
rings between 1a and compounds 7, 84, and 8c.

The principal differences between the '*Cmr spec-
trum of 8a and its isomer, 4a, occur in the A- and
B-ring resonances, which means that the structural
differences between 4a and 8a must be in the A and
B rings. By LPBBD we showed that both olefinic
carbons of 84 had no directly attached hydrogens;
therefore, the double bond had to be either between
C-5and C-10 or C-9 and C-10. In the ! Hmr spectrum
of 8a, the CH,I protons form the AB part of an
ABX pattern, confirming that the CH,1 is attached to
a CH carbon. Therefore, the C—=C(CH,]) possibility
for quaternary olefinic carbons could be eliminated.
In the **Cmr spectrum of Su-pregn-9(10)-ene-160-
methyl-17a,21-diol-3,20-dione 2l-acetate, we ob-

. VOL. 57, 1979

tained olefinic resonances at 145.6 and 117.0 ppm for
the C-9 to C-10 double bond. According to the CH,I
substituent effects observed in 4, the attachment of
CH,I anywhere on the A or B rings could not have
changed these olefinic shifts to those observed in 8a
(125.5 and 133.9 ppm), thus the C-9 to C-10 double
bond possibility for 8a is eliminated.

We then assigned '*Cmr spectra of 5 (an authentic
sample (26) was kindly provided by Prof. S. G.
Levine for this purpose) and of 6. The C- and D-ring
carbon shifts of 6 were predicted from the observed
shifts of 19-norandrost-4-ene-3,17-dione (10, 11, 19).
The propionate side-chain carbons of 5 could easily
be identified from the corresponding shifts (27.9 and
9.2 ppm) which we obtained for isopropyl pro-
pionate. The shifts of C-18 and the C- and D-ring
carbons of 5 were predicted from the shifts of testo-
sterone 17-acetate (10, 11a) and the effect of the re-
moval of the 19-methyl. The A- and B-ring carbons
of 5 and 6 could then be matched carbon by carbon
and assigned if the effect of carboxylation at C-3 was
added to the observed shifts of 5. This effect was ob-
tained by comparing the observed shifts of cholestan-
3pB-ol with those of cholestan-3-one (10, 11a,b, 19).

Once we had assigned the spectra of 5 and 6, the
A- and B-ring resonances of 7 could be predicted by
adding the 6B-methyl effect (4) to the observed shifts
of 5. The shifts of 8a were then obtained by adding
the iodine substituent effect to the observed shifts of
7. Carbons 2, 3, and 4 of 8a were further identified by
comparison with 8¢, which gave the same resonances
as 8a, except C-3 was deshielded by 9.1 ppm and
C-2 and C-4 were shielded by 3.6 and 3.1 ppm,
respectively. Thus, by the above detailed analysis of
the 13Cmr spectra of the five compounds 5, 6, 7, 8a,
and 8¢, we could unequivocally confirm that the
structure for 8« is as indicated.

Effect of Oxygen or lodine Substitution

o and B Effects

The *3C chemical shift effects of oxygen or iodine
substitution are summarized in Table 2. Hydroxyla-
tion at C-19 deshields the o carbon by 43.4 ppm and
the B carbon by 4.9 ppm. These shift effects are
similar to the 41.4 and 5.0 ppm deshieldings observed
for the o and B carbons of 2,2-dimethyl-1-propanol
(115, 20). Tosylation at C-19 gives 50.6 and 3.6 ppm
deshielding of the o and B carbons, respectively.
Thus the p-toluenesulfonyl substituent deshields the o
carbon 7.2 ppm more and the B carbon 1.3 ppm less
than the OH. Although these effects are smaller, they
are analogous to the changes observed between the
shifts of ethyl sulfate (69.6 and 14.5 ppm, ref. 12b)
and ethanol (57.3 and 17.9 ppm, refs. 116 and 20).

The o carbon in each of thc iodine substituted
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steroids is shielded by about the same extent (8.1 to
8.7 ppm), which is about 2 ppm larger than the 6.5
shielding observed in 1-iodopentane. The reason for
the larger shielding in the steroids is not apparent.
The B carbon in the cholest-5-enes is deshielded by
1.6 to 2.0 ppm and in the 5(10)-ene by 8.2 ppm.
These values are smaller than the 11.3 ppm de-
shielding of the B carbon in I-iodopentane (21, 11c).
The lesser shielding of the B carbons in the steroids
can be attributed to the greater degree of substitution
for C-6 in 8a and particularly C-10 in 4. Decreased B
substituent effects with increased branching were first
observed for norbornyl derivatives (28) and then con-
firmed for the decalols (3b) and for various steroids
(3b, 5, 29).

v Effects

In C-19 substituted steroids, rotation about the
C-10 to C-19 bond gives the staggered rotamers,
I, II, and I (Fig. 2). The rotamers are nonequivalent
and may have unequal population. For the 6B-iodo-
methyl compounds rotation about the iodomethyl
to C-6 bond yields the staggered rotamers, A, B, and
C (Fig. 2). At room temperature, none of the rota-
mers are ‘frozen out’ and the observed chemical
shift is a rotationally averaged shift. However, from
the observed '*C and 'H chemical shifts we were able
to establish the relative populations of the rotamers.

A recent reinterpretation of the y effect (30) and
the data on hydroxy steroids in ref. 5 show that large
(2.3 to 8.3 ppm) upfield y-gauche effects are possible
if the substituent removes a 1,3-diaxial proton—
proton interaction. If no such interaction is removed
by the substituent, the y-gauche effect will be much
smaller (0.1 to 0.9 ppm). In the present compounds,
1B-H gives a 1,3-diaxial type interaction with the
C-19 protons and 7B-H with the 6B-methyl protons.
These interactions are removed by the substituent
only in rotamer II and rotamer A, respectively. The

H X H
C-1 C-9 C-1 C-9 C-1 C-9
H X H H X H
C-5 C-5 C-5
I I 11
H I H
C-5 C-7 C-5 C-7 C-5 C-7
H I H H I H
H H H
A B C

FiG. 2. Upper row: The three staggered rotamers (I, II, and
III) of the C-19 CH,X group in C-19 substituted cholest-5-
enes. The C-19 to C-10 bond is into the plane of the paper.
Lower row: The three staggered rotamers (A, B, and C) of
the 6B-iodomethyl group of 6B-iodomethyl-19-norcholest-
5(10)-en-3B-ol. The 6B-iodomethyl to C-6 bond is into the
plane of the paper.

substantial shielding (—3.8 to —4.7 ppm) of C-1 in
the 19-O compounds shows that rotamer II is appre-
ciably populated in these compounds, whereas the
lack of shielding effect on (-1 (—0.1 to +0.2 ppm)
indicates that rotamer II is not well populated in the
19-1 compounds. (The difl »rence in relative popula-
tions of the 19-1 and 19-O compounds will be dis-
cussed in subsequent sections.) The 3.0 ppm shielding
of C-7 in 8 shows that rotamer A has appreciable
population.

Since C-5 has no hydrogen, the large shielding
(—3.9 to —6.4 ppm) of this carbon cannot be ac-
counted for by the removal of the 1,3-diaxial inter-
action but must be due to linear electric field shift
effects. (See subsequent sections.)

o Effects

In 10-methyl-trans-decalols, methylnorbornanols,
and some hydroxy steroids, larger positive (+2 ppm
or greater) & substituent effects were observed for
carbons in the syn-axial conformation relative to the
OH (3, 4). In 31 monohydroxylated cholestanes and
androstanes, about 80 examples of interaction be-
tween the OH and the & carbon were examined (5).
Of the five possible orientations, 6, — &5 (3b, 5),
only the o, syn-axial configuration showed large
(2.0 to 3.8 ppm) deshielding effects (5). Although
most of the observed interactions were between OH
and CHj, several interactions were between OH and
ring methylene carbons (e.g., 1B-OH and C-11).

In the present series of 19-O compounds, C-6 is
consistently strongly deshielded (5.3 to 5.6 ppm).
C-6 is 0, relative to the 19-O only in rotamer I. (See
Table 3.) Thus the strong deshielding of C-6 in the
compounds indicates that rotamer I has appreciable
population. In this configuration, C-8 too is 8, to the
19-0O. Indeed, C-8 is the only other 6 carbon which
shows a substantial deshielding (0.8 to 1.4 ppm).

In the present 19-O compounds, the 6, effect on
C-6 is larger and on C-8 somewhat smaller than the
1.4 to 3.8 ppm deshielding effects previously ob-
served in ring-substituted steroids, methyl-trans-
decalols, and methylnorbornanols (3-5). Some of the
deshielding of C-6 may be due to linear electric field
shift (LEFS) effects (31, 32), since these effects can be
substantial on sp? carbons (33, 34). The oxygen-
carbon bond acts as a dipole, polarizing the charge
distribution of the C—C in such a manner as to shield
the carbon closer to the polar group and deshield the
carbon farther away. Using eqs. [2]-[4] of ref. 33a,
we estimated the LEFS on C-5 and C-6 in the 19-OH
compounds. The appropriate distances and angles
were obtained from molecular models, dipole
moments from ref. 35, and LEF coefficients from
ref. 33b. The LEFS thus estimated for C-5 and C-6
in the rotamers are: I —4.8and 1.0; II — 1.7 and 1.4;
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I —0.1 and 0.6 ppm, respectively. Since the value
of the LEF coefficient may involve errors up to a
factor of 2 (33b), clearly these LEFS are only esti-
mates. Nonetheless, they account for a substantial
part of the observed shift effect on C-5 but only for a
fraction of the observed effect on C-6. The LEFS
suggest that I is most populated.

There are additional reasons why the 6, effect on
C-6 is large. First, the sp? hybridized C-6 does not
necessarily experience the same 9, effect as the sp?
hybridized carbons. Whether the &, effect on sp*
carbons is generally larger than on sp® carbons
cannot be stated at this time, since the present series
of compounds and those in ref. 9 represent the only
report of §, effects on sp? carbons. Second, in mono-
hydroxylated cholestanes and androstanes, smaller
3, effects were observed for the more rigid molecules
and also for larger OH to 9, carbon distances (95).
Indeed, the very small (—0.1 and +0.4 ppm) 9,
effect on C-7 in the 15B-hydroxyl compounds was
attributed to the considerably larger (ca. 30%) than
usual internuclear distance between the oxygen and
8, carbon. In rotamer 1 of the 19-O compounds, the
C-8 to O internuclear distance has the usual (2.5 +
0.2 A) value, whereas the C-6 to O internuclear dis-
tance is considerably larger (3.1 + 0.2 A). However,
there is reason to believe (see the following two para-
graphs) that the preferred orientation of the sub-
stituent is not precisely anti C-1 but slightly rotated
toward the C-5 eclipsed position. This would increase
the substituent to C-8 distance and account for the
lower 9, effect on this carbon.

Recently, a shorter 7', (hence slower rotation rate)
was observed for the C-19 methyl in androst-5-ene
than in androstan-17-one (36) and was attributed to a
lower energy of the preferred conformer in the 5-ene.
In the 17-ketone, the C-19 methyl group has syn-
axial interactions with the axial protons on carbons
2,4, 6, 8, and 11. In the 5-ene, the interaction with
the axial proton on C-6 has been removed; this is
believed to account for the lower energy of the pre-
ferred rotamer in this compound.

In the present work, the stability of one staggered
rotamer over another is most probably due to the
presence of the C—C. Since C-6 has no H, the
bulky substituent (OH or I) in I experiences fewer
nonbonded proton interactions, which accounts for
the lower energy. Furthermore, the nonbonded
interaction between the substituent and 8B-H can be
decreased if the substituent is slightly rotated toward
the C-5 eclipsed position and since there is no 6B-H,
this will not result in an increased interaction between
the substituent and the 6B-H.

Thus we postulate that because of the double bond,
the nonbonded interaction between the substituent
and the 8B-H in I is less severe than the interaction

between the substituent and 118-H in II. And fur-
thermore that it is much less than the combined
nonbonded interactions between the substituent and
the axial protons on C-2 and C-4 in III. If this is so,
then the relative populations of the rotamers should
be I > II » III. Furthermore, the more bulky the
substituent on C-19, the more rotamer I would be
stabilized, relative to rotamer II. This may well ex-
plain why rotamer II is populated for the 19-O com-
pounds but not for the 19-1 compounds. (The cova-
lent radius of iodine is almost twice that of oxygen.)

For the 6B-iodomethyl compound similar con-
siderations would predict that the nonbonded inter-
action between the substituent and 8B-H in B is less
severe than the interaction between the substituent
and 4B-H in C. Hence B would be of lower energy
than C. But because there are no 3§, interactions in
rotamer A, this rotamer may be of lowest energy.
We will give experimental evidence in subsequent
paragraphs to show that the relative populations of
rotamers I, I, IIT and of A, B, C are indeed as pre-
dicted.

The strong deshielding of C-6 in the 19-1 com-
pounds and of C-10 in 8a is consistent with the &,
interaction between these carbons and iodine, if the
most populated rotamers are I and B, respectively.
Since C-8 is also &, to the iodine in these rotamers,
the much smaller substituent effect at C-8 most likely
arises from the slight rotation of the substituent
toward the C-5 eclipsed position, as previously dis-
cussed for the 19-O compounds. The difference in
iodine substituent effect between C-8 and C-6 is
identical to the difference in oxygen substituent effect
between these carbons.

The lack of deshielding effects at C-2 and C-4 for
the 19-substituted compounds and at C-4 for 8
shows the absence of 9, interaction for these carbons,
hence negligible population of rotamers III and C.
(See Table 3.) Thus by the analysis of all the y and o
effects, we established that the rotamers with appre-
ciable populations are I for the 19-1 compounds, I
and II for the 19-O compounds, and A and B for 8.

TaBLE 3. Spacial relationship® between the substituent and the
8 carbon in the staggered rotamers®

C-19 6f-Methyl
substituted substituted

& carbon 1 I & carbon A’ BY Cb

c-2 8, 85 &, C4 85 8, &
C-4 Y C8 8, 8, 6,
C-6 8. 8, 84 C10 & 8 b
C-8 8, 85 6,
C-11 8 8y 6,

“The spacial relationship between the substituent and the & carbon is
designated by 8, to 85 (refs. 36 and 95).
vThe rotamers I, II, III and A, B, C are shown in Fig. 2.
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TABLE 4. Temperature dependence of the C-19 hydroxy and of the 6B-iodomethyl iodine substituent effect on '*C shifts®

o B Y 1)
Substituent Carbon A ppm Carbon A ppm Carbon A ppm Carbon A ppm
—OH? C-19 —0.36 C-10 —0.16 C-1 +0.05 C-2 +0.13
C-5 —0.08 C-4 -0.17
C-9 —0.04 C-6 +0.10
C-8 +0.24
C-11 —0.56
—1Ic 63-Me +0.37 C-6 +0.39 C-5 —0.04 Cc-4 +0.19
C-7 —0.11 C-8 —-0.15
C-10 +0.11

aAll compounds 0.5 M in CDCls;.

bSubstituent effect at -+ 34°C (shifts of 2b — shifts of 1b) subtracted from substituent effect at —20°C (shifts of 2b — shifts of 1).
. Substituent effect at +34°C (shifts of 10a — shifts of 9) subtracted from substituent effect at —20°C (shifts of 10a — shifts of 9). Positive values
indicate increased deshielding at —20°C. Spectra were run at 3500 Hz sweep width, therefore, the shifts are known with +0.04 ppm precision.

We then examined the temperature dependence of
the 19-hydroxy substituent effect to establish whether
rotamer I or II is of lower energy. Similarly, the
temperature dependence of the 6B-iodomethyl iodine
substituent effect was used to establish the relative
population of rotamers A and B.

Temperature Dependence of the C-19 Hydroxy
and of the 6B-lodomethyl lodine Substituent
Effects

13C spectra were obtained for compounds 15, 2b,
7, and 8a over the temperature range of +34 to
—20°C. The solubilities in chloroform decreased to
such an extent that it was not practical to obtain
spectra below —20°C. Thus the conformational
equilibrium could be studied only in the fast ex-
change limit. This generally provides only a first
approximation to the equilibrium (11e); therefore,
the relative rotamer populations obtained in this
manner should be considered indicative rather than
conclusive.

By comparing the chemical shifts at +34 and
—20°C, the temperature dependences shown in Table
4 were obtained. As expected, the temperature depen-
dence of the substituent effects over the 54°C tem-
perature range was small; however, many of the
observed effects were 4 to 14 times as large as the
experimental error, and therefore can be considered
significant. The o and B effects show substantial
changes, which are not readily analyzable, since these
effects are a composite of inductive, resonance, and
steric effects (114, 20).

The temperature dependence of the hydroxy vy
effects is only on the order of the experimental error.
The hydroxy & effects are larger (2 to 14 times as
large as the experimental error). If rotamer I is of
lower energy, then decreasing the temperature should
further increase the population of rotamer I relative
to rotamer II. Inspection of Table 3 and the expected
shifts of the & carbons (8, strong deshielding, 9,
moderate deshielding, 85 and &, very small effect,

85 moderate shielding (5)) allows us to predict de-
shielding of C-2, C-6, C-8 and shielding of C-4 and
C-11 at lower temperature. This is indeed the experi-
mentally observed trend.

For 8a the temperature dependence of the  effects
is smaller and of the vy effect slightly larger than for
2b. Half of these effects (at C-4 and C-10) indicate
that rotamer B is of lower energy, whereas the other
two effects (at C-7 and C-8) indicate that rotamer A
is of lower energy. This can only be interpreted to
mean that neither A nor B predominates. Thus from
the careful consideration of the y and & substituent
effects and their temperature dependence, the fol-
lowing relative rotamer populations are indicated:
I > II » Illand A ~ B » C. These relative popula-
tions are consistent with the hypothesis that it is the
presence of the double bond in these compounds
which accounts for the relative energies of the rota-
mers. Moreover, since the energy of B is comparable
to that of A, the stabilizing effect of the double bond
is substantial.

Recent data on three 19-hydroxy-4-en-3-one
steroids (9) show strong shielding of C-5 and strong
deshielding of C-4. More importantly, C-2 is now
moderately shielded (+0.6 to +1.2 ppm). These
shifts indicate that rotamer III has an appreciable
population; that is, the 19-OH has the same orienta-
tion with respect to the C—=C as it did in the 5-ene
steroids.

X-ray crystallography showed the 19-OH con-
formation to be III for 19-hydroxyandrost-4-ene-
3,17-dione but to be out-of-ring (rather than I) for
androst-5-ene-3p,17B,19-triol 17-p-bromobenzoate
(37). The discrepancy between the X-ray and our
data for the 5-ene may indicate conformational dif-
ferences between the crystalline form and the solu-
tion, or interaction between the 19-OH and the bulky
17B substituent, or both. However, when there are
two substituents on C-19, as in [19-R]- and [19-S]-
19-methylandrost-5-ene-3B,178,19-triol, the methyl
was in the over-B-ring position. The fact that both
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TABLE 5. Proton chemical shifts?

Proton 1a 15 1c 2b 2c 3a 3b 3¢ 4a 4b 4c 7 8a 8c
3-H 3.55 4.61 3.07 4.61 3.0 3.54 4.57 3.0 3.5 4.60 3.0 3.9 4.0 3.4
—OCOCH; 2.02 2.02 2.01 2.03
—OCH; 3.35 3.35 3.30 3.36 3.35
6-H 5.3 5.37 5.35 5.75 5.75 5.58 5.5 556 5.63 5.65 5.63 b —>b —b
18-CH3; 0.69 0.68 0.69 0.74 0.74 0.55 0.55 0.62 0.78 0.78 0.80 0.69 0.70 0.71
19-CH; 1.01 1.02 1.01 —be
—CH,X ;3.85 3.83 4.15 4.15 4.12 3.60 3.59 3.60 3.48¢ 3.48¢

3.62 3.58 3.99 3.99 398 3.30 3.31 3.30 3.06¢ 3.05¢
21-CH, 0.93 0.92 0.93 0.92 0.92 0.90 0©.90 0.89 0.92 0.93 0.93 0.92 0.92 0.92
26-, 27-CH3; 0.86 0.86 0.86 0.8 0.86 0.8 0.86 0.8 0.86 0.86 0.86 0.86 0.86 0.87

“In ppm from tetramethylsilane.
bCould not be assigned.
<6B-Methyl.

46B-Iodomethyl.

Substituent  Compounds® 33-H 63-H 18-CH; 19-CH, 21-CH3; OCH;
19-OH 2b — 1b 0.00 +0.38 +0.06 +2.83 +2.60 0.00

2¢c — 1b 0.0 +0.40 +0.05 +2.82 +2.57 —0.01 0.00
19-OTs 3a — la —0.01 +0.24 —-0.14 +3.14 +2.98 —0.03

3b — 1b —0.04 +0.22 —-0.13 +3.13 +2.97 —0.02

3¢ — 1c 0.0 +0.21 —0.07 +3.11 +2.97 —-0.04 —0.05
19-1 4a — la 0.0 +0.29 +0.09 +2.59 +2.29 —-0.01

4b — 1b —0.01 +0.28 +0.10 +2.57 +2.29 +0.01

4c — 1c 0.0 +0.28 +0.11 +2.58 +2.30 0.00 +0.01
38-OCOCH;¢ 16 — la +1.06 +0.03 —0.01 —0.01

3b — 3a +1.03 +0.01 0.00 0.00 0.00 0.00

4b — 4a +1.1 +0.02 0.00 —-0.01 +0.01 +0.01
3B-OCH; ¢ 1c — la —0.48 +0.01 0.00 0.00

3¢ — 3a —-0.5 —-0.02 +0.07 —-0.03 —0.01 —0.01

4c — da -0.5 0.00 +0.02 0.00 0.00 +0.01

7In ppm. Positive values indicate downfield shift. Substitution had no effect (+ 0.01 ppm) on the chemical shifts of the 26-CH 3, the 27-CH; and the

3B3-OCOCHj; protons. .

bChemical shifts of the two compounds that were compared to obtain the substituent effects.

<Acylation of the 38-OH.
4Methylation of the 33-OH.

diastereomers have the bulkier methyl group in the
over-B-ring position suggests that this is the least
energy conformation (37).

BH Nuclear Magnetic Resonance

Spectral Assignments

In the *Hmr spectra only the 3-H, 6-H, and methyl
protons were assigned. The results are summarized
in Table 5. The spectral assignments relied heavily
on previously published steroidal assignments (38).
We have previously published the *Hmr data for
compounds 4a and 8a elsewhere (25), but have in-
cluded them in Table 5 for the sake of completeness.
Our observed 'Hmr data for 8a agree with those re-
ported by Kojima and co-workers (22, 24) but not
with those of Basmadjian et al. (23). The peak posi-
tions and intensities reported by Basmadjian et al.
are not possible for steroids containing the C-20
cholestane side chain (25, 384, 39, 40).

Substituent Effects on Proton Chemical Shifts
The more important effects of substitution on the

proton chemical shifts are summarized in Table 6.
The largest substituent effect is the nonequivalence
of the 19-CH, protons in all the C-19 substituted
compounds. This nonequivalence is the result of the
rotationally averaged chemical shifts of the protons
in the three rotamers shown in Fig. 2. Since the rota-
mers are different, the rotationally averaged chem-
ical shifts of the protons will be different, even if the
rotamers were of equal probability. Therefore, the
observed nonequivalence of the 19-CH, protons
does not yield any information about the relative
population of the rotamers. However, the nonequiva-
lence of the protons confirms that the rotamers are
sufficiently different to cause appreciable (0.2 ppm)
chemical shift difference.

The 19-OH deshields the 18-CH; by 0.06 ppm.
Since the 18-CHj is many bonds removed from the
19-OH substituent, the effect must be long range in
nature, such as magnetic anisotropy and dipole-
dipole interactions. Both of these effects are inversely
proportional to the cube of the distance between the
affected proton and the substituent (38b). Table 7
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TaBLE 7. Effect of B-hydroxy substitution on C-18
methyl proton chemical shifts

18-H® (ppm)

Substituent Ref. 38¢ Ref. 41 (A)
6B-OH +0.042 +0.033 4.8
78-OH +0.033 +0.022 4.2
8B-OH +0.183 2.0

113-OH +0.242 +0.242 2.0
128-OH +0.067 2.6

“Relative to unsubstituted androstane. Positive values
indicate downfield shift.
bApproximate (+0.2 A) distance from the oxygen nucleus

to the nearest proton of the C-18 methyl, as measured from

molecular models. The same distance in the rotamers of 2 is

I, 3.1 Ay 01, 3.1 A T, 5.1 AL
shows some of the previously observed (38¢, 41)
effects of B- and C-ring B-OH substitution on the
18-CH,. This table also contains the approximate
distance from the oxygen nucleus to the nearest pro-
ton in the 18-CH; and this distance in the three
rotamers of Fig. 2. Only the 12B-OH substituent
effect of 0.067 ppm is comparable to the 0.06 ppm
effect observed for the 19-OH substituent. The 8f-
and 11B-OH effects are much larger because of their
close proximity to the 18-CH, and the 6B- and 7f-
OH effects are smaller because of the larger distance.
It is noteworthy that only in rotamers I and II is the
distance comparable to the distance in the 128-OH
compound. The distance in rotamer III is consider-
ably larger and would yield smaller substituent effects
than observed. Therefore, the 19-OH substituent
effects on the 18-CH; proton chemical shifts further
support the conclusion reached from '3C chemical
shift effects that rotamers I and II predominate at
room temperature. Furthermore, the 0.38 to 0.40
ppm deshielding of the 6B-H by the 19-OH suggests
close proximity of the oxygen and the 6B-H and,
hence, the predominance of rotamer 1.

The 19-1 substituent effect on the proton chemical
shifts are comparable to those of the 19-OH sub-
stituent. This suggests that for the 19-1 substituted
compounds, also, rotamer I predominates. The
19-OTs substituent deshields the methyl protons at
C-18 and C-21, and also the 3B-O-methyl of 3e,
undoubtedly because of the ring current effect of the
aromatic ring. However, because the deshielding
effect of the aromatic ring can extend to distances
of several ring radii (42), and because the p-toluene-
sulfonyl substituent group is internally flexible, no
statement can be made from the Hmr data about
the relative population of the rotamers in the 19-OTs
compounds.

Conclusions

Since this is the first investigation of long-range
shift effects in the conformational analysis of sub-
stituted methyls in steroids, it remains to be seen

whether this method is generally applicable. How-
ever, the present study shows the feasibility of uti-
lizing vy and 6 effects for conformational analysis of
some steroid derivatives even when the rotamers are
rapidly interconverting. The method should be
applicable to short side chain conformers in other
rigid ring systems and, to a more limited extent, to
highly branched acyclic compounds. A large shield-
ing y effect is expected for rotamers in which the
substituent removes a 1,3-diaxial proton—proton in-
teraction. The 3, interaction will act as an indicator
by deshielding carbons in rotamers with appreciable
population. Moreover, if the carbons 3, to the sub-
stituent have protons to give nonbonded interaction
with the substituent, the rotamer is expected to be
destabilized in proportion to the number of these
interactions. Thus the observed y and ¢ effects may
establish which rotamers are appreciably populated.
In the case of more than one highly populated rota-
mer, the temperature dependence of these shift
effects may establish the relative stabilities of the
rotamers.

Experimental

Nuclear Magnetic Resonance

Nuclear magnetic resonance spectra were obtained with a
Bruker model HX-90 spectrometer equipped with a fast
Fourier transform system using a Nicolet model 1083 com-
puter. Proton spectra were obtained at 90.00 MHz and !3C
spectra at 22.63 MHz spectrometer operating frequencies. The
samples were dissolved in a stock solution of deuteriochloro-
form which contained 5% by volume hexafluorobenzene (the
fluorine signal served as the field-frequency stabilization
signal) and tetramethylsilane in 19 by volume concentra-
tion for 'Hmr spectra and 10%, by volume concentration
for '3Cmr spectra. Solution concentrations ranged from 0.05
to 2.0 M and were dictated by the amount of sample available.
The '3Cmr shifts could be determined with 0.05 ppm precision
and 'Hmr shifts with 0.01 ppm precision, except for 0.1 ppm
precision for the very broad H-3 resonance.

Materials

Compounds 1a, 15, 6, and 5a-pregn-9(10)-ene-16o-methyl-
17,21-diol-3,20-dione 21-acetate were commercially available.
An authentic sample of 5 (26) was kindly supplied by Dr. S. G.
Levine.

The remaining compounds were synthesized by known
methods in the following sequence: 15 — 5a-bromo-cholestan-
3B,6B-diol 3-acetate (43-46) — Sa-bromo-6f,19-oxidocholes-
tan-3B-ol 3-acetate (43, 44, 46, 47) — 2b (43, 44, 48); 2b — 3b
(43-45); 3b — 4b (44, 49); 3a and 4a were prepared from 3b
and 4b, respectively (43, 44); 4a — 8a (25); 8a — 7 (22).

Compound 1c¢, was synthesized by the action of perchloric
acid on 1g in trimethylorthoformate (43, 50). The same
method was also used to prepare 8¢ from 8a. Compound 4c¢
was similarly prepared from 4a by the use of triethyl ortho-
formate (43). The reaction sequence for the remaining 3(3-
methoxy derivatives, 2c-4c, started with 1c and was as for the
3-acetates described in the previous paragraph (43).

All compounds tested gave satisfactory elemental analyses
and had melting points as reported in the literature. All solid
compounds were found to be spectroscopically pure by 3Cmr
and '"Hmr. Compounds 7, 8a, and 8c were oils. High pressure
liquid chromatographic separation of 8a, as previously de-
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scribed, yielded a pale yellow glass, which was shown by
13Cmr to be >98 mol%} pure (25). Compounds 7 and 8¢ were
not purified by high pressure liquid chromatography but the
impurities detected by **Cmr and *Hmr did not interfere with
the spectroscopic analysis, except possibly for the assignment
of C-5 in 8¢ (see Table 1).
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Triphenyltin lithium (1) was reacted separately with 1,2:3,5-di-O-methylene-6-O-tosyl-a-
D-glucofuranose (2), with methyl 2,3-anhydro-4,6-O-benzylidene-a-p-allopyranoside (4), and
with methyl 2,3-anhydro-4,6-O-benzylidene-a-pD-mannopyranoside (6), to form in each case a
sugar-stannane derivative having a stable carbon-tin bond. These products have been studied
by 'H and **C nmr spectroscopy.

LAURANCE D. HALL, PAUL R. STEINER et DIANE C. MILLER. Can. J. Chem. 57, 38 (1979).

On a fait réagir le triphénylstannyl lithium (1) avec le di-O-méthyléne-1,2:3,5 O-tosyl-6
o-D-glucofurannose (2), avec I'anhydro-2,3 O-benzylidéne-4,6 a-p-allopyrannoside de méthyle
(4) et avec I'anhydro-2,3 O-benzylidéne-4,6 o-p-mannopyrannoside de méthyle (6); on a
obtenu dans chacun des cas un dérivé sucre-stannane comportant une liaison carbone—étain

stable. On a étudié ces produits au moyen de la spectroscopie rmn de *H et du '3C.

Introduction

Organotin compounds are finding (3) an ever in-
creasingly wide range of industrial applications in
areas ranging from the formation of wood preserva-
tion and marine antifouling paints, to food pack-
aging (where they are used as stabilizers in poly-
vinylchloride films). Prompted by the fact that car-
bohydrate derivatives can be either water soluble or,
when suitably substituted, soluble in organic media,
we have investigated the synthesis of sugar-tin con-
jugates in which a tin moiety is covalently coupled to
a sugar via a tin—carbon bond. It might be antici-
pated that such derivatives could have interesting
biological properties resulting from the combined
presence of the sugar and metal moieties; there is
some basis for this speculation in the form of suc-
rose—triaryltin conjugates which have recently been
shown® to be effective in marine antifouling paints.

From a more academic standpoint there is also a
need for organo-tin materials which have defined
conformations in solution to serve as models for
further (4) evaluating the stereospecific dependencies
of various spectroscopic parameters of tin, partic-
ularly scalar, spin-spin couplings. The success of
such measurements is dependent both on the mole-
cule having a conformation which can be determined
with reasonable confidence using ‘conventional’
methods and an nmr spectrum which is sufficiently
well resolved to enable transitions from the sub-
spectra of the two molecules which are substituted

1For preliminary communications, see refs. 1 and 2.

2Present address, Western Forest Products Laboratory,
6620 N.W. Marine Drive, Vancouver, B.C.

3L. Hough. Private communication.

[Traduit par le journal]

by a magnetic isotope of tin (1!7Sn, 7.54% or !°Sn,
8.6297) to be detected in the presence of the sub-
stantially higher abundance of molecules which bear
a nonmagnetic tin isotope (83.629,). As will be seen
later, although the sugar derivatives we have syn-
thesized are not perfectly satisfactory, they neverthe-
less provide an abundance of interesting data. In the
following discussion, we describe the routes to the
synthesis of derivatives having an organotin (speci-
fically, in this case, a triphenyltin) moiety attached
to either a primary, or a secondary, carbon atom of a
sugar. We also document the use of 'H and **C nmr
to evaluate the primary structure and the solution
conformation of these substances.

Results and Discussion
Synthesis

The two synthetic routes reported here both in-
volve nucleophilic attack on a suitably activated
sugar substrate by triphenyltin lithium (1) from
triphenyltin chloride and lithium metal by the
method of Tamborski et al. (5).

Synthesis of a sugar substituted at a primary centre
is exemplified by the reaction of triphenyltin lithium
(1) with 1,2:3,5-di-O-methylene-6-O-tosyl-a-D-gluco-
furanose (2). Thin-layer chromatography showed
that the reaction was essentially completed after 2 h
and work-up, as described in the Experimental,
afforded a colourless crystalline product 3 in 43%
yield, mp 108-110°C. The elemental microanalytical
data and "H nmr parameters indicated that 3 has the
structure (1,2:3,5-di-O-methylene-a-D-glucofuranos-
6-yl) triphenylstannane. Important in the latter inter-
pretation was the observation of the characteristically

0008-4042/79/010038-06301.00/0
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intense resonances of the protons of the triphenyl
moiety and the pronounced high-field shift of the
protons attached to the same carbon as the triphenyl-
tin moiety; in benzene-d;, the H-6 resonances of
the tin product 3 were at © 8.5 whereas those of
1,2:3,5-di-O-methylene-a-D-glucofuranose (8) came
at ca. 1 6.65; see Experimental for Fig. 1 caption.
Attention was next directed to the more chal-
lenging problem of attaching a tin substituent to a
secondary carbon centre. To our pleasant surprise
we found that the triphenyltin lithium (1) reacted

CH,R

OCH,
O o 0
. O
Ph;Sn~ Li* O pi/ O OMe
07L o
1 2 R=0Ts 4
3 R = SnPh;
OCH, OCH, OCH,
(6] O o
HO,
Ph O OMe Ph (6] 0 OMe Ph O OMe
HO R
5 R = SnPh, 6 7 R = SnPh,
o CH,0H OCH,
o) B/ %)
O HO
(0] pr O OMe
ol HO
8 9

almost instantaneously with methyl 2,3-anhydro-
4,6-0-benzylidene-a-D-allopyranoside (4). A colour-
less solid product was obtained after conventional
work-up, in 759 yield, mp 67-69°C, which was sub-
sequently identified as (methyl 4,6-O-benzylidene-o-
D-altropyranoside-2-yl) triphenylstannane (5). In like
fashion, methyl 2,3-anhydro-4,6-O-benzylidene-o-D-
mannopyranoside (6) gave in 949 yield (methyl
4,6-0-benzylidene-o-p-altropyranoside-3-yl) triphe-
nylstannane (7), mp 166-168°C.

Nuclear Magnetic Resonance Spectra and
Conformational Properties

Proton Data

The 'H chemical shifts and coupling constants for
the triphenyltin derivatives 3, 5, and 7 are sum-
marized in Table | together with, for comparison
purposes, the data for 1,2:3,5-di-O-methylene-o-D-
glucofuranose (8) and methyl 4,6-O-benzylidene-o-
D-altropyranoside (9).

That the parameters for the ring protons of 3 and
8 are so closely similar implies that both derivatives
have similar solution conformations, probably ap-

TaBLE 1. Chemical shifts (t values) and multiplet splittings (Hz) for methyl 4,6-0-benzylidene-a-p-altropyranosides and 1,2:3,4-di-O-methylene-o-D-gluco-

furanoses in deuteriobenzene solutions

Benzyl

Aromatic
protons

proton

H-6 H-6" OMe

H-1 H-2 H-3 H-4 H-5

Compound

2.6

5.59
Jsell.3

6.32
Jis2.3

6.05
J3.42.4

5.75
J>,50

4.14
Ji,3.8

8.37

2.48 4.64"

7.35

5.47
Js.6 4.7

6.01
J4,59.1

5.14
J3.42.5

6.93
J2.32.6
8.58
J232.1

4.82
J1.,0.5

4.57¢

2.80-2.17

7.19

6.03
Jsell.4

5.55

J4_58.8

7.26
J3.45.9

5.63

Ji.20

6.07
Jse 5.3

6.21
Jas1.9

5.96
J3.42.6

5.59
J3,50

414
J1.,3.75

4.57¢

2.56

07

7.

5.84

Js.67

6.13
J459.5

6.32
J3.42.9

6.02
J2,33

5.68

Ji,20

O H

5.31 and 5.60.

X
O H

*—OH 6.38, Jou,
<—OH 5.84, Jou.2 = 3.
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proximating to the 7, conformation shown in A.
More interesting are the very substantial differences
between the two sets of parameters for the protons
associated with C-5 and C-6. It seems reasonable to
ascribe the change in the geminal coupling from
—6 Hz for 8 to —13.3 Hz for 3 to the difference in
‘electronegativity” between —OH and —SnPh;,
substituents. In the absence of adequate reference
data it is not sensible to attempt a quantitative inter-
pretation of the vicinal 'H-'H couplings. Neverthe-
less we depict below in B, C, and D the three
noneclipsed rotamers about the C-5—C-6 bond of 3
with the corresponding rotamers for 8 depicted in
E, F, and G. From the data given in Table 1, it ap-
pears 3 favours either rotamer B or D and examina-
tion of molecular models suggests that rotamer B
is the more favoured because of the substantial steric
interaction in D between the sugar ring and the tri-
phenyltin moiety.

(0]

(0] He
—0 Os._| *Cy
Cle o R “H,
5
0
R 74 B R = SnPh,
A E R=0H
R Hg
Os-_ | .-Ca Os-. | .-C4
H¢ | SHg: He I >R
H5 HS
C R = SnPh, D R = SnPh,
F R=0H G R=OH

We had anticipated that opening of the epoxide
ring of 4 would occur by nucleophilic attack on C-2
and this was confirmed by the finding that the H-2
resonance of 5 was shifted to high field (t 6.93) of the
other ring protons; see Experimental for Fig. 2
caption. The vicinal, ring proton coupling constants
for 5 are close to those reported by Coxon (6) for
derivatives of methyl 4,6-O-benzylidene-o-D-altro-
pyranoside (9) and measured by us for 9 itself. With-
out repeating here Coxon’s earlier discussion, it is
clear that the triphenyltin moiety of 5 has seriously
perturbed the pyranose ring from the *C, conforma-
tion depicted in H.

That the triphenyltin moiety of 7 was attached to
C-3 was evidenced by the high-field shift of H-3,
thus confirming that the ring-opening of 6 had also
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followed the expected course. Although the vicinal
"H-'H couplings serve to confirm that this product
has the a-D-altropyranose configuration it is note-
worthy that J; 4 is substantially larger (5.9 Hz) than
the equivalent coupling of either 5 (2.5 Hz) or 9
(2.9 Hz). It is tempting to simply ascribe this dif-
ferential to an electronegativity effect of the tin
moiety, yet, if that were so, it is difficult to understand
why a similar enhancement is not also observed for
J5 3, which is, if anything, smaller (2.1 Hz) for 7 than
for 8. An alternative explanation is that the pyranose
ring is distorted by steric interaction involving the
triphenyltin moiety towards the skew conformation,
OS., depicted in I; this conformational change
would diminish the dihedral angle between H-3
and H-4 and this would be accompanied by an in-
crease in J5 4. In the absence of more comprehensive
reference data is is clearly not fruitful to pursue this
point too far. Nevertheless, it seems more than
coincidental that whereas the H-3 resonance of 5
appears to have a normal shift, the H-2 resonance
of 7 is shifted to high field by ca. 2 ppm. A field shift
of this magnitude clearly reflects a substantial inter-
action between the H-2 proton and the ring current
of the aromatic rings of the triphenyltin moiety.

Carbon-13 Data

Assignments of the *3C nmr spectra were based on
the selective proton decoupling technique sum-
marised in the Experimental and the '3C shifts for
derivatives 3, 5, and 7 are summarised in Table 2.
These data are unexceptional. That the carbon
which bears the tin substituent is invariably the
higher-field resonance suggests that this is a reliable
criterion for assigning positional isomerisation in
this class of sugar-tin conjugates, more reliable in
fact than the analogous 'H shifts, see Experimental
for Fig. 3 caption.

Tin Coupling Constants .

The remainder of this discussion will be concerned
with the coupling constants between the two mag-
netic isotopes of tin and suitably disposed 'H and
13C nuclei and with their stereospecific dependencies.

It proved to be very difficult to detect in either the
100 MHz or 270 MHz proton spectra of derivatives
3, 5, and 7 any satellites arising from coupling with
the '17Sn and ''?Sn nuclei, mainly because the satel-
lite transitions were for the most part obscured by
the transitions of the protons of those molecules
substituted by a nonmagnetic tin isotope. The only
clearly resolved tin couplings in the spectra of § are
with H-1 (25.8 Hz) and with H-2 (73.4 Hz) and for 3
with H-3 (56.2 Hz).

In contrast to the 'H spectra, the *3C resonances
were sufficiently well dispersed, even at 20 MHz,
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TABLE 2. '3C chemical shifts (ppm) for methyl 4,6-O-benzylidene-a-p-altropyranosides and 1,2:3,4-di-O-methylene-o-p-gluco-
furanoses in deuteriobenzene solutions

(0] H
Compound C-1 C-2 C-3 C-4 C-5 C-6 —OCH; O H Benzy
3 105.09 83.59 75.39 80.68 71.47 14.95 96.33
85.79
5 101.91 38.61 69.37 79.19 59.32 68.64 54.76 102.41
7 101.1 70.81 35.29 77.15 64.32 69.35 53.74 100.56
TABLE 3. *3C-Sn coupling constants (Hz) for tin-sugar derivatives
Compound n o JEPSn-3C,)  n MJ(OYSn-'3C,)  n 2J(Sn-3C,)* n 3J(Sn-13C,)
3 6 372 6 348 5 —24 4 60
5 2 340 2 323 1 —14.8 4 0
3 -9.6
7 3 392 3 376 2 —10.1 1 32.8
2 —-32 5 15.7

aSign assumed by analogy with the literature (12).

for the 117Sn-11°Sn satellite transitions to be readily
detectable; see Experimental for Fig. 4 caption. The
various coupling constants obtained from the spectra
of derivatives 3, 5, and 7 are summarised in Table 3.
Although it was simple to separately resolve the 'J
couplings of the ''7Sn and ''°Sn nuclei, the 2/ and
3J couplings were too small and both the latter sets
of data given in Table 3 are averaged values. The
magnitudes of these data are in general agreement
with values previously reported (4, 5) for cycloalkyl
derivatives of tin; thus the 'J couplings should be
larger than the *J couplings which should in turn be
larger than the 2/ couplings.

The literature data for *J (*3C-Sn) couplings are
concisely summarised in Fig. 2, with the familiar (7)
cos function being given in [1]; see Experimental
for Fig. 5 caption. Although the solution conforma-

[1] Jobs = 30.4 — 7.6 cos O + 25.2 cos 20

tions of the derivatives 3 and 7 are by no means as
well defined as we had originally hoped, it is instruc-
tive to compare their *J (**C-Sn) couplings, as well
as those of 5, with the data of Fig. 2; as we shall see
the conformations previously proposed for all three
derivatives appear to be consistent with the observed
couplings.

Let us start with the C-2 substituted derivative 5
for which a *C, chair conformation H had been pre-
viously proposed. The coupling between the tin and
C-4 substituents cannot be precisely determined,
but must lie between 0 and 0.3 Hz. According to the
data of Fig. 5 this implies a dihedral separation be-
tween the C-4—C-3 and C-2—Sn bonds of 70-100°;
conformation H would require a dihedral angle of
~95°.

Turning now to the C-3 substituted derivative 7
for which the °S5 conformation I had been sug-
gested, we note that we now have two *J couplings
to consider, the coupling with C-1 (32.8 Hz) which
we must ascribe to a dihedral angle of ca. 130 or 35°,
and the coupling with C-5 (15.7 Hz) which should
correspond to an angle of ca. 110 or 58°. Since it is
impossible to distort a pyranose ring to achieve a
dihedral angle of 35° the C-1 coupling must corre-
spond to the dihedral angle of 130°. Because of the
trans-fused junction between the pyranose and benzy-
lidene rings limits the extent of possible conforma-
tional distortion for the pyranose ring, it is impos-
sible to obtain a dihedral angle between the C-3—Sn
and C-4—C-5 bonds of less than ~50°, we must
assume that the C-5 coupling corresponds to a
dihedral angle of 112°, it happens that the °S; con-
formation I previously nominated for 7 would re-
quire this angle to be 112°.

Conformational assignments for acyclic deriva-
tives which ignore conformational time averaging
are necessarily simplistic so the discussion of the 3/
coupling between C-4 and the tin substituent of 3
cannot be expected to be definitive. Yet the observed
coupling (ca. 60 Hz), which can only correspond to a
large dihedral angle, is in excellent agreement with
the previous assignment of B as being the favoured
rotamer about the C-5—C-6 bond.

Conclusions

As we noted in the Introduction, we were some-
what disappointed that the tin derivatives 3, 5, and 7
did not all have undistorted conformations, since
this appeared, at first, to vitiate the major reason for
this project. Nevertheless, the agreement between
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the conformations deduced by ‘conventional’ proton
nmr methods and the angles based on the *C—Sn
couplings described previously in the literature, and
here, provides a compelling, albeit less direct, sub-
stantiation for the basic premise that sugar—metal
derivatives do provide convenient model systems for
heteronuclear nmr studies.

As a final comment we draw attention to the fact
that the axial triphenyltin substituent at C-3 but not
that at C-2, results in deformation of the conforma-
tion of the pyranose ring. This is a perfectly reason-
able finding but it has an important implication,
namely, that it would now appear to be very worth-
while to evaluate the conformational preferences of
other substituents attached to the C-3 position of this
altroside system to evaluate their ability to cause
conformational distortions. Included in this category
could be any of the following: —C(Me);, —C(Ph)s,
—X(Me),, and -——X(Ph); where X = Si, Sn, Pb,
or PV,

Experimental

All solutions were concentrated under reduced pressure
using a Buchi rotary evaporator. All melting points were deter-
mined using a Hoover Unimelt (6406-K) instrument and are
uncorrected. All optical rotations were determined for acetone
solutions using a Perkin-Elmer 141 polarimeter.

Thin-layer chromatography (tlc) was performed on silica gel
G (Merck) using toluene-ether (1:2) and detection by charring
with H,SOy. All reactions were performed in anhydrous sol-
vents under an atmosphere of dry nitrogen; solvents were
dried, distilled, and then stored over molecular sieves.

Triphenyltin chloride (954 %) was obtained from Alfa
Products (Danvers, MA) and was used after recrystallisation
from methanol-chloroform and drying at 80°C using Drierite
as the dessicant at ca. 0.8 Torr for 24 h. Lithium metal rods
(technical grade) were obtained from Fisher Scientific Co.,
Chemical Manufacturing Division (Fair Lawn, NJ).

Proton nmr spectra were measured at 100 MHz with a
Varian XL-100 (15) spectrometer fitted with a Varian 620L
(16K) computer; and at 270 MHz with the prototype of a
home-built spectrometer based on a Bruker WP-60 console, a
Nicolet 1080 computer (16K), a Nicolet 293 pulse controller
unit, a Diablo Disk, and an Oxford Instruments Supercon-
ducting solenoid. The 270 MHz radiofrequency was derived
from the Bruker Console by mixing with the output of a
Hewlett Packard frequency synthesiser using a mixing tech-
nique developed in this laboratory (8).

Carbon-13 nmr spectra were measured with a CFT-20
spectrometer. The selective proton decoupling experiments
used a heteronuclear decoupler, described previously (9); see
Fig. 6 caption below.

Nuclear Magnetic Resonance Spectra

Detailed nmr spectra of certain of the materials discussed
in this manuscript have been placed in the Depository of
Unpublished Data.* The full captions of those figures are
listed below to provide the reader with a summary of the spec-
tral information which is available. Fig. 1. Continuous-wave
'H nmr spectrum (100 MHz) of (1,2:3,5-di-O-methylene-o-D-

“Copies are available, at a nominal charge, from the
Depository of Unpublished Data, CISTI, National Research
Council of Canada, Ottawa, Ont., Canada K1A 0S2.

glucofuranose-6-yl) triphenylstannane (3) (at top) and of
1,2:3,5-di-O-methylene-a-D-glucofuranose (8) (at bottom),
both measured in benzene-ds solutions. The peak marked * is
from an impurity. Fig. 2. Fourier transform *H nmr spectrum
(270 MHz) of (methyl 4,6-O-benzylidene-a-p-altropyranoside-
-2-yl) triphenylstannane 5 in benzene-ds solution, showing the
spectral assignments and the *H-Sn coupling constants. Fig. 3.
Natural abundance '*C nmr spectra in benzene-ds solutions
(ca. 0.3 m) of A4, (1,2:3,5-di-O-methylene-a-D-glucofuranose-
6-yl) triphenylstannane (3) and B, 1,2:3,5-di-O-methylene-o-
p-glucofuranose (8). Fig. 4. Natural abundance *3C nmr spec-
trum of (methyl 4,6-O-benzylidene-a-p-altropyranoside-2-yl)
triphenylstannane (5) in acetone-ds solution (0.3 M) showing
the normal resonances and the tin satellites of the C-1, C-2,
and C-3 resonances. (PW 7; PD 0; NT 80 000; AT 1.023s.) -
Fig. 5. Magnitudes of 3J(**?Sn-*3C) coupling constants plotted
as a function of the dihedral angle between the *1°Sn—!3C—C
bonds. (This diagram is reproduced by permission of the
authors of ref. 4.) Fig. 6. Natural abundance **C nmr spectra
of (methyl 4,6-O-benzylidene-a-p-altropyranoside-2-yl) tri-
phenylstannane (5) benzene-ds solution (0.3 m); 4, with com-
plete proton decoupling and G, with the decoupler gated off
during the spectral acquisition. The spectra B-F show the
effect of selective irradiation of individual proton resonances.

Preparation of Triphenyltin Lithium

Notk: It was found that the reaction to form triphenyltin
lithium worked well only when the surface of the lithium metal
was very clean. It was found necessary to clean the metal sur-
face in dry methanol and then to quickly rinse the piece of
metal in dry tetrahydrofuran before adding it to the solvent
in the reaction vessel.

Following the procedure of Tamborski et al. (6), 2.5 g,
(6.5 x 1073 mol) of triphenyltin chloride in ca. 15 ml tetra-
hydrofuran was added to a well-stirred solution containing
lithium shavings (0.55g, 0.08 mol) and tetrahydrofuran.
Within about 15 min, heat was evolved and the reaction mix-
ture became a dark olive-green colour. The solution was stirred
for 1-2 h. after which time it was filtered through glass wool
and immediately used for the following reactions. Yields for
this reaction have been reported (4, 5) to be 50-75%;.

Preparation of (1,2:3,5-Di-O-methylene-o-D-glucofuranose-
6-yl) Triphenylstannane (3)

Triphenyltin chloride (2.5 g, 6.5 x 10~2 mol) in tetrahydro-
furan were reacted with an excess of lithium metal in the man-
ner described above, for 2 h, filtered through glass wool and
added, dropwise, to a stirred solution of 1,2:3,5-di-O-methyl-
ene-6-0-tosyl-o-p-glucofuranose  (10) (1.5g, 4.2 x 1073
mol) in tetrahydrofuran (25 ml). After 4 h, tlc indicated that
all the tosylate had reacted. The reaction mixture was then
poured into water (250 ml) and neutralized with ammonium
chloride. The mixture was extracted with chloroform (3 x
5 ml) and the chloroform solution dried over magnesium sul-
fate, after which the solvent was removed under reduced
pressure. Any contaminating hexaphenylditin was precipi-
tated by adding cold anhydrous diethyl ether and filtering off
the crystals. The ether was then evaporated to yield a white
crystalline material which was subsequently identified as 3;
yield, after one recrystallization (benzene - light petroleum,
bp 30-60°C was 1 g (43.5%), mp 108-110°C, [a]p?5 +60.00°
(¢ 2.37). Anal. caled. for C,4H,605Sn: C 58.13, H 4.88; found:
C 57.90, H 4.86.

Preparation of ( Methyl 4,6-O-Benzylidene-o-p-altropy-
ranoside-2-yl) Triphenylstannane (5)
Triphenyltin chloride (2.5 g, 6.5 x 1073 mol) and lithium
metal (0.5 g, 0.08 mol) were reacted as described above, fil-
tered, and added, dropwise, to a stirred solution of methyl
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2,3-anhydro-4,6-O-benzylidene-a-p-allopyranoside (11) (1.0 g,
3.78 x 1073 mol) in tetrahydrofuran (ca. 25 ml). The reaction
appeared to be instantaneous, as the dark olive-green colour
of the triphenyltin lithium disappeared immediately upon
addition; however, to ensure complete reaction, the mixture
was stirred for 1 h. After work-up, as described for 3, 2.6 g
(75% yield) of a crystalline compound was obtained, subse-
quently identified as 5, mp 67-69°C, [a]p?® +5.91° (¢ 2.15).
Anal. calcd. for C3,H53,05Sn: C 62.47, H 5.24; found: C
63.88, H 5.31.

Preparation of ( Methyl 4,6-O-Benzylidene-a-p-altropyrano-
side-3-yl) Triphenylstannane (7)

Triphenyltin chloride (1.25 g, 3.25 x 1073 mol) was reacted
with lithium metal shavings (0.55 g, 0.08 mol) in the manner
described above, filtered, and added, dropwise, to a stirred
solution of methyl 2,3-anhydro-4,6-O-benzylidene-o-p-man-
nopyranoside (11) (0.37 g, 0.6 x 1073 mol) in tetrahydro-
furan (ca. 25 ml). After work-up, as for 3, a foamy syrup was
obtained. This syrup solidified after 12 h under vacuum; yield
0.81 g (94%), mp 166-168°C, [a]p2® +91.0° (¢ 1.97). Anal.
caled. for C3,H3,05Sn: C 62.47, H 5.24; found: C 62.01, H
5.40.
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BriaN GREGORY, Eric BuLLock, and TENG-SONG CHEN. Can. J. Chem. 57, 44 (1979).

The preparation of dimethyl 4-(1-chloroethyl)-1,4-dihydro-2,6-dimethylpyridine-3,5-
dicarboxylate and its reaction with nucleophilic reagents are described. Potassium cyanide,
potassium succinimide, or methanolic triethylamine gave, stereospecifically, 4,5-dihydro-
azepines in which substituents at C(4) and C(5) are rrans, whereas potassium thiocyanate
afforded only the corresponding 4-(1-thiocyanatoethyl)-1,4-dihydropyridine. Sodium hydro-
sulfide afforded a mixture of 8-thia-2-azabicyclo[3.2.1]oct-3-ene-4,7-diesters epimeric at C(7),
whereas potassium carbonate in aqueous dimethyl sulfoxide yielded an 8-oxa-2-azabicyclo-
[3.2.1]oct-3-ene-4,7-diester. The stereochemistry of these bicyclic compounds is established
using nmr spectroscopy. In acid media, dimethyl 2,5,7-trimethylazepine-3,6-dicarboxylate and
a 4-methoxy-4,5-dihydroazepine rearranged to give 1,4-dihydropyridine derivatives; a mech-
anism for this ring contraction is suggested.

BriaN GREGORY, ERIc BULLOCK et TENG-SONG CHEN. Can. J. Chem. 57, 44 (1979).

On décrit la préparation du (chloro-1 éthyl)-4 dihydro-1,4 diméthyl-2,6 pyridinedicarbox-
ylate-3,5 de diméthyle et ses réactions avec des réactifs nucléophiles. Le cyanure de potassium,
le sel de potassium de la succinimide ou la triéthylamine éthanolique conduisent d’une fagon
stéréospécifique aux dihydro-4,5 azépines dans lesquelles les substituants en C(4) et en C(5)
sont rrans; toutefois le thiocyanate de potassium ne fournit que la (thiocyanato-1 éthyl)-4
dihydro-1,4 pyridine. L’hydrosulfure de sodium conduit & un mélange de thia-8 aza-2 bicyclo-
[3.2.1] octéne-3 diesters-4,7 épiméres en C(7) alors que le carbonate de potassium dans le
diméthylsulfoxyde aqueux fournit une oxa-8 aza-2 bicyclo[3.2.1] octéne-3 diester-4,7. On a
déterminé la stéréochimie de ces composés bicycliques a I'aide de la spectroscopie rmn. En
milieu acide, le triméthyl-2,5,7 azépinedicarboxylate-3,6 de diméthyle et une méthoxy-4
dihydro-4,5 azépine se transforment pour donner des dérivés dihydro-1,4 pyridines; on

suggere un mécanisme pour cette contraction de cycle.

Studies, by us and others, show that the rearrange-
ment reactions of 4-chloromethyl-1,4-dihydropyri-
dines e.g., 1 or 2, with nucleophilic reagents have
afforded useful routes to several different hetero-
cyclic ring systems (1 and references therein). As
part of some related work, we required the 4-(1-
chloroethyl)-1,4-dihydropyridine 3, in which the
carbon bearing the potential leaving group, chlorine,
is labelled by attachment of a methyl group. Such a
compound is clearly useful for stereochemical and
mechanistic studies of some of these nucleophile-
induced rearrangement reactions and is the subject
of the present report.

Reaction of 1,2-dichloropropyl ethyl ether with
methyl 3-aminocrotonate gave, in moderate yield,
the chloroethyl compound 3 whose spectroscopic
properties were in accord with the assigned struc-
ture. In particular, the !Hmr spectrum contained a
three-proton doublet at & 1.34 and a one-proton
partly obscured double quartet at & 4.02 which
arise from the methyl and methine protons, re-
spectively, of the chloroethyl group, and the ultra-

! Author to whom all correspondence should be addressed.

[Traduit par le journal]

violet (2, 3) and infrared spectra (2) were typical of
Hantsch-type dihydropyridines. The mass spectrum
was, however, temperature dependent. At reason-
ably low temperatures, the compound behaved as a
typical 1,4-dihydropyridine and showed a base peak
due to a pyridinium cation formed by loss of chloro-
ethyl radical (cf. ref. 4). As the inlet temperature was
increased, ions arising from loss of hydrogen chloride
from the molecular ion became increasingly impor-
tant and the mass spectrum then resembled that of
the azepine 15.

Reaction of the chloroethyl compound 3 with
sodium cyanide in dimethyl sulfoxide gave, after
chromatography, methyl 4-cyano-2,5-dimethylpyr-
role-3-carboxylate and a less soluble product 9
whose long wavelength ultraviolet absorption max-
imum appeared at a shorter wavelength and was
more intense than that of the starting dihydro-
pyridine, a characteristic of 4,5-dihydroazepines (2).
The *Hmr spectrum showed, in addition to singlets
due to methyl groups at C(2) and C(7), methyl
esters and NH, a three-proton doublet at & 0.94, a
one-proton multiplet at & 3.73, and a one-proton
doublet at & 4.34 due to the CH;—CH—CH(CN)—

0008-4042/79/010044-09$01.00/0
©1979 National Research Council of Canada/Conseil national de recherches du Canada
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system. Further, the doublet at & 4.34 showed a
coupling of 6.2 Hz which is consistent with the
protons at C(4) and C(5), and therefore the cyano
and methyl substituents on these carbon atoms
having a trans relationship.? Since no cis isomer was
detected, either the reaction had occurred stereo-

2In related 4,5-dihydroazepines, values of Jax and Jpx of
6.0-8 and 0-1.6 Hz, respectively, have been reported. Examin-
ation of Dreiding models reveals approximate dihedral angles
for Hy—C—C—Hx and Hz—C—C—Hyx of 158 and 80°,
respectively. If the substituent at C(4) occupies a pseudo-
equatorial configuration, then Hy, is frans to Hx whereas Hg
is cis to Hx providing that the Karplus relationship is obeyed.

specifically to give the trans isomer or alternatively
any cis isomer formed had been converted to the
trans isomer through base-catalysed formation of a
carbanion at C(4). To distinguish between these
possibilities, dihydroazepines having groups in-
capable of stabilization of a carbanion at C(4) have
been prepared. Thus when the chloroethyl compound
3 was solvolyzed in methanol containing triethyl-
amine, the 4-methoxy-4,5-dihydroazepine 10 was
obtained. The presence in the 'Hmr spectrum of a
doublet, J = 6.6 Hz, at & 4.60 again confirmed the
trans configuration of substituents at C(4) and C(95).
Similarly the chloroethyl compound 3 reacted with
potassium succinimide in ethanol to give the trans-
4-succinimino compound?® 12 (the doublet at § 5.31
showed J = 6.0 Hz). The ring expansion reactions
of the chloroethyl compound 3 are thus stereo-
specific. From a study of the kinetics of the reaction
of cyanide ion with 4-chloromethyl-1,4-dihydro-
pyridines, e.g. 1, Eisner and co-workers (5) have
suggested a ring-expansion mechanism which in-
volves elimination to form an intermediate azepine,
e.g. 14, followed by I,4-addition of hydrogen
cyanide. The azepine 14 was shown to be converted
to racemic 4-cyano-4,5-dihydroazepine 7 (only one
enantiomer is shown for convenience) by the action
of cyanide ion (5). Similarly, we have shown that the
reaction of the 2,5,7-trimethylazepine 15 with potas-
sium cyanide in methanol occurs, in this case,
stereospecifically to give racemic trans-4-cyano-4,5-
dihydroazepine 9 in good yield, along with a lesser
amount of the trans-4-methoxy compound 10. The
trimethylazepine 15 used in this experiment was
obtained by the action of sodium ethoxide in ether
or potassium carbonate in dimethyl sulfoxide on the
chloroethyldihydropyridine 3, or by pyrolysis of the
methoxy- or succiniminodihydroazepines 10 and 12,
respectively. At ambient temperatures, the nmr
spectrum of 15 showed extreme broadening of the
C(4)-methyl resonance in the § 0.55-1.15 region. At
80°C, however, a sharp spectrum was obtained which
showed in addition to singlets due to methyl esters
and methyl groups at C(2) and C(7), a doublet at
8 0.88 (/ = 7.0 Hz), a multiplet at & 2.88, and a
doublet at 5 5.23 (J = 7.0 Hz).

Earlier we have shown that diethyl 4-cyano-4,5-
dihydro - 2,7 - dimethylazepine - 3,6 - dicarboxylate 8
may be converted in alkaline media to ethyl 4-cyano-
2,5-dimethylpyrrole-3-carboxylate and ethyl acrylate
(2). Accordingly, when the cyano compound 9 was

3Reaction of the chloromethyl compound 1 with potassium
succinimide gave the corresponding succinimino compound 11
(see Experimental).
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treated with potassium hydroxide in methanol, the
products obtained were methyl crotonate, methyl
3-aminobutyrate, and methyl 4-cyano-2,5-dimethyl-
pyrrole-3-carboxylate. The formation of methyl
crotonate provides confirmation that the unsat-
urated ester originates from the ring carbon atoms
C(5), C(6) and the ester group at C(6), and is in
agreement with the postulated mechanism (6) which
involves the formation of an intermediate 2-aza-
bicyclo[3.2.0]heptene. The 3-aminobutyrate probably
arises by Michael addition of ammonia, formed by
competing base-catalysed hydrolysis of dihydro-
azepine 9 to methyl crotonate. When the cyano-
dihydroazepine 9 was treated with aqueous metha-
nolic silver nitrate, the products included a furo-
[2,3-b]pyridine, a pyrrolo[2,3-b]pyridine, and a 2-
0x0-1,2,3,4-tetrahydropyridine derivative (7).
Reaction of the methoxydihydroazepine 10 with
methanolic hydrogen chloride yielded the methoxy-
ethyldihydropyridine 5 (589), the chloroethyldihy-
dropyridine 3 (30%,), and dimethyl 2,6-dimethyl-
pyridine-3,5-dicarboxylate (5%). The formation of 5
is envisaged as proceeding via a carbonium ion
mechanism as outlined in Scheme 1. Thus acid-
catalyzed loss of methanol is believed to give a
resonance-stabilized homoallyl-allyl carbonium ion
16 which is in equilibrium with the resonance-
stabilized cyclopropylcarbinyl-type carbonium ion

17.* Nucleophilic attack on 17 by methanol, as
shown, would afford the methoxyethyl compound 5,
whereas competitive attack by chloride ion on the
same cation would give the chloroethyl compound
3. The conversion of cyclopropylcarbinyl compounds
to homoallyl compounds in acidic media has pre-
cedent in the reaction of cyclopropylcarbinols with
hydrochloric acid (8) and the acid-catalysed con-
version of 3,5-cyclocholestan-6-yl compounds to
cholesteryl derivatives (9 and references therein).
The mechanism shown in Scheme 1 is essentially
the reverse of a plausible mechanism for ring
expansion of dihydropyridines 1-4 involving homo-
allylic participation and electron release from
nitrogen. The origin of dimethyl 2,6-dimethyl-
pyridine-3,5-dicarboxylate is not clear at the present
time but it is believed to involve the action of oxygen
on the methoxyethyl compound 5 in the presence of
acid.> When the methoxydihydroazepine 10 in ether
was reacted with hydrobromic acid, the bromoethyl
compound 4 was formed in high yield. Similarly the
4H-azepine 15 reacted with concentrated hydro-
chloric or hydrobromic acids to give the chloroethyl
and bromoethyl compounds 3 and 4, respectively.
In this case it is considered that the carbonium ion 16
is generated by N-protonation of the 4H-azepine.
Acid-catalysed ring contraction of related azepine
derivatives has been reported by Anderson and
Johnson (6).

The reactions of the chloroethyl compound 3 with
some sulfur nucleophiles have been examined. Thus
reaction with potassium thiocyanate in methanol
afforded the 4-(1-thiocyanatoethyl)-1,4-dihydropyri-
dine 6 in good yield. Retention of the dihydro-
pyridine ring system in such substitution reactions
is rare and has been reported in examples involving
iodide ion (5) or thiourea (1) only.

Reaction of the chloroethyl compound 3 with
sodium hydrosulfide in ethanol afforded two iso-
meric products. Each product showed a base peak
in the mass spectrum at mje 185 owing to loss of
methyl crotonate, peaks due to saturated and un-

“For convenience, we have represented this mechanism as
proceeding via an-equilibrating pair of carbonium ions 16 and
17. We have no evidence at the present time which allows a
choice between this and the corresponding nonclassical
carbonium ion.

SWhen diethyl 2,6-dimethyl-4-methoxymethyl-1,4-dihydro-
pyridine-3,5-dicarboxylate was allowed to stand in chloroform
containing a trace of hydrogen chloride in the presence of air,
the methoxymethyl substituent was eliminated and diethyl
2,6-dimethylpyridine-3,5-dicarboxylate was formed (B. Gre-
gory, unpublished observations). This is reminiscent of the
mass spectral fragmentation of this compound and may in-
volve a radical reaction. 4-Alkyl-1,4-dihydropyridines do not
behave in this way.
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saturated esters in the infrared spectrum, and ultra-
violet spectra in accord with the presence of an
alkyl 1,4,5,6-tetrahydronicotinate chromophore (10).
These spectroscopic properties and the 'Hmr spectra
were consistent with the formulation of the isomers
as dimethyl 1,3-dimethyl-8-thia-2-azabicyclo[3.2.1]-
oct-3-ene-4,7-dicarboxylate stereoisomers. The for-
mation of such products clearly involves sulfhydryl-
induced ring expansion to give, by analogy with the
cyanide and methoxide reactions, the trans-4-thiol
13. Michael addition of the thiol group or its conju-
gate base to C(7) of the unsaturated ester would
give, after protonation, the exo- and endo-7-methoxy-
carbonyl compounds 18 and 19. In addition to
singlets due to methyl esters and methyl groups at
C(1) and C(3), the 'Hmr spectrum of each isomer
showed a three-proton doublet, a one-proton multi-
plet, and two one-proton doublets consistent with
the presence of the CH—CH(CH;)—CH system.
For each isomer, the lower field doublet (lowered by
presence of adjacent sulfur, and due to the proton
at C(5)) exhibited similar coupling constants (J = 4.7
and 4.8 Hz) showing that the stereochemistry at C(6)
was similar in the two compounds, and confirming
that the methyl at C(6) has an endo configuration.®
The higher melting, less soluble major component
and the lower melting, more soluble minor com-
ponent showed doublets at & 2.55 (/ = 7.4 Hz) and
6 3.16 (J = 3.0 Hz), respectively. Examination of
Dreiding molecular models of 18 and 19 shows
dihedral angles between C(6)-H and C(7)-H of 120
and 0°, respectively. Using the Karplus curve, the
higher melting isomer is therefore assigned the endo-
7-methoxycarbonyl structure 18 and the lower
melting isomer consequently has the exo-7-methoxy-
carbonyl structure 19. The lower melting isomer 19
was easily epimerised to the more stable compound
18 using sodium methoxide in refluxing dioxan.
Ashby and Eisner (11) obtained the 8-thia-2-
azabicyclo[3.2.1]oct-3-ene 207 but no exo-7-methoxy-
carbonyl isomer 21, by the action of potassium
hydrosulfide on the chloromethyl compound 1. It
would therefore appear that the steric requirement of
the endo-6-methyl group is responsible for some
degree of stabilization of the exo-7-methoxycarbonyl
compound 19.

Prolonged treatment of the chloroethyl compound
3 with potassium carbonate in aqueous dimethyl
sulfoxide afforded, in low yield, a crystalline prod-

°The dihedral angle between the hydrogen at C(5) and an
endo-hydrogen at C(6) is close to 90° and would therefore be
expected to result in a coupling constant close to zero.

"This structure was later confirmed in an X-ray study (12)
although some reassignment of !Hmr signals was necessary.

uct C;3;H;(NO; whose infrared and ultraviolet
spectra closely resembled those of the foregoing
sulfur bridge compounds 18-20 and left little doubt
that it was an oxygen bridged analogue. In addition
to singlets due to nonequivalent methyl esters, two
methyls attached to sp? and sp*® carbon atoms, and a
three-proton doublet (methyl at C(5)), the *Hmr
spectrum showed one-proton signals at & 2.55
(doublet J = 3.9 Hz), 2.93 (double quartet, J = 7.0,
3.9 Hz), 4.61 (singlet), and 4.63 (broad singlet due to
NH). The multiplicity of the 5 2.93 signal and the low
field position of the & 4.61 signal leave no doubt that
these signals are caused by hydrogens attached at
C(6) and C(5), respectively, and the signal at  2.55
must therefore be due to hydrogen at C(7). The
singlet nature of the hydrogen at C(5) is explainable
only if the methyl at C(6) occupies an exo position,
allowing the proton at C(6) to have an endo con-
figuration and giving a dihedral angle® near 90°. The
endo and exo bonds at C(7) make dihedral angles of
approximately 0 and 120° at the endo hydrogen at
C(6); the observed interproton coupling constant of
3.9 Hz is more consistent with a dihedral angle of
120° (cf. J = 7.4 and 3.0 Hz for 18 and 19, respec-
tively). The methoxycarbonyl group at C(7) is
therefore assigned an endo configuration and the
stereochemistry of the compound is therefore that
shown in 22. In dihydroazepines 9, 10, and 12 and
the sulfur bridged compounds 18 and 19, the attack-
ing nucleophile has occupied a position trans to the
methyl group on the adjacent carbon atom. The cis
relationship between oxygen bridge and methyl at
C(6) in compound 22 may mean that a different
mechanism is involved in its formation, e.g., elimina-
tion with ring expansion to give the azepine 15
followed by attack of hydroxide at C(2) to give 24
and intramolecular Michael addition of the hydroxyl
to C(5). 8-Oxa-2-azabicyclo[3.2.1]octene derivatives®
have not, to our knowledge, been reported pre-
viously, although it has been suggested (14) that the
properties of a compound formulated as 25 by
Anderson and Johnson (15) are in better agreement
with the oxygen bridged structure 23. The reported
(15) spectroscopic properties of this compound show
many similarities to those of compound 22.

The electron-impact-induced fragmentations of
18, 19, and 22 were very similar, although some dif-
ferences were observed. The major fragmentation
pathways for 18 and 19 are shown in Scheme 2 and

8The dihedral angle between the C(5)-H bond and the
exo bond at C(6) is approximately 34°; if the proton at C(6)
had an exo configuration a coupling constant of about 5 Hz
would be expected by analogy with compounds 18 and 19.
°An 8-oxa-2-azabicyclo[3.2.1]octane is known (13).
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TABLE 1. Accurate mass measurements on compounds 18 and 22

Mass

Compound Ton structure Ton composition Found Required
18 27 C;3H;sNO, 252.1243 252.1236
28 CgH;;NO,S 185.0511 185.0510
29 C,H,NOS 153.0256(major) 153.0248
30 CgH;;NO, 153.0785(minor) 153.0790
31 CgHgNS 126.0375(major) 126.0378

— - 126.0078(minor) —
22 M — CO,CH;+ — CH;0H C;oH;2NO, 178.0869(minor) 178.0868
Unknown CioH;003 178.0632(major) 178.0630
32 CgH;NO; 169.0741 169.0739
33 C,HgNO; 154.0521(major) 154.0504
34 CgH;00; 154.0664(minor) 154.0630
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are supported by accurate mass measurements (see
Table 1). The prominent ion at m/e 252 results from
loss of hydrosulfide radical from 26 and may have
structure 27. Loss of methyl crotonate (cf. ref. 11)
from the molecular ion 26 yields a resonance-
stabilized cation 28 which subsequently loses metha-
nol, sulfur, or methoxycarbonyl radical to yield ions
29, 30, or 31, respectively. Ions formed by successive
loss of methoxycarbonyl and methanol are observed
at mfe 226 and 194 but this is a relatively minor
pathway.

In the case of 22, the base peak again arises by loss
of methyl crotonate to give ion 32 (see Scheme 3);
an abundant ion C;H4NO,; may arise by loss of
methyl from 32 and may be represented by 33. In
addition to expected loss of methoxyl radical,
methoxycarbonyl radical, or methoxycarbonyl radi-
cal and methanol to give ions at m/e 238, 210, and
178, a further pathway results in the formation of a
minor ion CgH,;,0; and may be represented by
structure 34. This latter pathway would appear to be
initiated by loss of a lone pair electron from the
bridge oxygen of 22. Although it is well known that

thioethers have lower ionization potentials than
ethers (16 and references therein), the failure of the
sulfur bridged compounds 18 and 19 to fragment by
such a pathway may be explained by the lesser
ability of sulfur to stabilize an adjacent carbonium
ion resulting in the decreased importance of o
cleavage in thioethers relative to ethers (17). An
example of a compound containing both ether and
thioether groups has been reported to fragment by
initial loss of an electron from oxygen despite the
ionization potential values (18).

The 4-succinimino-4,5-dihydroazepine 11 showed
activity at 100 mg/kg po in an antihypertensive assay
using spontaneously hypertense rats. However, no
hypotensive activity was observed in conscious
normotensive rats (100 mg/kg po), a normotensive
anesthetized dog (up to 10 mg/kg iv), or a renal
hypertensive dog (25 mg/kg, po).

Experimental

Details concerning spectral measurements, analyses, etc.,
are provided in an earlier publication (1). Vapour phase
chromatography measurements were obtained using a Beck-
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man GC-2A gas chromatograph equipped with column No.
70007 (Carbowax 4000 dioleate on C-22 Firebrick) operated
at 70°C and 12 psi pressure of helium. Accurate mass measure-
ments were obtained using a Varian MAT 311 mass spec-
trometer. Spin decoupling experiments were performed using
a Bruker WP80ODS Fourier Transform nmr spectrometer.

Dimethyl 4-(1-Chloroethyl)-14-dihydro-2,6-dimethylpyridine-
3,5-dicarboxylate (3)

A mixture of 1,2-dichloropropyl ethyl ether (40 mL) and
methyl 3-aminocrotonate (48 g) in benzene (50 mL) was stirred
at room temperature for 2 days. Water (300 mL) and ether
(300mL) were added, and after shaking, the organic layer was
collected. The aqueous layer was extracted with ether (3 x
300 mL) and the combined ether extract was then washed with
water (2 x 50 mL), dried (MgSQO,), filtered, and evaporated.
Crystallization from benzene yielded colorless crystals of 3
(18.2 g, 30%), mp 169-170°C; ir viyax: 3429 (NH, free), 3318
(NH, bonded), 1697 (unsaturated ester), 1649 cm~! (C=C);
uv Amax (€): 232 (16 850), 339 nm (7300); '‘Hmr &: 1.34 (d,
J = 6.6 Hz, CH;—CHCI—), 2.38 (s, methyls at C(2), C(6)),
3.78 (s, methyl esters), 4.02 (partly obscured double q, J =
5.0, 6.6 Hz, —CHCI—CH3;), 4.41 (d, J = 5.0 Hz, H at C(4)),
6.22 (s, NH); ms mfe: 287 (<1%, M*, 33Cl), 224(100),
220(34), 219(41), 192(99.5), 191(33), 160(82), and 132(51).
Anal. caled. for C,3H,gCINO,: C 54.26, H 6.31, N 4.87,
C112.32; found: C 54.44, H 6.08, N 4.80, Cl 12.28.

Dimethyl 4-Cyano-4,5-dihydro-2,5,7-trimethylazepine-3,6-
dicarboxylate (9)

(a) The chloroethyl compound 3 (4.0 g) and sodium
cyanide (1.6 g) in dimethyl sulfoxide (30 mL) were stirred at
room temperature for 48 h. After addition of water (200 mL)
the reaction mixture was extracted with ether (3 x 200 mL).
The ether solution was washed with water (2 x 30 mL) and
the solvent evaporated under reduced pressure to give a pale
yellow solid (3.5 g) which tlc revealed to be two components.

Recrystallization from ether — petroleum ether afforded the
less soluble cyano compound 9 as white prisms (2.41 g, 63%),
mp 147-148.5°C; ir Vamax: 3416 (NH, free) 2246 (C==N), 1709
(unsaturated ester), 1696 (unsaturated ester), and 1633 cm~!
(C=0); uv Amax (g): 229 (14 400), 326 nm (16 300); 'Hmr
(Varian HA 100) 6: 0.94 (d, J = 6.8 Hz, methyl at C(5)), 2.34
(s, methyl at C(7)), 2.39 (s, methyl at C(2)), 3.73 (m, signal
obscured by singlets at § 3.73, 3.74, C(5)-H), 3.73 and 3.74
(s, s, methyl esters), 4.34 (d, J = 6.2 Hz, C(4)-H), 6.17 (s, NH);
the doublets due to H at C(4) and methyl at C(5) became
singlets on irradiation at 373 Hz; ms mfe: 27826, M*),
247(35), 179(100), 159(21), 121(21), 119(26), 118(28), 42(28).
Anal. caled. for C;,H;gN,0,4: C 60.42, H 6.52, N 10.07;
found: C 60.31, H 6.37, N 9.96.

The more soluble component was obtained by removal of
solvent from the mother liquor and recrystallization from
benzene to give methyl 4-cyano-2,5-dimethylpyrrole-3-car-
boxylate as white prisms (0.58 g, 23%), mp 180.5-181.5°C;
ir Vmax: 3435 (NH, free), 3251 (NH, bonded), 2233 (aryl
C=N), 1710 cm™"' (aryl ester); uv Ama.. (g): 211 (15 000),
263 nm (8700); 'Hmr &: 2.35 and 2.47 (s, s, methyls at C(2),
C(5)), 3.80 (s, methyl ester); ms mje: 178 (66, M*), 163(53),
147(100), 146(47), 145(32), 118(32), and 42(44). Anal. calcd.
for CoH,oN,0O,: C 60.67, H 5.66, N 15.71; found: C 60.75,
H 5.88, N 15.71.

(b) The 4H-azepine 15 (0.310 g) and potassium cyanide
(0.150 g) in methanol (25 mL) were stirred for 10 h at room
temperature. The mixture was then poured into ice water
(100 mL) and extracted with ether (3 x 60 mL). The ether
extract was washed with water (3 x 15 mL), dried (MgSO,),
filtered, and evaporated under reduced pressure. The residue
was recrystallized from ether — petroleum ether to give the
cyano compound 9(0.085 g). The mother liquor was evapo-
rated and the residue separated by preparative tlc on silica gel
G to yield more cyano compound 9 (0.172 g; total yield 75%)
and the methoxy compound 10 (0.016 g; 5%); both were
identical with the authentic compounds.
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Base-catalyzed Rearrangement of Cyanodihydroazepine 9

To the cyano compound 9 (300 mg) in methanol (10 mL)
was added potassium hydroxide (65 mg) in methanol (2 mL)
and the solution heated under reflux on the steam bath for 2 h.
Most of the methanol was then distilled off slowly and the
rest was distilled under reduced pressure and collected in a
Dry Ice cooling trap. The distillate was separated, using
vapour phase chromatography, into methyl crotonate,
identified by its retention time and mass spectrum and a
second component. This latter product, formed in trace
amounts, was identified as ethyl 3-aminobutyrate by com-
parison of retention time and infrared and mass spectra with
authentic material.

The residue from the distillation was dissolved in methanol
(5 mL) and poured into ice water (50 ml). The precipitate was
collected and recrystallized from benzene to give white
prisms, mp 180-181°C, shown to be identical with the methyl
4-cyano-2,5-dimethylpyrrole-3-carboxylate which was ob-
tained in the preparation of the 4-cyano-4,5-dihydroazepine 9.

Dimethyl 4,5-Dihydro-4-methoxy-2,5,7-trimethylazepine-3,6-
dicarboxylate (10)

The chloroethyl compound 3 (3.1 g) and triethylamine
(1.5 mL) in methanol (250 mL) were heated in an oil bath at
50°C for 48 h. Methanol was then removed on the rotary
evaporator and the residue was treated with ether and water.
After separation the ether layer was washed with water, dried
(MgS0,), filtered, and evaporated. The residue was re-
crystallized from ether — petroleum ether to give colorless
prisms 10 (2.65 g, 87%), mp 157-159°C; ir vua.: 3418 (NH),
1701 (unsaturated ester), 1634 cm™"' (C=C); uv Amay (8): 231
(12 750), 325 nm (15 550); 'Hmr (Varian HA 100) &: 0.77
(d, J = 6.8 Hz, methyl at C(5)), 2.29, 2.36 (s, s, methyls at
C(7) and C(2)), 3.29 (s, O-methyl), 3.55 (partly obscured
double q, J = 6.6 and 6.8 Hz, C(5)-H), 3.72 (s, methyl esters),
4.60 (d, J = 6.6 Hz, C(4)-H), and 5.68 (s, NH); the multi-
plicity of the signal at § 3.55 was confirmed by irradiation at
462 Hz when the multiplet at § 3.55 collapsed to a clearly dis-
cernible q (J/ = 6.8 Hz); irradiation at 356 Hz decoupled
doublets due to H at C(4) and methyl at C(5) to singlets;
ms mfe: 283 (10, M™), 252(15), 251(33), 236(23), 220(395),
219(38), 192(100), 191(28), 176(25), 160(64), 132(40). Anal.
caled. for C;4H,NOs: C 59.36, H 7.47, N 4.94; found:
C 59.15, H 7.60, N 4.87.

Reaction of Dimethyl 4,5- Dihydro-4-methoxy-2,5,7-tri-
methylazepine-3,6-dicarboxylate 10 with Methanolic
Hydrogen Chloride

To the methoxydihydroazepine 10 (300 mg) in dry methanol
(5 mL) was added 0.2 M methanolic hydrogen chloride solu-
tion (10 mL). The solution was stirred at room temperature
for 0.5 h, then evaporated under reduced pressure and the
excess hydrogen chloride removed by adding dry ether and
evaporating in vacuo three times. The residue was separated
by preparative tlc on silica gel G.

The band of highest Ry exhibited the light blue fluorescence
characteristic of Hantsch dihydropyridines under ultraviolet
light. Elution, evaporation and crystallization from benzene
afforded dimethyl 4-(1-chloroethyl)-1,4-dihydro-2,6-dimethyl-
pyridine-3,5-dicarboxylate 3 (92 mg, 30%), mp 165-167°C,
which was shown to be identical with authentic material by
comparison of ir, uv, Hmr, and mass spectra.

The second band yielded dimethyl 4-(1-methoxyethyl)-1,4-
dihydro-2,6-dimethylpyridine-3,5-dicarboxylate 5 (175 mg,
58%), mp 127-129°C; ir vmax: 3430 (NH, free), 3306 (NH,
bonded), 1696 (unsaturated ester), 1650 cm~! (C=C);
UV Amax (€): 233.5 (14 050) 347 nm (6700); ‘Hmr &: 0.97 (d,
J = 6.5 Hz, CH;—CH), 2.31 (s, methyls at C(2), C(6)), 3.16

(partly obscured double g, / = 5.0 and 6.5 Hz, CH—CH),
3.31 (s, methoxyl), 3.76 (s, methyl esters), 4.34 (d, / = 5.0 Hz,
C(4)-H), 6.31 (s, NH); ms mje: 283 (0.0006, M*), 225(22),
224(100), 192(24). Anal. caled. for C;,H,NOs: C 59.36,
H 7.47, N 4.94; found: C 59.32, H 7.49, N 5.05.

The last band was eluted using methanol and, after passage
through a short column of basic alumina and sublimation in
vacuo, afforded white prisms of dimethyl 2,6-dimethylpyridine-
3,5-dicarboxylate (12 mg, 5%), mp 98-99°C (lit. (19) mp
100-102°C).

Dimethyl-4-( I-Bromoethyl ) -1,4-dihydro-2,6-dimethylpyridine-
3,5-dicarboxylate (4)

To the methoxydihydroazepine 10 (200 mg) in ether
(50 mL) was added concentrated hydrobromic acid (0.5 mL)
in a separatory funnel. The mixture was shaken for 5 min and
the ether layer was washed with water (3 x 5 mL). After
removal of ether the residue was recrystallized from benzene —
petroleum ether to give the bromoethyl compound 4 as white
prisms (213 mg; 91%), mp 164-165°C; ir Vpyax: 3431 (NH, free),
3320 (NH, bonded), 1700 (unsaturated ester), 1653 cm™'
(C=C); uv Amax (): 233 (14 550), 333 nm (7050); 'Hmr &:
1.54 (d, J = 6.8 Hz, CH;—CHBr), 2.38 (s, methyls at C(2),
C(6)), 3.77 (s, methyl esters), 4.14 (partly obscured double q,
J = 52 and 6.8 Hz, CHBr—CH,), 443 (d, J = 5.2 Hz, H at
C(4)), 6.09 (s, NH); ms m/e: 251(26), 224(94), 220(27), 219(40),
192(93), 191(25), 160(82), 149(34), 132(50). Anal. calcd. for
Cy3H{sNO4Br: C 47.00, H 5.46, N 4.22, Br 24.05; found:
C 47.07, H 5.55, N 4.37, Br 24.18.

Dimethyl 4,5-Dihydro-2,5,7-trimethyl-4-succiniminoazepine-
3,6-dicarboxylate (12)

The chloroethyl compound 3 (2.87 g) was added to a stirred
solution of potassium succinimide (1.4 g) in absolute ethanol
(60 mL) at room temperature. After 48 h the solvent was
removed under reduced pressure and the residue recrystallized
from chloroform — ether — petroleum ether to give the succini-
mino compound 12 as white prisms (2.58 g; 74%), mp 180-
181°C; ir Vmax: 3410 (NH), 1701 (unsaturated ester and suc-
cinimino carbonyls), 1623 cm~! (C=C); uv An.x (€): 235
(10 450), 328 nm (14 650); 'Hmr (Varian HA 100) §: 0.97 (d,
J = 7.2 Hz, methyl at C(5)), 2.18 (s, methyl at C(7)), 2.46
(s, methyl at C(2)), 2.51 (s, —CH,—CH,— of succinimino
group), 3.35 (double q, / = 6.0 and 7.2 Hz, H at C(5)), 3.63
(s, methyl esters), 5.31 (d, J = 6.0 Hz, H at C(4)), 5.91 (s,
NH); the C(5)-H multiplet became a doublet (/ = 6.0 Hz) on
irradiation at 99 Hz; the C(4)-H doublet and C(5)-CHj;
doublet became singlets on irradiation at 336 Hz, and the
C(5)-H multiplet became a quartet on irradiation at 534 Hz;
ms mfe: 350 (5, M*), 251(57), 236(19), 220(33), 219(51),
192(100), 191(32), 179(26), 176(24), 160(79), 132(49). Anal.
caled. for C;;H,,N,0¢: C 58.27, H 6.33, N 8.00; found:
C 58.05, H 6.45, N 7.84.

Dimethyl 4,5-Dihydro-2,7-dimethyl-4-succiniminoazepine-
3,6-dicarboxylate (11)

In a similar manner, the chloromethyl compound 1 (3.0 g)
and potassium succinimide (1.4 g) in absolute ethanol (80 mL)
gave, after recrystallisation from chloroform - petroleum
ether, the succinimino compound 11 as white prisms (2.78 g,
75%), mp 192.5-193.5°C; it Viax: 3410 (NH), 1705 (ester and
imide carbonyls), 1622 cm ™! (C=C); uv Ay (€): 235 (11 800)
330 nm (13 800); "Hmr (Varian HA 100) &: 2.23 (s, methyl at
C(7)), 2.40 (dd, J = 1.0, 14.0 Hz, H at C(5)), 2.44 (s, methyl at
C(2)), 2.52 (s, succinimino methylene groups), 3.22 (dd,
J = 6.5, 14.0 Hz, H at C(5)), 3.61 (s, methyl ester), 3.64 (s,
methyl ester), 5.52 (dd, J = 1.0, 6.5 Hz, H at C(4)), 5.78 (s,
NH); ms m/e: 336 (6, M), 237(66), 206(31), 205(35), 179(40),
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178(100), 177(21), 146(97), 118(42), 99(47), 59(35), 56(42).
Anal. caled. for C,;6H,oN,Os: C 57.14, H 5.99, N 8.33;
found: C 57.05, H 6.09, N 8.22.

Dimethyl 2,4,7-Trimethyl-4H-azepine-3,6-dicarboxylate (15)

(a) The chloroethyldihydropyridine 3 (2.5 g) was stirred with
powdered anhydrous potassium carbonate (2.0 g) in dimethyl
sulfoxide (35 mL) at room temperature for 5 h and then
poured into cold water (120 mL). The product was extracted
with ether (3 x 50 mL) and the ether extract was washed with
water (3 x 20 ml) and dried (MgSO,). After removal of sol-
vent, the residue was distilled from a Spéth tube at 110-115°C
(bath temperature) and 0.03 Torr to give the 4H-azepine 15
as a pale yellow oil (1.8 g, 82%); ir Vmax: 1723 and 1702 cm ™!
(unsaturated esters); uv Amax (€): 213 (8200), 295 nm (7150);
"Hmr (CCl,) at room temperature: § 0.55-1.15 (v br., centred
at 0.85, nuclear methyl), 2.05-2.45 (br, centred at 2.25, nuclear
methyl), 2.40 (s, nuclear methyl), 3.75 and 3.78 (s, s, methyl
esters); 'Hmr at 80°C; & 0.88 (d, / = 7.0 Hz, methyl at C(4)),
2.20 and 2.38 (s, s, methyls at C(2) and C(7)), 2.88 (m, H at
C(4)), 3.73 and 3.76 (s, s, methyl esters), and 5.23 (d, / = 9.0
Hz, H at C(5)); ms mje: 251 (34, M™), 236(13), 220(28),
219(47), 192(100), 191(34), 176(24), 160(90), 159(21), and
132(47). Anal. caled. for C;3H;;NO4: C 62.13, H 6.82,
N 5.57; found: C 62.08, H 6.75, N 5.73.

(b) The reaction of sodium ethoxide in dry ether with the
chloroethyl compound 3 afforded the 4H-azepine 15 (yield
76%).

(¢) The 5-methyl-4-succinimino-4,5-dihydroazepine 12 (150
mg) was pyrolyzed at 175-180°C in a sublimation tube con-
taining small glass beads to increase the residence time. The
product was then distilled at the same temperature and 0.03
Torr to give a colorless oil 15 (82 mg, 76%) which had identical
ir, uv, '"Hmr, and ms with the product of preparation a.

(d) The 4-methoxy-5-methyl-4,5-dihydroazepine 10 (100
mg) was pyrolyzed at 160°C, using the same experimental
technique as that of preparation ¢, to give the 4H-azepine 15
(65 mg; 73%) as a colorless oil.

Reactions of the 4H-Azepine

(a) To the 4H-azepine 15 (450 mg) in ether (50 mL) was
added concentrated hydrochloric acid (1 mL). The reaction
mixture was shaken for 5 min and then ice water (10 mL)
added. The ether layer was separated, washed with water
(3 x 5 mL), dried (MgSO,), filtered, and evaporated. The
residue was crystallized twice from benzene to give white
crystals of the chloroethyl compound 3 (435 mg, 84%), mp
168-169°C.

(b) To the 4H-azepine 15 (220 mg) in ether (50 mL) was
added concentrated hydrobromic acid (0.5 mL). After shaking
for 5 min, the reaction was worked up as above to give white
prisms of the bromoethyl compound 4 (246 mg, 85%), mp
164-165°C, after recrystallization from benzene — petroleum
ether.

Dimethyl 1,4-Dihydro-2,6-dimethyl-4-( I-thiocyanatoethyl ) -
pyridine-3,5-dicarboxylate (6)

A solution of the dihydropyridine 3 (1.4 g) and potassium
thiocyanate (0.6 g) in methanol (50 mL) was heated under
reflux for 2 h. The solution was evaporated in vacuo and the
residue dissolved in ether (80 mL). The ether solution was
washed with water (3 x 10 mL), dried (MgSO,), concentrated
to 10 mL, and petroleum ether added to yield the product
(1.31 g, 87%), mp 142-145°C. After two recrystallizations from
ether — petroleum ether, the thiocyanato compound 6 was
obtained as white prisms, mp 149-150.5°C; ir Vmax: 3428
(NH free), 3306 (NH, bonded), 2154 (thiocyanate), 1699 cm~*
(unsaturated ester); uv Amax (€): 233 (17 350), 341 nm (6700)

"Hmr 6: 1.38 (d, / = 7.2 Hz, CH;—CH), 2.39 (s, methyls at
C(2), C(6)), 3.36 (double q, J = 5.0 and 7.2 Hz, CH—CH,3),
3.79 (s, methyl esters), 4.42 (d, 5.0 Hz, H at C(4)), and 6.91
(s, NH); ms m/e: 251(37), 224(60), 220(31), 192(100), 191(30),
160(64), 132(38). Anal. caled. for C,;,H;gN,04S: C 54.18,
H 5.85, N 9.03, S 10.33; found: C 54.10, H 5.81, N 8.97,
S 10.39.

Dimethyl 1,3,6-Trimethyl-8-thia-2-azabicyclo[3.2.1]oct-3-
ene-4,7-dicarboxylate (18 and 19)

The chloroethyl compound 3 (1.5 g) was added to a solution
of sodium hydrosulfide (0.8 g) in ethanol (50 mL) and the
mixture heated to 65°C on a water bath for 5 h. After cooling,
the reaction mixture was poured into cold water (200 mL)
containing ammonium chloride (5 g) and the solution was
extracted with ether (3 x 200 mL). After washing with water
(3 x 30 mL) and drying (MgSO,), the ether extract was
evaporated to dryness. The residue was recrystallized from
benzene — petroleum ether to give the 6-endo-methyl-7-endo-
methoxycarbonyl isomer 18 as colorless prisms (0.78 g, 52%),
mp 163-164°C; ir vy.,: 3408 (NH, free), 3307 (NH, bonded),
1737 (saturated ester), 1689 cm~! (unsaturated ester); uv
hmax (€)1 231 (2850), 291 nm (12 900); ‘Hmr &: 1.06 (d,
J = 7.0 Hz, methyl at C(6)), 1.77 (s, methyl at C(1)), 2.30
(s, methyl at C(3)), 2.55 (d, / = 7.4 Hz, H at C(7)), 3.04 (m,
J =438, 7.0 and 7.4 Hz, H at C(6)), 3.74 (s, methyl esters),
4.68 (d, J = 4.8 Hz, H at C(5)), and 4.99 (s, NH); ms mi/e:
285 (55, M), 252(30), 226(19), 220(16), 194(26), 185(100),
153(86), 126(60), 84(42), 59(33), and 42(37). Anal. calcd. for
C,3H,;oNO,S: C 54.72, H 6.71, N 491, S 11.24; found:
C 54.59, H 6.54, N 4.78, S 11.34.

From a second crop, needles of the more soluble 6-endo-
methyl-7-exo-methoxycarbonyl isomer 19 were separated by
hand from a trace of 18 and recrystallized from benzene —
petroleum ether to give the pure product 19 (0.51 g, 34%), mp
144-146°C; ir vpa.: 3423 (NH, free), 3322 (NH, bonded),
1734 (saturated ester), and 1687 cm~! (unsaturated ester);
uv Apax (€): 293.5 nm (13 550); ‘Hmr 6: 0.99 (d, / = 6.5 Hz,
methyl at C(6)), 1.83 (s, methyl at C(1)), 2.31 (s, methyl at
C(3)), 3.09 (m, J = 3.0, 4.7, and 6.5 Hz, H at C(6)), 3.16 (d,
overlapping signal at & 3.09, J = 3.0 Hz, H at C(7)), 3.70 (s,
methyl esters), 4.77 (d, J = 4.7 Hz, H at C(5)), and 5.09 (s,
NH); ms m/e: 285 (71, M*), 252(64), 226(14), 220(40), 194(13),
185(100), 153(98), 126(55), 84(11), 59(29), and 42(30). Anal.
caled. for Cy3H;9oNO,S: C 54.72, H 6.71, N 4.91, S 11.24;
found: C 54.60, H 6.64, N 5.05, S 11.09.

The lower melting, more soluble isomer was converted to
the higher melting, less soluble, more stable epimer by re-
fluxing with sodium methoxide in dioxane for 5 h.

Dimethyl 1,3,6-Trimethyl-8-oxa-2-azabicyclo[3.2.1]oct-3-
ene-4,7-dicarboxylate (22)

A stirred mixture of the chloroethyl compound 3 (3 g) and
potassium carbonate (1.5 g) in dimethyl sulfoxide (40 mL) and
water (15 mL) was heated at 65°C in the dark and under a
nitrogen pressure of 50 Torr for 3 days. After cooling the
reaction mixture was poured into aqueous ammonium
chloride (300 mL, 1%) and the product extracted into chloro-
form (3 x 25 mL). The chloroform extract was washed with
water (3 x 10 mL), dried (MgSO.,), filtered, evaporated, and
the residue crystallized from aqueous dioxane to give colorless
prisms of the bicyclic compound 22 (0.92 g, 33%), mp 173-
175°C; ir Vmax: 3522 (NH), 1742 (saturated ester), 1690 (un-
saturated ester), 1606 cm~! (C=C); uv Ana.x (CH3;O0H) (¢):
288 nm (15000); '"Hmr &: 1.11 (d, J = 7.0 Hz, methyl at
C(6)), 1.70 (s, methyl at C(1)), 2.09 (s, methyl at C(3)), 2.55
(d, J =39 Hz, H at C(7)), 2.93 (double q, /= 7.0 Hz,
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3.9 Hz, H at C(6)), 3.62 (s, methyl ester), 3.64 (s, methyl
ester), 4.61 (s, H at C(5)), 4.63 (br, s, NH); spin decoupling
resulted in the expected changes in multiplicity of signals at
S 1.11, 2.55, and 2.93; ms m/e: 269(37, M*), 238(22), 210(34),
194(16), 178(54), 169(100), 168(24), 164(25), 154(76), 150(22),
136(32), 122(22), 43(36), 42(31). Anal. calcd. for C;3HoNOs:
C57.98, H 7.11, N 5.20; found: C 57.97, H 6.98, N 5.12.
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Alkaloid F,-5, isolated from F. kralikii, has been shown to be fumaritine N-oxide. The
structure was established by 'H and !*C nmr and by mass spectrometry and confirmed by
reduction of F,-5 to fumaritine. The 13C spectra of fumaritine and its N-oxide are discussed.

H. G. KirvAkov, DoNALD W. HUGHES, BAaLA C. NALLIAH et DAaviD B. MacLEAN. Can. J.

Chem. 57, 53 (1979).

On a montré que lalcaloide Fy-5 isolé du F. kralikii est le N-oxyde du fumaritine. On a
déduit la structure en se basant sur des spectres rmn du 'H et du *3C et sur la spectrométrie
de masse; on I'a confirmée par réduction du Fy-5 en fumaritine. On discute des spectres
rmn du '3C de la fumaritine et de son N-oxyde.

An examination of the alkaloids of Fumaria
kralikii Jord. has recently been reported (1). Five
alkaloids of established structure, 1-adlumine, pro-
topine, cryptopine, d-parfumine, and fumarofine
were obtained. In addition O-methylfumarofine (2)
was isolated for the first time from nature and a new
alkaloid, designated F,-5, was reported. The authors
considered F,-5 might be a member of the spiro-
benzylisoquinoline group of alkaloids but there was
no direct evidence to this effect.

Alkaloid F,-5 (1) (mp 204°C) was a polar com-
pound, eluted from an alumina column with 109]
methanol in benzene. It contained a broad band
(2500-3500 cm™1') in its ir spectrum indicative of a
strongly hydrogen-bonded compound. The authors
reported that in its 'H nmr spectrum in DMSO
there were two aromatic singlets and an aromatic
AB quartet. The presence of one methoxy, one
methylenedioxy, and one N-methyl group was also
apparent.

We report here further studies on the alkaloid that
have led to the elucidation of its structure. The mass
spectrum showed a weak molecular ion at m/e 371
corresponding in composition to C,oH,;NOg. The
molecular ion had fragment ion peaks corresponding
to the loss of oxygen, water, and CH;O. The most
intense ion appeared at mje 192 corresponding in
composition to C;;H,;4NO,. Ions of this com-
position are frequently found in isoquinoline
alkaloids, including spirobenzylisoquinolines (3),
that have the structural feature a. The mass spectrum

[Traduit par le journal]

CH;0
TOU L,

HO
a

however did not provide other structural infor-
mation.

In this study the 'H nmr spectrum (Table 1) was
reexamined in DMSO-d, and also in alkaline D,O
in which the alkaloid was readily soluble in con-
trast to its behaviour in DMSO. The solubility in
base is in agreement with the presence of a phenolic
hydroxyl as inferred above. Although the DMSO
spectrum was similar to that previously reported (1),
three additional resonances were found in the low
field region. There was a broad singlet at 8.81 ppm
which was attributed to a hydrogen-bonded phenolic
proton. A pair of doublets was also observed at
6.40 and 5.33 ppm with a coupling constant of 7.6 Hz.
The addition of D,O to this sample removed the
signals at 8.81 and 5.33 ppm and caused the doublet
at 6.40 ppm to collapse to a sharp singlet. This result
indicated the presence of a secondary alcohol
function.

The high field region of the alkaline D,O spectrum
had two singlets of area three at 3.73 and 3.11 § that
were assigned to methoxy and N-methyl groups,
respectively. The chemical shift of the N-methyl
resonance suggested that it was bonded to a quater-
nary nitrogen. In the high field region there was also
an AB quartet with the signals centred at 3.90 and
3.34 5, with a coupling constant of 15.5 Hz. Four

0008-4042/79/010053-04$01.00/0
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TaBLE 1. 'H chemical shifts and coupling constants for Fy-5
and fumaritine®

F-5

Alkaline Fumaritine
Protons DMSO D,0" CDCl5¢

(a) Chemical shifts

H-1 6.27 6.15 6.47
H-4 6.68 6.65 6.59
H-11 6.76 6.89 6.74
H-12 6.80 6.89 6.58
H-8 6.40 6.23 5.42
H-13 4.05¢ 3.90,3.34 3.29
OCH; 3.72 3.73 3.85
NCH; 2.87 3.11 2.41
9,10-OCH,0— 5.95 5.92 5.95
C-8-OH 5.33
C-2-OH 8.81

(b) Coupling constants
Ju-g, OH 7.6
Ji1,12 7.9
Jap, H-13 16.7 15.5

aSpectrum recorded at 90 MHz; chemical shifts are in ppm relative to
internal TMS; coupling constants in Hz.

bSpectrum recorded at 100 MHz; chemical shifts are in ppm relative to
DSS using tert-butyl alcohol-OD as an internal reference.

cSpectrum recorded at 100 MHz using TMS as an internal reference.
pe:]léigh field portion of the AB quartet was partially obscured by the HDO
other protons also absorbed in this region giving a
complex pattern. The low field region of the spectrum
had a pair of overlapping doublets centred at 5.92 9,
assigned to a methylenedioxy group, and four
singlets in the region 6.1-6.9 ppm, one of which
integrated for two protons giving a total of five
protons in this region. In view of the DMSO spectra,
four of the five signals are very likely aromatic in
character. We were however unable to interpret these
data in terms of a unique structure for the alkaloid
despite the relatively simple spectrum.

The *C nmr spectrum (both broad-band and off-
resonance were recorded) was however more
revealing; the data are recorded in Table 2 in terms
of the structure eventually deduced for the alkaloid.
In the aliphatic region of the spectrum the methoxy
and N-methyl resonances were readily assigned by
virtue of their residual coupling in the off-resonance
spectrum and the assignments were confirmed by
selective proton decoupling. There were three signals
assigned to methylenes at 27.6, 38.0, and 64.8 ppm, a
methine at 77.2 ppm and a quaternary carbon at
90.6 ppm. The presence of a quaternary carbon
centre was the first evidence from the present study
in support of the premise enunciated earlier (1) that
F,-5 might be a spirobenzylisoquinoline alkaloid. In
the low field region of the spectrum there was a
signal at 103.1 assigned to the methylene of a
methylenedioxy group and twelve signals attributed

TaBLE 2. 13C chemical shifts for Fy-5
and fumaritine

Carbon F-5*  Fumaritine®
1 117.4 111.2
2 156.8 144.2
3 153.0 146.4
4 112.9 112.9
4a 118.2 127.4
5 27.6 23.3
6 64.8 47.6
8 77.2 82.3
8a 124.2 125.5
9 145 .4 144.2

10 148.6 147.5

11 110.9 108.9

12 117.9 113.3

12a 135.3 135.0

13 38.8 44 .0

14 90.6 74.5

14a 127.2 127.9

3 OCH; 57.4 56.0

9,10 OCH,0O 103.1 101.6

NCH; 53.7 38.1

aSolvent: D,O + 2 drops 409, NaOD.
bSolvent: CDClj;.

to aromatic carbons. Four of these signals were at
significantly lower field than the others and were
assigned to aromatic carbons bonded to oxygen, four
others were bonded to hydrogen, and the remaining
four were fully substituted.

A consideration of these data led us to conclude
that F,-5 was an N-oxide either of fumaritine (4)
(Fig. 1) or an isomer of fumaritine in which the
phenolic hydroxy and methoxy group are inter-
changed or an isomer in which the hydroxyl function
has a different configuration, or both. Accordingly
we treated Fy-5 with SO,, a reagent known to convert
N-oxides to tertiary amines (5), and isolated the
resulting product. Examination revealed that the
reduction product was indeed fumaritine 2 by com-
parison of its spectroscopic properties with those of
an authentic specimen.

The '3C nmr spectrum of fumaritine was recorded
and the data are shown in Table 2 along with those
of F-5. Signals were assigned by comparing the
spectra to those of alkaloids previously studied (6, 7).
Except for the resonances assigned to C-8 and C-13
the chemical shift assignments are very similar to
those of ochrobirine and yenhusomine both of which
have saturated five-membered rings (7). The fact
that C-8 resonates at lower field may be a con-
sequence of the substitution pattern of the five-
membered ring (8). Carbon-13, which does not carry
an OH function, was identified from the off-reson-
ance spectrum and was found at lower field than the
methylene in ochotensimine (7). In ochotensimine
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Fe-5 (1) Fumaritine

FIc. 1. Structures of F-5 (1) and fumaritine (2).

the methylene at C-8 may be shielded through a
steric interaction with the aromatic substituent at
C-9.

The '3C spectrum of fumaritine N-oxide differs
from fumaritine in several important respects. The
conversion of the nitrogen to its N-oxide has the
most pronounced effect on the neighboring carbon
atoms, namely the N-methyl, the quaternary carbon
at C-14, and the methylene at C-6. The chemical
shift changes are of the same order as those observed
for the N-oxides of N-methylpiperidine (9), the
Nuphar alkaloids (10), and- strychnine (11). These
changes are attributed to the combined inductive
effect of the positively charged N-atom and the
B-substituent effect of the oxygen. The changes
observed for the aromatic resonances of ring A of
F,-5 relative to fumaritine at C-1, C-2, C-3, and
C-4a may be attributed to the change from phen-
oxide to phenol at C-2. The '*C chemical shifts of
guaiacol are known (12) and are reproduced in the
accompanying formulas (Fig. 2) along with those of
the anion of guaiacol obtained in basic D,0. The
changes observed for this acid-base pair are very
similar to those found in ring A of F,-5 (spectrum
was recorded in alkaline D,0) relative to fumaritine
itself, a similar acid-base pair. One may therefore be
reasonably confident of the assignments recorded
in Table 2.

By making use of selective proton decoupling
experiments it was possible to correlate proton
resonances in F,-5 with the '*C resonances. In this
way it was found that the signal at 6.23 was associ-
ated with the proton at C-§8 geminal to the OH
function, that the two protons at 6.89 were at C-11
and C-12, and that the signals at 6.15 and 6.65 were
associated with the protons at C-1 and C-4, respec-
tively. In Table 1 the chemical shifts are recorded

7
885 870 ne 3

CH30 1wy X, CHZ0 Lse A i
@‘2” -o 158.5 e
HO 143 120.4

FI1G. 2. The **C chemical shifts of guaiacol and its anion.

H4CO
F1G. 3. Proposed conformation of fumaritine N-oxide (F-5).

of those protons of F,-5 and fumaritine that have
been established.

To determine the configuration of the nitrogen
substituents in F,-5, a series of nOe experiments
were performed. Previous studies on sibiricine (13)
which has the same substituents and configuration
at C-8 produced a 25%, enhancement of the H-8
resonance when the N—CHj was irradiated. Irradia-
tion of the methoxy group in fumaritine (4) resulted
in a 249, nOe for H-4. Several experiments on two
samples of F,-5 in alkaline D,O produced a 207,
nOe for H-4 during irradiation of the OCHj group
whereas a less than 59, change in peak intensity was
observed for H-8 when the N—CHj; was irradiated.
These results not only provided additional con-
firmation of the assignment of H-4 but also indicated
a large internuclear separation between the NCH;,
and H-8. Of the possible configurations and con-
formations about the nitrogen that were examined
from molecular models, the one with the methyl in
a pseudoaxial position directed away from H-8
(Fig. 3) appears to fit the above data.

Experimental

The *3C nuclear magnetic resonance spectra were recorded
on a Bruker WH-90 Fourier transform spectrometer at 22.62
MHz and a temperature of +35°C. Sample concentrations
ranged from 0.14 to 0.92 M in either D,O (using DMSO as an
external reference) or CDCIl; (using TMS as an internal
reference). Spectra were recorded over a 6000 Hz sweep width
using 16K data points (1.359 s acquisition time). A pulse
width of 3.4 ps (15.6° pulse angle) was used. The alkaloid
spectra were obtained in 6000 to 50000 scans.

'H nuclear magnetic resonance spectra and nOe experiments
were performed on a Varian HA-100 spectrometer in the
frequency sweep mode. The concentration of Fy-5 in the nOe
sample was 0.16 M in alkaline D,O (glass distilled) which
also contained 2 mmol EDTA. The sample was sealed under
vacuum after three freeze-pump-thaw cycles. rert-Butyl
alcohol-OD was used as an internal reference and lock in the
aqueous samples. The chemical shifts are reported in ppm
downfield from DSS (2,2-dimethyl-2-silapentan-5-sulphonate).
In the fumaritine samples CDCl; and TMS were used as
solvent and reference, respectively. The *H spectra of Fy-5 in
DMSO-dg were recorded at 90 MHz on a Bruker WH-90
Fourier transform spectrometer. Sample concentration was
approximately 0.06 M. Spectra were obtained in 32 scans
using a pulse width of 3.0 pus (67.5° pulse angle). The sweep
width was 1200 Hz in 8K data points (3.411 s acquisition
time). TMS was used as an internal reference.

Mass spectra were determined on a C.E.C. 21-110B mass
spectrometer at an ionizing voltage of 80eV and a source
temperature of 200-250°C. The high resolution spectra were
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recorded on plates and accurate mass measurements were
made by using perfluorokerosene as a marker (14). The com-
position of all ions discussed in this paper have been checked
by high resolution mass spectrometry and agree with cal-
culated values within +0.005 amu. Infrared spectra were
obtained on a Perkin-Elmer 283 spectrometer.

Reduction of N-Oxide (5)

Sulphur dioxide was bubbled through an aqueous solution
of Fi-5 (90 mg in 5 ml H,0). The progress of the reaction was
followed by observing the precipitation of the free amine
which redissolved as the solution became more acidic. The
reaction mixture was then neutralized and extracted re-
peatedly with CH,Cl,. The extracts were dried and evaporated
to produce a compound as a foam which gave spectral data
identical with fumaritine; *H nmr: see Table 1; ir (CHCl;)
Vmax: 3550, 2880, 1590, 1275, 1100 cm~*.
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R. MEeLaNsON and F. D. RocHon. Can. J. Chem. 57, 57 (1979).

The crystal structure of [Pt(diethylenetriamine)(guanosine)](C1O.), has been determined by
X-ray diffraction. The crystals are orthorhombic, space group P2,2,2,, with a = 12.486(6),
b = 13.444(7), ¢ = 14.678(11) A, and Z = 4. The structure was refined by block-diagonal
least-squares analysis to a conventional R factor of 0.050 and a weighted R,, = 0.045.

The coordination around the platinum atom is square planar. Guanosine is bonded to
platinum through N(7). The purine planar ring makes an angle of 62.7° with the platinum
coordination plane. The structure is stabilized by hydrogen bonding.

R. MELANSON et F. D. RocHoON. Can. J. Chem. 57, 57 (1979).

La structure cristalline de [Pt(diéthylénetriamine)(guanosine)](ClO,), a été déterminée par
diffraction des rayons-X. Les cristaux appartiennent au groupe d’espace orthorhombique
P2,2,2,, avec a = 12.486(6), b = 13.444(7), ¢ = 14.678(11) A et Z = 4. Les coordonnées
atomiques et les facteurs thermiques anisotropes ont été affinés par moindres-carrés (matrice

57

diagonale) jusqu’a R = 0.050 et R,, = 0.045.

La coordination autour de ’atome de platine est plane. La guanosine est liée au platine par
I’atome N(7). Le plan du groupement purine fait un angle de 62.7° avec le plan de coordination
du platine. La structure cristalline est stabilisée par des ponts hydrogenes.

Introduction

Recently we have started a study of the molecular
and crystal structure of a series of platinum nucleo-
side complexes (1). Guanosine is believed to play an
important role in the interaction of platinum anti-
tumour drugs with DNA. In a recent communication
(2, 3) the crystal structure of the [Pt(ethylenediamine)-
(guanosine),]** cation was reported. Intermolecular
hydrogen bonding between the —NH, group of the
ethylenediamine ligand and the carbonyl group of
the guanine was observed. The authors suggested
that this hydrogen bonding might be important in
the Pt—DNA interaction in view of the fact that
anti-tumour activity of cis-[Pt(amine),X,] complexes
decreases markedly along the series NH; ~ NH,R
> NHR, > NR; (4).

The present compound [Pt(diethylenetriamine)-
(guanosine)](ClO,), was studied partly to determine
the role of the C=O0 group, if any, on the amine
ligand.

Experimental

[Pt(dien)(guanosine))(Cl0,4), (where dien = diethylenetri-
amine) was prepared by the following method. AgClO, was
added to an aqueous solution of [Pt(dien)CI]Cl and mixed.
After filtering the AgCl precipitate, guanosine was added in a
1:1 proportion to the solution which consisted of [Pt(dien)-
H,O0](ClOy4),. The mixture was stirred and then filtered. The
aqueous solution was allowed to evaporate slowly. Crystals
of [Pt(dien)(guanosine)](Cl0,), were then obtained.

A set of precession photographs indicated the 2,22, space
group in the orthorhombic system. The cell parameters were
calculated by least-squares rqﬁnement of the setting angles of

15 independent peaks centered on a Syntex P1 diffractometer
using graphite monochromatized MoKao radiation.

Crystal Data

PtCl,Ci4H,¢NgO; 3 mw = 780.40
Orthorhombic P2:2,2,, a = 12.487(6), b = 13.444(7), ¢ =
14.678(11) A, Z =4, V = 2464(2) A?’, Dy = 2.09(2) g cm~3
(flotation), D, = 2.103 g cm~3 AMoKa = 0.71069 A,
uMoKa = 62.9cm~1, and T = 22°C.

Collection and Reduction of Intensity Data

The intensity data were collected from a crystal having 9
faces with approximate dimensions of 0.15 x 0.20 x 0.25 mm.
A total of 4023 independent reflections were measured in the
region of 20 < 60° by the 20/0 scan technique using MoKo.
radiation. During the data collection, three standard reflections
were measured after every 47 reflections. Their variations were
less than 2% from their respective means. The reflections for
which the intensity was less than 2.5¢(/) were considered as
unobserved. The standard deviation o(/) was calculated as
already described (5). An absorption correction based on the
equations of the crystal faces was applied to the 2501 observed
reflections. The transmission factors varied from 0.441 to
0.504. The data were then corrected for the Lorentz and
polarization effects. The scattering factors of Cromer and
Waber (6) were used for platinum, chlorine, oxygen, nitrogen,
and carbon, those of Stewart e al. (7) were used for hydrogen.
The anomalous dispersion terms (8) of platinum and chlorine
were included in the calculations.

Structure Determination

The position of the platinum atom was easily located from
the three-dimensional Patterson map. The positions of all the
other atoms, except the hydrogen atoms, were obtained by
structure factor and Fourier map calculations. The refinement
of the parameters was carried out by block-diagonal least-
squares methods. In the early stages of refinement, unit weight
was assigned to all observed reflections. Later, individual
weights w according to the equation 1/w = a + bF, + cF,?
were calculated. The constants of the equation were adjusted

0008-4042/79/010057-05$01.00/0
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to make the distribution of w|AF|* almost constant with
respect to |F,| and sin 6/A (¢ = 35.589, b = —0.4508, and
= 0.00154). The hydrogen atoms in the diethylenetriamine
ligand and on the carbon atoms and on N(1) in the guanosine
moiety were fixed at their calculated position* (C—H distance
= 0.95A and N—H distance = 0.85 A) and assigned iso-
tropic temperature factors of 6.0 A2, The refinement of the
scale factor, the coordinates and anisotropic temperature
factors of all the non-hydrogen atoms converged to R =
S||Fy| — |Fell/ Z|F,| = 0.050 and R, = [ Tw(|F| — |F[)?/
Yw|F,|2]'"? = 0.045. The final difference Fourier map did
not show peaks higher than +0.8 ¢ A~3. Attempts to find, on
the final difference Fourier map, the hydrogen atoms that could
not be calculated, were not successful. The torsion angles
within the ribose segment, confirmed the expected D-con-
figuration of the molecule. The R factor for the other enantio-
morphic structure was much higher (0.062) indicating that the
coordinates of Table 1 correspond to the absolute structure.
The calculations were carried out with a Cyber 73 computer
and the programs used have already been described (5). A
table of observed and calculated structure factors is available.*

Results and Discussion

The refined atomic parameters are listed in Table
1. A list of the anisotropic temperature factors is
available.! A labelled stereoscopic view of the ion
[Pt(dien)guanosine)]** is shown in Fig. 1. (The size
of the ellipsoids corresponds to a 507 probability.)
The bond lengths within the ions are shown on Fig.
2, and the bond angles on Fig. 3.

As expected, guanosine is bonded to the platinum
atom through the N(7) atom. The coordination
around the platinum atom is square planar. The
weighted best plane was calculated through the five
atoms. The deviations from this plane are: Pt,
—0.002; N(4), 0.0807; N(5), —0.0045; N(6), 0.0746;
and N(7), 0.057 A. The angles around platinum are
close to the expected 90° and 180° but there are some
distorsions. The N(4)—Pt—N(5) and N(5)—Pt—
N(6) angles (84.7°) are smaller than the N(4)—Pt—
N(7) and N(6)—Pt—N(7) angles (98.2, 92.4°). The
N(4)—Pt—N(6) angle (168.5°) is also smaller than
expected. A slight strain caused by the tridentate
ligand is responsible for these deviations from the
ideal square planar coordination. The Pt—N bond
lengths (1.97-2.04 A) are normal and agree well
with the published results (1-3, 5, 9-11). The four
methylene groups of the dien ligand all lie on one
side of the plane of the nitrogen atoms.

The purine ring is planar. The weighted best plane
was calculated through the nine atoms. The devia-
tions from this plane are: N(7), —0.012; N(9),
0.028; N(3), —0.008; N(1), 0.002; C(8), —0.020;

1 ists of structure factors, calculated hydrogen positions,
and anisotropic thermal parameters are available, at a nom-
inal charge, from the Depository of Unpublished Data, CISTI,
National Research Council of Canada, Ottawa, Ont., Canada
KIA 0S2.

TaBLE 1. Final structure parameters (x 10%). The estimated
standard deviations are given in parentheses

Atom X y z

Pt 3611.6(5) 6872.2(4) 6184.9(5)
CI(1) 3531(5) 906(3) 8707(4)
Cl(2) 1676(4) 4996(4) 4113(4)
N4) 3626(14) 6846(12) 4832(12)
N(S) 4359(10) 8198(12) 6041(13)
N(6) 3621(15) 7190(9) 7498(12)
N(7) 2859(10) 5550(10) 6399(10)
N(©9) 2544(11) 3938(10) 6513(10)
N(@3) 853(11) 3931(11) 7287(11)
N(@1) 238(12) 5594(12) 7546(13)
NQ2) —725(14) 4201(13) 8055(15)
C@) 4203(19) 7723(20) 4472(14)
C@3) 4080(19) 8549(16) 5125(16)
C(7) 4083(16) 8776(15) 6853(16)
C©) 4218(16) 8121(20) 7668(15)
C(8) 3245(13) 4676(11) 6238(14)
C4) 1714(13) 4393(13) 6909(11)
C(5) 1892(14) 5396(11) 6805(12)
C(6) 1091(15) 6094(13) 7157(11)
C(2) 117(17) 4554(10) 7612(12)
C(1) 2776(10) 2854(10) 6486(12)
C(@2") 1789(12) 2309(10) 6095(16)
C@3) 2391(14) 1358(12) 5725(12)
C4) 3492(15) 1740(12) 5469(12)
C(5) 3662(20) 1896(16) 4463(14)
0(6) 1120(10) 7001(8) 7135(10)
02" 997(10) 2042(9) 6717(11)
0(@3) 2428(10) 583(8) 6387(10)
O(1") 3631(12) 2685(7) 5920(9)
O(5") 2829(16) 2478(13) 4080(11)
Oo(1) 2501(14) 481(13) 8598(19)
0(2) 4212(14) 314(14) 9187(16)
0@3) 3955(14) 1082(13) 7820(13)
O4) 3426(14) 1817(13) 9169(15)
0o5) 2752(13) 4691(11) 4122(12)
O(7) 1270(22) 4900(26) 3287(14)
O(8) 1555(18) 5919(13) 4428(20)
0©) 1129(21) 4392(22) 4719(22)

C(4), —0.013; C(5), 0.015; C(6), 0.015; and C(2),
—0.011 A. The deviations of the substituents on the
ring are as follows: N(2), —0.101; O(6), 0.024; and
C(1"), —0.067 A (esd = 0.014 to 0.021 A). Since
N(2) plays an important role in the hydrogen
bonding system of the crystal, it might explain the
slight non-planarity of the substituent. The purine
planar ring makes an angle of 62.7° with the platinum
coordination plane.

The bond lengths in the purine ring vary from
1.29 to 1.46 A. They are similar to those found in
guanosine rings mentioned in a review by Voet and
Rich (12). They are almost identical to those found
in guanosine dihydrate (13). The bond angles also
seem normal and agree well with the published results
mentioned above. The bond angles within the five-
member ring vary from 105 to 111°. In the six-
membered ring, the range is from 111° to 128°. As
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F1G. 2. Bond lengths within the [Pt(dien)(guanosine)]®* ion.

Singh has pointed out (14), the internal ring angle
at a nitrogen atom is greater if the N atom is coval-
ently bound to an extra-annular H atom than if the
N atom has no extra-annular attachment. Here
C(6)—N(1)—C(2) = 126° while C(2)—N(3)—C(4)
= 113°.

The glycosyl bond is normal (1.49 A) (12). The
angles in the ribose ring are close to the tetrahedral
values. O(1"), C(1"), C(3’), and C(4') are coplanar
within 2o and C(2') is 0.57 A distant from that plane
on the same side as C(5’) and N(9). This corresponds
to the C(2') endo conformation. The dihedral angle
between the purine and the ribose planes is 30.3°.

The torsion angles within the ribose group are
listed in Table 2. The conventions suggested by
Sundaralingam (15) and Trueblood and co-workers

(16, 17) have been used. The torsion angle O(1')-
C(1')N(9)C(8), den, is —17° and defines an anti
conformation about the glycosidic bond. The
C(5')—0O(5") bond is in a gauche-gauche conforma-
tion relative to the ribose group: ¢oo = —68 and
doc = 51°

The bond lengths and the bond angles in the
perchlorate ions are shown in Table 3. The distances
vary from 1.32 to 1.42 A. The standard deviations
are quite large (0.016 to 0.030 A), probably because
the thermal parameters of the oxygen atoms are
fairly large. The bond angles are close to the tetra-
hedral values (106 to 111°).

A packing diagram is shown in Fig. 4. In most
nucleoside crystal structures, base stacking plays a
very important role. In this structure base stacking
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F1G. 3. Bond angles within the [Pt(dien)(guanosine)]?* ion.
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TABLE 2. Torsion angles in the ribose group*

Atoms Angle (deg)
O(1)C(1")N(9)C(8) —17 Ocn (anti)
O(1)CAINO)C4) 173
O(1)CE")C(5)0(5") —68 boo (gauche)
C(3)C4")C(5)0(5") 51 boc (gauche)
C(2)C(1)O(1")C4") -28 To
C(3)CR2")HC1)O(1") 37 T
C@)HCEHCERHC(1) =31 T,
O(1)C(4")HC(3")C(2) 18 T3
C(11)0(1")CHHC3") 6 Tq
0O(2)C(RHC(3")03") —31

*The conventions suggested by Sundaralingam (15) and Trueblood and
co-workers (16, 17) have been used.
is not a very important packing factor since the
perchlorate ions are located between the bases.
Hydrogen bonding is probably the predominant
packing effect in this structure. The most important
hydrogen bonds are listed in Table 4. All the hydro-
gens attached to the oxygen and nitrogen atoms in
the guanosine group are involved in strong hydrogen

bonds. O(2')—H of each ribose group is intra-
molecularly hydrogen-bonded to N(3). The two other
hydroxyl groups O(3')—H and O(5')—H are in-
volved in hydrogen bonds with the perchlorate ions.
N(1) and N(2) also play an important role in the
system, forming intermolecular hydrogen bonds,

N(I)—H with O(2) and N(2)<§ with both O(3")

and O(6). The role of the diethylenetriamine ligand
in the hydrogen bonding system is doubtful. The
most probable hydrogen bonds are shown in Table 4.
The longer distances and the less favourable angles,
especially those involving platinum, seem to suggest
that these bonds are weaker.

In the crystal structure of the [Pt(ethylenediamine)-
(guanosine),]** cation (2, 3), the authors observed
an intermolecular hydrogen. bond. between the
carbonyl group of guanine and the —NH, group of
ethylenediamine. The distance was 2.78 A indicating
a strong interaction. The bond angle was not given,
but it appeared very favourable. The authors

TaBLE 3. Bond distances and bond angles in ClO4~

Bond Distance (A) Bond Distance (A)
CI(1)—0(1) 1.42(2) Cl(2)—O(5) 1.41(2)
CI(1)—0(2) 1.36(2) Cl(2)—O(7) 1.32(2)
CI(1)—O0(3) 1.42(2) Cl1(2)—0O(8) 1.33(2)
CI(1)—O4) 1.41(2) Cl(2)—0(9) 1.39(3)

Bonds Angle (deg) Bonds Angle (deg)
O(1)—CI(1)—0(2) 113(1) O(5)—Cl(2)—O(7) 110(1)
O(1)—Cl(1)—0((3) 108(1) O(5)—Cl(2)—0(8) 112(1)
O(1)—CI(1)—0(4) 109(1) 0O(5)—Cl(2)—0(9) 107(1)
0O(2)—CI(1)—0(3) 110(1) O(7)—Cl(2)—O0(8) 111(2)
0(2)—CI(1)—0O(4) 109(1) O(7)—Cl1(2)—0(9) 110(2)
0O(3)—CI(1)—04) 109(1) 0O(8)—Cl(2)—0(9) 106(2)

PT(DIEN)GUANOSINE(CLOD4)2

PT(DIEN)GUANOSINE(CLO4)2

Fi1G. 4. Stereoscopic diagram of the packing of [Pt(dien)(guanosine)](ClOy,),.
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TaBLE 4. Distances and angles involved in hydrogen bonds

Transformation Distance Angle
Atoms (on third atom) A) Atoms (deg)
O(2')—H...N(3) X, ¥,z 2.68(2) C(2)—0(2")...N(3) 90(1)
0O(3')—H...0(3) X, ¥, Z 2.92(2) C(3)—0(3")...0(3) 110(1)
O(5')—H...0(5) X, ¥, Z 2.98(2) C(5)—0(5")...0(5) 124(1)
N(1)—H...02") —-x, 5+ y, 15—z 2.71(2) C(6)—N(1)...0(2") 105(1)
C(2)—N(1)...0(2") 129(1)
N(2)—H...0@3") -x, 3+ yl1i—z 2.94(2) C(2)—N(2)...0(3") 119(1)
N(Q2)—H...0(6) —x,y — 313 — z 3.01(2) C(2)—N(2)...0(6) 116(1)
Possible hydrogen bonds involving the dien ligand:
N(5)—H...O(8) T+ x5 —-y1—-z 3.07(2) C(7)—N(5)...0(8) 101(1)
C(3)—N(5)...0(8) 83(1)
Pt—N(5)...0(8) 141(1)
N(6)—H...O0(6) X, ¥, 2 3.18(2) C(9)—N(6)...0(6) 126(1)
Pt—N(6)...0(6) 79(1)
N(6)—H...0(5") I—zli—-yt+z 2.98(2) C(9)—N(6)...0(5") 93(1)
Pt—N(6)...0(5") 142(1)
N(6)...0(6)..N(2) 96(1)
suggested that this hydrogen bonding could be an 1. ﬁé%)ﬁLANsoN and F. D. RocHoN. Inorg. Chem. 17, 679
1mp0rtaqt factor in th.e ,Pt_DNA .mteractl(.)n sinee 2. R.W. GELLERT and R. BAU. J. Am. Chem. Soc. 97, 7379
the anti-tumour activity of cis-[Pt(amine),X,] (1975).
decreases in the order NH; ~ NH,R > NHR, » 3. R.Bau, R. W. GELLERT, S. M. LEHOVEC, and S. LOUIE. J.

NR;.

In the present structure, the carbonyl group of
guanosine (O(6)) would be strongly intermolecularly
hydrogen bonded with the amino group of guanosine
(N(2)). It might also form a weaker intramolecular
hydrogen bond with the —NH, of diethylenetri-
amine (N(6)). The angle N(6)...0(6)...N(2) is 96°.

It is therefore difficult at the moment to evaluate
the importance of hydrogen bonding between the
amine ligand and the nucleoside in the Pt—DNA
interaction. More data are needed before attempting
to discuss in detail this possible mechanism of inter-
action of platinum drugs.
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Conformational dissymmetry. Circular dichroism of amino acid and peptide complexes
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E. A. SULLIVAN. Can. J. Chem. 57, 62 (1979).

A number of Pd(IT) and Pt(II) complexes of amino acids and dipeptides have been isolated
and characterized. The solution and solid-state circular dichroism of the amino acid complexes
show a fairly consistent pattern, which is opposite to that shown by the dipeptide complexes.
Some of the problems associated with the interpretation of the spectra in terms of spectro-
scopic assignment and structural features are discussed.

E. A. SuLLivaN. Can. J. Chem. 57, 62 (1979).

On a isolé et caractérisé un certain nombre de complexes du Pd(II) et du Pt(II) avec des
acides aminés et des dipeptides. Le dichroisme circulaire, a 1’état solide et en solution, des
complexes avec les acides aminés présente des caractéristiques cohérentes; ceci est a 'opposé
du comportement des complexes des dipeptides. On discute de quelques-uns des problémes
associés avec linterprétation des spectres en termes d’attributions spectroscopiques et de

caractéristiques de structures.

The circular dichroism assoc.ated with the d-d
transitions of amino acid and peptide complexes has
been the study of extensive investigation, the im-
petus for which stems ultimately from an interest in
the nature of metal-protein binding. Most studies
have concentrated on the square coplanar species
formed with Ni(II) and Cu(Il) (1), which are labile
in solution. Wide limits of conformational flexibility
are allowed to coordinated amino acid ligands (2), a
fact which complicates the unresolved problem of
identifying the particular (chiral) stereochemical
features which generate the optical activity in the
d-electron transitions (1, 3-5).

Although some studies, involving solution-
generated species of Pd(II) with amino acid deriva-
tives, have been reported (6), this paper describes the
circular dichroism of a number of amino acid and
dipeptide complexes of Pd(II) and Pt(Il), all of
which have been isolated and characterized. The
spectra were recorded in solution and also in KBr
matrices in order to determine the effects on the
circular dichroism in various environments.

Results
In Figs. 1 and 2 are shown the absorption and
circular dichroism spectra of the mono amino acid
complexes of Pd(II) and Pt(II) respectively, and in
Fig. 3 the spectra of the bis-amino acid complexes
of Pd(II). All the aqueous spectra of the mono
complexes were determined in 0.2 M KCl in order

to suppress standing concentrations of aquo species

IPresent address: Faculty of Engineering Science, University
of Western Ontario, London, Ont., Canada N6A 5B7.

[Traduit par le journal]

which are rapidly and extensively formed in the
absence of Cl™ ions. The solid-state linear absorp-
tion spectra are very similar to those obtained in
solution, except that the charge-transfer bands tend
to shift to lower energies.

The solution absorption spectra of the Pd(1l) and
Pt(I) mono- and bis-amino acid complexes usually
show two discernible major components; in the case
of [Pt(S-ala)Cl,]”, the bands occur at 30 600 cm ™!
and 34000 cm™!. In the Pd(II) amino acid com-
plexes the bands are less distinct, the solution spectra
usually consisting of a broad composite band with a
shoulder on the low energy side; for the mono
complexes the shoulder occurs near 24 000 cm ™' and
for the bis complexes, near 28 000 cm™'. In similar
Pd(I1) and Pt(Il) ammine complexes the lower
energy component of the d-electron manifold has
been identified as the d,, — d,=_,> spin-allowed
transition while the higher energy component was
assigned to the spin-allowed d,,.d,, — d,2_ > promo-
tion (6, 7). The same assignments will be applied to
the amino acid complexes, and will be referred to as
the 4 and FE transitions respectively. Ideally, each
transition requires to be identified and assigned and
then the corresponding components compared for a
series of compounds. As will be seen from the
present data, extensive overlap between components
generally precludes unambiguous assignments.

Whatever the actual assignment of the shoulder
band in the solution absorption spectra of the mono
and bis complexes, if it corresponds to the same
transition for these complexes, then there is a fairly
consistent CD sign pattern, both in solution and the

0008-4042/79/010062-05$01.00/0
©1979 National Research Council of Canada/Conseil national de recherches du Canada
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FiG. 1. The circular dichroism spectra of K[Pd(S-ala)Cl,]
(), K[Pd(S-ser)Cl,] (---), and K[Pd(S-pro)Cl,] (—) in 0.2 M
KCI aqueous solutions (middle) and in 19, KBr matrices
(bottom). The top diagram is the absorption spectrum of
K[Pd(S-pro)Cl,] in 0.2 M KCI solution; the other complexes
show similar spectra. In the middle diagram, the triplet region
of both the S-serine and S-alanine complexes are x 25.

solid state. Thus, at the same energy position corre-
sponding to the shoulder in the solution absorption
spectra, the CD spectra of all the complexes show a

‘positive band in the solid state and in solution. For

the Pt(IT) mono complex, however, this region of the
solution CD shows a negative band; some Pd(II)
amino acid amide complexes also show this be-
haviour, the sign of the band depending on the
particular solvent (8). In the region of the F tran-
sition, the amino acid complexes all show negative
CD although the position of the band varies between
complexes, particularly for the solid-state spectra. It
is notable that the proline mono complex with its
fixed &6-conformation and chiral (S) nitrogen atom
shows by far the strongest CD. Strong positive CD
in the region of the A4 transition (and negative CD in
the region of the E) has been associated with the
vicinal effect of a chiral nitrogen atom in the S-
absolute configuration (9). Although the circular
dichroism of the proline complex retains the same
form in the solid, the two (solid-state) bands are
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FiG. 2. The absorption (top) and circular dichroism spectra
(middle) of K[Pt(S-ala)Cl,] in 0.2 M KCI aqueous solution.
The bottom diagram refers to the spectrum in a 1%, KBr
matrix.

displaced to higher energies compared to the
seemingly corresponding bands in solution.

The two isomers of [Pd(S-ala),] slowly equilibrate
in aqueous solution and the rate constant k, for the
approach to equilibrium, as well as the equilibrium
constant K, has been determined spectrophoto-
metrically at 30°C in neutral water solution.

trans-[Pd(S-ala),] = cis-[Pd(S-ala),]

For the composite constant k = 1.1 x 107*s™ ! and
K = 6.0, reflecting 869, of the cis-isomer at equilib-
rium. The equilibration is remarkably clean, since
both the pairs of near ultra-violet isosbestic and
isodichroic points are maintained throughout 5 half-
lives of reaction.

The isomerism has been tentatively assigned on
the basis of the relative intensities of the ¢-d bands
of the two isomers. Considering only the donor
atom symmetry, the frans-isomer is centrosymmetric,
while the cis is not, hence the latter is expected to
have the more intense spectrum (Fig. 3). In the
Pd(II) bis-glycinato complexes, the cis-isomer has
the greater absorptivity (10).

The circular dichroism spectra of the two isomers
in water solution are nearly identical and the pattern
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F1G. 3. The absorption and circular dichroism spectra of
cis-[Pd(S-ala),] (—) and rrans-[Pd(S-ala),] (---) in water
solut.ions. The bottom diagram refers to spectra in 197 KBr
matrices.
is the same as that observed for the mono L-amino
acid complexes in solution. Unlike the trans-species
and the mono complexes, however, the cis-[Pd(S-
ala),] species in the solid state shows an almost
enantiomorphic spectrum.

The spectra of the dipeptide complexes Cs[Pd(gly-
S-ala)Cl] and Cs[Pd(S-alagly)Cl] are shown in
Figs. 4 and 5. Upon dissolution in water, both com-
plexes immediately aquate to give the species
[Pd(dipeptide)H,O] in dilute solution. Beer’s law
is obeyed exactly, for concentrations between 2 x
1073 and 1 x 10™* M in complex, and the addition
of CI™ ions results immediately in new spectra
which are shifted to the red as would be expected if
the aquo ligand is replaced by chloride. Further
addition of KCIl to 0.2 M KCI solutions of the
complexes does not affect the spectra.

The circular dichroism spectra of the chloro
complexes in 0.2 M KCI solution show three spin-
allowed circular dichroism bands; the negative
bands at 27000cm™! and 25500 cm™! for the
[Pd(S-alagly)Cl]” and [Pd(gly-S-ala)Cl]™ ions, re-
spectively, are assigned to the A transition and the
higher energy couplets to a split £ band. (At 22 500
cm™ !, the [Pd(S-alagly)Cl]~ ion shows an additional
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Fic. 4. The absorption and circular dichroism spectra of
Cs[Pd(gly-S-ala)CI] in 0.2 M KCl aqueous solution (—), and
of [Pd(gly-S-ala)H,O] in water (---). The bottom diagram
refers to the Cs[Pd(gly-S-ala)Cl] complex dispersed in a 1%
KBr matrix.
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F1G. 5. The absorption and circular dichroism spectra of
Cs[Pd(S-alagly)Cl] (—) in 0.2 M KCI aqueous solutions and
of [Pd(S-alagly)H,0] (---) water solution. The bottom
spectrum refers to a 19, KBr matrix of Cs[Pd(S-alagly)Cl].
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negative band which is assigned to a spin-forbidden
transition.) Apparently, the effective symmetry of
the chloro complexes is low enough for the £ band
to lose its degeneracy. In the solid state, each chloro
complex shows a positive band which is difficult to
associate with any of the corresponding CD bands
shown in solution.

In the CD spectra of the aquo complexes, the
lower energy (negative) bands probably represent A
transitions (in part at least), but since there is no
indication of the effective symmetry of these com-
plexes, the assignment of the higher energy (positive)
band is uncertain. If the F band is split, it is not
resolved.

Discussion

The spectra of the complexes described in this
investigation differ somewhat in intensity from
those obtained from previous solution studies (6).
This is perhaps not surprising, in view of the un-
certainty as to the identity of species in (equilibrium)
mixtures of reactants.

Spectroscopic assignments are also uncertain, but
CD patterns for the series of complexes may be
compared. Thus, the CD spectra of the mono and
bis complexes of Pd(II) and Pt(Il) are quite similar.
Despite the variety of ring conformations and side-
chain dispositions available to chelated amino acids
(2), the solution CD of the complexes are remarkably
similar to those of analogous diamine complexes (11).

The solid-state CD spectrum of cis-[Pd(S-ala),]
and the solution CD spectra of the aquo dipeptides
are very similar, if the positions of the respective
maxima in the solution absorption spectra are
matched. Notably, however, these CD spectra are
almost enantiomorphic to the solid-state CD of the
trans-isomer and the solution CD of both cis- and
frans-isomers, even though all four complexes have
the same donor atoms (2N, 20). For the various
complexes, differing effective donor atom sym-
metries could perhaps provide a rationalization for
this behaviour. In the solid state, the effective
symmetry of the trans-isomer might be approx-
imately D,, (although formally D,,) and that of the
cis-isomer could be C,, or lower. The structures of
a number of cis-bis complexes of Cu(Il) and Pd(II)
show axial orientations of amino acid sidechains
(12, 13), so perhaps crystal packing requirements
could result in low effective symmetry for such
complexes. In that case it might not be unreasonable
to expect the solid-state CD of the cis-isomer to
resemble that of the aquo dipeptide complexes (if
the effective symmetry of the complexes were the
same and for ligands with the same absolute con-
figuration), and yet at the same time differ from
that of the frans-isomer and the solution species.

It is difficult to rationalize the consistencies in the
CD spectra of the mono and bis amino acid com-
plexes and the ‘reversed’ pattern of the aquo dipep-
tide complexes in terms of either the vicinal effect of
chiral carbon atoms (3), conformation of ligands (4),
donor atom distortions (5), or the disposition of
C,-sidechains (1). Furthermore, sign patterns may be
determined largely by the effective symmetry of the
complexes (14). Whatever the origins of optical
activity in chiral metal complexes, until some of the
more fundamental problems are resolved, the use of
circular dichroism to probe the metal coordination
in complicated structures such as metallo-enzymes,
requires extreme caution.

Experimental Section

Absorption spectra were measured on a Unicam 800A
spectrophotometer, and solution CD spectra were obtained
with a Roussel-Jouan Dichrographe II. KBr discs (1% in
complex in 100 mg total sample) were prepared as described
elsewhere (5). The solid-state CD spectra were obtained with
a Durrum JASCO J-20 spectrophotometer with a SS-20 CD
attachment; the ordinate units are deflection in mm for a
sensitivity of 5 mdeg cm~*. The kinetics of the cis-trans
isomerization of [Pd(S-ala),] were followed at 318 nm using a
Cary 16 spectrophotometer.

In this article we use the abbreviations: S-alaH = L-
alanine; S-serH = L-serine; S-proH = L-proline; S-alaglyH,
= L-alanylglycine; gly-S-alaH, = glycyl-L-alanine.

K[Pt(S-ala)Cl,] was prepared by the published method (15).

The K[Pd(L-amino acid)Cl,] complexes were prepared by
the following aqueous reaction:

PdCl, + KAc + L-amino acid
or
K,CO; — K[Pd(L-amino acid)Cl,] + HAc

where Ac = acetate. The products were precipitated with
ethanol (or acetone for the alanine complex) and recrystallized
from water by the same precipitating agent.

K[Pd(S-ala)Cl,]

Anal. caled. for K[Pd(C3HgNO,)Cl,]: C 11.8, H 2.0, N 4.6,
CI 23.3; found: C 12.0, H 2.0, N 4.7, Cl 23.2.

K[Pd(S-ser)Cl,]

Anal. calcd. for K[Pd(C3H¢NO3)CL,]: C11.2, H1.9, N 4.4,
Cl 22.1; found: C 11.2, H 2.0, N 4.4, Cl 22.0.

K[Pd(S-pro)Cl,]

Anal. caled. for K[Pd(CsHgNO,)Cl,]: C 18.2, H2.4, N 4.2,
Cl121.4; found: C 18.3, H2.7, N 4.2, Cl 21.3.

[Pd(S-ala),] precipitates as a yellow solid when a solution
of PdCl,, L-alanine, and excess LiCl is slowly neutralized with
NaHCO;.

trans-[Pd(S-ala),]

The crude product (1 g) from above was dissolved in
boiling water (50 ml). The solution was filtered and set aside at
25°C for 2 days. The trans-isomer separated as large yellow
plates; mp 150-155°C (dec.). The aqueous filtrate was retained.

Anal. caled. for [PA(C3HgNO,),]: C 25.5, H 4.3, N 9.9;
found: C 25.6, H 4.2, N 9.8.

cis-[Pd(S-ala) )

To the above filtrate was added ethanol (250 ml) and then
ether (250 ml) and the mixture was set aside at 0°C for 12 h.
The crude product (0.4 g) was collected and then stirred in
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water (20 ml) at 15°C for 15 min. The mixture was filtered and
ethanol (150 ml) was added to the filtrate. Upon scratching
the sides of the flask, the cis-isomer began to form. After
allowing the solution to stand at 0°C for 12 h, the yellow
needles were collected. They were recrystallized from cold
water by the addition of ethanol (0.25 g). mp 230°C (dec.).

Anal. found: C 25.6, H 4.2, N 9.9.

The dipeptide complexes Cs[Pd(dipeptide)Cl] were prepared
by neutralizing with CsCO; a solution containing stoichio-
metric amounts of PdCl, and the dipeptide, then precipitating
the crude product with ethanol and acetone. The complexes
were recrystallized from a small volume of water by careful
addition of ethanol and acetone. The pure complexes were
deposited as small needles, of a yellow to orange-yellow
colour.

Cs[Pd(gly-S-ala) CI)

Anal. calcd. for Cs[Pd(CsHgN,03)Cl]: C14.3,H1.9, N 6.7,
Cl18.5; found: C 14.9, H 2.0, N 6.7, Cl 8.7.

Cs[Pd(S-alagly)Cl] . .

Anal. calcd. for Cs[Pd(CsHgN,O3)Cl): C 14.3, H1.9, N 6.7,
Cl18.5; found: C 14.4,H 2.1, N 6.9, C1 8.8.
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An identifiable relationship exists between the absolute configuration of chiral diamine
ligands and the circular dichroism of their complexes with palladium(II) and platinum(II).
Complexes which contain simple C-substituted diamines with the R-absolute configuration
show positive circular dichroism in the region associated with the *4,, - 'FE, transition, both
in solution and the solid state. There is no general consistency in the sign of the '4,, — *A4,,
transition, and only for solution does the sign of the net circular dichroism show a correlation
with the absolute configuration of the ligands.

E. A. SuLLIvAN. Can. J. Chem. 57, 67 (1979).

1l existe une relation qui peut étre identifiée entre la configuration absolue de ligands dia-
minés chiraux et le dichroisme circulaire de leurs compiexes avec le palladium(I) et le
platine(II). Les complexes qui comportent des diamines simples, substitués sur le C et de
configuration absolue R, présentent un dichroisme circulaire positif dans la région associée a
la transition '4,, > 'E, tant en solution qu’a I’état solide. Il n’y a pas de relation générale
pour le signe de la transition '4,, — '4,, et I’on ne retrouve qu’en solution une relation entre

le dichroisme circulaire net et la configuration absolue des ligands.

Ligand field CD spectra provide an empirical
basis for differentiation between the various kinds of
dissymmetric stereochemical features in chiral metal
complexes (1). Attempts have been made to correlate
absolute configuration of metal complexes with
features in the CD spectra but no agreement has
been reached as to whether absolute configuration
should be correlated with the sign of specific bands
(2-4) or with the net CD over the whole d-electron
manifold (5). In order to assess the general applic-
ability of such correlations, the solution and solid-
state CD spectra of a series of diamine complexes
of Pd(Il) and Pt(II) have been examined. These
complexes were chosen because they are sufficiently
stable to be sure of the species present.

Spectroscopic assignments have been established
for Pd(1l) and Pt(1l) complexes (6), and the approxi-
mate location of these transitions (3, 6) is shown in
Fig. 1. The two d-d excitations which are both
magnetic dipole allowed and spin allowed (i.e.
dy, = d2_y2andd,, . — d_») will be subsequently
referred to as the 4 and E transitions respectively.

Typical linear absorption spectra and CD spectra
for solution and the solid state are shown in Figs.
2-5. The solid-state spectra of Pt(R-pn)Cl, (Fig. 4)
are not typical, but resemble the behaviour of
Pt(en)Cl, in which cooperative effects dominate the
spectrum (7). The position of the absorption band
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of Western Ontario, London, Ont., Canada N6A 5B7.
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complexes consist of a composite band, the maximum
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F1G. 2. Absorption and CD spectra of [Pd(R-pn)Cl,] (—)

and [Pd(R,R-dmtn)Cl,] (---) in 0.2 M KCI. Bottom curves are
the solid-state CD spectra.

of which varies considerably according to the
medium. Thus for Pd(R-pn)Cl,, the solution maxi-
mum occurs at 27 100 cm™! (for 0.2 M KCI solu-
tion), whereas in a KBr disc or a Nujol mull it
occurs at 25700 —26 000 cm™!. However, despite
these large apparent shifts (which probably reflect
changes in the relative intensity of the components
under the absorption manifold), the positions of the
corresponding extrema in the solution and solid-
state CD spectra do not change. These extrema occur
at frequencies which correspond to the expected
positions of the 4 and E components, as determined
by Gaussian analysis of the solution absorption
spectra (3, 6). With the bis-complexes, unambiguous
assignments are not always possible, owing to ex-
tensive overlap between components. The CD signs
associated with the regions of the 4 and E transitions
are summarized in Table 1.

The experimental results for Pd(Il) and Pt(lI)
complexes show, as in the case of octahedral Co(III)
complexes (4), that there is no general consistency
in the sign of the 4 band, regardless of whether the
spectra are obtained from solution or the solid state.
Moreover, it is doubtful whether the net CD sign
can in general (8) give a reliable indication of
absolute configuration, since it can be envisaged

t1'£,— aad

«— $x107° (cm™)

F1G. 3. Absorption and CD spectra of [Pd(R-pn),]Cl,-H,O
(—) and [Pd(R,R-dmtn),]Cl,-H,O (---) in water. Bottom
curves are the solid-state CD spectra.

that component band intensities alone could deter-
mine the net sign of a composite band of overlapping
transitions. Table 1 shows that the net CD sign ob-
tained from the solid-state spectra exhibits a variable
sign. The sign of the net CD of the solution spectra
does show consistent behaviour for the present
series of complexes, as in an impressive number of
other cases (9), and may therefore serve as a useful
index of absolute configuration, but this consistency
may also result if the rotational strength associated
with a particular transition dominates the solution
CD spectrum. Such is the case for the E£ band in
complexes of Pd(Il) and Pt(Il) (3), as well as other
metals such as Co(Ill) and Rh(III) (2, 10). Indeed,
the sign of the E band is the one consistent feature in
the present series of complexes, when this band can
be identified.

Both in solution and the solid state, complexes
which contain simple (C-substituted) diamines with
the R-absolute configuration show positive CD in
the region associated with the E transition; this
relationship is obtained irrespective of whether the
chelate rings carry aliphatic or aromatic substituents.

It has been noted previously (3) that for a number
of metal complexes in which the chelate rings are
fixed in the A-conformation, positive CD is associated
with the £ band (3) and that this sign persists for
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relative solid-state absorption spectra of [Pt(R-pn)Cl,] (-----)
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CD spectra.

different solvents and for the solid state (4). This
investigation extends the results to a wider range of
complexes and ligands and suggests that the sign of
the £ band (if it can be determined unambiguously)

«— VX0

3

(em™)

30

Fi1G. 5. Absorption and CD spectra of [Pt(R-pn),]Cl,-H,O
(—) and [Pt(R,R-dmtn),]Cl, (---) in water. Bottom curves are
the solid-state CD spectra.

may be a useful and quite general criterion of
absolute configuration.

Experimental

Absorption spectra were measured on a Unicam 800A
spectrophotometer and the solution CD spectra were obtained
with a Roussel-Jouan Dichrographe I1. The solid-state spectra
were obtained with a Durrum JASCO J-20 spectrophotometer
with a SS-20 CD attachment. The CD for the solid state is
reported in terms of the deflection 4, in mm, at a sensitivity of

TaBLE 1. Signs of the circular dichroism for Pt(II) and Pd(II) complexes

Solution® Solid state®

Complex Solvent E A Net E A Net
[Pd(R-pn)Cl,] 0.2 M KCl + - + + _ _
[Pd(R, R-dmtn)Cl, ] 0.2 MKCI + (+) ¥ + _ +
[Pd(R-phenen)Cl;] a + _ _
[Pd(R,R-stien)Cl,] a + _ i
[Pd(R-pn).]Cl, Water + b + + b +
[Pd(R,R-dmtn),]Cl, Water +c e
[PA(R,R-stien),]Cl, Methanol + b + + b +
[Pd(R, R-stien);J(NO3), Methanol + - + T b +
[Pt(R-pn)Cl,] 2 M HCI + b + d
[Pt(R, R-dmtn)Cl,] 2 M HCI + + + + - +
[Pt(R-pn);]Cl, Water + (+) + e
[Pt(R,R-dmtn),]Cl, Water + (+) + e
[Pt(R-pn)(NH3).]Cl, Water + (+) + + (+) +
[Pt(R,R-dmtn)(NH3).]Cl, Water + (+) + + b +

aComplex insoluble in water; solvolyses in dipolar aprotic solvents.

bSign uncertain; band obscured.
cComposite band.

dSolid-state effects dominate spectrum; assignments uncertain.
¢Parentheses denote most probable sign.
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5 mdeg cm~'. KBr discs contained 1% of complex in 100 mg
of total sample, unless otherwise stated.

Abbreviations for the diamines are as follows: R-pn =
(—)-1,2-diaminopropane; R,R-dmtn = (—)-2,4-diaminopen-
tane; R-phenen = (—)-1,2-diaminophenylethane; R,R-stien=
(+)-1,2-diamino-1,2-diphenylethane (stilbenediamine).

The ligands R-pn, R,R-dmtn, and R,R-stien were prepared
according to methods described in the literature (4). During
the preparation of R-phenen (11) partial racemization oc-
curred. The ligand was resolved via the (+ )-tartrate salt and
the resolving agent was removed by the method of Bailar et al.
(12). The absolute configuration of the ligands has been
established by absolute crystal structure determinations (13),
or by chemical correlations (14). The general preparation for
the complexes has been previously reported (15).

Analyses

[Pd(R,R-dmin) Cl,]

Anal. calcd. for CsH;4N,Cl,Pd: C 21.5, H 5.1, N 10.0,
Cl 25.4; found: C 21.4, H 5.1, N 9.9, Cl 25.1.

[Pd(R,R-dmtn) ;]Cl,-H,O

Anal. caled. for C;oH3oN4OCI,Pd: C 30.0, H 7.7, N 14.0,
Cl117.7; found: C 30.4, H 7.7, N 14.6, Cl 17.4.

[Pd(R-phenen)Cl,]

Anal. caled. for CgH,,N,Cl,Pd: C 30.6, H 3.9, N 8.9,
Cl1 22.6; found: C 30.5, H 3.9, N 8.9, Cl 22.7.

[Pd(R,R-stien) Cl,]

Anal. calcd. for Ci4HsN,Cl,Pd: C 43.2, H 4.1, N 7.2,
Cl1 18.2; found: C 43.2, H 4.3, N 7.2, Cl 18.1.

[Pd(R,R-stien),]1Cl,2H,0

Anal. caled. for C,gH36N,O,CLLPd: C 52.7, H 5.7, N 8.8,
Cl1 11.2; found: C 52.7, H 5.7, N 8.7, C1 10.9.

[Pd(R,R-stien) ,](NO3 ) »

Anal. calcd. for C,gH3,NgOgPd: C 51.3, H 4.9, N 12.8;
found: C 51.3, H 5.1, N 12.7.

[Pt(R,R-dmtn)Cl,]

Anal. caled. for CsH 4N,CIl,Pt: C 16.3, H 3.8, N 7.6,
Cl1 19.3; found: C 16.4, H 3.7, N 7.5, Cl 19.5.

[Pt(R,R-dmtn)(NH),]Cl,-H,O

Anal. caled. for CsH,,N,OCI,Pt: C 14.3, H 5.3, N 13.3;
found: C 14.4, H 5.4, N 13.4.

. VOL. 57, 1979

[Pt(R,R-dmin),]Cl,
Anal. calcd. for C1oH,sN4Cl,Pt: C 25.5, H 6.0, N 11.9;
found: C 25.5, H 6.1, N 11.8.
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A novel method for the assessment of the PhyAs*/Ph,B~ assumption for free energies of
transfer of single ions has recently been suggested by Treiner, and used by him to deduce that
the assumption is not valid for transfers between water, propylene carbonate, sulpholane,
dimethylsulphoxide, N-methyl-2-pyrrolidone, and perhaps also dimethylformamide. The basis
of the method is the estimation of the free energy of cavity formation by scaled-particle theory,
together with the hypothesis that the free energy of interaction of Ph,As™ (or Ph,B~) with
solvent molecules is the same in all solvents, AG,°(int) = 0. It is shown in the present paper
that (a) whether or not the PhyAs*/Ph,B~ assumption applies to transfer to a given solvent
depends on which other solvent is taken as the reference solvent in Treiner’s method, () the
calculation of the cavity free energy term by scaled-particle theory and by the theory of
Sinanoglu — Reisse — Moura Ramos (SRMR) yields values so different that the method cannot
be considered reliable, (¢) the calculation of cavity enthalpies and entropies for PhyAs* or
Ph B~ by scaled-particle theory yields results that are chemically not reasonable, (d) the
hypothesis that AG,°(int) = 0 conflicts with SRMR theory, and (e) the conclusions reached by
Treiner are not in accord with recent work that in general supports the Ph,As*/Ph,B~
assumption for solvents that are rejected by Treiner.

MicHAEL H. ABRAHAM et ASADOLLAH NASEHZADEH. Can. J. Chem. 57, 71 (1979).

Treiner a récemment proposé une méthode nouvelle destinée a étudier la validité de
I’hypothése Ph,As*/Ph,B~ pour les énergies libres de transfert des ions simples. Faisant appel
a cette méthode, cet auteur a déduit que ’hypothése n’est pas applicable aux transferts entre
I’eau, le carbonate de propyléne, le sulfolane, la diméthylsulfoxyde, la N-méthylpyrrolidone-2
et peut étre aussi la diméthylformamide. Cette méthode se fonde, d’une part, sur une estimation
de I’énergie libre de formation d’une lacune, selon la théorie des sphéres rigides et, d’autre
part, sur I’hypothéese a ’effet que 1’énergie libre d’interaction de PhyAs* (ou Ph,B~) avec les
molécules de solvant demeure la méme dans tous les solvants, soit AG°(int) = 0. Dans le
présent travail, on démontre («) que I’hypothése Ph,As*/Ph,B~ peut s’appliquer ou ne pas
s’appliquer au transfert dans un solvant donné, tout dépend de la nature de I’autre solvant
qui sert de solvant de référence selon la méthode de Treiner, (b) que les valeurs de I’énergie
libre des lacunes calculées selon la théorie des spheéres rigides d’une part, et selon la théorie de
Sinanoglu-Reisse-Moura Ramos (SRMR) différent a un point tel qu’on ne peut se fier a la
méthode, (c) que les enthalpies et les entropies des lacunes pour Ph,As* et Ph,B~ telles que
calculées selon la théorie des sphéres rigides ne sont pas chimiquement raisonnable, (d) que
I’hypothése a I’effet que AG°(int) = 0 est en contradiction avec la théorie SRMR et (¢) que
les conclusions de Treiner sont en désaccord avec les travaux récents qui, d’une maniére
générale.

[Traduit par le journal]

71

Introduction ion values for free energies, enthalpies, and entropies

There is now available a large quantity of data on
the thermodynamics of transfer of neutral com-
binations of ions between various solvents (1-4). For
many purposes it is convenient to separate the
thermodynamic parameters into cationic and anionic
contributions through single-ion transfer values,
using some extra-thermodynamic assumption in
order to assign these single-ion values. Parker and
co-workers (5-7) have extensively examined a
number of such assumptions, and have suggested
that the Ph,As®/Ph,B~ assumption is the most
reliable to date. On this basis, they assigned single-

of transfer from water to a number of nonaqueous
solvents. Concurrently with the studies of Parker, a
number of other workers (8-10) used the correspon-
dence plot method to assign single-ion entropies of
transfer, also from water to nonaqueous solvents.
Abraham (1) pointed out that the above two methods
of assigning single-ion entropies of transfer yielded
results in reasonable agreement with each other for
transfers between water and many nonaqueous
solvents, although for transfers between water and
alcohols the two methods disagreed (4) by about
7 cal K™' mol~!. Quite recently, Treiner (11) put

0008-4042/79/010071-06$01.00/0
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forward a novel method of examining the Ph,As™/
Ph,B~ assumption through the use of scaled-
particle theory as outlined by Pierotti (12). Treiner
concluded that for free energies of transfer, the
Ph,As*/Ph,B~ assumption was valid for transfers
from water to methanol, ethanol, acetonitrile, and
formamide but was not valid for transfer to dimethyl-
formamide (DMF), dimethylsulphoxide (DMSO),
sulpholane, propylene carbonate (PC), or N-methyl-
pyrrolidone (NMPy). These conclusions of Treiner
are so different from those of Parker (5-7) and of
Abraham and Namor (1, 4) that we thought it useful
to re-examine Treiner’s method and to investigate
the application of Treiner’s method to enthalpy and
entropy data. Results on entropies should be ex-
tremely interesting because the correspondence plot
method leads to a quite independent set of single ion
entropies of transfer which for many solvents agrees
with the Ph,As*/Ph,B~ assumption.’

Results using Scaled-particle Theory

(A) Free Energy of Transfer of Ph,As* and PhyB~
The free energy of solution of a hard-sphere solute
in a given solvent is obtained through eq. [1]

[1] AGL = AG°(cav) + RT log (RT/V) + AG (int)

where AG°(cav) is the work required to create a
suitably sized cavity in the solvent, calculated by
scaled-particle theory, RT log (RT/V) is a correction
term, and AG®(int) is the energy of interaction of the
solute with the surrounding solvent molecules. For
transfer of the solute from a reference solvent 1 to
another solvent 2, the free energy of transfer is given

by eq. [2].
2] AG? = AG(cav) + RTlog(V,|V,) + AG (int)

Treiner set AGC(int) = 0 in eq. [2], calculated
AG? for a solute of diameter 8.4 A (the diameter of
Ph,As™ or Ph,B™), and then compared the resulting
values with the observed free energies of transfer. He
suggested that if calculated and observed values
agreed to within about 309, the Ph,As*/Ph,B~
assumption could be regarded as valid, but if the dif-
ference was greater than 309 the assumption should
not be used.

We adopt a slightly different procedure that takes
into account the electrostatic contribution to the
free energy of transfer of a charged solute, as cal-
culated by the recent theory of Abraham and Liszi

1Recent work by Gritzner (13) shows that when bisphenyl-
chromium(I)/bisphenylchromium(II) is used as a reference
redox system, single-ion free energies of transfer from aceto-
nitrile to methanol, DMF, DMSO, NMPy, and to some
extent PC, agree well with values calculated using the PhyAs™*/
Ph,B~ assumption.

(14). We write therefore
3] AG? = AG (cav) + AG (int) + AG °(elec)

For simplicity we include in the term AG(cav) the
calculated cavity term together with the correction
term RT log (V,/V,). We then calculate AG°(cav)
and AG °(elec), we take AG° as the observed value,
and we then deduce the value of the remaining term
AG ’(int). Treiner’s criterion corresponds to the
situation that if the deduced value of AG °(int) < ~3
kcal mol ™!, the Ph,As*/Ph,B~ assumption is valid,
but if AG (int) > ~3 kcal mol™! the assumption
should not be used. Details of the calculation are in
Table 1 for the solvents that Treiner studied plus the
additional solvents 1-propanol, acetone, 1,2-di-
chloroethane (1,2-DCE), and 1,1-dichloroethane
(1,1-DCE).? As expected, our calculations lead to
the same results as found by Treiner. For transfers
from water to methanol, ethanol, 1-propanol, for-
mamide, and acetonitrile, the interaction term is
small enough to take the Ph,As*/Ph,B~ assumption
as valid; for all the other solvents the assumption (on
Treiner’s hypothesis) must be questioned. We stress
that our criterion based on the actual value of the
interaction term leads in general to the same con-
clusions as does Treiner’s (percentage) criterion. We
used the actual value because workers (5-7) are
interested in whether the assumption holds to within
a given value rather than to within a given percentage
value.

A difficulty not pointed out by Treiner is that
choice of reference solvent is completely arbitrary.
In Table 1 we also recalculate all results to aceto-
nitrile as a reference solvent. It now appears that for
transfers to solvents water, ethanol, 1-propanol,
formamide, acetone, and 1,I-DCE the Ph,As™/
Ph,B™ assumption is valid (on Treiner’s hypothesis),
and for transfers to the other solvents the assumption
is questionable. Clearly, by altering the reference
solvent, it is possible to obtain quite different values
for AG2(int) and hence quite different conclusions
as to the validity of the Ph,As*/Ph,B~ assumption.

Even more serious is Treiner’s basic hypothesis
that AG(int) = 0 for transfer of Ph,As®™ and
Ph,B~.> We can see no reason why this interaction
term should be zero. The Ph,As*/Ph,B~ assump-
tion, for free energies of transfer, is simply that:

[4]  AG? for PhyAs* = AG? for Ph,B"

2Values of AG,°(Ph,As* + PhyB~) recently found by Kim
(18) agree very well with those in Table 1.

3This is the fundamental hypothesis used by Treiner. Thus
only if the deduced value of AG°(int) is zero or small (say < 3
kcal mol~') is the Ph,As*/Ph,B~ assumption considered to
be reasonable.
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TaBLE 1. Free energies of transfer from water or from acetonitrile for the PhyAs™ (or Ph,B~) ion with cavity terms calculated
by scaled-particle theory, in kcal mol~* at 298 K*

AG.° from water AG/° from acetonitrile

Total Total
Solvent pt c° Cavity?  Electrical® Interaction’ (observed)® Interaction” (observed)"

Water 0.9917 2.76 0 0 0 0 2.2 8.4
Methanol 0.7868 3.59 —-9.2 1.6 1.6 —6.0 3.8 2.4
Ethanol 0.7851 4.36 —-7.2 2.3 —-0.7 —-5.6 1.5 2.8
1-Propanol 0.7997 4.71 —-9.7 2.9 —-0.1 —-6.9 2.1 1.5
Formamide 1.1292 3.63 -7.9 0.9 0.8 —6.2! 3.0 2.2
Acetonitrile 0.7768 4.12 —-8.0 1.8 —2.2 —8.4 0 0
Dimethylformamide 0.9443 4.98 —5.8 2.4 —6.6 —10.0 —4.4 —-1.6
Dimethylsulphoxide 1.0961 5.05 1.8 2.1 —13.6 -9.7 —11.4 —-1.3
Sulpholane 1.2660 5.76 6.6 2.3 —18.8 -9.9¢ —16.6 —1.5
Propylene carbonate 1.1920 5.40 0.4 2.2 —-12.0 —9.4¢ —-9.8 —-1.0
N-Methylpyrrolidone 1.0279 5.69 2.8 —10.5¢ —2.1
Acetone 0.7844 4.86 —6.5 2.8 —-5.1 —8.8 -2.9 —-0.4
1,2-Dichloroethane 1.2458 5.08 —4.6 4.2 —-8.3 —8.7 —6.1 —-0.3
1,1-Dichloroethane 1.1680 5.07 —-7.8 4.3 -3.9 —7.4 —-1.7 1.0

2All free energies refer to the mol fraction scale, and are for PhyAs* or PhyB-.

bSolvent density.
<Solvent diameter in A.

4This is the combined term [AG,%(cav) + RT log (V;/V,)], calculated for a solute of diameter 8.4 A.
eCalculated by the method of Abraham and Liszi for a solute of diameter 8.4 A.

SDetermined from interaction = total — cavity — electrical.

9Taken from refs. 1 and 4 unless indicated, and corrected to the PhyAs+ = Ph,;B~ convention.
"Obtained through rearrangement of the values in the previous two columns.

iFrom ref. 2.

Now since the diameters of the two species are
equal, the terms AG °(cav) and AG °(elec) will be the
same for the two species, and we are left with:

[5] AGS(int) for PhyAs* = AG(int) for Ph,B~

It is not clear why these interaction terms should be
small or zero in order for the Ph,As™ /Ph,B ™~ assump-
tion to apply. If, however, the AG°(int) terms can
take any value, then there is no basis for Treiner’s
criterion at all. Thus in Table 1 it could be argued, for
example, that the Ph,As™ /Ph,B~ assumption applies
to PC and that for this solvent the interaction term
happens to be particularly large.

(B) Enthalpy of Transfer of Ph,As* and Ph,B~
The enthalpy of solution of a hard-sphere solute is
given by eq. [6]

[6] AHL? = AH°(cav) — RT + opRT?* + AH(int)

where op is the coefficient of thermal expansion of
the solvent. If we include the electrostatic energy of
a charged solute, the resulting expression for the
transfer of a solute is eq. [7]

[7) AH? = AH? (cav) + AH(int) + AH(elec)

where for simplicity the term AH~°(cav) now in-
cludes (ap,RT? — ap,RT?). Details of the calcula-
tions are in Table 2 with water as the reference
solvent. If Treiner’s hypothesis applies also to
enthalpies, then AH(int) should be zero or small

(say again <3 kcal mol™ ") for the Ph,As*/Ph,B~
assumption to be valid. Use of such a hypothesis
results in the extraordinary situation that for transfer
from water to every solvent in Table 2, the Ph,As™/
Ph,B™ assumption cannot be valid. Clearly, the use
of scaled-particle theory plus the hypothesis that
AH (int) should be zero for Ph,As* and Ph,B~
does not lead to any meaningful results.

(C) Entropy of Transfer of Ph,As™ and Ph,B~

Combination of the equations for free energy and
enthalpy will yield an expression for the entropy of
transfer of a charged solute. There is, however, an
important proviso in that, as applied by Pierotti, the
entropy of interaction is taken as zero. Thus if
ASC(int) = 0 it follows that AS°(int) = 0; the final
expression for AS,° becomes:

[8] ASL? = AS (cav) + AS (elec)

Since there are no unknown interaction terms in
eq. [8], it should be possible, if scaled-particle theory
really does apply to solutes such as Ph,As™ and
Ph,B~, to calculate values of AS°. Details are in
Table 3 with water as the reference solvent. There is
total disagreement between all the calculated and
observed values, so that for transfers from water it is
now clear that scaled-particle theory cannot account
for the entropy term. It is possible by choice of some
other reference solvent to obtain agreement for a
few transfers, but in general these results demon-
strate that scaled-particle theory is of little use in
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TaBLE 2. Enthalpies of transfer from water for the PhysAs™ (or Phy,B ™) ion with cavity terms
calculated by scaled-particle theory, in kcal mol~—! at 298 K

AH(Ph,As* or PhyB™)

Solvent ap x 103¢ Cavity® Electrical®  Interaction® Total®
Water 0.257 0 0 0 0
Methanol 1.123 5.5 0.3 —6.2 -0.4
Ethanol 1.063 8.6 0.6 -9.2 0.0
1-Propanol 0.935 5.2 0.4 —-5.2 +0.4
Formamide 0.746 3.3 0.7 —4.1 —-0.17
Acetonitrile 1.390 10.5 1.1 —14.1 —2.5
Dimethylformamide 0.589 5.0 1.4 —11.1 —-4.7
Dimethylsulphoxide 1.009 22.2 1.8 —26.8 —2.8
Sulpholane 0.683 22.0 1.8 —26.3 —-2.57
Propylene carbonate 1.863 42.5 1.8 —47.9 —-3.67
N-Methylpyrrolidone 1.8 —4.27
Acetone 1.369 14.7 1.2 —19.9 —-4.0
1,2-Dichloroethane 1.194 15.9 0.2 —21.5 —5.4
1,1-Dichloroethane 1.327 12.6 0.7 —17.8 —4.5

aSolvent coefficient of thermal expansion, in K1,

®This is the combined term AH(%(cav) + ap,RT2 — ap RT2.

cCalculated by the method of Abraham and Liszi.

dDetermined from interaction = total — cavity — electrical. .
¢Taken from refs. 1 and 4 unless indicated, and corrected to the PhyAst = Ph,B~ convention.

fReference 2.

TaBLE 3. Calculation of entropies of transfer from water for the PhyAs™
(or Ph,B~) ion with cavity terms calculated by scaled-particle theory, in
cal K=! mol~* at 298 K

Total Total
Solvent Cavity®  Electrical® calculated®  observed!
Water 0 0 0 0
Methanol 49 -4 45 19
Ethanol 53 -6 47 19
1-Propanol 50 -8 42 24
Formamide 38 —1 37 20
Acetonitrile 62 -3 59 20
Dimethylformamide 36 -3 33 18
Dimethylsulphoxide 68 -1 67 23
Sulpholane 52 -2 50 25
Propylene carbonate 141 -1 140 20
N-Methylpyrrolidone -3 21
Acetone 71 —6 65 16
1,2-Dichloroethane 69 —13 56 11
1,1-Dichloroethane 69 —12 57 10

aFrom the cavity terms in Tables 1 and 2.
bCalculated by the theory of Abraham and Liszi (13).
<The sum of the cavity and electrical terms.

dFrom the observed values in Tables 1 and 2.

attempts to calculate entropy changes for Ph,As™
and Ph,B™.

Results using the Sinanogiu — Reisse — Moura Ramos
(SRMR) Method

A quite different method of obtaining cavity terms
was suggested by Halicioglu and Sinanoglu (15) and
applied recently by Reisse and Moura Ramos (16).
These latter workers make no attempt to calculate
the interaction term but deduce this term from the
expression:

[9] AP2(int) = AP — AP2(cav)

where P = G, H, or S. We use exactly the same pro-
cedure as Reisse and Moura Ramos to calculate the
cavity terms and, like these workers, then deduce the
interaction term from eq. [9]. In the SRMR method,
the molar volume of the solute is used, rather than
its diameter, and we took values given by Millero
(17) of ¥V = 245.6 ml mol~! for PhyAs* and V =
295.6 ml mol™! for Ph,B~. Although the cavity
terms differ a little in these two cases, the differences
from one solvent to another are negligible. We give
in Table 4 the results for Ph,As*, but these can be
taken as being the same as those for Ph,B™ within



Can. J. Chem. Downloaded from www.nrcresearchpress.com by 210.87.254.40 on 09/05/12
For personal use only

ABRAHAM AND NASEHZADEH

75

TaABLE 4. Free energies of transfer from acetonitrile of Ph,As™* with cavity terms
calculated by the SRMR method, in kcal mol~* at 298 K¢

Total
Solvent Cavity® Electrical®  Interaction? (observed)©

Water 19.1 —1.8 —-8.9 8.4
Methanol —1.6 —-0.2 4.2 2.4
Ethanol -2.2 0.5 4.5 2.8
1-Propanol —-2.0 1.1 2.4 1.5
Formamide 12.9 -0.9 -9.8 2.2
Acetonitrile 0 0 0 0
Dimethylformamide 2.1 0.6 —4.3 —1.6
Dimethylsulphoxide 5.6 0.3 —-7.2 —1.3
Sulpholane 1.3 0.5 —-3.3 -1.5
Propylene carbonate® 7.4 0.4 —8.8 —-1.0
N-Methylpyrrolidone® 3.2 1.0 —-6.3 —-2.1
Acetone —3.3 1.0 1.9 —-0.4
1,2-Dichloroethane —-0.8 2.4 —-1.9 -0.3
1,1-Dichloroethane —-3.5 2.5 2.0 1.0

aValues for PhyB- (V = 282.6 ml mol-1) are almost identical to those for PhyAs+ (V = 295.6

ml mol-1).

bCalculated by the method of Reisse and Moura Ramos (16).

<From Table 1.

dDetermined from interaction = total — cavity — electrical.

eApproximate calculated values.

TaBLE 5. Comparison of cavity terms for PhyAs™ calculated by scaled-particle theory” and SRMR theory

Scaled-particle theory (o = 8.4 A)

SRMR theory (V = 295.6 ml mol~1)

Solvent AGL AHL AS° AG?O AH® AS°
Water 8.0 —10.5 —62 19.1 26.7 25
Methanol —-1.2 -5.0 —13 —1.6 —-3.1 -5
Ethanol 0.8 —-1.9 -9 —-2.2 —3.4 -5
1-Propanol —-1.7 —-5.3 —-12 -2.0 —-3.2 —4
Formamide 0.1 —-7.2 —24 12.9 19.9 23
Acetonitrile 0 0 0 0 0 0
Dimethylformamide 2.2 —-5.5 —26 2.1 11.7 32
Dimethylsulphoxide 9.8 11.7 6 5.6 8.6 10
Sulpholane 14.6 11.5 - 10 1.3 —1.8 —11
Propylene carbonate® 8.4 32.0 79 7.4 3.2 —14
N-Methylpyrrolidone® 3.2 4.8 5
Acetone 1.5 4.2 9 —-3.3 —-3.7 -2
1,2-Dichloroethane 3.4 5.4 7 —0.8 —-0.9 0
1,1-Dichloroethane 0.2 2.1 7 —-3.5 —-5.6 -7

aThe terms on the scaled-particle theory are AG°(cav) + RT log (V/V,) and AH°(cav) 4 ap,RT? — oap; RT?; AG° and AH,°

in kcal mol-1 and AS® in cal K-! mol-1.
bSRMR calculated values are approximate ones.

about 0.1 kcal mol™!. In the case of SRMR theory,
it is difficult to take into account contributions due
to solvent reorganisation. Since this effect will be
much more important for water than for any other
solvent, the SRMR calculation for water will be less
reliable than calculations for other solvents.* We

“We note also that the term used by Sinanoglu to correct
for loss of translational entropy of the solute in solution,
R In [V(gas)/V(solvent)], overestimates the translational
entropy in solution, since the available volume in solution is
less than the solvent molar volume, V. However, for transfer
from one solvent to another there is so much cancellation that
values of AG(cav) and AS°(cav) are not greatly affected by
errors in this term. We are grateful to Professor Reisse for
clarifying this point.

therefore took acetonitrile as the reference solvent in
Table 4; the results in Table 1 provide a direct com-
parison between SRMR calculation and scaled-
particle theory. For transfers from acetonitrile to
several solvents there are considerable differences in
the AG °(cav) terms as calculated by the two methods
(see Table 5). The SRMR results (Table 4) can be
interpreted using the approach of Reisse and Moura
Ramos to the effect that there are, indeed, large
variations in AG °(int) with change of solvent so that,
contrary to Treiner’s hypothesis, AG °(int) cannot be
regarded as small or zero for Ph,As* or Ph,B™.

In Table 5 we compare the calculated cavity terms
in free energy, enthalpy, and entropy on the two
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theories. There are such differences in the values
calculated by the two methods that it seems quite
unrealistic to attempt deductions as to the validity
of the Ph,As*/Ph,B~ assumption on the basis of
calculated cavity terms.

In our view all the above considerations suggest
that the validity of the Ph,As™/Ph,B assumption
cannot usefully be investigated by the method of
Treiner, and we cannot see any basis for the previous
rejection of the assumption. It is of interest that
quite recently Kim (18) has strongly supported the
Ph,As*/Ph,B~ assumption, in terms of free energy,
for the very solvents rejected by Treiner (11).

Although several workers (19, 20) have applied
scaled-particle theory to the transfer of large ions
and have obtained reasonable agreement between
the calculated cavity term and the observed free
energy (19) or enthalpy (20) of transfer, it is notice-
able that such agreement is always limited to trans-
fers between water and aqueous organic mixtures.
For example, Treiner (11) calculated AG°(cav) for
the transfer of Ph,As™ from water to aqueous
ethanol and found good agreement with the observed
AG? value. But inspection of Table 1 shows that for
transfer from water to ethanol itself, the two terms
differ by 1.6 kcal mol~! and for the corresponding
enthalpy function the terms differ by no less than
8.6 kcal mol ™! (Table 2). It seems clear that in non-
aqueous solvents, scaled-particle theory cannot use-
fully be applied to transfers of large ions. Whether
or not the agreement observed in the more aqueous
media is an artifact is a matter of opinion. We note
that Tenne and Ben-Naim (21), in connection with
calculations on free energy, state that it is impossible
to apply scaled-particle theory alone for mixtures
of water and ethanol.
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The kinetics of the binding of Br~ to Fe(III) were studied as a function of [H*] and [Br~]
on a high pressure laser temperature jump apparatus up to 2.76 kbar. At constant [H*] the
pseudo first order rate constant for formation of FeBr2+ showed little dependence on pressure
or on [Br~] over the range 0.02 to 1.9 M. The results were interpreted by a mechanism in
which Fe** and FeOH?* react with Br~ to form ion pairs prior to formation of their inner
sphere complexes. The kinetic activation volume for the conversion of the Fe3* Br~ ion pair
to FeBr2* appears to be quite negative, consistent with an associative interchange (I,)
mechanism.

BriaN B. HasiNOFF. Can. J. Chem. 57, 77 (1979).

On a étudié la cinétique de la liaison du Br~ au Fe(I1I) en fonction de [H*] et de [Br~] a
l’aide d’un appareil a saut de température activé par un laser a haute pression opérant jusqu’a
2.76 kbar. A [H*] constante, la constante de vitesse de pseudo premier ordre pour la formation
du FeBr?* n’est que faiblement influencée par la pression ou la [Br~] a des concentrations
allant de 0.02 a 1.9 M. On a enterprété les résultats en termes d’un mécanisme dans lequel le
Fe3+ et le FeOH?* réagissent avec le Br~ pour former des paires d’ions avant la formation de
leurs complexes de spheéres internes. 1l semble que le volume d’activation cinétique pour la
conversion de la paire d’ions Fe3*, Br~ en FeBr?™* soit assez négative; ceci est en accord avec
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un mécanisme d’échange associatif (I,).

High pressure kinetic studies of the reaction of
Fe** with C1~ (1) and with NCS~ (2) have provided
evidence for the existence of an associative inter-
change mechanism for ligand substitution. In con-
trast, the more labile FeOH?* species is thought
to undergo ligand substitution by a dissociative
interchange mechanism. Previous high pressure
kinetic studies of ligand binding to Co**, Nij%™,
Zn**, and Cu?™* (3, 4) yielded results consistent with
a dissociative interchange mechanism as suggested
by Eigen and Wilkins (5).

This study extends the Fe(Ill) pressure work to
another anionic ligand, Br™. Product yield, kinetic
and spectrophotometric experiments have been
independently used to evaluate an ion pair formation
constant for reaction of Fe(III) and Br~ (6). Earlier
kinetic studies (7, 8) indicated the [H*]~* dependence
of the reaction rate but did not include the effect of
ion pairing. It must be noted that the extent of
formation of FeBr?* cannot be made large under
reasonable conditions and it is necessary to construct

YThis work has been supported in part by the National
Research Council of Canada, Grant No. A9430 and the
Science Research Council (Great Britain), Grant No.
B/SR/8667.

2Present address.

[Traduit par le journal]

an interpretation from judicious combinations of
values derived from both equilibrium and kinetic
experiments. The direct analysis of the more uncer-
tain parts of the kinetics produce parameters in
agreement with the constraints imposed by combined
considerations and, consequently, are most probably
significant.

Experimental

Reagents

All reagents (Fe(NOs);, NaBr, NaClO,, HCIO,, and
Cu(NO;),) were of analytical reagent grade. Solutions of HBr,
HClO,4, and NaOH were determined by titration. The total
ionic strength in the reaction solutions was kept constant by
the addition of NaClO, to solutions containing NaBr and
HCIO, or to solutions containing HBr, HCIO,, and NaOH.
Fe(NO3;); was 5.0 mM in all solutions. The rate and equilib-
rium constants are on a molality scale reduced to molarity
at 1 bar.

Apparatus

The high pressure ruby laser temperature jump apparatus
and the analysis of the exponential relaxation curves have
been described (1, 3). A 1.6°C temperature jump was produced
in the thermostatted (4 0.1°C) reaction solution by absorbing
the 694 nm laser radiation with 0.02 M Cu(NO,),. Repre-
sentative oscilloscope traces of the relaxation process are
shown in Fig. 1. Experiments conducted on a joule heating
temperature jump apparatus (Messanlagen, Gottingen) at
400 nm with a 5°C jump indicated the absence of any effect of

0008-4042/79/010077-06$01.00/0
©1979 National Research Council of Canada/Conseil national de recherches du Canada
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F1c. 1. Oscilloscope traces of voltage vs. time for the
relaxation observed for the reaction of Fe(III) and Br~ at
1 bar and 2.76 kbar with [H*] = 0.525 M, [Br~] = 1.9 M,
[Fe(ID]z = S.0mM, T = 25.0°C, and p = 2.0 M. The tem-
perature jump of 1.6°C was produced by a ruby laser. The
large horizontal divisions are 5 ms.

Cu(NO3),. Only a single exponential relaxation process was
detected in a search over a wide range of sweep speeds. Thus
any kinetic contribution from higher Fe(III) bromide com-
plexes can be ruled out. An interference filter or a blue colored
glass filter of maximum transmission in the region of maximum
FeBr?* absorption (408 nm) provided monochromatic light
for the photometric detector. A Unicam SP8000 spectro-
photometer with a thermostatted cell block was used for
equilibrium measurements at 1 bar. Changes in light trans-
mission with pressure were measured with a 10-turn off-set
potentiometer.

Results
Equilibrium
The binding of Br~ to Fe(IlI) may be interpreted
in terms of

(1] K = [FeBr®"]y/[Fe’"]5[Br™]

where [FeBr?*]; includes all inner sphere complex
absorbing species and [Fe®*]; includes all other non-
absorbing species including outer sphere complexes.
Absorbances, 4, were used to determine K by
plotting 4/[Br~] vs. 4 (Fig. 2) similar to (6) and
yielded from linear least-squares slopes, K’s of
0.38 + 0.04 M~! and 0.48 + 0.03 M ! at 450 nm
and 407 nm, respectively. This indicates only small
outer sphere complexation. Previous determinations
of K at 25°C have yielded values of 0.37 M ™" (p =
1.0M) (6); 0.61 M~ (u=12M) (9); and 0.5 +
0.2 M~ (u = 1.092) (10). The agreement is reason-
able considering the low stability of the complex.

s
— i
|
@
[
~ : A =450nm
<< 26} ]

24} .

&
L 1 1 1
(0] 05 1.0
A

Fi1G. 2. A/[Br~] vs. A observed for the reaction of Fe(III)
and [Br~] at 25.0°C with [H*] = 2.00 M and p = 2.0 M and
[Fe(III)]; held constant at 5.0 mM. The slopes yield K (eq.
[1]). The solid straight lines are from weighted linear least-
squares analyses. The error bars are the standard deviations
used in the weighted linear least-squares analyses; assuming
an error in 4 of 0.0025.

Using an average K of 0.43 M ' in eq. [1] and the
absorbance at 440 nm at 1 bar the product of molar
absorptivity and path length was calculated for
FeBr**. Assuming this product remains, to a first
approximation, constant with pressure, from the
absorbances observed at higher pressures values of K
were determined. From solutions with [Br™] of 0.2 M
and 0.5 M, K’s were determined at each pressure and
their average values plotted in Fig. 3 as log K. The
variation of the equilibrium constant with pressure
is related to the molar volume of the reaction, AV,
by (11)

2] AV = —RT @ In K/3P),

Since the K data of Fig. 3 show significant curvature,
the data were least-squares fit to an equation of the
form log K = a + bP + cP? yielding: log K at 0 bar
of —0.370 + 0.002, from b and eq. [2] at O bar
AV = 8.1 + 02 cm® mol™!, and from ¢ and the
derivative of eq. [2] (@AV/oP); = —2.3 + 0.2 cm?
mol~* kbar™!. Also plotted in Fig. 3 is the pressure
variation of log K, obtained at a single [H*] of
7.1 x 1073 M for the reaction Fe3* = FeOH?* +
H™* where K, = [FeOH?*][H"]/[Fe**] but at p =
1.5 M and 24.2°C and A = 325 nm. The absorbance
changes observed were small (from 0.18 at 1 bar to
0.15 at 2.76 kbar). A density correction for the
pressure dependence of the molar absorptivity was
not made as in ref. 2 (AV, = 3.0 + 0.5 cm® mol~ ! at
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Fi1G. 3. Plots of log K, and log K vs. pressure. Values of K,
were determined from absorbance measurements at 325 nm at
24.2°C and p = 1.5 M. Values of K were obtained at 440 nm
at 25.0°C, [H*] = 1.00 M and p = 2.0 M. The solid lines are
least-squares calculated. Their slopes yield their respective
volumes of reaction. The error bars are average standard
deviations from the averaged K’s.

25°C and p = 0.2 m) since it is well known that both
density changes and band shifts can cause changes
in molar absorptivities. A least-squares fit to the
equation log K, = a + bP yielded AV, = 1.6 + 0.1
cm® mol™! and « = —2.715 + 0.004. A density
correction alone to the molar absorptivities would
yield a slightly higher AV, close to that in ref. 2.
Kinetic

The kinetics of the binding of Br™ to Fe(Ill) were
studied on a stopped flow apparatus at wavelengths
from 400 to 500 nm at a constant [H¥] = 2.00 M
and with [Br~] varying from 0.02 to 1.43 M. The
single exponential process characterized by the
pseudo first order rate constant for approach to
equilibrium, k., showed little or no [Br~] depen-
dence (Table 1) as previously reported (6); thus it is
dominated by dissociation. The joule heating tem-
perature jump experiments (Table 1), with [H*] =
1.00 M and [Br™] varying from 0.05 to 1.90 M,
yielded similar results. The lack of [Br™] dependence

TaBLE 1. Rate constants and reciprocal relaxation times for
the reaction of Fe(Ill) and Br~ at 25.0°C and ionic strength

20M
Joule heating temperature jump® Stopped flow®
[Br=1 (M) (™Y [Bro1(M)  kons (571
0.05 127 0.02 37.0
0.10 120 0.05 49.3
0.20 123 0.10 53.4
0.50 123 0.20 54.4
1.00 126 0.50 50.4
1.00¢° 132 1.00 50.9
1.90 120 1.43 47.3

aAverage standard deviation on t=!is 6 s=1, [H*] = 1.00 M.
bAverage standard deviation on kg is 2 s=1, [H+] = 2.00 M.
cSolution also contained 0.02 M Cu(NO3),.

of the rates was confirmed by linear least-squares
analyses. Slopes of k,,, and the reciprocal relaxation
times, T~ % vs. [Br~], were both zero within one
standard deviation.

In the reaction of Br™ with Fe(Ill) the reactions
of Fe** and FeOH?" with Br~ to form an ion pair
prior to formation of their respective inner sphere
complexes may be usefully considered as resolvable
steps.

K ki )
Fe3* + Br~ Fe3t,Br- ———— FeBr2*
k-
(3] Ka Ky K.
K, ka
FeOH2" + Br~ FeOH?" Br- FeOHBr "
k-2

where K, = [FeOH?** ,Br ][H"]/[Fe3>*,Br™]; K, =
[FeOHBr ][H*)/[FeBr**]; K, = [Fe**,Br ]/
[Fe**][Br~]; and K, = [FeOH?" Br~]/[FeOH?"]-
[BrT]. With [Br™] » [Fe(IID)]; and [H*] » K,, K,,
K., K,K,/K, and fast proton and ion pair equilibria,
both the reciprocal relaxation time and k_,, obtained
by mixing are given by:

1 = D[, 1K)

+ K,[Br ] [HT]
+ ko 4+ A koK.

[H"]

From a consideration of egs. [1] and [3] it is readily
seen (6, 12) that the equilibrium constant of eq. [1] is
an apparent equilibrium constant only and as such is
a composite of the rate and equilibrium constants of
eq. [3]. Yet it behaves as a simple equilibrium (eq.
[1]). At high [H™] this apparent equilibrium constant
is, in terms of the ion pair equilibrium and ion pair —
inner sphere rate constants, given by

(5] K= Kl(kl/k—l + 1)
and from eq. [3]
[6] k_ K, = k_ k,Kylk,

combining eqs. [4]-[6] yields:

71 o = () (b + 153

x (11 : II<< IE[BBrr_']])

[8]  Kups = (k—l + k[HK]) (11 T Ii[[%rr_‘]l)

It is useful at this point to qualitatively examine
the significance of the data of Table 1. The lack of
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TaBLE 2. Rate data for the reaction of Fe(III) with Br~ obtained by laser temperature jump at 25.0°C
and ionic strength 2.0 M*

kobs (S_l)

[H*] =1.925 M

[H*] =1.925 M

[H*]=0.525M [H*] =0.525 M

[Br-]=1.90 M [Br=]=0.50 M [Br=] =1.90 M [Br=]=0.50 M
P

(kbar) Expt. Pred. Expt. Pred. Expt. Pred. Expt. Pred.
0.001 64.0 64.1 65.6 61.0 165 172 181 164
0.69 61.1 65.4 62.9 61.3 147 172 184 161
1.38 59.9 66.6 67.1 61.1 152 171 184 157
2.07 63.5 67.2 65.1 60.0 159 168 179 150
2.76 66.2 71.8 71.7 62.7 154 176 184 153

aPredicted values of k,,s are those obtained from the parameters of Table 3 substituted in eq. [7].

any observable [Br™] dependence on the rates
indicates that only the terms of eq. [4] containing the
dissociation rate constants k_; and k _, for the inner
sphere complexes make any measurable contribution
to kgpe; thus ko, ~ k_; + k_,K./[H*]. Further,
from eq. [8], for k., to show a lack of [Br™] de-
pendence K and K, must be similar in value. It is
important to realize that this conclusion can also be
reached from product yield experiments (6) where
K, = 0.83K can be obtained. From eq. [5], then,
ki/k_{ = 0.2. These relationships are of importance
for the analysis which follows.

Taking logarithms and differentiating eq. [5] gives

kyfk -
* * 1 1
[91 AV = AV, + (AV," = AV ) =iy

where the activation volume (11) is
AV* = —RT(01n k/oP);

The laser temperature jump relaxation data obtained
at pressures up to 2.76 kbar are given in Table 2. It
is worth noting that k. does not show an appreciable
dependence on pressure. This conclusion was
confirmed by linear least-squares analysis. The
apparent AV*, — RT(D In k,,,/OP), is zero within one
standard deviation in three out of four cases. Since
kops =~ k_y + k_,KJ[H"] the conclusion may be
reached that neither £ _, nor k_,K_ have much of a
pressure dependence and hence have small activation
volumes. (This conclusion is further reinforced from
the pressure dependence of k_, obtained from
extrapolations to 1/[H*] = 0 yielding an average
AV_,* of =2 4+ 1 cm® mol™1.) This result may be
combined with the equilibrium results to yield
further information. From eq. [9] at 0 bar with
AV = 8.1cm®>mol™!, k;/k_, =02 and AV_,* =
—2cm?® mol ™! it is seen that AV, + 0.17AV,* =
6 cm® mol~!. But without knowledge of AV, the
value of AV,* cannot be obtained. However, it is
well known that the formation of an ion pair between

two oppositely charged ions leads to a decrease in
electrostriction (11) with a consequent increase in the
volume of electrostricted water. This conclusion is
reinforced by theory (14) and has also been con-
firmed experimentally. Reaction volumes for the ion
pairs following are: 10 + 3 cm® mol™! for Be?™ -
SO,2” (12) at 25°C and p = 1.0 M; 16 + 0.5 cm?
mol ™! for Co(NH,)¢*",50,2~ (13) at 30°C and p =
0.1 m. Ifin fact AV, for Fe**,Br~ is larger than 6 cm?
mol~!, as would seem likely, then AV, must be
negative.

An alternative and more quantitative analysis of
the data of Table 2 is as follows. Substitution of
k = ko exp (—PAV*|RT) with k, the rate constant
at 0 bar and the equivalent equilibrium constant
expression in eq. [7] yields k., as a function of four
variables ((H"], [Br~], P, and K) and five parameters
(k, and k,K, at 0 bar, and AV, *, AV,,*, and AV)
if K, at | bar is fixed from K, = 0.83K = 0.36 M 1.
The best fit values are given in Table 3. Since eq. [7]
by virtue of its K — K, term is more sensitive to
physically reasonable values of K, (K must be larger
than K, at all pressures) the parameters of eq. [8]
were obtained from a four-parameter analysis using
the value of AV, obtained from the non-linear least-
squares analysis of eq. [7]. The initial parameter
estimates for the iterative non-linear procedure were
obtained graphically and from linear least-squares
methods. The non-linear confidence limits on the
parameters are somewhat more conservative than
the standard deviations listed in Table 3. For example
the non-linear confidence limits yield an upper and
lower bound of AV, ¥ of —11 and —23 cm?® mol™!.
Overall the relative standard deviation of the fit is 3%.

The non-linear computer analysis must be viewed
in its proper perspective in assessing the reliability of
the parameters obtained. The first point to be made
in this regard is that five parameters are being deter-
mined from only 20 data points which statistically is
a fairly small number. It must also be remembered
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TABLE 3. Activation and reaction volumes for the reaction of Fe(III) and Br~
at 25.0°C and ionic strength 2.0 M*

AV* or AV Value of

Parameter  (cm®mol~')  parameter at 0 bar”

Reaction step

ky —19+4 4.4+1.6s71 Fe** Br~ — FeBr2+
k-, —2+44 224+7s7t FeBr?* — Fe3* Br-
k2K, —15+3 15+£2 Ms* —

k_,K, 2+2 T2+9Ms—? —

K 11+1 0.36 M1 Fe3* + Br~ == Fe®*,Br-
K,© 1.6+0.1 1.9 x 1073 M  Fe®* = FeOH?* + H*
K 8.1+0.24 0.43+0.07 M1 —

aAll errors quoted are standard deviations from non-linear least-squares analysis only and
do not represent the reliability of the individual parameters.

bAt [H+] = 1.00 M, P = 1 bar, and low [Br~] these parameters predict kop, = 94 + 11s-1
which compares to kops = 105s=1 (6) at p = 1.00 M and 22°C; kops = 82 + 16s-1 (7) at
p = 1.7 M and 22°C; and kops = 220 + 40s-! (8) at up = 1.2 M and 25°C.

€At 24.2°Cand p = 1.5 M.
4At O bar.

that the accuracy of the temperature jump method is
not as high as some other kinetic methods. A second
point is that the analysis assumes that the activation
and reaction volumes of eqs. [7] and [8] do not vary
with P. This is probably a reasonable assumption but
nevertheless is an assumption that is introduced
without any knowledge as to its validity. Introduc-
tion of compressibility terms would increase the
number of parameters from 5 to an unacceptable 8.
A third and even more general point is that the
parameters are very dependent on the model used.
While eq. [3] is a reasonable and generally accepted
mechanism for ligand substitution, inclusion of
further intermediates in eq. [3], solvent separated ion
pairs, for example, would necessarily lead to different
rate expressions than those used. Nonetheless, the
parameters do meet the constraints outlined in the
paragraphs above which explored the qualitative
features of this difficult reaction.

Discussion

The results of the qualitative analysis of the kinetics
described in the Results section lead to a number of
firm qualitative conclusions. One is that the lack of
[Br~] dependence on the rate is due to the relatively
large size of the last two terms of eq. [4]. Further, the
pressure dependence of k. is small leading to the
conclusion that AV_,* is small. Consideration of
these facts with knowledge of the volume of reaction
AV leads to the further conclusion that AV, ¥ is
negative if AV, is larger than 6 cm® mol 1.

All of these qualitative conclusions are confirmed
by the non-linear least-squares quantitative analysis
which combines both kinetic and equilibrium data
and which is subject to the qualifications given in
the Results section. The value of AV, = 11 cm?
mol ™' determined from eq. [7] for formation of the
Fe’* Br™ ion pair is positive as might be expected

(11) for a reaction leading to a loss of electrostricted
water. The magnitude of AV, is reasonable in com-
parison to similar reactions (12, 13) but is somewhat
larger than the theoretical value of 5.4 cm® mol ™!
(but at p =0 M) obtained from the Hemmes
equation (1, 14). In the absence of a direct measure-
ment of AV, and AV, the significance of the com-
posite activation volumes for k,K, and k_,K_ is
unknown.

A negative activation volume is usually indicative
of bond formation in the transition state (11). The
volume of a partially bonded species in the transition
state would be less than a ion paired non-bonded
species. Thus, the AV, * of —19 em® mol~! indicates
an associative process for substitution of Br™ into
the inner coordination sphere of Fe®*. The negative
activation volumes for Br~, Cl7, and NCS~ sub-
stitution on Fe®** contrast sharply to positive
activation volumes found for substitution on
FeOH?* by CI™ of 7.8 + 1 cm® mol ™! (1) and by
NCS™ of 6.6 cm® mol™! (2) which are due to dis-
sociative loss of water in the transition state (5).

The activation volume (AV, + AV,*) of the
product Kk, of —8 4+ 4 cm’®mol™! compares to
that obtained from the CI~ (1) study of —4.5 + 1.1
cm®mol™! and ~0cm®mol™! (individual deter-
minations ranged from —4.9 to 4.4 cm® mol ™) for
NCS™ (2). The previous indirect determinations of
AV * for the reaction of Fe** with C1~ (1) of —9.9
cm® mol™! and with NCS™ (2) of —1.2 cm® mol™!
were also taken to indicate an associative ligand sub-
stitution reaction.

Further evidence for the associative character of
ligand substitution on Fe** is afforded by comparing
the formation rate constants (the product K, k,) of
Cl7, Br7, and NCS™. All are singly charged unpro-
tonated ligands and thus minimize ambiguity as to
which protonated species is reactive. Thus, Kk, for
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NCS™ (2)is 122 M~*s™*, for CI™ (1) 4.8 M~ *s™ 1,
and for Br™ 1.6 M~!s™! almost an 80-fold varia-
tion. Generally dependence of a formation rate
constant on the nature of the entering ligand is
evidence for an associative reaction. The variation
in Kk, must be largely due to k; as K; would be
expected to be relatively constant for ligands of the
same charge type.

The reason for the change in mechanism from
dissociative to associative in going from FeOH?*" to
Fe®" may be due to the large charge of Fe’* (15).
The higher charge density of Fe** might be expected
to raise the energy required to dissociate the cation—
water bond, thus favouring an associative mechan-
ism. Swaddle (16) has even suggested that there is a
general change in mechanism (excluding cobalt),
from dissociative interchange to associative inter-
change, in going from the divalent to the trivalent
transition metals.
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Mercury(II) acetate complexes of the type (R;P),Hg(OAc),, where n = 1 and 2, and R;P =
(p-toly)sP, (p-F-CsHy4)sP, Ph,MeP, Ph,EtP, and PhEt,P have been prepared in good yields.
Only the 1:1 adduct is formed with (o-tolyl);P. Conductance measurements in nitromethane
show that these complexes are non-electrolytes. The 1:1 adducts are monomeric in dichloro-
ethane but the 1:2 adducts are extensively dissociated. Tentative assignments for v(COO),
v(Hg—O), v(Hg—P) are made from the infrared and Raman spectral data. The correlation
of the coordination chemical shifts, AS(*'P), with the coupling constants 'J(***Hg-3'P) of the
complexes is discussed with respect to the bulkiness and the basicity of the phosphine ligands.

ELMER C. ALYEA et SHELTON A. Dias. Can. J. Chem. 57, 83 (1979).

On a préparé, avec de bons rendements, des complexes de I’acétate mercurique du type
(R3P),Hg(OAc), ou n =1 et 2 et R3P = (p-tolyl);P, (p-F-C¢H,4)sP, Ph,MeP, Ph,EtP et
PhEt,P. Il ne se forme que ’adduit 1:1 avec le (o-tolyl);P. Des mesures de conductivité dans
le nitrométhane montrent que ces complexes ne sont pas des électrolytes. Les adduits 1:1
existent sous forme de monomeéres dans le dichloroéthane; toutefois les adduits 1:2 sont
fortement dissociés. On a proposé¢ des attributions préliminaires pour les v(COO), v(Hg—O),
v(Hg—P) observées dans les spectres infrarouges et Raman. On discute de la corrélation qui
existe entre les déplacements chimiques de coordination, AS(*'P), et les constantes de couplage,
1J(19°Hg-3'P), des complexes en relation avec I’encombrement et la basicité des ligands

83

phosphines.

Introduction

Spectroscopic and structural studies in our
laboratory have recently involved mercury(Il) com-
plexes of tertiary phosphines containing bulky
substituents. The characterization of these complexes
by solution measurements (1, 2) was often hampered
by their low solubility, which is partly governed by
the nature of the anion. The latter was shown, by
X-ray analysis of [(Cy;P)Hg(NO;),], (3) and
(Cy;P)Hg(SCN), (4), to also determine the co-
ordination geometry of the mercury atom. Sub-
sequently we have found that mercury(ll) acetate
complexes of tertiary phosphines are much more
soluble than the analogous halide complexes,
enabling the present characterization in solution of
complexes involving phenyl-substituted phosphines
with a range of steric and electronic properties.

Relatively few complexes of mercury(ll) acetate
are known (see, for example, ref. 5) and there are
only two reports (6) on complexes with a phosphine
ligand.? The complex bis(trimethylphosphine)mer-
cury(Il) acetate was considered to contain two-

!Presented in part at the American Chemical Society/
Chemical Institute of Canada Joint Meeting, Montreal, P.Q.,
Canada, May/June 1977.

2Mercuration reactions are, however, more widely studied

.

[Traduit par le journal]

coordinate mercury and ionic acetate groups (6a).
However, the complex (Buy"P)Hg(OAc), was deter-
mined to have a monomeric trigonal bipyramidal
structure (8a). Very recently we reported (2) that the
complexes (Ph;P),Hg(OAc), (8b), (Phy;P)Hg(OAc),
(80), (CysP),Hg(OAc),, (Cy;P)Hg(OAc),, and
[(o-tolyl);PJHg(OAC), also have non-ionic structures.
The effects of the carboxylate groups on the nature
of the phosphine complexes of mercury(Il) carb-
oxylates have been investigated in an independent
study (8b). In the present study, we report the
vibrational and nmr spectroscopic investigation of
a series of mono and bis tertiary phosphine -
mercury(Il) acetate complexes with a variety of
tertiary phosphines.

Experimental

General Procedures

Mercury(II) acetate and tertiary phosphines were com-
mercial samples. Solvents were purified and dried following
standard procedures. Microanalyses were performed at
M-H-W Laboratories, Garden City, Michigan. Melting points
were determined with a Gallenkamp melting point apparatus
in open capillary tubes and are uncorrected. Molecular weights
were measured in dichloroethane solution using a Hitachi-
Perkin-Elmer 115 osmometer. Conductivity measurements
were obtained for nitromethane solutions with a Yellow
Springs conductivity bridge using a conductivity cell with
platinum electrodes.

0008-4042/79/010083-08%01.00/0
©1979 National Research Council of Canada/Conseil national de recherches du Canada
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TaBLE 1. Melting points, analytical, conductance, and molecular weight data

Melting Calcd. Found A’
point (ohm~!cm~%  Molecular
Compound °C)* C% HY, C% HY, mol~1) weight®
Hg(OAc),[(o-tolyl);P] 176-177 48.19 4.37 47.52 4.77 6.1 625
(623)
Hg(OAc),[(p-tolyl)sP] 179-180 48.19 4.37 48.26 4.32 10.1 —
Hg(OAc),[(p-tolyl);P],¢ 164-165 55.76 4.98 55.55 4.92 10.1 —
Hg(OAc),[(p-F—C¢H4)sP] 198-200 41.62 2.86 42.95 3.09 8.1 —
Hg(OAc),[(p-F—CeH,)sP] 186-187 50.51 3.18 50.35 3.12 7.5 —
Hg(OAc),(MePh,P) 117-118 39.35 3.69 39.16 3.63 1.9 534
(519)
Hg(OAc),(MePh,P), 138-139 50.11 4.49 49.94 4.51 11.0 357
(719)
Hg(OAc),(EtPh,P) 140-142 40.57 3.97 40.37 3.85 0.8 613
(533)
Hg(OAc),(EtPh,P), 146-148 51.44 4.86 51.65 4.88 3.4 —
Hg(OAc),(Et,PhP) 100-102 34.68  4.37 34.63  4.52 21.0 —

aDecomposition occurs.

bFor 10-3 M solutions in nitromethane.

<In 1,2-dichloroethane for ca. 5 x 10-3 M solutions.
dIsolated with one molecule of dichloromethane.

Infrared spectra were obtained with a Beckman IR-12
spectrophotometer; solid state spectra were recorded as Nujol
and Halocarbon mulls between CsI plates whereas solution
spectra were obtained using matched KBr cells of 0.2 mm path
length. Raman spectra were obtained for samples sealed in
capillaries with a Jarrell-Ash spectrometer using the 514.5 nm
line of a Spectra-Physics 165 laser. 'H nmr spectra were
recorded on a Varian A-60 spectrometer with TMS as reference
standard and *'P nmr spectra were measured with a Bruker
WP-60 FT spectrometer at 24.3 MHz using the side-band tech-
nique with 85% H3;PO, as reference in a concentric capillary.

Preparation of the Complexes

All of the mercury(Il) acetate complexes were prepared by
the general method already outlined for mercury(Il) halide
complexes of tertiary phosphines (1, 2). The suspension of
mercury(ll) acetate in ethanol, benzene, or dichloromethane
disappeared immediately as it was allowed to react with
either a 1:1 or 1:2 molar ratio of tertiary phosphine at
ambient temperature under dry dinitrogen. The white solids
obtained by evaporation of the solvent were normally re-
crystallized from dichloromethane/diethyl ether or dichloro-
methane/hexane. In the case of (Et,PhP),Hg(OAc),, the
product was obtained as a colourless viscous oil and its purity
deduced from its *H nmr spectrum. The complex (Ph;P)Hg-
(OAc), was also formed by the reaction of methyl mercury
acetate with Ph;P in a 1:1 molar ratio in dichloromethane
solution.® Product yields were in the 70-99% range. Although
stable in the solid state towards decomposition on exposure
to air and moisture, the products decomposed gradually with
the deposition of metallic mercury upon standing in solution.

Results and Discussion
Some of the physical properties and the analysis
of the new series of complexes are listed in Table 1.
Tri(o-tolyl)phosphine forms only a 1:1 adduct with
mercury(I) acetate. Attempts to prepare higher

3The full characterization of (Ph;P),Hg(OAc), (n = 1, 2) is
described in the independent study of triphenylphosphine
complexes of several substituted mercury acetates (85).

adducts using as much as sixfold excess of phosphine
still afforded only the 1:1 adduct, but in slightly
higher yields. This behavior parallels that previously
reported (1) for mercuric halides and thiocyanate
with tri(o-tolyl)phosphine and tris(zert-butyl)phos-
phine and clearly reflects the steric bulkiness of these
phosphines. Tolman used CPK molecular models to
define ‘“‘cone angles” for phosphines; estimated
values for (o-tolyl); P, Bu;'P, and Ph;P are 194°, 182°,
and 145° respectively (9). X-ray structural studies
of several metal complexes give experimentally
derived cone angles in relatively good agreement
with Tolman’s estimates, and further, provide a
quantitative description of the steric requirements of
the phosphine ligands in terms of a “ligand profile”
(3, 4, 8a, 10, 11).

All of the complexes prepared in this study are
white solids which are stable towards air in the solid
state. However, in solution the stability appears to
decrease as the number of alkyl substituents in-
creases. The complex Hg(OAc),(PPhEt,), could not
be obtained in a solid form but its purity was verified
by 'H nmr spectroscopy. Molecular weight deter-
minations in dichloroethane show that the 1:1
adducts are monomeric whilst the 1:2 adducts
undergo dissociation. Since all of the complexes are
essentially non-electrolytes in nitromethane, the
dissociation in solution must involve the following
equilibrium:

[1] Hg(OAC),(PR3), = Hg(OAc).(PR3) + PR;

Nuclear magnetic resonance studies, discussed
below, confirmed the existence of equilibrium [1].
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TaBLE 2. Infrared acetate group and Raman mercury—oxygen and mercury—phosphine stretching frequencies®

Solid state®

Dichloromethane solution

Compound Vg© vg? Av 7 vy Av v(Hg—O) v(Hg—P)
Hg(OACc):[(o-tolyl)sP] 1580vs 1392s 188 1570vs 1410s 160 202s 150s
Hg(OAc),[(p-tolyl);P] 1615vs 1403vs 205¢ 1595vs,sh 1420s, br 165¢

1560vs 1362m 1575vs _ -
Hg(OAc),[(p-tolyl)sPl. 1600vs 1375vs 2 215¢ 1575vs, br  1410s 165 —_ —
1580vs, sh
Hg(OAC),[(p-F—CsHa)sP] 1590vs, br  1370s 220 1712m 1375m 3867 223m 165m
1586vs, br  1326s 2117
Hg(OAc),[(p-F—CsHu4)3Pl, 1720m 1398s 3827 1570vs, br  1335s 235 — —
1550s 1338m 1527
Hg(OAc),(MePh,P) 1562vs 1376s 186 1575vs,br  1372vs 203 182s 132m
Hg(OAc),(MePh,P), 1560vs 1380s 180 1570vs, br  1380vs, br 190 152s 114s
Hg(OAc),(EtPh,P) 1560vs 1385m 175 1570vs, br  1375s,br 195 187s 119s
Hg(OACc)(EtPh,P), 1562vs 1380s 182 1572vs 1380s 192 164s 118m
Hg(OAc),(Et,PhP) 1578vs, br  1392s 186 1575vs, br  1408s 167 —_ —

Hg(OAc),(Et,PhP), — _ _

1570vs 1410s 160 — —

aIn cm-!. Abbreviations: v, very; s, strong; m, medium; sh, shoulder; br, broad.

bHalocarbon or Nujol mulls.

cAsymmetric stretching frequency, v,;m(COO).
aSymmetric stretching frequency, ve,m(COO).
eAn average value is estimated.

fAlternative values are possible.

Vibrational Spectral Studies

Spectroscopic measurements in solution were
facilitated by the solubility of all the complexes in
common organic solvents. The infrared study was
mainly concerned with an attempt to determine the
mode of coordination of the acetate group. The solid
state and solution infrared absorptions associated
with the asymmetric (vg) and the symmetric (v;)
stretching frequencies of the acetate moiety for all
the complexes are given in Table 2. Although
assignment of the asymmetric stretch of the COO
group could be made quite unequivocally, the
assignment of the corresponding symmetric stretch
was sometimes difficult due to the occurrence of
methyl deformation frequencies and phosphine
bands in the same region. Comparison of both solid
and solution data with the spectra of the free
phosphines or their mercury(Il) halide complexes
normally overcame any ambiguity in the assignment.

The acetate group is known to interact with a
metal ion in the four following principle ways (12).
In addition, types 3 and 4 occur less commonly with

6_
o M—O
92+ N
M c—cH; _C—CHy
1% o
5
1 2
0. M—oO,
M7 Sc—cH Nc—cH
o ’ M—07 ?
3 4

unsymmetrical modes of coordination. Infrared
studies relating these modes of bonding of the
acetate group to metals to changes in C—O fre-
quencies have focused on the v, (COO) —
Voym(COO) separation (Av or vg — v;) (12-16).
Though earlier work (15) suggested that the magni-
tude of Av was not a reliable criterion of the mode of
acetate coordination, recent correlations of the
infrared spectra of metal acetates with X-ray
structural evidence for modes 2-4 show that
qualitative application of this criterion is possible
(12). Waddington and co-workers found that the
divergence of Av, as compared to the free ion value
of 164 cm™! for sodium acetate, was greatest for
type 2 since in unidentate acetate groups the vg and v;
frequencies correspond approximately to C—=O and
C—O; values of Av may exceed 500 cm™*! for some
Group 4 acetates (12). Chelating bidentate acetate
groups (type 3) normally have Av less than 100 cm ™!,
whilst the bridging mode of coordination (type 4)
leads to Av values nearer 150 cm ™!, i.e., similar to
the free acetate value of Av (12). Obviously, inter-
mediate situations with unsymmetrical modes of
bonding are expected to give rise to Av values that
are between those shown by types 2 and 3, and a
distinction from type 4 would not be possible from
this infrared criterion alone.

In the present series of complexes, with the
exception of the (p-F—C¢H,);P complexes, Av lies
in the range 172-215 cm™!. Since the conductance
and molecular weight measurements rule out types
1 and 4 acetate interaction, we conclude that the
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mode of coordination is intermediate between types
2 and 3, ie., unsymmetrically bidentate. The
similarity of the solid state and solution values for
the 1:1 complexes suggests that the structure is the
same in both media. The change in Av values from
the solid state to solution for the 1:2 complexes is
compatible with their dissociation according to
equilibrium [1]. An X-ray structural determination
for Hg(OAc),(PBu;") (8a) (Av = 172 cm ™~ ') has con-
firmed that the mercury atom is in a distorted
trigonal bipyramidal geometry by virtue of the
acetate groups being unsymmetrically chelated and
spanning axial and equatorial sites. Values of ca.
185cm™" for Av for nearly all of the 1:1 and 1:2
adducts thus indicate that the mode of acetate
bonding is similar to that found by X-ray analysis.
Exceptions to the normal value of Av for these

“complexes are observed for the two complexes in-

volving (p-F—CgH,);P. The higher values of Av
suggest that the oxygen atoms of the unsymmetrically
bound acetate group are quite inequivalent, and
indeed, for the 1:1 adduct in solution and the 1:2
solid adduct of (p-F—C¢H,);P, two kinds of acetate
groups are apparently present. Values of ca. 380
cm~! for Av in these cases are compatible with
unidentate coordination (type 2) and it is note-
worthy that Hg(OAc), itself, for which two-co-
ordination has been assigned (17), has Av = 270
cm™!. The only other complexes reported in this
work which display splitting of the v; and vg modes
are both (p-tolyl);P complexes. The separation of
peaks in these instances are not clearly interpretable
and may only arise from lattice effects or vibrational
coupling, though inequivalent acetate groups are
the more probable cause; similarly Hg(OAc),(PBuy"),
which has equivalent unsymmetrically bound acetate
groups, has peaks assignable to vg at 1575 cm™*, 1560
cm™?!, and 1540 cm™! (6b). At the same time, it is
well to remember that Av for bridging acetate groups
would also be expected to be near 150-200 cm ™' and
thus dimeric structures in the solid state for the 1:1
adducts cannot be ruled out in the absence of an
X-ray analysis.*

Raman spectra were obtained for most of the com-
plexes in the region below 1800 cm™'. Due to the
difficulty in assigning the relatively weak v, absorp-
tion, these spectra were of little assistance in making
assignments of acetate bonding type. However, all
of the spectra obtained show a strong bond in the
range 223-164 cm™! (Table 2) that can be assigned

4Hg(OACc),(PCy,), which shows peaks in the vg region in the

solid state at 1605 cm™!, 1595 cm~*, and 1575 cm ™!, has been
determined to have a dimeric structure involving both bridging
and unsymmetrically bidentate acetate groups (11c). X-ray
analysis of Hg(OAc),[(o-tolyl);P] is also underway.

. VOL. 57, 1979

to the symmetric mercury—oxygen stretching fre-
quency. This absorption occurs at 274 cm™! in the
Raman spectrum of Hg(OAc), (17). Similarly,
following our assignment in phosphine complexes of
mercuric halides and thiocyanate (1), a strong to
medium band in the range 150-114 cm™' (Table 2)
may be assigned to v(Hg—P).

Nuclear Magnetic Resonance Spectral Studies

Table 3 lists the *H nmr spectral data for the com-
plexes and the corresponding phosphines. In
general, the phosphine resonances shift downfield
upon coordination in both series of complexes; the
shift is, expectedly, greater for the 1:1 series. A
similar trend is exhibited by the acetate methyl
signals. More interestingly, for both the 1:1 and 1:2
series, the acetate methyl signal appeared as a single
peak and the phosphine groups produced a single set
of absorptions. This observation prompted an
investigation, to be discussed below, of the lability of
these systems. A simple integration of the distinct
acetate methyl signal against the aromatic signals
afforded an immediate indication of the composition
of a complex and its purity.

Phosphorus-31 nmr data are in Table 3. All of the
1:1 complexes except Hg(OAc),(PPh;) and Hg-
(OAC),[P(p-F—C¢H,);] showed *'P spectra having
two small satellite peaks due to coupling with
mercury-199 nuclei (/ = 1/2; natural abundance
16.8%,). No splitting was observed for mercury-201
(I = 3/2; natural abundance 13.29%). The observa-
tion of a single broad peak and the absence of the
expected triplet pattern of relative intensity of
approximately 8:84:8 (18) for the two complexes
mentioned above clearly indicate dissociation and
exchange of the phosphine, which are fast on the
nmr time scale. In the 1:2 series none of the com-
plexes show the ??Hg satellites at room temperature,
which again shows the lability of the phosphine
complexes on the nmr time scale. Observation of
the '??Hg—'P coupling was made by recording the
spectra at 183 K, which is consistent with the slowing
down of the ligand exchange reaction via equilibrium
[1].

Reduction of the temperature to observe the
199Hg-3'P coupling also produced shifts of the *'P
signal and an increase in the value of 'J(**?Hg->'P)
for complexes in both series (Table 3). The observa-
tion of changes in phosphorus chemical shifts with
decreasing temperature is, at best, qualitative since
85% H3PO, cannot be used as a reference at 183 K.
On the other hand, the increase of the coupling con-
stant with decrease in temperature is a significant
result. For example, the value of 'J(*°*?Hg->'P) for
Hg(OAc),(PPh;), increased from 5024 Hz at 230 K
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(2) to 5503 Hz at 183 K. Since the coupling constant
should be independent of the rate of phosphine
exchange, an explanation for the increased magnitude
with decreasing temperature is not readily apparent.
Further studies are needed to determine which one
(or more) of the several factors (19) which influence
'J(***Hg->'P) are important.

As expected, the 1:1 complexes show larger cou-
pling constants (ca. 8500 Hz) than the corresponding
1:2 complexes (ca. 5500 Hz). As Grim previously
explained for some HgX,(PRj), (n = 1, 2) com-
plexes (18), the greater values of J(*°°Hg-*'P) are
explicable in terms of greater electron deficiency of
mercury in the case of the 1:1 complexes. Similarly,
the observed coupling constants and coordination
chemical shifts are greater for these acetate com-
plexes than for the corresponding halide complexes
(2).

Two of the critically important factors that
determine the magnitude of A8 are the electro-
negativities of the substituents on the phosphorus
atom and the bond angles between the substituents
(19, 20). Parameters which reflect these factors are
the basicities, given by pK, values (21), and cone
angles (9) of the phosphines. Consideration of the
magnitude of the coordination chemical shift for the
present complexes shows the importance of these
factors. In both series of complexes, Ad increases in
magnitude from Ph,P to Et,PhP; the lowest Ad
values occur as expected for the complexes of Ph;P,
which has the lowest pK, (2.73 as compared to 6.25
for Et,PhP) and the least change in its C—P—C
bond angles (20) in forming a complex. The greater
values of A for the (p-F—C¢H,);P complexes may
initially seem surprising as fluorine is an electron-
withdrawing substituent. However, the upfield
position of the *'P chemical shift of (p-F—CH,);P
relative to Ph;P perhaps indicates that electron
density on phosphorus is greater, thus leading to
greater o-bond strength with mercury.

The relatively high value of A8 for Hg(OAc),-
[(o-tolyl);P] requires explanation, since the bulkiness
of the phosphine should result in lower c-interaction
with mercury as compared to (p-tolyl);P, which
would have similar basicity. The high A8 value is
anomalous and can be attributed to the unusually
high resonance position of (o-tolyl);P itself. The
latter effect, believed to be caused by an interaction
of the ortho methyl groups with the phosphorus lone
pair, would be lost upon coordination (9, 22). Con-
sequently the “‘true” A8 value for Hg(OAc),[(o-
tolyl);P] would be much less than that observed for
Hg(OAc),(Ph;P), as expected due to the large steric
effect. The relatively low value (ppm) of AS for
Hg(OAc),(Bus'P) (2) is much less than expected

. VOL. 57, 1979

based on the basicity of Bu;‘P, which would be near
that reported for MeyP (ie., pK, = 8.65) (21)
because of the similar electronegativity of the
methyl and #butyl groups (23). The much lower
J(**?Hg—>'P,) value for Hg(OAc),(Bu,'P) must also
be a consequence of the steric bulk of Bu;’P (6 =
182°) (9). Indeed, the C—P—C angles in Hg(OAc),-
(Bu;'P) average 112° (8a) as compared to C—P—C
angles near 104° for Ph;P in its complexes (24).
Preliminary *'P nmr measurements for Hg(OAc),-
(PCy;y), (n =1, 2) (2) also indicate that the large
steric requirements of the phosphine lead to lower
A8 and J('°°Hg->'P) values than anticipated from
the pK, (9.6) of Cy,P.

Ligand Exchange Studies

Several complexes were investigated by variable
temperature 'H and *'P nmr spectral measurements
to confirm the occurrence of ligand exchange. The
observation of '*’Hg satellites at room temperature
in the *'P nmr spectra of most of the 1:1 complexes
indicates that dissociation and exchange are not
extensive. For example, the satellite peaks sharpen
noticeably at 253 K as compared to room tem-
perature in the spectrum of Hg(OAc),[(o-tolyl);P] in
dichloromethane solution; at 183 K the side peaks
are very sharp and J(**?Hg—>'P) has increased only a
small extent. We cannot comment on the significance
of the upfield shift in Ad because 85% H;PO, is not
useful as a standard at the low temperature. Addition
of (o-tolyl);P in a 3:1 molar ratio to a dichloro-
methane solution of Hg(OAc),[(o-tolyl);P] at room
temperature gives a >'P nmr spectrum showing only
a broad (half-width of 350 Hz) signal at —22.68.
Cooling this solution to 183 K gives a spectrum with
a peak at +7.26 due to the complexed phosphine
(but without satellite peaks) and a peak at —318 due
to the free phosphine. Dissociation is apparently only
slight for the 1:1 complex but addition of free
phosphine greatly enhances the exchange rate.

The *'P nmr spectrum of Hg(OAc),(PPh;), in
dichloromethane solution at room temperature
showed only a broad (half-width 189 Hz) signal, and
its position at +29.45 is only slightly upfield from
the signal of the 1:1 complex. Addition of free
phosphine in 2:1 and 4:1 molar ratios gave spectra
with peaks at +5.68 (half-width 80 Hz) and —1.05
(half-width 42 Hz) respectively. The gradual shift of
the averaged signal (of bound and free phosphine)
toward the resonance position of Ph;P itself indicates
that dissociation occurs, followed by rapid exchange
according to equilibrium [1]. At 183 K, Hg(OAc),-
(PPh;), in dichloromethane solution shows the
expected triplet pattern, with J(*°°Hg-*'P) = 5503
Hz, and the main resonance peak at +33.2 Hz. Both



Can. J. Chem. Downloaded from www.nrcresearchpress.com by 210.87.254.6 on 09/05/12
For personal use only

ALYEA AND DIAS 89

Ambient temperatrue

"half width" = 449.4 Hz

+22.0 8 0.0 -32.0 &

1:2 A “half width" = 345.7 Hz

L
+22.0 0.0 -32.0 6
+11.3 6

1:4 "half width" = 133.3'%
" L

+22.0 0.0 -32.0 6

Ambient temperature

Ambient temperature

+29.6 &

183 K
1:4 ’/\ “half width" = 207.4 Hz "half width" = 103.7 Hz

+22.0 0.0 -32.0 ¢

183 K
199“g>51
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FiG. 1. Phosphorus-31 nmr exchange studies of Hg(OAc),-
(PMePh,), in dichloromethane ‘solution; molar ratios for
complex to phosphine are indicated.

dissociation and exchange are retarded at the low
temperature.

The most detailed investigation of exchange was
performed on Hg(OAc),(PMePh,),. The *'P nmr
studies are schematized in Fig. 1. The behaviour of
this 1:2 complex closely parallels that found for
Hg(OAc),(PPh,),, in which dissociation is appreci-
able and phosphine exchange is fast on the nmr time
scale. The 'H nmr spectral results, obtained as a
function of temperature and of methyldiphenyl-
phosphine concentration, support the same con-
clusion. The 'H nmr spectrum of Hg(OAc),-
(PMePh,), in deuteriochloroform is virtually un-
changed from 243 K (broad singlet at 2.303, sharper
singlet at 1.885) to 308 K (2.236, 1.835). However,
sharpening of the broad singlet due to the methyl
protons occurs at 323 K (half-width 13 Hz); the
doublet observed at 333 K at 2.218 (2JJ(*H-*'P) =
10 Hz) probably arises from the increased propor-
tion of Hg(OAc),(PMePh,) in solution at the higher
temperature. Figure 2 illustrates the 'H nmr spectra
behaviour at ambient temperature as phosphine is
added to a deuteriochloroform solution of Hg-
(OAc),(PMePh,),. The resonance position of the
methyl protons of the acetate groups remains a
singlet near 1.856 so that it is unlikely that higher
phosphine-mercury complexes are formed in the
presence of excess methyldiphenylphosphine. The
complex itself at ambient temperature shows a broad
peak at 2.258 that moves upfield toward the free

1.0 ™S
2.25 I
. AN ‘
3.0 2.0 181 1.0 6
™S
1:1 l
'y \ L
3.0 2.0 1.0 s
1.67
2
1.84 J(P-H) = 2.0 Hz ™S
1:3
" \ )
3.0 2.0 1.0 ¢
1.62
1.87 2 _ ™S
1:10 l J(P-H) = 3.0 Hz
s ) )
3.0 2.0 1.62 1.0 6
1.93
1:30 2y(pa) = 3.5 He ™S
1 | |
3.0 2.0 1.0 6

F1G. 2. Proton nmr exchange studies of Hg(OAc),(PMePh,),
in deuteriochloroform solution at ambient temperature; molar
ratios for complex to phosphine are indicated.

phosphine (methyl) position as increasing amounts
of methyldiphenylphosphine are added. Throughout
the addition of free phosphine, the phosphine methyl
resonance position represents the weighted average
in chemical shift and coupling constant of the
resonances of complexes and free phosphine since
rapid exchange is taking place. Similar exchange
phenomena which only involve internal coupling
have been discussed for CH;AuP(CHj); (25),
Ni(PR;), (26), and (n-Bu;PSe),HgX, complexes (27).
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Triphenylphosphine reacts with mercury(Il) acetate and fluoroacetates to form complexes
of the types Ph3PHg(O,CR),, (Ph;P),Hg(O,CR),, and (Ph;P);Hg(O,CR),, where R = CH3,
CH,F, CHF,, or CF;. The 1:1 and 2:1 have been isolated and characterized by elemental
analysis, molecular weight, and conductance measurements and by vibrational and nmr
spectroscopic studies. The formation of the 3:1 complexes is inferred by 3'P nmr spectral
measurements at 183 K. Both the 1:1 and 2:1 complexes are indicated to be monomeric
molecular species in which the O,CR groups are bidentately bonded to mercury. The Hg—O
and Hg—P stretching frequencies for these complexes have been assigned by infrared and
Raman spectral measurements. The '°°Hg—3'P spin-spin coupling constants and the 3'P
coordination chemical shifts for the 1:1 as well as the 2:1 complexes increase in the order:
O,CCH; < O,CCH,F < O0,CCHF, < OCCF;. Correlations between 'J(**°Hg-3'P) values,
31P coordination chemical shifts, and the pK, values for the carboxylic acids are discussed.

Tim ALLMAN, RaM G. GoEL et PIERRE PILON. Can. J. Chem. 57, 91 (1979).

La triphénylphosphine réagit avec I’acétate et les fluoroacétates mercuriques pour former
des complexes de type Ph;PHg(O,CR),, (Ph;P),Hg(O,CR), et (PhsP);Hg(O,CR), ou
R = CH;, CH,F, CHF, et CF3. On a isolé les adduits 1:1 et 2:1 et on les a caractérisés grace
a leur analyse élémentaire, a leur poids moléculaire, 2 des mesures de conductivité et a des
études de spectroscopies vibrationnelles et rmn. On a déduit que des complexes 3:1 se forment
en se basant sur des mesures spectrales de rmn 3'P effectuées a 183 K. 1l semble que les com-
plexes 1:1 et 2:1 sont des espéces moléculaires monoméres dans lesquelles les groupes O,CR
sont doublement li¢ au mercure. On a attribué les fréquences de vibration de valence Hg—O et
Hg de ces complexes graces & des mesures spectrales infrarouges et Raman. Les constantes de
couplage spin-spin '°Hg—3'P de méme que les déplacements chimiques de coordination 3!P
des complexes 1:1 et 2:1 augmentent dans I'ordre: O,CCH; < O,CCH,F < O,CCHF, <
OCCF;. On discute des corrélations entre les valeurs des 'J(1°°Hg-2!P), des déplacements
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Triphenylphosphine complexes of mercury(Il) acetate and fluoroacetates. Preparation,

chimiques de coordination *'P et des valeurs des pK, des acides carboxyliques.

Introduction

Due to their electrophilic nature, mercury(Il)
carboxylates, particularly, the acetate and tri-
fluoroacetate are important reagents for mercuration
and oxomercuration reactions (1). However, the
reactions of these active electrophiles with electron-
pair donor ligands have received little attention.

In a recent investigation (2-5) on the tri-tert-
butylphosphine complexes of zinc(Il), cadmium(Il),
and mercury(IT), the complex Bu‘;PHg(O,CCH,),
(2, 4) was prepared. In contrast to the mercury(Il)
halide complexes, Bu'sPHgX, (2, 5), which have a
dimeric tetrahedral structure, the acetate complex
Bu’;PHg(O,CCH;),, has a monomeric penta-
coordinate structure in the solid state as well as in
solution (4). Crystal structure determination (4)

'Presented in part at the 2nd Joint Chemical Institute of
Canada—American Chemical Society conference, Montreal,
May 29-June 2, 1977.

[Traduit par le journal]

showed that the acetate groups in Bu‘;PHg-
(O,CCHy;), are bonded to the mercury in an asym-
metrically bidentate manner giving rise to a dis-
torted trigonal bipyramidal coordination around
mercury. One oxygen atom of each CH;CO, group
is tightly bound in the equatorial plane of the
mercury atom and the other oxygens form weak
bonds above and below this plane. The only other
reported phosphine complex of a mercury(Il) car-
boxylate is (Me;P),Hg(O,CCH;), (6a) which has
been assigned an ionic structure containing the linear
(Me;P),Hg?* cation and ionic acetates. In the
present work, reactions of triphenylphosphine with
mercury(Il) acetate and haloacetates have been in-
vestigated. The preparation, characterization, and
vibrational and magnetic resonance spectroscopic
studies of the complexes prepared in this work are
reported herein. Concurrent with this work, Alyea
and Dias (6b) have investigated mercury acetate
complexes of several other tertiary phosphines.

0008-4042/79/010091-07%01.00/0
©1979 National Research Council of Canada/Conseil national de recherches du Canada
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TaBLE 1. Analytical, molecular weight, and conductance data

Melting 7%C 7 H Mol. wt.”
point Molar
Compound O Calcd. Found Calcd. Found Calcd. Found conductance®

Ph;PHg(O,CCH3), 1854 45.47 45.45 3.62 3.67 580 614° 0.84
Ph;PHg(O,CCH,F), 1664 42.82 42.68 3.08 2.83 616 650 0.95
Ph;PHg(O,CCHF,), 1514 40.45 40.24 2.60 2.42 652 666 2.61
Ph;PHg(O,CCF,), 169 38.34 38.61 2.18 2.24 688 711 5.99
(Ph;P),Hg(O,CCHs3), 190¢ 56.97 56.79 4.27 4.27 842 833° 5.86
(Ph;P),Hg(O,CCH,F), 1894 54.63 54.83 3.87 3.64 878 862 10.96
(Ph;P),Hg(O,CCHF,), 198¢ 52.48 52.25 3.50 3.36 914 932 12.76
(Ph3P),Hg(O,CCF,), 2214 50.49 50.37 3.16 3.12 950 874 19.42

aIn 1,2-dichloroethane at ~10-2 M concentration.

oI5 chloroform at ~10-2 M concentration.

cIn ohm=* cm?2 mol-1! at 25°C for 10-3 M solutions in nitromethane.

4Compound decomposed upon melting.

Results and Discussion

Triphenylphosphine reacts with mercury acetate
and fluoroacetates to form 1:1, 2:1, and 3:1 com-
plexes. However, the 3:1 complexes could not be
isolated. Attempts to isolate complexes of mercury(Il)
chloroacetates were also unsuccessful due to the de-
composition of mercury(Il) chloroacetates. For
example, the reaction of triphenylphosphine with
mercury(Il) trichloroacetate in 1:1 or 2:1 mole
ratios afforded the complexes Ph;PHgCl, or
(Ph;P),HgCl, as the sole mercury(Il)-containing
species.

The analytical, molecular weight, and conductance
data for the complexes isolated in the present study
are given in Table 1. All the compounds listed in
Table 1 are air-stable, white crystalline solids. They
are soluble in polar organic solvents, sparingly
soluble in benzene, and insoluble in hexane or light
petroleum ether. All the compounds decomposed on
or near melting. The results of molecular weight
measurements (Table 1) show that all the complexes
exist as monomeric molecular species in 1072 M
solutions in 1,2-dichloroethane or chloroform.

The molecular weight measurements on 1,2-
dichloroethane solutions of (Ph;P),Hg(O,CCH,),,
in the 1072-10"* M concentration range, gave values
in the 600 to 500 range indicating some dissociation
of the complex according to the following equation:

(Ph;P),Hg(O,CCH3), = Ph;PHg(O,CCH;), + PPh,

Molecular weight measurements for other complexes
in this concentration range, however, showed no
evidence for such a dissociation. Molar conduc-
tances for 107° M solutions of the complexes in
dichloromethane were found to be less than 0.5
ohm™! cm? mol™!. Conductance measurements in
nitromethane, however, show that the 2:1 complexes
of mercury(Il) fluoroacetates are ionized to the
extent of 10 to 20%.

Vibrational Spectral Studies

The CO, stretching frequencies for both 1:1 and
2:1 complexes were assigned by comparing their
infrared spectra with those of uncomplexed mer-
cury(Il) carboxylates and free triphenylphosphine.
The observed CO, stretching frequencies for the
complexes in the solid state as well as in dichloro-
methane are listed in Table 2. The data in Table 2
show that the CO, stretching frequencies in the solid
state are not very different than those observed in
solution. Therefore, the structures of the complexes
do not appear to change in going from solid state to
solution. The occurrence of more than one band in
the region of antisymmetric CO, stretching frequency
can be caused by coupling of vibrations of the two
carboxylate groups. In view of the molecular nature
of the complexes in solution, the possibility of ionic
or carboxylate bridged polymeric structures can be
ruled out. The antisymmetric CO, stretching fre-
quency for a monodentately bonded carboxylate
ligand (7-10) is significantly higher than the fre-
quency for the free ion (7, 11, 12). Since the anti-
symmetric CO, stretching frequencies for the com-
plexes listed in Table 2 are lower than those observed
for monodentately bonded carboxylates (7-10), the
carboxylate groups in all the complexes appear to
act as chelating bidentate ligands. Two oxygen atoms
of a chelating bidentate carboxylate ligand may be
coordinated to a metal atom either symmetrically
or unsymmetrically (9). Although it is difficult to
distinguish between the symmetrically and asym-
metrically bonded carboxylate groups by infrared
spectroscopys, it is noteworthy that the CO, stretching
frequency for the 2: 1 complex (Ph;P),Hg(0,CCHj;),
are very similar to these observed for Bu’;PHg-
(0O,CCH;), which is known to contain asymmetri-
cally bonded bidentate acetates (4). For the 1:1
complex, Ph;PHg(O,CCHj;),, the symmetric CO,
stretching frequency is not significantly altered but




Can. J. Chem. Downloaded from www.nrcresearchpress.com by 210.87.254.6 on 09/05/12
For personal use only

ALLMAN ET AL. 93

TaBLE 2. Infrared and Raman spectral data®

vCO; (ir) vCO, (ir)
Av vHg—O (ir) vHg—P (R)
Compound Solid Solution Solid Solution (solution) (solid) (solid)
1595sh
(PhsP)Hg(O,CCH,), S 1580s 1375ms 1379s 201 266ms 150s
(PhsP)Hg(O,CCH,F), 1620s 1620s 1383ms 1390ms 230 223m 154s
(PhsP)Hg(O,CCHF>), 16565 1660s 1421m 1420m 240 1825 156s
1690s
(PhsP)Hg(0,CCF3), 1665ms 16755 1405ms 1410m 265 178s 1665
1650s
(PhsP),Hg(0,CCH3), {gggz% 15655 1380ms 1382ms 183 223ms 1355
(PhsP),Hg(O,CCH,F), }gg‘;z é 1600s 1400m 1400m 200 168s 140s
(Ph3P),Hg(O,CCHF,), 1640s 1640s 1423m 1420m 220 162s 1425
(Ph3P),Hg(O,CCF3), 16725 16625 1412m 1415m 247 158s 1465

aIn cm~!. Abbreviations: ir, infrared; R, Raman; v, stretching frequency; m, mediumj; s, strong; sh, shoulder.

the antisymmetric stretching frequency is increased
by 15 cm™!. Similar differences in the CO, stretching
frequencies are observed between 1:1 and 2:1 com-
plexes of fluoroacetates. These differences can arise
due to the weakening of the Hg—O bonds in the 2:1
complexes. Thus, the 1:1 complexes can be assigned
a five-coordinate structure and the 2:1 complexes
can be assigned a six-coordinate structure.

The assignments for the Hg—O stretching fre-
quencies for the complexes, in the solid state, can be
made by comparing their infrared spectra with those
of the mercury(Il) carboxylates and free phosphine.
For example, the infrared spectrum of mercury(ll)
acetate shows a strong band at 309 cm ™! due to the
antisymmetric Hg—O stretching frequency? (13).
This band is not present in the infrared spectrum of
either Ph;PHg(O,CCH,;), or (Ph;P),Hg(O,CCH3),.
For Ph;PHg(O,CCH;),, a strong infrared band is
observed at 267 cm™! which can be assigned to a
Hg—O stretching frequency since no band is
observed in this region in the spectrum of tri-
phenylphosphine (14). The Hg—O stretching
frequencies for other complexes were assigned in a
similar manner and the assigned frequencies are
listed in Table 2. By comparing the Raman spectra
of the solid complexes with those for the mercury(1l)
carboxylates and triphenylphosphine, the Hg—P
stretching frequencies for the complexes can be
assigned with reasonable confidence. The assigned
values are listed in Table 2. The Hg—P stretching
frequencies for a number of phosphine complexes
of mercury(Il) halides and pseudohalides have been

2The vibrational spectra of mercury(Il) acetate have been
interpreted in terms of a centrosymmetric linear structure of
C,y skeletal symmetry (13).

determined (5) in this laboratory.®> The values for
the Hg—P stretching frequencies given in Table 2
are in complete accord with the Hg—P stretching
frequencies for the mercury(ll) halide and pseudo-
halide complexes of triphenylphosphine.?

Two trends are evident from the data on Hg—O
and Hg—P stretching frequencies. First, in each
series of complexes, the Hg—O stretching frequency
decreases and the Hg—P stretching frequency in-
creases as the electron withdrawing power of the
carboxylate groups increases (CH;CO, < CH,FCO,
< CHF,CO, < CF;CO,). Second, for a given car-
boxylate, the Hg—O and the Hg—P stretching fre-
quencies are higher for the 1:1 complex. The first
observation is in accord with the fact that the more
electron withdrawing carboxylate groups will give
rise to weaker Hg—O bonds and will create a larger
electron deficiency at the mercury which in turn will
result in the strengthening of the Hg—P bond. The
second trend is also consistent with the electro-
neutrality principle. The addition of another phos-
phine to the 1:1 complex will increase the electron
density at the mercury atom making it a weaker
Lewis acid.

Nuclear Magnetic Resonance Spectral Studies

The 'H nmr spectra for the 1:1 as well as the 2:1
complexes, at ambient temperatures, showed a
multiplet due to the phenyl protons and a singlet due
to the acetyl or fluoroacetyl protons. The phenyl
multiplet was shifted downfield from the multiplet
observed for free triphenylphosphine.

The 3'P nmr spectral data for all the complexes
studied in this work are listed in Table 3. As can be

3R. G. Goel and P. Pilon. Unpublished results.
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TaBLE 3. 3'P nmr spectral data®

J(Hg-P) (Hz) 8 (ppm)
Ambient Ambient
Compound 183 K temperature 183 K temperature

Ph3;PHg(0O,CCHa;), 8852 — 27.7 30.2
Ph;PHg(O,CCH,F), 9042 8793 29.1 31.1
Ph;PHg(O,CCHF,), 9120 8944 30.1 31.3
Ph;PHg(O,CCF3), 9150 9111 30.5 31.7
(Ph3P),Hg(O,CCH3), 5472 — 33.5 29.4
(Ph;P),Hg(O,CCH,F), 5794 — 35.6 33.7
(Ph;P),Hg(O,CCHF,), 5909 5717 36.4 35.5
(Ph3P),Hg(O,CCF3), 5970 5834 37.1 36.9
(Ph;P);Hg(O,CCH3;), 3249 31.2

(Phs;P);Hg(O,CCH,F), 3290 32.6

(Ph;P);Hg(O,CCHF,), 3300 33.6

(Ph;P);Hg(O,CCF3), 3305 34.5

Ph,P -9.1 —-5.6

9In dichloromethane at 183 K and an ambient temperatures, the positive 8 values are downfield from

external H;PO, standard.

seen from the data in Table 3, the *'P nmr spectra of
Ph;PHg(O,CCH,),, (Ph;P),Hg(O,CCH3),, and
(Ph;P),Hg(O,CCH,F),, at ambient temperatures,
consist of a single peak. The spectra of the remaining
complexes showed a triplet consisting of a main
peak and two satellite peaks due to '*’Hg—>'P
spin-spin coupling.* These results show that the com-
plexes Ph;PHg(O,CCH;),, (Ph;P),Hg(O,CCH;),,
and (Ph,;P),Hg(O,CCH,F),, like the triphenyl-
phosphine complexes of mercury(ll) halides and
pseudohalides, undergo a fast phosphine exchange at
room temperature whereas the remaining complexes
are non-labile on the nmr time scale. Satellites due to
the **?Hg—3!P spin-spin coupling were observed for
all the complexes when the *'P nmr spectra were
measured at 183 K.

The data in Table 3 show that the 'J(**°Hg->'P)
values at 183 K are higher than the values at ambient
temperatures. The '*’Hg—3'P spin-spin coupling
for the phosphine complexes of mercury(Il) halides
is also reported to increase with decreasing tempera-
tures (15). The increase has been attributed to a
decrease in the rate of phosphine exchange. How-
ever, we believe that further investigations are
required to explain this phenomenon.

As shown by the data in Table 3, the 'J(*°Hg->'P)
values for the 1:1 complexes are about 509, higher
than those for the 2:1 complexes. Similar differences
in the magnitudes of 1°?Hg—3'P spin-spin coupling
constants are observed between the 1:1 and 2:1
phosphine complexes of mercury(Il) halides (16-18).

“Mercury has two isotopes, '°°Hg and 2°'Hg, which have
nuclear spins. *°Hg has a spin of 1/2 and is present in 16.867,
natural abundance, 2°'Hg has a spin of 3/2 and s present in
13.24%; natural abundance.

31P nmr spectral data (17, 18) for mercury(I1) halide
complexes also show that both the 'J(*°°Hg->'P)
values and the coordination chemical shifts, Ad
(Ad = & (complex) — & (free phosphine)), for the 1:1
complexes (which are dimeric) as well as for the 2:1
complexes (which are monomeric) increase with the
electronegativity of the halogen. As shown in Fig. 1,
the plots of 'J(*?Hg—>'P) values for both 1:1 and
2:1 complexes against the pK, values of the parent
carboxylic acids give straight lines. The plots of
'J(*°°Hg->'P) values against the coordination chem-
ical shifts, A3 (shown in Fig. 2), also give straight
lines. The observed variations in the 'J(**°Hg-*'P)
values in each series of complexes, thus, clearly show
that the magnitude of the '°°Hg—>'P spin-spin
interaction is determined by the electron deficiency
of mercury in the given mercury(Il) carboxylate.
Similarly, the magnitude of the coordination
chemical shift in these complexes also appears to be
determined by the electron withdrawing power of the
carboxylate ligands. However, a comparison of the
chemical shifts of the fluoroacetate complexes shows
that for a given fluoroacetate the chemical shifts for
the 2:1 complexes is higher than that for the 1:1
complex. Furthermore, the chemical shifts for the
3:1 complexes, (Ph;P);Hg(O,CCH,F),, (Ph;P);Hg-
(O3CCHF,),, and (Ph;P);Hg(O,CCF,),, are signi-
ficantly different whereas the 'J(*°°Hg-*'P) values
for the three complexes are very similar (vide infra).
Therefore, the correlations between coupling con-
stants and coordination chemical shifts observed in
the present work as well as in previous studies
cannot be very meaningful.

In contrast to the mercury(ll) halide complexes
which contain four-coordinate mercury(Il), the
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carboxylate complexes most likely contain five- and
six-coordinate mercury. However, the 'J(*°°Hg—3'P)
values for both types of carboxylate complexes are
larger than those for the corresponding halide com-
plexes. This is in accord with the stronger electro-
philic character of mercury(ll) carboxylates as com-
pared with mercury(II) halides.

3P nmr spectra of dichloromethane solutions of
2:1 complex containing excess triphenylphosphine,
at ambient temperatures, consisted of a single broad
line. However, the *'P nmr spectra of these solutions,
at 183 K, showed a triplet due to the 2:1 complex, a
singlet due to free phosphine, and another triplet
due to the formation of a new complex. For the given
carboxylate, the chemical shifts and the '??Hg-*'P
coupling constants due to the new complex were
invariant when the phosphine:mercury mole ratio
was varied from 3 to 12. From the integration of the
peaks it was established that the new complex
contains three moles of phosphine per mole of
mercury. No *'P nmr evidence was found for the
presence of any other phosphine containing species
in solution. The 'J(*°*Hg-*'P) values and chemical
shifts for the 3:1 complexes are listed in Table 3. The
data in Table 3 show the 'J(*°°Hg—3!P) values for the
3:1 complexes (Ph;P);Hg(O,CCH,F),, (Ph;P);Hg-
(O,CCHF,),, and (Ph;P);Hg(0,CCF;), are in-
variant whereas the complex (Ph;P);Hg(O,CCH,;),
has a slightly smaller 'J(**°Hg->"P) value. We, there-
fore, conclude that the complexes (Ph;P);Hg-
(O,CCH,F),, (Ph;P);Hg(O,CCHF,),, and (Ph;P);-
Hg(O,CCF,), contain the three-coordinate cation,
(Ph,P);Hg?*, whereas the complex (Ph,P);Hg-
(0,CCH,), is a penta-coordinated species in which
the acetate anions are very weakly coordinated to
the three coordinate (Ph,P);Hg?* moiety.

The formation constants, K, for the 3:1 complexes
were calculated by 3'P nmr measurements in di-
chloromethane and calculated values are listed in
Table 4. The observed variations in the values of the
formation constants for the 3:1 complexes are in
accord with the variations in the electron with-
drawing power of the carboxylate ligands. The

TABLE 4. Formation constants (K1) for the
(Ph3P);Hg(O,CCR), complexes at 183 K¢

Complex Kt
(Ph3P);Hg(O,CCH3), 1.66
(Ph;P);Hg(O,CCH,F), 5.20
(Ph3P);Hg(0,CCHF,), 22.70
(Ph3P);Hg(O,CCF3), 1630

K1 = [(Ph3P);Hg(0,CCR),]/[(Ph;P),Hg(O,CCR),]
[Ph3P]. Values calculated by using concentrations in
mol/L. Estimated error in integration of the nmr signals
is about 10%,. At least five independent measurements
were made to determine each K value.

. VOL. 57, 1979

failure to isolate these complexes is not surprising in
view of the low values of their formation constants.
The instability of the 3:1 complexes is most likely
due to the relatively low basicity of triphenyl-
phosphine (19). Work on the mercury(Il) carboxy-
late complexes of more basic phosphines is in
progress in our laboratory.

Experimental

Materials

Triphenylphosphine (Eastman Kodak) was recrystallized
twice from hot ethanol. Mercury(I) chloroacetates and
fluoroacetates were prepared by the reaction of appropriate
haloacetic acid with reagent grade mercury(I1) oxide following
the procedure of Deacon and Taylor (20). Reagent grade
mercury(II) acetate was used without further purification. All
the solvents were dried following standard procedure.

Physical Measurements

Elemental analyses were performed by M.H.W. Labora-
tories, Garden City, Michigan. Melting points were de-
termined with a Gallenkamp melting point apparatus using
open capillary tubes and are uncorrected. Molecular weights
in 1,2-dichloromethane were determined with a Hitachi-
Perkin-Elmer 115 osmometer. Molecular weights measure-
ments in chloroform were performed at Galbraith Labora-
tories, Knoxville, TN. Conductance measurements were made
at 25°C using a Yellow Springs Conductivity bridge and a
conductivity cell with platinized platinum electrodes. Infrared
spectra were recorded in the region 4000 to 300 cm~*! using a
Beckman IR-12 spectrophotometer and in the region 400 to
150 cm~! using a Perkin-Elmer 180 spectrophotometer.
Spectra, in the solid state, were measured on mulls in Nujol
and Halocarbon oil using KRS-5 or polythene discs. Sealed
NaCl cells of 0.1 mm path length were used to record the
spectra in solution. Raman spectra, in the solid state, were
measured with a Jarrell-Ash spectrophotometer using the
5145 A exciting line of an argon ion laser. The samples were
sealed in glass capillary tubes. Attempts to obtain the Raman
spectra, in solution, were not successful. The infrared and
Raman frequencies are accurate to +3 cm~!. 3'P nmr spectra
were obtained on a Bruker HFX-60 Fourier transform spec-
trometer. *H nmr spectra were recorded with a Varian A60
spectrometer.

Preparation of 1:1 and 2:1 Complexes of Mercury(1l} Acetate
and Fluoroacetates

Mercury(11) acetate or fluoroacetate (2 mmol) and triphenyl-
phosphine (2 mmol or 4 mmol) were dissolved separately in dry
ethanol. The solution of triphenylphosphine was added drop-
wise, with stirring, to the solution of mercury(II) salt to give
a clear solution. The solvent was removed with a rotary
evaporator to give the desired product in quantitative yield. The
product was dissolved in a minimum volume of dichloro-
methane and the solution was made cloudy by adding light
petroleum ether dropwise. Upon cooling, white crystals were
obtained which were filtered off and dried in vacuo.

Attempted Preparation of (PhsP)sHg(O,CCFs),

(a) Equimolar amounts of (Ph;P),Hg(O,CCF3), and tri-
phenylphosphine were dissolved in dichloromethane. After
stirring the solution for 1 h, the solvent was removed in vacuo
at —78°C to give a white solid. The infrared spectrum of the
solid in the CO, stretching frequency region was similar to that
of (Ph3;P),Hg(O,CCF3),. Upon washing the solid with light
petroleum ether it was readily separated into (Ph;P),Hg-
(0,CCF3;), and Ph;P.
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(b) A dichloromethane solution containing equimolar
amounts of 2:1 complex and triphenylphosphine was stirred
for 1 h and then cooled to —95°C. Cold hexane (—95°C) was
added dropwise, with stirring, to the cold solution (—95°C)
to give a white precipitate which was allowed to stand for 1 h
at —95°C and then filtered off. It was characterized to be
(Ph;3P),Hg(O,CCF3),. Unreacted triphenylphosphine was
recovered from the filtrate.

Attempted Preparation of Complexes of Mercury(1I) Tri-
chloroacetate

No reaction occurred when a suspension of mercury(Il)
trichloroacetate (1 mmol) in 50 ml ethanol was mixed with an
ethanol solution of triphenylphosphine (2 mmol). Upon re-
fluxing the mixture a clear solution was formed. White crystals
of (Ph;P),HgCl, were recovered in 90%, yield upon cooling the
solution. A similar reaction of Hg(O,CCCls), and Ph;P in
equimolar ratio afforded Ph;PHgCl, in almost quantitative
yield.

Acknowledgements

Thanks are due to the National Research Council
of Canada for an operating grant (to R.G.G.), and
to Dr. E. C. Alyea for a preprint of his paper on
mercury(Il) acetate complexes of other phosphines.

1. F. A. CotrTtoN and G. WILKINSON. Advanced inorganic
chemistry. 3rd ed. Interscience, New York. 1972. pp. 518
and 525 and references therein.

2. W.O. OcGiNI. M.Sc. Thesis. University of Guelph, Guelph,
Ont. 1976.

3. R.G.GokeL and W. O. OcGINI. Inorg. Chem. 16, 1968 (1977).

10.

11.
. Sadtler Spectra Collection, Spectrum No. 14892.
13.

P. J. ROBERTS, G. FERGUSON, R. G. GoEL, W. O. OGINI,
and R. J. REsTivo. J. Chem. Soc. Dalton, 253 (1978).

. E.C. ALYEA, S. A. Dias, R. G. GoeL, and W. O. OGINI.

Can. J. Chem. 55, 4227 (1977).

(a) H. ScumipBAUR and K. H. RATHLEIN. Chem. Ber. 106,
2491 (1973);(b) E. C. ALYEA and S. A. Dias. Can. J. Chem.
This issue.

. K. NakamoTo. Infrared spectra of inorganic and coordi-

nation compounds. 2nd ed. Wiley Interscience, New York.
1970. p. 223. .

R. G. GoEL and D. R. RIDLEY. J. Organomet. Chem. 38, 83
(1972).

N. W. ALcock, V. M. TRACY, and T. C. WADDINGTON. J.
Chem. Soc. Dalton, 2243 (1976), and references therein.

J. CatTERICK and P. THORNTON. Adv. Inorg. Chem.
Radiochem. 20, 291 (1977), and references therein.

E. SPINNER. J. Chem. Soc. 4217 (1964).

R.P.J. CooNEY and J. R. HALL. J. Inorg. Nucl. Chem. 34,
1519 (1972).

. K. SHoBATAKE, C. Postmus, J. R. FERRARO, and K.

NakaMoTo. Appl. Spectrosc. 23, 12 (1969).

. S. O. GrRiM and D. P. SHAH. Inorg. Nucl. Chem. Lett. 14,

105 (1978).
A. YaMmasakl and E. FLuck. Z. Anorg. Allg. Chem. 306,
297 (1973).

. S.0.GriM, P.J. Lui, and R. L. KEITER. Inorg. Chem. 13,

342 (1974).

. E. C. ALYEA, S. A. Dias, R. G. GoeL, W. O. OGinI, P.

PiLoN, and D. W. MEEk. Inorg. Chem. 17, 1697 (1978).

. (@) C. A. STREULI. Anal. Chem. 32, 985 (1960); (b) W. A.

HEeNDERSON, JR. and C. A. STREULI. J. Am. Chem. Soc.
82, 5791 (1960).

. G.B. DeacoN and F. B. TaAYLOR. Aust. J. Chem. 21, 2675

(1968).




Can. J. Chem. Downloaded from www.nrcresearchpress.com by 210.87.254.6 on 09/05/12
For personal use only

98

The dependence of ionization and excitation energies for the cis-azo group upon bond angle

N. CoLIN BAIRD
Department of Chemistry, University of Western Ontario, London, Ont., Canada N6A 5B7
Received June 14, 1978

N. CoLiN BAIRD. Can. J. Chem. 57, 98 (1979).

Ab initio molecular orbital calculations using STO-3G and 4-31G basis sets have been
performed for cis-HNNH and ¢is-CH3;NNCH; as a function of angle about the nitrogens,
and for the cyclic molecules diazirine (1a) and diazetine (15); in all cases the ground states of
the neutral system and of the cation and anion and the first singlet excited state of the neutral
molecule were studied. The optimum HNN angles for the cation and neutral excited n_m*
singlet state of HNNH are significantly larger than for the anion and neutral ground state.
Thus the ionization energy and singlet excitation energies for cis-azo systems pass through a
maximum in the region around a nitrogen angle of about 100°. The implications of these
calculations to the excitation and photoelectron spectra of cyclic cis-azo compounds is discussed
in some detail, as is the origin of the variation in stability with angle of the n_ molecular
orbital. Due to the heavy involvement of carbon, the n_ MO in diazirine does not follow the
angle trends established by the HNNH calculations.

N. CoLiN BAIRD. Can. J. Chem. 57, 98 (1979).

On a effectué des calculs ab initio d’orbitales moléculaires faisant appel a des bases STO-3G
et 4-31G pour le cis-HNNH et le cis-CH;NNCH; en fonction de I’angle autour des azotes
ainsi que pour des molécules cycliques comme la diazirine (1a) et la diazétine (15); dans chacun
des cas, on a étudié les états fondamentaux du systéme neutre, du cation et de I’anion ainsi que
le premier état excité singulet de la molécule neutre. Les angles optimum HNN du cation et de
I’état excité n_n* singulet et neutre du HNNH sont beaucoup plus élevés que ceux de I’anion
et de I’état fondamental neutre. Ainsi I’énergie d’ionisation et les énergies de ’excitation
singulet des systémes azo cis passent par un maximum pour un angle de I’azote d’environ
100°. On discute en détail des implications de ces calculs en relation avec les spectres photo-
¢lectroniques et d’excitation des composés azo cis de méme que des origines de la variation de
stabilité avec I’angle de ’orbitale moléculaire n_. A cause de la forte implication du carbone,
la OM n_ de la diazirine ne suit pas les tendances d’angle déterminé par les calculs du HNNH.

[Traduit par le journal]

Introduction

We have proposed that the substantial variations
in the position of the uv-visible absorption maximum
for the cis-azo chromophore are due primarily to
changes in the CNN angle, since this angle deter-
mines the stability of n_, the “lone pair” MO from
which the lowest-energy excitation occurs (1). Re-
cently Turro and co-workers have questioned this
correlation since they claim ‘... there is no clear
relationship of the absorption maxima of three-,
four-, and five-membered ring compounds . .. with
either the bond angle, the n_-n_ orbital energy
splitting, or the lowest ionization potential . . .””, but
rather agree with the conclusion (of Houk, Chang,
and Engel (2)) that *. .. the wavelength of the n,n*
absorption maximum is controlled more by factors
which influence the energy of the n* orbital rather
than the n_ orbital” (3). To attempt to resolve this
controversy, we have undertaken to extend our
calculations on cis —N=—N-— systems to angles less
than 105° (the lower limit in our initial communica-
tion) and to improve the quality of the wavefunctions,
as well as to study explicitly the positive and negative

ions of such molecules and to investigate the rela-
tionships between excitation energy and ionization
energy.

Method of Calculation

All calculations reported herein were generated
using “‘ab initio” molecular orbital theory. The
energies and wavefunctions for the open-shell species
(i.e. the cations, the anions, and the n_n* triplet state
of the neutral molecules) were determined by the
restricted open-shell theory of Roothaan (4). The
MO’s for the *(n_n*) state of HNNH and derivatives
were taken as those determined for the *(n_m*)
state; in this approximation the energy of the former
exceeds that of the latter by twice K, ., the exchange
integral between the two orbitals. For the ground -
state of the neutral molecules, the Roothaan closed-
shell method was used to determine the optimum
single-determinant orbitals for the ...n ?n*n_%(n*)°
configuration. The energy of the ground state was
then calculated by allowing this configuration to
interact with the doubly-excited ...n_ %rn*n_°(n*)?
configuration. (The interaction between configura-
tions increases with HNN angle, and peaks at 180°

0008-4042/79/010098-06$01.00/0
©1979 National Research Council of Canada/Conseil national de recherches du Canada
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at which point the configurations are degenerate
before interaction.) This extent of CI yields the
correct degeneracy at 180° between the lowest two
singlet states (if identical MO’s are employed for
both states).

The atomic orbital basis sets used in the calcula-
tions were the STO-3G and the 4-31G expansions
(with standard molecular exponents) of Pople and
co-workers (5). A few calculations were done with a
basis in which six 1ls “polarization functions” of
exponent 0.5 and centred in the molecular plane
were added to the usual minimal STO-3G basis
centered on the atoms. Two of these six functions
were placed 1.00 au from one nitrogen such as to
make +120° angles with the NN axis, and similarly
for two functions at the other nitrogen. The remain-
ing two polarization functions were located +1.0 au
above and below the midpoint of the NN bond.

The nitrogen-nitrogen and nitrogen-hydrogen
bond distances in cis-HNNH (C,, symmetry as-
sumed) were fixed at the experimental values of
1.25 A and 1.03 A found for the trans isomer (6).
(Alteration of these distances by a few hundredths
of an Angstrom did not alter significantly the shapes
of the energy curves discussed herein.) For cis-
CH;NNCH; and the cyclic systems, the NN separa-
tion was again taken as 1.25A, and the carbon—
nitrogen distances were assumed to be 1.47 A. The
carbon-hydrogen distances in methyl groups were
taken as 1.093 A whereas those in ring systems were
assumed to be 1.080 A. The CC distance in the four-
membered ring was chosen as 1.54 A; the heavy-
atom framework here and in all other systems was
assumed planar. The HCH angles were taken as
exactly tetrahedral in CH;NNCH3, and as 110° and
120° respectively in the four- and three-membered
rings. C,, symmetry was also assumed for all the
carbon-nitrogen systems; the conformation in cis-
CH;NNCH; has the inplane hydrogens pointing
inward (toward each other), since this is predicted by
the calculations as the more stable conformation of
this symmetry.

Results and Discussion

Theoretical Predictions

The variation in calculated energy (STO-3G) with
bond angle about nitrogen is illustrated in Fig. 1 for
the ground and lowest n_n* singlet excited state of
planar, cis-diimide and for the ground states of the
HNNH™" and HNNH™ ions.! The optimum bond
angles for the ground states of the neutral molecule

'Note that electron capture to form the anion is predicted to
be endothermic by these calculations, as is usual for ab initio
calculations using Hartree-Fock-Roothaan theory.
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Fic. 1. STO-3G energy vs. HNN angle in cis-HNNH
(offset by —109 au).

80 700

and anion are about 30° less than for the cation and
excited HNNH singlet (see Table I for details).
Clearly, the excitation energy to the n_n* singlet
and the first ionization energy both should increase
in magnitude continuously as the angle about
nitrogen is bent away from linearity to about 110°, as
obtained in our previous calculations for azomethane
(1). However, for angles less than about 100°, the
slope upwards of the ground state energy curve for
HNNH is greater than that for either the excited
singlet or the positive ion; thus the excitation and
ionization energies should decrease as the angle is
decreased further toward 80°. These effects are illus-

TaBLE 1. Calculated bond angles in cis-HNNH

systems
Angle (deg)
when basis set =
HNNH state STO-3G 4-31G
Ground state (no CI) 112 115
Ground state (with CI) 112 115
n_n* singlet 128 135
Cation (ground state) 134 137
Anion (ground state) 111 115
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Fi1G. 2. Calculated (STO-3G) excitation energy to the n_n*
singlet state, ionization energy from the n_ MO, and electron
affinity in cis-HNNH vs. HNN angle.

trated in the plots of excitation energy and ionization
energy in Fig. 2; since the shapes of the curves are
not altered significantly in changing the basis set
from STO-3G to 4-31G, only the former are dis-
played. Preliminary calculations revealed that the
shapes of these curves are essentially unchanged
when the more expensive basis which includes
polarization functions is employed; for reasons of
economy, then, this basis was not used subsequently.
Note also that on the basis of MINDO/2 calcula-
tions, Heilbronner and co-workers found the orbital
energy for n_, and the energy gap between the n_
and n, MO’s, in HNNH both were minimum at
angles of about 100° (7), in semiquantitative agree-
ment with the present results.

One measure of the stability of the n* orbital is
the calculated electron affinity for HNNH;; i.e. the
energy difference between the ground states for the
neutral and anionic species. From the plot of electron
affinity versus angle in Fig. 2 it is clear that in the

80°-140° region at least, the stability of n* varies
rather less with angle than does that of n_.

The correlation of excitation energy with ioniza-
tion energy from STO-3G -alculations is shown in
Fig. 3; in the limit at 180° ihe curve becomes linear
with a slope of unity. In the 105°-150° range the
correlation is close to linear but the excitation
energy increases only 0.7 times as fast as does the
ionization energy as the bending is increased. The
variation of excitation and ionization energies is a
double-valued function in the 80°-105° region since
the excitation energy peaks at a larger angle and
falls more rapidly with decreasing angle thereafter
than does the ionization energy.

In order to judge the relevance of these results for
HNNH to cis-azoalkanes, STO-3G calculations for
cis-azomethane at CNN angles of 130°, 150°, and
170°, and for the three- and four-membered rings 1a
and 1b were performed; the results are summarized

/\ []

N=—=N N=N
la 16

in Table 2. The difference between each quantity and
the corresponding value for cis-HNNH at the same
HNN angle is given in parentheses below each entry.
Obviously the excitation energy is virtually unaffected
by the substitution of alkyl groups for the hydrogens,
whereas the ionization energy is lessened by an
almost constant factor of ~0.05au (1.4¢V). The
correlation of both properties with angle thus holds
at least for the 80°-~180° range. However, the magni-
tude of the substantial stabilization of the n_ “hole”
in the cation may depend upon the nature of the
alkyl group or ring involved. (In contrast, the ©* MO
is at least 97%, localized on the nitrogens in all the
systems studied herein for both the excited state and
the anion.)
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Fi1G. 3. Calculated (STO-3G) excitation energy vs. calculated
ionization energy in cis-HNNH.



Can. J. Chem. Downloaded from www.nrcresearchpress.com by 210.87.254.6 on 09/05/12
For personal use only

BAIRD 101

TaBLE 2. Calculated energy differences (in au) for azoalkanes

CNN

Azoalkane angle Excitation Ionization Electron

system (deg) energy energy affinity
cis-CH;N=NCH, 170 0.0015 0.0713 —0.2763
(—0.0048) (—0.0612) (—0.0245)

150 0.0649 0.1438 —0.2358
(+0.0038) (—0.0526) (—0.0094)

130 0.1322 0.2223 —0.2175
(+0.0050) (—0.0498) (—0.0057)
N=N 95.7 0.1764 0.2997 —0.2024
(] (+0.0014) (—0.048) (—0.009)
N=N 64.8 0.1500 0.3462 —0.1691

NS

Comparison with Experiment

To test our theoretical predictions, we considered
the experimental data collected by Turro and co-
workers (3) for the wavelength of highest transition
probability and for the lowest ionization energy of
nineteen cyclic azoalkanes. This data was charac-
terized by the size of the (smallest) ring involved in
each case and is summarized in Table 3 for 4-, 5-,
and 6-membered rings. Clearly the wavelengths for
the absorption maxima fall into three nonoverlapping
groups, each of which is rather sharply defined in
terms of the standard deviation. (Two systems listed
by Turro and co-workers are not included in these
averages. In one, their 8, there is a carbonyl chromo-
phore in the molecule as well. The interaction
between the almost-degenerate —N=N-— and
—C=0 excitations would account for the abnor-
mally low wavelength of this system. Thus the
ionization energy, but not the excitation energy, for
8 is included in the averages and standard deviations.
The other, their 17, contains a three-membered ring
which may well alter the angle at —N=—=N—.) Thus
the data clearly support our previous contention
that the singlet-singlet excitation energy in cis-
azoalkanes is controlled predominantly by the CNN

TaBLE 3. Correlation of experimental data with ring size

Wavelength  Ionization

(nm) of energy for
absorption n_ MO Molecules
Ring type® maximum¢ (in eV) in set®
4-Membered 351+4 8.9,4+0.10 2,3,19
5-Membered 332+7 8.7:+0.1, 4-7, 8,49, 16, 18

6-Membered 383+ 10 8.20+0.1,

aAll data are from ref. 3, and the numbering scheme refers to that used
in the same paper.

®When the —N==N— unit is a component of two rings in the polycyclics,
the molecule is listed under the smallest ring size involved as it is assumed
primarily to determine the CNN angle.

<In hexane solution.

dIncluded only in ionization energy set; see text for discussion.

10-13, 14,¢ 15

¢No ionization energy is reported for 14 in ref. 3 and thus it is included
only in the absorption calculations.

angle. In addition, the prediction in the present
calculations that the excitation energy should pass
through a maximum value near a 100° bond angle is
supported by the fact that the decrease in wavelength
observed in going from six- to five-membered rings
is not continued but rather reversed in going from
five- to four-membered rings.

The correlation in Table 3 between ring size and
ionization energy is consistent with the prediction
that ionization energy should increase as the CNN
angle decreases (at least down to about 92°). The
distinction between the four- and five-membered ring
groups is not clear-cut; the larger standard deviations
here are not unexpected given the rather extensive
delocalization of the “n_ hole” expected from the
calculations (see above) for the cation. The lack of a
reversal in order between the ionization energies for
the four- and five-membered rings is consistent with
the prediction (see Fig. 2) that this quantity peaks at
an angle 5°-10° less than that for excitation energy.
(The rough equality in ionization potentials implies
the two systems probably lie on opposite sides of the
peak.)

In Fig. 4 the wavelength of absorption maximum
is plotted against ionization energy for the fifteen
cyclic azoalkanes discussed in Table 3. Although
the degree of scatter is large, the trends are not
inconsistent with the hook-shaped, double-valued
theoretical curve (Fig. 5).

The excitation and ionization energies predicted
in Table 2 for the three-membered (“‘diazirine’’) ring
clearly are much greater than expected from extra-
polation of the curves in Fig. 2. (The HNNH
calculations cannot be extended to angles lower
than 80° since the hydrogen atom separation be-
comes equal to or less than that in H,!). The large
increase in ionization energy of 1.5 eV calculated in
going from the four- to three-membered ring is of
the same order of magnitude as that of 0.9eV
observed in the transition between the permethyl
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derivatives of these rings (8). The calculated decrease
of 0.4 eV in excitation energies for the same process
is difficult to test due to the lack of experimental
results for diazirines; however, it is clear that the
excitation energies for the latter are equal to or less
than those for four-membered rings. The breakdown
in the excitation energy-ionization energy-bond angle
correlations are due to the unusual electronic struc-
ture of the highly-strained three-membered rings.
Inspection of the “n_"" MO for diazirine reveals it is
actually more concentrated on carbon than on the
nitrogens, and is really a bonding (rather than non-
bonding) MO of the type Walsh described for
cyclopropane:

=D
0
N N

This qualitative difference in the nature of the
highest-occupied orbital is the basis for our exclusion
of three-membered rings containing —N=N— from
the correlations discussed above; obviously the
stability of this MO will be increased substantially
due to its acquisition of substantial C—N bonding
character.

The Stabilization of the n_ Orbital

At this stage it is useful to consider the variations
in the electronic structure of the normal cis-azo
chromophore which occur upon bending. As dis-
cussed above, most of the change in excitation
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FIG. 5. Interaction of antisymmetric MO’s in HNNH upon
bending of HNN angle (schematic).

energies in the region of interest is caused pre-
dominantly by changes in stability of the n_ orbital.
Overall this antibonding ““lone pair”” MO is stabilized
by ~ 5% eV by bending the HNN angle from linearity
to 95°. This stabilization is due mainly to the
acquisition of substantial 2sy orbital character by
n_ which, for reasons of symmetry, is completely 2p
in character in the linear molecule.? The drain of 2s
character into n_ comes mainly from the (empty)
antisymmetric N—H antibonding MO and is de-
picted symbolically in Fig. 5. The calculated bond
angles for the HNNH species (Table 1) agree with
the Walsh-like view that n_ is stabilized significantly
by bending, since the extent of bending is much less
when n_ is only singly-occupied (cation and neutral
molecule excited singlet) compared to when it is
doubly-occupied (anion and neutral ground state).
The variation with angle of the 2sy character of n_
is graphically illustrated in Fig. 6 where the unpaired
electron density in the 2s orbital of each nitrogen is
plotted against HNN angle for both the cation and
the n_n* triplet state. For both states the contribu-
tion of 25y to n_ increases sharply as the HNN angle
is bent from linearity, but the contribution peaks near
an angle of 120° and declines thereafter. Again this
behavior can be understood by considering the
Walsh diagram involved. In particular, as n_ is
stabilized by acquiring 25y character (from the N—H
antibonding MO), its interaction with the antisym-
metric combination of (filled) N—H bonding orbitals
increases according to perturbation theory (since the
strength of such interactions varies inversely as the

2For background to this type of perturbation theory
discussion, see refs. 9 and 10.
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energy gap between the original levels). Such inter-
action allows the lower, N—H bonding MO to steal
2sy character from n_ and to donate to n_ some
N—H bonding character (see bottom part of Fig. 7).

Both Houk ez al. (2) and Turro and co-workers (3)
have noted a correlation between ionization energy
and the rate for decomposition of the singlet excited
state (via N, extrusion). From their data it is clear
that the rate is significantly smaller for those systems
we classify in Table 3 as containing six-membered
rings, compared to those which contain five- and
four-membered rings. From the variations in N—H
overlap population with angle illustrated in Fig. 7
one would expect the rates to decrease in the order
of six- < five- < four-membered rings. The expec-
tation of Turro and co-workers that excitation from
n_ weakens the C—N bonds (3) is observed in the
present calculations for HNNH and for the alkyl
derivatives only for small angles (< 100°).

For reference, the total energies calculated for the

molecules discussed herein are listed in Tables 4-6,
available from the Depository of Unpublished Data.?

Conclusions

The analysis of the present calculations and of
existing experimental spectra indicates that the ex-
citation energy to the n_=m* singlet state and the
ionization energy from the n_ MO are determined
primarily by the angle about the nitrogens in cis-azo
molecules. Although the excitation energy and ioni-
zation energy versus angle curves are continuous,
they peak at somewhat different angles in the 100°
region, thus complicating correlations between the
experimental parameters. An additional complication
is the substantial delocalization of the hole in n_
through the molecule in the positive ions (but not the
neutral excited state). Analysis of the MO’s leads to
the conclusion that the highest occupied MO in the
three-membered diazirine ring (1a) is different quali-
tatively from the n_ MO in the other systems
considered and therefore one should not expect the
properties of 1a to correlate smoothly with those of
the larger rings.
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The solution equilibria of di- and tetrapeptides containing tyrosine and glycine residues have
been investigated in absence and presence of cobalt(II), nickel(IT), and copper(II) ions. The
equilibrium constants have been determined by pH titration at 30°C and u = 0.1 M (NaNO;)
in 80%, by weight DMSO - water mixed solvent. Protons are ionized from terminal (proton-
ated amino and carboxyl) groups as well as from peptidic nitrogens. Complexes of 1:1 com-
position of metal ion - tetrapeptides were formed in quite a wide range of pH; also 1:1 com-
plexes of the metal ions — dipeptides were formed in solution under the same conditions. Other
higher complexes cannot be proved to form in the pH range studied. The complexes of these
metal ions with glycine and O-Bzl-L-tyrosine were also studied under the same experimental
conditions as control experiments and their equilibrium constants were calculated.

MoHAMED S. EL-EAZBY, JassiM M. AL-HAssAN, NAMEK F. EwWEISS et FARIDA AL-MASSAAD.
Can. J. Chem. 57, 104 (1979).

On a étudié 1’équilibre en solution de di- et de tétrapeptides contenant des résidus de tyrosine
et de glycine en I’absence et en présence d’ions cobalt(II), nickel(Il) et cuivre(I). On a déter-
miné les constantes d’équilibre par titration de pH a 30°C et a une valeur de p = 0.1 M
(NaNO;) dans un solvant mixte contenant 807, en poids de DMSO dans H,O. Les protons
des groupes terminaux sont ionisés (les groupes amino et carboxyle protonés) de méme que
ceux des azotes peptidiques. Il y a formation de complexes de composition 1:1 d’ions métal-
liques:tétrapeptides sur un grand intervalle de pH; il y a aussi formation de complexes 1:1
d’ions métalliques:dipeptides en solution dans les mémes conditions. On n’a pas pu mettre
en évidence la formation de complexes plus élevés aux conditions de pH étudiées. On a aussi
étudié les complexes de ces ions métalliques avec la glycine et la O-Bzl-L-tyrosine dans les
mémes conditions expérimentales comme expériences de contrdle; on a calculé leurs constantes

d’équilibre.

Introduction

Metal ions have been reported to play an impor-
tant role in biological systems. Investigation of the
reactions of some metal ions with compounds con-
taining peptide groups in strongly alkaline solutions
concluded that these reactions were due to ring forma-
tion by the metal ions with amino and peptidic
nitrogens of the peptide under consideration (1).
Confirmation of the existence of the metal-peptide
linkage was reported from infrared studies (2, 3).
In addition, considerable experimental evidence
(4-7) indicated that the bonding of Cu(ll) to serum
albumin involves both the a-amino terminal plus one
or more peptide nitrogen atoms.

Although the hydrogen atom in the peptide
linkage is not very acidic, yet in the presence of some
metal ions like Co(Il), Ni(II), and Cu(ll), the peptide
group loses a proton and forms a metal-N(peptide)
bond (8-11). However, Kim and Martell (8, 9) pro-

To whom correspondence should be addressed.
2Revision received June 29, 1978.

[Traduit par le journal]

posed the presence of copper bonds to the peptidic
nitrogens without loss of the hydrogen ion. Further
structural (12a) and spectral (13, 14) studies showed
that the proton adds to the peptidic oxygen rather
than to the peptidic nitrogen which is kinetically
inert (11).

Generally, oligopeptide complexes with divalent
metal ions like Pd(II), Cu(Il), Ni(Il), and Co(ll)
have a square-planar geometry (15). Other geometries
found are either square-pyramidal (12b) or square-
pyramidal with two co-ordinated water molecules
(12¢). On the other hand, dipeptides have the
possibility of forming bis(dipeptide) complexes with
an octahedral arrangement of donor groups (16).

It was reported (17) that the presence of the
copper —amino acid complexes in human serum
enhances the uptake of copper by liver tissues. This
effect has also been seen in rapid transport of
Cu(II) between plasma and cells in other systems
(17, 18).

Because of the importance of the study of the
kinetics and mechanism of the transfer of metal ions

0008-4042/79/010104-09$01.00/0
©1979 National Research Council of Canada/Conseil national de recherches du Canada
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between peptides and amino acids, we report in this
work cobalt(Il), nickel(Il), and copper(IT) complexes
with di- and tetrapeptides containing O-Bzl-1-
tyrosine and glycine residues.

The purpose of this study is to define the role of
the peptidic as well as the terminal amino and car-
boxylic groups in the studied peptides with regards
to chelation in isolation from the effect of the
phenolic hydroxyl group of the tyrosyl residues.
However, as a study of the fully unprotected same
tyrosyl peptides would give some new information
as to the influence of the phenolic group in the com-
plexation reaction, it is our future intention to com-

pare the results reported here with those to be ob-
tained for the free fully unprotected same tyrosyl
peptides.

Experimental

Reagents

Cobalt, nickel, and copper nitrates were a BDH product
(AR grade). Aqueous stock solution (0.1 F) was standardized
by EDTA titration. Commercial sodium nitrate was re-
crystallized twice from water. Stock solution (0.5 F) of sodium
nitrate was prepared in 80%, by weight dimethyl sulfoxide
(DMSO) — water medium. Mixed 809, by weight DMSO
(spectral grade) — water solvent was used as diluent. DMSO
was checked titrimetrically for acidic and basic impurities prior
to dilution with water.

Compound*
Number Formula Abbreviation
Dipeptides
1 Cl~H*-(0-Bzl)-L-Tyr-Gly-OH D,
2 Cl-H*-Gly-(O-Bzl)-L-Tyr-OH D,
3 Cl-H*-Gly-Gly-OH Ds;
4 Cl~H*-(0-Bzl)-L-Tyr-(0-Bzl)-L-Tyr-OH D,
Tetrapeptides
5 Cl-H*-(0-Bzl)-L-Tyr-Gly-Gly-(O-Bzl)-L-Tyr-OH T,
6 Cl-H*~Gly-(0-Bzl)-L-Tyr-Gly-(O-Bzl)-L-Tyr-OH T,
7 Cl-H*-(0-Bzl)-L-Tyr-Gly-(O-Bzl)-L-Tyr-Gly-OH Ts
8 Cl-H*-Gly-(0-Bzl)-L-Tyr-(0-Bzl)-L-Tyr-Gly-OH T,

*(0-Bzl)-L-Tyr = the phenolic OH function of L-tryosine is protected by benzyl group; Gly = glycine.

The dipeptides 1-4 and the tetrapeptides 5-8 were prepared
and purified as described in literature (19). O-Bzl-L-tyrosine
was prepared using the method of Wunsch ez al. (20). Glycine,
a BDH product, was used without further purification.

Because of solubility problems, accurately weighed amounts
of the tetrapeptides, dipeptides, O-Bzl-L-tyrosine and glycine
were dissolved in DMSO. The stock solutions were about
3 x 10-2? F. Equivalent amount of hydrochloride acid was
only added to glycine.

Measurements

A Radiometer pH meter, model 63, equipped with Radio-
meter glass and reference electrodes types G 202 C and K 104,
respectively, was used for pH titrations. The pH meter was
standardized before use with Radiometer buffers of pH 4.00,
7.00, and 9.1. Solutions of ligand or of ligand and metal
jon were titrated with standard carbonate-free sodium
hydroxide solution (0.102 or 0.098 F) delivered from cali-
brated automatic burette type Metrohm Herisau Multi
Dosimat E 415, accurate to 4 0.005 ml. In each titration the
initial volume of the solution was 25.0 ml. The ionic strength
was adjusted to 0.10 by the addition of the concentrated
sodium nitrate solution. In a typical titration, aliquots of
ligand, metal ion, and sodium nitrate stock solution were
mixed such that the solvent mixture was 80 wt.7%, DMSO —
water (molar ratio nearly 1:1). The mixture was adjusted to
25.0 ml by adding the required amount of diluent. The tem-
perature of the solution was maintained at 30.0°C in a tightly
covered thermostated titration cell. The solution was mechan-

ically stirred. A complete titration consisted of successive
additions of 0.01-0.02 ml of the titrant. Half minute after
each addition the stirring motor was stopped and the pH-
meter reading was taken. The titration was continued until
pH-meter could not be kept steady or reached pH 11.00. The
range of the concentration of the metal ions and ligands were
(0.5-1.0) x 1073 F and (0.495-2.0) x 10~3 F, respectively.

Due to the probable uptake of oxygen by Co(II) complexes,
their titrations in this study has been done under anaerobic
(by flushing purified N, through the titration cell) and aerobic
conditions. Titration results coincided in both cases at pHo’s
less than 8.50. However, appreciable differences in the titration
curves were observed at higher pH values; under aerobic
conditions being slightly lower.

The pH-meter readings in 80 wt.%, DMSO - water solution
are converted to hydrogen ion concentration (H*) by means
of the widely used equation of Van Uitert and Haas (21),
namely

(1] —log [H"] = pH, + log Uy

where Uy is the correction factor for the solvent composition
and ionic strength. For this purpose, readings were made on a
series of solutions containing known amounts of nitric acid
and sodium nitrate such that the ionic strength is equal to
0.10 in 80 wt.9% DMSO - water medium in the pH range
1.00-4.00. In addition, readings of pH were taken for universal
buffers (22) at the same solvent composition in the pH range
3.50-10.75. From the known stoichiometric [H*], a value of
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log Uy = 1.00 + 0.01 was obtained for 80 wt.%, DMSO ~
water medium of p = 0.10 at 30°C.

The ionic product of water in 80 wt.%, DMSO - water
medium at 30.0°C was determined potentiometrically (23).
Potential measurements were made with the same pH-meter
described above. The glass electrode used was the same as
described above. The AgCl, Ag electrode was prepared from
Radiometer (P 4011) silver Billet Electrode by electrolysis in
chloride solution (0.1 M).

Cell A glass electrode/solution A: HCI(C,), KNO;(C5),
in solvent S/AgCl, Ag

Most of the measurements began with cell A, containing a
known volume of 80 wt.%, DMSO - water solution of hydro-
chloric acid and potassium nitrate of known concentrations
represented by C; and C,. The same procedure was then
followed with cell B,

Cell B glass electrode/solution B: NaOH (C3), NaCl (Cy)
in solvent S/AgCl, Ag

that initially contained known volume of 80 wt.%, DMSO -
water with appropriate concentrations of sodium hydroxide
and sodium chloride such that

C,+C,=Cy+Cy
The equation used to calculate the equilibrium quotient is

_ EA - EB C4 - N
[2] pKy = =g +log mim = —log G Coy,

assuming that the activity of water to be unity in all solutions,
where

EA = Kl + KZ lOg C12 + KZ lOg ('Yi)Az

KyC
Cs

Ey = K, + K, log L 4+ K, log (y%)5?

where K; = standard potential of the cells, K, = 58.6 mV,
and y* = mean activity coefficient for the solute ions. The
mean value of pKy obtained was 15.04 + 0.12.

The electronic spectra of the Co(11)-, Ni(II)-, and Cu(ll)-
tetrapeptides systems were taken at different pH values using
Cary 17 spectrophotometer at room temperature (25 + 1°C).

Results and Discussion

The reaction between the ligand, the divalent metal
ions, and protons can be represented as follows:

[3] JL + gM + rH <= L;M H, (charges omitted)

where L stands for the ligand, M stands for Co(ll),
Ni(Il), or Cu(ll), and j, ¢, and r are the stoichio-
metric coefficients.

Typical titration curves of the systems under con-
sideration are shown in Fig. 1. In absence of metal
ions the protonation and deprotonation equilibria
are

4] L+ H* = LH*

__[LHY]
ﬁl()l - [L][H+]
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Fic. 1. Titration curves in absence and presence of the metal
fons Cu?*, Ni?2*, and Co?*, (a) Ts system, (b) D, system,
(¢) Gly and O-Bzl-L-Tyr systems.

[5] L=LH_, + H*
5, - ILH_JH']
10—-1 [L]

The titration curves of dipeptides and tetrapep-
tides show only sharp inflection at a (the ratio of
number of moles of base per number of moles of
ligand) equal to 2 at pH, values greater than 10.0.
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On the other hand, titration curves of the protonated
0-Bzl-L-tyrosine and glycine show two inflections in
the pH, range ~ 3.8-9.0 and the other at pH, values
greater than 11.0. Programme MINIQUAD (24) and
its modified version MINIQUAD 75 (25) were used
to calculate the equilibrium constant of reactions
[4] and [5]. The values are depicted in Table 1. By
analogy to the acid-base equilibria of amino acids
and their related compounds, one expects that reac-
tion [4] deals with the protonation of the carboxylate
group and reaction [5] with the deprotonation of the
protonated amino group. Amide protons of dipep-
tides and tetrapeptides cannot be simply ionized even
in strongly alkaline solution (26), a behaviour usually
encountered by all peptides in absence of metal ions.
The deprotonation constants of tetrapeptides can be
arranged in the descending order of T, > T; >
T, > T, and those of dipeptides in the order
D, > D, > D, > D;. These orders reflect the
relative basicities of the amino groups in these
compounds. The basic nature of the amino group in
tetrapeptides and dipeptides is obviously lower than
that in O-Bzl-L-tyrosine and glycine as evidenced
from the log form of their deprotonation constant,
Table 1. On the other hand, the protonation con-
stants of the tetrapeptides and dipeptides are greater
than those of O-Bzl-L-tyrosine and glycine. These
differences in behaviour may be attributed to de-
crease in electronic density on the nitrogen of the
amino group as the electronic transmission from the
carboxylate group decreases in the presence of pep-
tide linkages.

The Metal Ion Complexes of Tetrapeptides

Typical titration curves of the divalent metal
ions — tetrapeptides systems are shown in Fig. la.
Although no precipitation of any kind was observed
in the copper(Il) systems in the pH, range used, yet
slight precipitation was observed at pH’s > 9.6 in
nickel(IT) systems and > 10.6 in the cobalt(Il)
systems. During the titration the color of the solu-
tion changed considerably. Although clear inflections
in the titration curves cannot be located, yet 4-5
moles of base per mole of copper(Il) or nickel(1I)
and 3-4 moles of base per mole of cobalt(II) could
be assumed to be consumed in these systems.
MINIQUAD programmes have been used to test
different models of equilibrium reactions (eq. [3]).
The assessment was done by using the crystallo-
graphic R factor and X/ values obtained by the
forementioned programmes. In each case, the addi-
tion of one extra species gave an increased R value,
a greater X;? value, or both. The model which met
these conditions is as follows:

LH*=L + H*

[6] L+ M?*=MLH_,* + H*
[71 L+ M?*=MLH_,° + 2H*
[8] L+ M2*=MLH_;~ + 3H*
[91 L+ M2+ =MLH_,2~ + 4H*

The log values of B;,’s for the equilibrium reac-
tions [6]-[9] are listed in Table 1. Table 24, on the
other hand, shows the stepwise equilibria of M?**
tetrapeptide systems and their equilibrium constants.

From the order of arrangement of the deprotona-
tion constants of the tetrapeptides in absence of metal
ions, one expects that the order of the stability
constants of their metal ions complex equilibria
(MLH_,™) will be quite reversed, i.e. T, > T, >
T, > T;. This was found to be true in the systems
of copper(ll) complexes, in particular, and to a
certain extent in the nickel(11) and cobalt(ll) system.
This conclusion indicates strongly that ring closure
first occurs through coordination of the terminal
groups of the tetrapeptides with copper(Il). The
situation is not quite clear in the cases of nickel(IT)
and cobalt(Il) systems. Generally, the order of com-
plexing of these metal ions with a particular tetra-
peptide follows the Irving-Williams series (27)
(Table 2a) which suggests high spin complexes in
octahedral crystal field. In fact, it was not possible
to detect complexes of compositions other than 1:1.
This conclusion implies that coordination sites other
than the C- or N-terminals may be involved in com-
plex formation. The other coordination sites may be
available through the nitrogen atom of the peptidic
linkage. This type of linkage may facilitate depro-
tonation of the peptidic protons at lower pH values
than it should be in absence of metal ions. This
behaviour has been previously reported for other
similar systems (17). The stepwise deprotonation
constants of the MLH_; complex show monotonic
decrease in magnitude as they are deprotonated
consecutively, Table 24, a behaviour which may be
interpreted as due to increase in electron density as
peptidic protons dissociate.

It is also quite clear that the order of complexing
ability of LH_,, LH_5, and LH_, of a particular
tetrapeptide follows also Irving-Williams series (27).

However, the log form of the deprotonation con-
stants of MH_;, MLH_,, and MLH_; of the
divalent metal ion complexes, under consideration,
do not follow a particular trend with respect to the
type of the tetrapeptide. This is probably due to the
effect of structure conformation of the tetrapeptide.
However, the effect of sequence of each tetrapeptide
does not seem to be clear. In the case of the depro-
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TaBLE 1. log B for the species L;M ,H, at 30°C and p = 0.10 M NaNO;,
(a) Tetrapeptides

IOg qur( i S)

L j q r Ligand Cu(II) Ni(II) Co(II)
T, 1 0 1 6.32(0.02)
1 0 -1 —8.04(0.02)
N 1 1 -1 —1.26(0.07) —2.22(0.03) —2.53(0.05)
3 1 1 -2 —7.23(0.06) —10.15(0.08) —10.83(0.11)
o 1 1 -3 —13.88(0.08) —18.30 — —21.48(0.56)
g 1 1 -4 —23.62(0.18) —28.45(0.41) —
pes T, 1 0 1 6.20(0.01)
o 1 0 -1 —8.45(0.01)
8 1 1 -1 —1.13(0.02) —2.16(0.05) —3.06(0.04)
— 1 1 -2 —17.42(0.04) —9.93(0.13) —12.60(0.08)
> 1 1 -3 —14.60(0.05) —18.92(0.14) —22.96(0.10)
ﬁ 1 1 —4 —24.42(0.10) — —
0 T, 1 0 1 6.09(0.02)
S 1 0 -1 —17.60(0.02)
N 1 1 -1 —0.98(0.02) —2.51(0.01) —3.61(0.03)
2 1 1 -2 —6.90(0.02) —9.66(0.03) —12.60(0.06)
= 1 1 -3 —14.51(0.06) —18.81(0.20) —22.95(0.18)
5 1 1 -4 —25.00(0.10) — —
S T, 1 0 1 5.83(0.02)
g 10 -1 ~8.27(0.02)
5'8% 1 1 -1 —1.32(0.03) —1.79(0.02) —2.89(0.03)
592 1 1 -2 —7.72(0.06) —8.12(0.03) —11.18(0.06)
gﬁ 1 1 -3 —14.60(0.07) —16.36(0.07) —21.80(0.22)
§ 1 1 —4 —24.21(0.14) —25.35(0.07) —
gg (b) Dipeptides
5
L 108 Bjor(£S)
S L j g r Ligand (Cull) Ni(I) Co(Il)
3 D; 1 0 1 5.93(0.02)
9 1 0 -1 —17.94(0.02)
3 1 1 -1 — —2.86(0.05) —4.15(0.09)
< 1 1 -2 —4.34(0.01) —11.29(0.11) —12.79(0.14)
g D, 1 0 1 6.12(0.03)
a 1 0 -1 —8.64(0.03)

: 1 1 -1 — —3.29(0.06) —5.44(0.08)
§ 1 1 -2 —4.69(0.02) —14.08(0.31) —16.01(0.22)
5 D; 1 0 1 6.11(0.03)

— 1 0 -1 —8.75(0.05)
. 1 1 -1 — —3.36(0.08) —5.68(0.11)
& 1 1 -2 —3.75(0.09)
O D. 1 0 1
1 0 -1 6.22(0.01)
1 1 -1 —17.29(0.01) — —2.96(0.02) —4.02(0.05)
1 1 -2 —3.37(0.05) —10.53(0.04) —12.15(0.06)
0-Bzl- 1 0 1 4.12(0.03)
L-Tyr 1 0 -1 —10.52(0.05)
1 1 -1 0.56(0.01) —2.51(0.09) —3.60(0.08)
2 1 -2 — 0.19(0.02) —5.66(0.15) —8.08(0.12)
Gly 1 0 1 4.27(0.02)
1 0 -1 —10.25(0.03)
1 1 -1 0.42(0.04) —3.12(0.08) —4.23(0.05)
2 1 -2 —0.77(0.10) —8.06(0.15) —10.61(0.22)
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tonation of CuLH_, the order of arrangement is SR8 |9 = o )
. = LU | R E = M a8
T, > T, > T, > T,, in the case of CuLH_, the G| eesaigs Sl e g
order is T3 > T, > T, > T,, and in the case of b 22 © ' e
CuLH_; the order is Ty > T, > T, > T, The ol 2o=3 £5 | em e | 22
order of arrangement in the case of Ni(II) and Co(II) Sl ootz ey S| T Sa
) - ¢ | Z| oo |ax || v~ [@T
systems is not similar to that of the Cu(II) systems. = | Z [ §: Nz B 5§
This may be attributed to the difference in ionic radii ek '§§
of the former metal ions from the latter ions. ol 2w =8 ol mon |8
From the foregoing results, one cannot predict Sl weoo | 28 Tl noni|BE
easily which peptide group will lose its proton first. © ' 2% © b 5%
However, it can be concluded that pentacoordinated & g2 % g%
complex species may be formed with the loss of all & Al aacolsg B - v | %5
or some of the peptidic protons in addition to that & Elencil®s & g o133
. pep P s in addition to that g 5| oned |8 2 S| | |e]|ag
of the terminal carboxylic group. It is not unreason- 3 © b 35T o I 18
able to assume that water molecule or hydroxide ion 5 £ g & £
. . o= o o
may occupy the vacant hexacoordinate site of the # =N It ﬁE? @ =l o B
metal ions. EINE S| w28 882 T 11|88
. . C . S Z I zZ- = Z| v =
Figure 2 shows a typical distribution diagram of — 52 B EE:
various complex species at different pH values. ‘g uz g g%
The electronic spectra of Co(Il)-, Ni(Il)-, and 2 £ 387 | ] E gl 8%
Cu(II)-tetrapeptides systems revealed the possible 3 S| YT="|gE s S| 1 4s
. . . o =
presence of different complex species at different pH 2 ! g © Eg
values. In the Cu(ll) system (Fig. 3), the spectra @ °z 2 EU
. . iy S . < R o - 23
show hypsochromic shift with increase in intensity o E| dd=%|2% B =) 8| %a
as pH increases in the 500-800 nm range. This was ; SlTeT8y 8 g I ¥z
attributed to the d-d transition exhibited by copper- gy 2 52
(I) ions in possibly an octahedral field. The in- £ o |85 E - o oo TG
crease in intensity in the ligand bands (<430 nm) § S 21252 8 gl o Bl S S
was explained as due to electronic transitions within & z|°79 w5 = AlZ| 22|
. . . - > = 5%
the ligand as a result of metal ions perturbation. % Y ° - <8
However, the spectra of Ni(IT) and Co(II) were more .= ~lostwo |65 E o |EE
J . = = tne rE 2 = | Qwno g
or less similar to the ligand spectra except that the = Slwas | |ss = Sl ewce S
intensity is higher. A shoulder at ~400 nm and 2 © PTo 18§ © T ﬂ;
~480 nm in case of Ni(Il) and Co(Il), respectively, ; 15 2 ,Lg
was observed and attributed to the d-d transition in & ) I -3 — < f“.
both cases. , 5 Sl eoeoles & S 23
) ° o} 11|28 2 3 Yl ez
The Metal Ion Complexes of the Dipeptides g &5 = o
Solutions of the Cu(II), Ni(II), and Co(lI) exhibit 8 o e 54 & o 2
various colors as their pH,, increases in the course of g 5 g|xa—=~ ar 81 J|E|2 $3 sz
titration. While no precipitation was observed in the = Z| TS §§ ER BN g ’é’%‘
. =y [
Cu(ll) systems in the pH, range used, colored 2 ' L o=@ : ?,g
precipitates in l?oth Ni(IT) and Co(II) systems were & olmge ég; 2 ~ oo ;%
formed, depending on the system, initial concentra- Sl s | |258 3 SARERAN K-
N X N o oo O o~ N > Mmoo .55
tions of the reactants, and pH, of the medium. < o T |g8% 1 o I o
Typical titration curves of Cu(Il), Ni(I), and Co(II) 5‘ 25 2 jf
. . N . el
dipeptide systems are shown in Fig. 1b. Sharp & + ++ |FER = P 5
inflections in these curves are noted at pH,’s > 6.0. ThOET 2 TR | 83
. . . Lo <R L)
These inflections correspond approximately to 3—4 E + |+.+ Exf:“r Ej + g;
moles of base to one mole of metal ions. The model o | Eoa oy 883 o =0 g8
which fits the experimental findings has been found S| ez 5 o g;§ S| 5 E 5?,
to correspond to the following equilibrium reactions. 3 212 E‘ = E‘ éf, 5 g 5:2 =2 Sy
= ~ o5 ~ sy
LH*=L + H* +1£j£1£ ?35 +e s |58
24+ i [ U O R} i | L
[10] L+ M>*=MLH_,* + H* L LAFIR 75—% 2§
[11] L + M?* = MLH._, + 2H* G555 |58 TS

mation of MLH _; and M(LH_,),, respectively (26).
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TaBLE 2¢. log B values for the stepwise equilibria of the complexes of the divalent metal ions with O-Bzl-L
tyrosine and glycine*

0-Bzl-L-Tyrosine Glycine
Reaction Co(II) Ni(II) Cu(I) Co(Il)  NidI) Cu(D)
LH_,- + M?*==MLH_, 6.92 8.01 11.08 6.02 7.16 10.67

LH_,- + MLH_;* =M(LH_,), 6.04

7.37 9.77 3.89 5.31 9.06

*The log B of Cu(II) complexes with glycine in aqueous solutions are 7.72 and 6.89, respectively (26). The log B of Ni(II) complexes
with glycine in aqueous solutions are 5.55 and 4.62, respectively (26). The log B of Co(II) complexes with glycine in aqueous solutions

are 4.77 and 4.22, respectively (26).

-4
Tr,-8.48x10" F
Tey* 1:00 x16° F

80 |

%

oo

pH

F1G. 2. Distribution diagram of the molecular species of

T3-Cu?* system at various pH values.

ABSORBANCE

500 6§00 700 800 900 1000 100 1200
WAVE LENGTH nm

F1G. 3. Electronic spectra of T3—Cu?* system at different
pH values.

The equilibrium constants of the reactions [10]
and [11] are listed in Table 1. It is quite interesting
to note that the constant of the equilibrium reaction
[10] cannot be calculated for the Cu(ll) system,
contrary to the Ni(II) and Co(Il) systems. This may
be accounted for as due to the large polarizing
power of the Cu(Il) ions in comparison to that of
Ni(II) and Co(Il) ions; which facilitates loss of
protons from the ligand, even that of the peptidic
group. Few reports have discussed the loss of peptidic

protons of dipeptides in presence of metal ions (8) in
aqueous solutions. Metal-dipeptide complexes of
1:2 stoichiometry cannot be detected under the
experimental conditions used in this work, similar to
what have been found in the metal tetrapeptide
systems. This conclusion is contrary to what one
expects specially in Ni(II) and Co(Il) systems where
octahedral configuration is favourable. However,
this can be attributed to the steric hindrance of the
bulky O-Bzl-L-tyrosine residue in Dy, D,, and D,
in particular and/or the formation of neutral complex
species incapable of attracting other ligand species
in the mixed solvent under consideration. The order
of arrangement of 1:1 complex of Ni(IlI) with the
dipeptides follows the opposite order of arrange-
ment of the deprotonation constants of the di-
peptides, i.e., D; > D, > D; > D,. This behaviour
probably indicates that chelation occurs through the
N and O terminals of the dipeptides similar to what
have been shown for the Cu(ll)-tetrapeptides
systems. On the other hand Co(Il) systems do not
show this trend which may indicate that the N and O
terminals are not simultaneously involved in the
complex formation. The order of arrangement is
D, > D, > D, > D;, Table 2b. For a particular
dipeptide, the order of stability of MLH_, follows
Irving-Williams series. Moreover, the order of the
stability constants of the formation of MLH _, shows
the same sequence, i.e. Cu(Il) > Ni(Il) > Co(II)
(Table 2b).

The Metal lon Complexes of Glycine and O-Bzl-L-
Tyrosine

Figure 1c shows typical titration curves of the
divalent metal ions - glycine and O-Bzl-L-tyrosine
systems. Sharp inflections were obtained at 2 moles
of base per mole of metal ions for 1:1 metal-to-
ligand ratios and four moles of base per mole of
metal ions for 1:2 ratios. These were only observed
in the copper(Il) systems. Nickel(Il) and cobalt(II)
titration systems did not show such clear inflection
points. However, 2-4 moles of base per mole of
metal ions may be assumed to be consumed in these
systems as the case of copper(II) systems. The model
equilibrium reactions which successfully explained
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these experimental data is as follows:
LH*=L + H*

[12] L+ M?**=MLH_, + H*

[13] 2L + M2t =M(LH_,), + 2H*

Table 1 depicts the values of the stability constants
of the equilibria [12] and [13] and Table 2c lists the
corresponding stepwise constants. As was expected,
the order of stability of the complexes follows that
of Irving—Williams series. They are 2-4 units greater
than those calculated for systems studied in aqueous
solutions (26), which may be attributed to the solvent
effect. The larger p values of the 1:1 complexes of
glycine and O-Bzl-L-tyrosine compared to those of
dipeptides and tetrapeptides are indicative of their
stronger binding towards these metal ions. The
formation of five-membered chelate complex is
usually more favourable over other possibilities.
However, the stability of the divalent metal com-
plexes of dipeptides and tetrapeptides is enhanced
more due to coordination with the peptidic nitrogen
atoms. This enhancement, on the other hand, inhibits
further chelation with other ligand molecules, a
situation not encountered in the case of glycine and
0-Bzl-L-tyrosine.

Conclusions

The observed difference in the log B,,, value
(Table 1) for Gly and O-Bzl-L-Tyr in 80 wt.%]
DMSO - water from the corresponding values in
water only (Table 2c¢) is attributed to solvent effect.
The higher electron density over the oxygen atom in
DMSO compared to that in water renders the pro-
tonated amino group less electronegative and, con-
sequently, the acidic proton of the carboxylic group
will be more firmly held, i.e. log B,o, is higher. On
the other hand, solvation of the carboxylate ions of
the dipolar species by water molecules and sub-
sequent ease of abstraction of a proton from the
terminal protonated amino group is not possible by
an aprotic solvent as DMSO. This is confirmed by
comparing the low values of log B,,_ of either Gly
or O-Bzl-L-Tyr in 80 wt.%, DMSO — water mixture
with those in water only (Tables 1 and 2).

For the protonation equilibria in the case of di- and
tetrapeptides, the same solvent effect is still operat-
ing, i.e., log B;y; should be higher. Besides, one
should also consider that as the protonated amino
and carboxylic groups are now far apart from each
other due to increase in chain length, the protona-
tion constant in these ligands will be higher than the
corresponding values in Gly or O-Bzl-L-Tyr systems
(Tables 1 and 2).

For the deprotonation equilibria of di- and tetra-

FIG. 4. Possible structure of the complex.

peptides, log B,,; values are, as expected, higher than
the corresponding values of Gly and O-Bzl-L-Tyr
due to the effect of chain length. On the other hand,
solvent effect has more or less no observed role.

It is also clear that chelating properties of glycine
and O-Bzl-L-tyrosine copper(Il) ions are more pro-
nounced than those of tetrapeptides, evidenced by
the values of B,,_;. However, the enhanced loss of
the peptidic protons by the metal ions probably
increases the chelating effect of tetrapeptides over that
of glycine and O-Bzl-L-tyrosine and even over that
of dipeptides (cf. Table 2). Although the structures
of these complexes have not been determined, it is
not unreasonable to assume that they may have the
structure shown in Fig. 4, in which penta-coordinated
complex species is present. The vacant hexa-co-
ordinate site may be occupied further by a water
molecule or a hydroxide ion.
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The four protonation constants are reported for the dianion of ethylenediamine-N,N’-
diacetic acid (H,L), 25°C, I = 0.10 M (KNO3), (log k; = 9.60, 6.51, 2.12, 1.3). log K(potentio-
metric) and AH(calorimetric) data are reported for the formation of the complexes [ML],
M = Mn?*, Zn?*, Cd?*, and Pb%* (log K = 6.87, 10.99, 9.16, and 10.66; AH = —2.9,
—24.4, —16.7, and —28.0 kJ mol~" respectively). The complexes [ZnL] and [PbL] undergo
(aqua) proton dissociation reactions, [ML] + H,O = [ML(OH)] + H™*; log Kp, = —10.56
and —11.02, AHp = +60.7 and +38.5 kJ mol~!, respectively. Potentiometric and nmr
studies indicate that the ligand undergoes a slow (metal catalysed) hydrolysis or rearrangement
in aqueous acid.

R. J. GuaLTiEry, W. A. E. McBryDE et H. K. J. PoweLL. Can. J. Chem. 57, 113 (1979).

On rapporte les quatre constantes de protonation du dianion de I’acide éthylénediamine
N,N'-diacétique (H,L), a 25°C, I = 0.10 M (KNO;), (log K; = 9.60, 6.51, 2.12 et 1.3). On
rapporte des données de log K(potentiométrique) et AH (calorimétrique) pour la formation des
complexes [ML], M = Mn?*, Zn?*, Cd?* et Pb?* (log K = 6.87, 10.99, 9.16 et 10.66;
AH = =29, —244, —16.7 et —28.0kJ mol~*, respectivement). Les complexes [ZnL] et
[PbL] subissent des réactions de dissociation protonique (aqua), [ML] + H,O = [ML(OH)]
+ H*; log Kp = —10.56 et —11.02, AHp = +60.7 et +38.5 kJ mol !, respectivement. Des
études rmn et potentiométriques indiquent qu’en milieu aqueux le ligand subit une hydrolyse
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Ethylenediamine—N,N'-diacetic acid complexes with divalent manganese, zinc, cadmium,

lente (catalysée par les métaux) ou une transposition.

Introduction

In the course of testing a new calorimetric system
the complexing reactions of ethylenediamine-N,N’-
diacetic acid (H,L) with the divalent ions of Mn, Zn,
Cd, and Pb were studied. The formation of the Mn,
Zn, and Cd complexes (also Co, Ni) had been the
subject of an earlier potentiometric and calorimetric
study (1). However, this work did not consider the
protonation reactions of the acetato groups in the

+
zwitterion H,L, (—CH,NH,CH,COQO7),. Subse-
quent studies (2-4) have indicated log K values of
ca. 2.4 and 1.8 for these reactions; thus the reaction
H,L + H* —» H;L" will be important in the pH
range in which NiL forms (2.5-3.5) and in which
CoL and ZnL form (3.5-4.5). Further, McLendon
et al. (5) have reported the formation of the species
[Co(HL)]* (as well as [CoL] and [CoL(OH)]"), and
Schroeder and Johnson (3) reported [M(HL)]* (also
[ML], [ML(OH)]™, and [M,L]**), M = Pb, Zn,
although species [M(HL)]" were not reported by
Degischer and Nancollas (1) for Co or Zn, nor for
Ni which complexes at lower pH (6).

This work reports the four protonation constants
for the diacetato anion L?~, and enthalpy data for the
formation of HL™ and H,L. Log K and AH values
are reported for the formation of [ML], M =

[Traduit par le journal]

divalent Mn, Zn, Cd, Pb, and of [ML(OH)],
M = Zn, Pb. It was observed that solutions of the
ligand and metal ions were not stable; for solutions
kept at 25°C titration curves showed a steady in-
crease in pH with time, especially at i; > 0.8.
Nuclear magnetic resonance studies established that
a slow decomposition or rearrangement of the ligand
occurs in aqueous acid solution.

Experimental and Results

Materials

Ethylenediamine-N,N’-diacetic acid, EDDA (Aldrich 15,
818-6), was twice recrystallised from hot water. A sample of
commercial EDDA required soxhlet extraction with 109, v/v
methanol/ethanol (24 h) to remove adsorbed impurities before
recrystallisation. The formula weight by titration against KOH,
using Gran’s plot to determine the end point was 176.6;
caled 176.2.

Stock solutions of Mn(Cl10,),, Zn(NO3),, Cd(NO3;),, and
Pb(NO;), were prepared from Analar grade reagents and
acidified, ca. 2.5 x 1073 M HNOj. Stoichiometry was con-
firmed by titration against standard EDTA, using appropriate
indicators and pH (7, 8).

pH Measurements

A Beckman Calomel electrode and Beckman E-2 glass
electrode were used in conjunction with a Radiometer digital
pH meter PHM 52. The electrodes were calibrated as a [H*]
probe by titration of HNOj into solutions of KNO; (p[H™*]
2.0-2.7), KNO3/HNO; (p[H*] 1.5-2.0), acetic acid (p[H™"]
3.7-5.8) (9), and potassium hydrogen phthalate (p[H*] 4.0-

0008-4042/79/010113-06$01.00/0
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TaBLE 1. Thermodynamic data for protonation of (—CH,NHCH,COO™),, 25°C, 0.1 M KNO;

AH, AH,
log k, log k> log ks log k. kJ mol—! kJ mol~! Reference
9.60+0.01 6.51+0.01 2.12+0.01 1.3+0.1 —33.2+0.1 —31.7+0.1 This work
9.62 6.55 —31.2 —30.6 1
9.63 6.55 5
9.67 6.57 2.32 2
9.57 6.48 31
9.58 6.59 21
9.59 6.69 2.37 1.85 4@
] M NaClO,.

5.9) (10), and of KOH into KNOj; (p[H"] 10.8-11.8), p =
0.10 M (KNOs). All pH(measured) — p[H*] data were co-
linear within experimental error, the least-squares line for 90
data points being pH,, = (1.012 + 0.001)p[H*] + (0.037 +
0.003).

Ligand protonation was studied by titration of (/) HNO;
(0.9944 M), or (ii) KOH (0.5475 M), from a Gilmont microm-
eter syringe into solutions of H,L (ca. 3 x 107° M) and
KNOj; (I = 0.10 M). The step-wise protonation constants in
Table 1 were computed from derived 7iz(obs) — pH data by
use of the least-squares procedures detailed elsewhere (11).
(1y is the average number of protons bound per ligand
molecule.) The protonation constants were determined for 5
titrations each of 50-60 data points in the range 77y 0.25-3.0;
R factors (12) of ca. 0.25 were achieved and there were no
systematic trends in the residuals, Au(obs) — fy(caled) (13).
(At iy 3.0 the solution composition was 21% H,L, 57% HsL,
22% H,L.)

Titration of KOH into solutions of ligand (ca. 4.3 x 1073 M),
metal salt (ca. 4.0 x 1073 M), and KNOj gave titration curves
with buffer regions (at pH 5.4-6.8, 3.3-4.5, 4.2-5.4, and
3.5-4.8 for Mn, Zn, Cd, and Pb, respectively) followed by end
points corresponding to the addition of two moles of OH~
per mole of metal ion, i.e. the reaction

M(aq)?* + H,L 4+ 20H~ — [ML] + 2H,0

plus one mole of OH~ per mole of excess acid (HNO;) and
per mole of excess ligand. In each case a second buffer region
followed at pH > 10. The Zn-EDDA and Pb-EDDA solu-
tions were stable at high pH; Cd-EDDA solutions showed a
downward drift in pH at pH > 10 and a gelatinous precipitate
was apparent at pH 11. The Mn-EDDA solutions became
increasingly sensitive to O, at high pH. Titration solutions
under N, developed a pale amber colour at pH > 10; on
exposure to air these solutions rapidly became deep amber and
precipitated MnO,. The two buffer regions were interpreted in
terms of reactions [1] and [2], respectively. Values of log K,
and log Kp are given in Table 2.

K
(] M(ag)** + L*~ =—=[ML]
Kp
2] [ML] + H,O ¥=[ML(OH)]~ + H*

All metal-ligand solutions were freshly prepared and/or
stored at 4°C between titrations. Solutions (Zn, Cd) main-
tained at 25°C gave titration curves which displaced to higher
pH at ca. 0.02 pH/12 h at 7z, 0.2-0.8 and 0.1-0.3 pH/12 h at
> 0.9.

Calorimetric Measurements
An LKB 8700-1 calorimeter was modified as follows. The

polyethylene titrant coil was replaced by a glass titrant line
(2 mm od) which entered the submerged outer container of
the calorimeter via one of the support chimneys and had a
single coil 7.5 cm in diameter inside this container. Titrant
was delivered from a Gilmont micrometer syringe. Time-
resistance measurements were effected by feeding the out-of-
balance signal from the dc bridge into a Hewlett-Packard
419 A dc null voltmeter; the amplified signal was fed to a
strip chart recorder (Hewlett-Packard Moseley 7101B). The
precision of the system was estimated from electrical calibra-
tions. The ratio of electrical heat input to measured resistance
change (interpolated from the recorder trace and bridge
settings before and after ‘reaction’) was reproducible to
+0.2% for reactions of 5-14 J. The accuracy of the system
was checked by determining the enthalpy change for protona-
tion of aqueous 2-amino-2-hydroxymethylpropane-1,3-diol
(tris) with HCI; the mean and standard deviation of 7 measure-
ments (measured heat change ca. 13J) was —47.2 + 0.2 kJ
mol~1! (lit. (14, 15) —47.48 and —47.44 kJ mol~1).

For the protonation of L2?~, buffered solutions of ligand
(ca. 6.5 x 1073, 7 0.2-0.3, 7 0.10 M KNO3) were titrated in
the calorimeter with HCI (ca. 1 M). The determination of
AH; values from the measured heat changes (ca. 6.5-101J,
corrected for the heat of dilution of HCI titrant (16) and for
the neutralization of OH~ (17) produced by reaction [3]), and
the changes in solution composition between successive
titration points, followed procedures detailed previously (18).

3] H,O + ligand = OH~ + ligand,H*

The step-wise enthalpy changes given in Table 1 were deter-
mined from 12 data points (3 titrations).

For the complexes [ML] (and [ML(OH)]~) calorimetric
measurements involved titration of HNO; (ca. 1 M) into
solutions of metal salt (ca. 6 x 1073 M), EDDA (ca. 6.7 X
1073 M), and KNO3 (/ = 0.10 M) buffered to appropriate
pH by addition of KOH (i, = 0.8 or [ML(OH)]~/Cy = 0.3);
i.e. the enthalpy changes for (i) protonation,

[ML(OH)]~ + H* — [ML]
and (i7) dissociation,
[ML] + nH* — M(ag)** + H,L0" 2+

of the complex were determined. Measurements were restricted
to the composition range for which [H;L]/CL < 0.02, ie.
pH > 3.8 and /iy > 0, 0.45, 0, and 0.3 for Mn, Zn, Cd, and
Pb respectively. The composition of the calorimeter solution
at each titration point was determined by solving the three
mass balance equations (expressions for the stoichiometric
concentrations, Cp, Cy, and Cy) for [H*] and [ligand]; the
iterative procedure adopted was based on an initial estimate
of [H*] obtained from a parallel titration on the calorimeter
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TaBLE 2. Thermodynamic data for the formation of complexes [M(EDDA)] and [M(EDDA)OH], M = Mn, Zn, Cd, Pb;
25°C, 0.1 M KNO;

—AH, AS, AHp ASp
Metal  Reference log K,“ kJ mol~! J K=" mol™! log Kp® kJ mol—1! JK~! mol~!
Mn This 6.85+0.05 2.9+0.4 12242 (=11.5+0.1)
work
1 7.05 3.6+0.4
Zn This 10.9940.02 24.4+0.6 128+2 —10.56+0.04 60.7+0.4 242
work
1 11.22 25.5+0.4
3 11.71
Cd This 9.16+0.02 16.7+0.2 119+1
work
1 9.40 22.540.4
31 8.99
Pb This 10.66+0.02 28.0+0.5 110+2 —11.024+0.02 38.5+0.6 —82+2
work
32¢ 10.43
3 11.71
aReaction [1].

bReaction [2].
€0.3. M NaClO,.

solution. The measured heat changes were corrected for the
heat of dilution of HNOj (19), for the neutralization of OH~
(17) (reaction [3]), and for the protonation of ligand not
coordinated to the metal ion. The enthalpy changes for the
well separated reactions [1] and [2], AH,, AH},, were calcu-
lated from Qcor = RAH; where R is the change in the number
of moles of [ML] or [ML(OH)]~, respectively, between
successive titration points. Results (mean + standard devia-
tion, 6-10 data points) are given in Table 2.

Nuclear Magnetic Resonance Measurements

Nuclear magnetic resonance spectra were recorded on a
Varian T-60 spectrometer for solutions of EDDA in D,0/
CF;COOH at pH = 0.8 and 2.25, using TMS as external
standard.

Discussion

Ligand Protonation

The first and second protonation reactions of the
dianion (—CH,NHCH,COO™), have been studied
by several workers and the log k; values are similar
to those reported in this study (Table 1). It is
probable that discrepancies arise mainly from the
method of estimating [H*] from the measured pH
(11). In this work the electrode pair was calibrated
directly as a [H*] probe, at the same ionic strength
as for the titrations, by use of buffers for which [H*]
could be calculated from known concentration
quotients (CH;COOH) (9) or from known thermo-
dynamicequilibrium constants and activity coefficient
expressions for individual ions (phthalic acid) (10),
and by use of HNO; and KOH solutions of known
stoichiometry. For KOH solutions p[H* ] was calcu-
lated assuming pK,, = 13.778 for 0.10 M KNO; (20).

Yamada er al. (4) have reported values of log k4
and log k, for carboxylate protonation of the

)
zwitterion (—CH,NH,CH,CO0 ™), (2.37, 1.85, | M

NaClO,) while Schroeder and Johnson (3) and
Harris and Martell (2) have reported values for
log k3 (1.54, 1 M NaClO,, and 2.36, 0.10 M KNO,,
respectively). The measurement of log k values at
low pH in aqueous solution is prone to large un-
certainties in the calculations, and in this work
measurements were restricted to pH > 2.2, at which
<21% of the ligand exists as H,L?>*. Although our
value of log k, carries a significant uncertainty the
existence of this species in solution is confirmed by
the low values of R (0.22%,) and o; (+0.005) obtained
in calculations; by assuming k, = 0, a value of
log k; = 2.31 + 0.02 was obtained (in agreement
with Harris and Martell (2)) but R (2.9%) and o3
(£0.06) were significantly higher.

The values reported for AH, and AH, were derived
from 11 titration points and the least-squares fitting
of AH; (O = aAH; + BAH,) gave a standard
deviation of +0.07J in Q,,, (ca. 0.8%). Our results
are ca. 15%, higher than those of Silva and Samdes
(21) (temperature coeflicient method) and AH, is
ca. 6% higher than that reported by Degischer and
Nancollas (1). No attempt was made to measure
AH, and AH,. It was anticipated that these enthalpy
values for carboxylate protonation would be very
small (22); subsequent calorimetric work on metal—
EDDA species was limited to the pH range where
([H5L] + [HL])/Cp < 0.02.

Ligand Stability

It was observed that the pH of solutions of Zn or
Cd and EDDA increased with time at 25°C. The pH
increased by ca. 0.01-0.02/12 h in the composition
range iy, = 0.1-0.8, and by ca. 0.03 (Zn) or 0.1 (Cd)
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at i, = 0.9. Solutions stored at 4°C gave reproducible
titration curves after 12 and 24 h. The increase in
pH, and decrease in calculated values of K, were
consistent with either a rearrangement or hydrolysis
of the ligand to give product(s) which were more
basic and/or weaker complexing agents. An nmr
study on a solution of EDDA in D,0/CF;COOH at
pH 2.25 (i ~ 3.0) established a slow reaction with a
half-life of ca. 14 days at 25°C; zinc ions (Zn/
EDDA ~ 1) increased the reaction rate ca. 1.5-fold.
The resonance for N—CH,—CH,—N protons of
EDDA broadened and split, indicating the non-
equivalence of the two nitrogen atoms in the product
species, while the resonance for —CH,—COOH
methylene protons split into two new downfield
absorptions. An hydrolysis reaction to give glycollic
acid and ethylenediamine-N-acetic acid, or an intra-
molecular condensation to give a cyclic amide,
CH,CH,NHCH,CONCH,COOH, has products
consistent with the observed pattern of nmr reso-
nances. Comparison with the spectrum for glycollic
acid in the reaction medium established that this was
not a reaction product (glycollic acid resonance was
ca. 1-2 Hz downfield from the low field —CH,COOH
resonance).

Metal Complexes

log K values for the formation of complexes [ML]
and [ML(OH)] are given in Table 2 and compared
with those reported by other workers. Individual
values of log K; showed no drift in the range 7
0.1-0.9 for freshly prepared solutions and thus it is
unlikely that protonated species [M(HL)]" are
formed. (For solutions aged at 25°C log K, decreased
by ca. 0.21 as i, increased from 0.1 to 0.9, an
observation which would be consistent with forma-
tion of a protonated complex. It is possible that the
postulates of species [M(HL)]*, M = Co, Zn, Pb
(3, 5), are based on data for aged solutions.) The
published value (5) of log K ([CoL] + H* =
[Co(HL)]*) = 4.20 gives a value of log K (Co(aq)**
+ HL™ == [Co(HL)]") = 5.8 which is greater than
log K for the cobalt(I)-glycinate complex (5.1) (23);

+

one would expect bidentate HL (—OOCH,NH,-
CH,CH,NHCH,COO") to form a less stable com-
plex than glycine cf. the relative stabilities of

N
cobalt(Il) complexes and amino acids NH;(CH,),-
CH(NH,)COO™ (24). The published values of log K
for [M(HL)]*, M = Cu, Pb, Zn, give rise to a
similar disparity with the data for glycine.

The log K, values reported here are uniformly
lower (ca. 0.2) than those reported by Degischer and
Nancollas (1). This discrepancy relates in part to
their neglect of logk; (e.g. for Mn we calculate

VOL. 57, 1979

log K; = 6.93 + 0.05 by use of their logk, and
log k,) and in part to the different methods of
estimating [H*] from pH,, (for a discussion on this
point see ref. 11). The A’i values reported for
[MnL] and [ZnL] are in clrse agreement with those
of Degischer and Nancoll: s (1), but the value for
[CdL] is significantly different (this work, 5 titra-
tions). Values for [PbL] and [ML(OH)]™ have not
been reported previously.

The entropy changes for formation of [ML] com-
plexes are all similar; this could be interpreted as
indicating a similar reaction for each metal ion, viz.

M(ag)** + L?*~ - [ML(H,0),] + (6 — x)H,O

However, the partial molal entropies of the reactant
ions M(aq)?* are very different (—83.7, —106.5,
—61.1, and +23J K ! mol™! for Mn, Zn, Cd, and
Pb respectively (25)). Assuming that the entropies
for the larger, neutral, complex species [ML] may be
less dissimilar, the sum

AS + SM(aq)2+ (: (6 — X)SHZO + S[ML] - SL)

can then be used to infer differences in the nature of
the species [ML(H,0),]. The values of AS + Syaq)2 +
for Mn, Zn, Cd, and Pb are 38, 22, 58, and 133 J K~
mol ™!, respectively, suggesting that for Pb the term
(6 — x)H,O0 is significantly larger, i.e. the Pb atom
has a lower co-ordination number in the complex,
probably four, as compared with six for the other
ions. The difference of ca. 90J K™ ' mol™! in
AS + Syi(aq)2+ for Pb and the other metals represents
the contribution to AS from the release of #» more
water molecules from the co-ordination sphere of
the Pb atom, i.e.

ngHZO + g[pr] - s[ML(HzO)n] ~ 90] I<_1 1'1'101_1

Given that Sy,0 = 70 J K~ ! mol™" (16) a value of
n = 2 would appear consistent with the experimental
data.

The significantly different values of both AH, and
ASp, for the formation of [ZnL(OH)]™ and
[PbL(OH)]™ afford further evidence for different
structures for these two ions. The negative value of
ASp, for [PbL(OH)]™ would be consistent with the
loss of entropy of a solvent water molecule ([PbL] +
H,0 - [PbL(OH)]” + H"; ASp — 82J K ' mol™1)
in contrast to the deprotonation of a co-ordinated
water molecule ([ZnL(H,0),] - [ZnL(OH)H,0]™ +
H*; ASp + 2T K ' mol™ ). The value of AS’ for
the reaction

[ML] + OH- - [ML(OH)]~

is given by AS” = ASp + ASy where ASy(= +801J
K~! mol™1) (16) is for the reaction H* + OH™ —
H,0. The values are +82 and —2J K™™' mol™! for
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TaBLE 3. Comparison of some thermodynamic data for formation of ML complexes
where L = aminopolycarboxylate or polyamine. The data are for ¢+ ~ 25°C, p ~ 0.1
(—AH, inkJmol~'; AS in J K~! mol~1)

Value
Metal Thermodynamic
ion quantity EDTA NTA EDDA TRIEN
Mn?+ log K, 13.6-14.0 7.4 6.85 4.9
—AH, 19.2-21.8 —(4.8-6.0) 2.9 9.6
AS; 172-201 158-162 122 63
log Kp® ~—12 —-11.5
Zn?* log K,° 16.3-16.7 10.4-10.7 10.99 11.9-12.1
—AH, 18.8-23.4 3.5-3.6 24.4 35-37
AS, 230-247 190-192 128 105-113
log Kp® —11 —10.45 —10.56
Cdz+ log K,° 16.4-16.6 9.5-9.8 9.16 10.8
—AH, 38.1-42.2 —16.6 16.7 38
AS, 159-184 131 119 79
log Kp® ~—12
Pb2+ log K 17.7-18.3 11.4-11.8 10.66 9.9
—AH; 54.8-59.0 15.9 28
AS, 141-159 164 110
log Kp? —11

aReaction [1].
bReaction [2].

Zn and Pb respectively; these may be compared with
values for complexes [ML(H,0),]** (n # 0) where
L is a triamine ligand: M = Cu?*, L = 3-azahep-
tane-1,7-diamine (AS’ = +66J K~ mol™ 1) (26), 4-
azaheptane-1,7-diamine (47) (ref. 27), 3-azahexane-
1,6-diamine (58) (ref. 28); M = Zn?**, L = 4-aza-
heptane-1,7-diamine (47), 3-azahexane-1,6-diamine
(94) (ref. 28).

It is appropriate to compare the results of this
work with comparable data for other aminopoly-
carboxylic acids. The extensive compilation by
Wright, Holloway, and Reilley (29) deals mainly
with ethylenediaminetetraacetic acid and structurally
related ligands which are 6-dentate ligands. It is
probably more suitable to compare a 4-dentate
ligand where the number of bonds formed and
solvent molecules displaced may be the same as for
EDDA. In Table 3 are compiled data from standard
sources (23, 30) showing such comparisons. As
4-dentate ligands NTA (one nitrogen, three oxygen
donors) and TRIEN (four nitrogen donors) are
listed. There are few obvious inferences to be drawn
from this information. In all the cases listed EDDA
stands intermediate between NTA and TRIEN, with
clear evidence of the greater energy of the metal-
nitrogen bonds as apparent in the greater enthalpy
decreases in passing through the sequence NTA —
EDDA — TRIEN. This is particularly the case with
the d'® acceptor ions Zn** and Cd?*. The near
equivalence of —AG, in passing from NTA to
EDDA suggests an isokinetic relationship among the

metal complexes of these two ligands, but further
investigation is required before such speculation
should be undertaken.
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The reaction of 2,4-dinitrobenzenesulphenyl chloride with eight alkyl 1,3-disubstituted
allenes in methylene chloride solution has been investigated. In contrast to earlier reports,
attack by sulphur is found to occur exclusively at the central allenic carbon. The direction of
approach of sulphenyl chloride leads preferentially to the formation of the E isomers in accord
with the concept of steric approach control. The ratio of E to Z alkene is found to increase as
the bulk of the substituent group cis to the arylthio group increases. We observe, however, very
little regioselectivity with respect to which of the mutually perpendicular m bonds of the allene
system is attacked, suggesting the presence of an effective mechanism for transmission of
inductive effects to the more distant double bond.

DENNIS G. GARRATT et PIERRE BEAULIEU. Can. J. Chem. 57, 119 (1979).

On a examiné la réaction du chlorure de dinitro-2,4 benzeénesulfényle avec huit allénes
dialkylés aux positions 1 et 3 dans le chlorure de méthyléne. Contrairement a certains travaux
antérieurs, on observe que l’atome de soufre attaque exclusivement le carbone allénique
central. L’approche du chlorure de sulfényle se fait selon une direction qui conduit de pré-
férence a la formation des isoméres E, comme le prévoit le concept de contrdle par ’approche
stérique. Il y a augmentation du rapport entre les alcénes E et Z lorsque la taille du substituant
en position cis par rapport au groupe arylthio augmente. Cependant, on note trés peu de
régiosélectivité dans l’attaque des doubles liaisons m mutuellement perpendiculaires du
systéme allénique. Ce fait laisse supposer qu’il existe un mécanisme efficace pour transmettre

The addition of 2,4-dinitrobenzenesulphenyl chloride to 1,3-disubstituted allenes:

119

les effets inductifs a la double liaison la plus éloignée.

It has been reported by Jacobs and Kammerer (1)
that 2,4-dinitrobenzenesulphenyl chloride adds to
2,3-pentadiene, 2,3-hexadiene, and 3,4-heptadiene to
give products of both type I and type II regio-

I
s 88 N VN s
Ne=C=C] + XZ — C=C C=
Y N TN N,
I I
NO,
X =5 NOZ Z=Cl

chemistry, the major adduct being of type I (eq. [1]).
In contrast, no type II products were detected under
similar reaction conditions from reactions involving
1,2-cyclononadiene, 1,2-cyclotridecadiene, or 1,3-
di(l-adamantyl)allene. These results are at variance
with those of others (2) which indicate that a given
electrophile generally yields products of only one
regiochemical type.

The anomalous nature of these results suggested
to us that perhaps an alternative interpretation might
be applicable. When the two substituents on a given
terminal allenic carbon atom are different, there
exist two possible directions of approach by the
electrophile as shown in Scheme 1.

[Traduit par le journal]

loc X\ . /R4

R3

SCHEME 1

Because of the orthogonality of the m systems, this
leads to a series of E and Z isomers. Thus in the
general case, R'"R?C—=C—CR’R*, where R! # R? #
R3 # R*, there exist eight possible addition products
for an unsymmetric electrophile.

0008-4042/79/010119-09%$01.00/0
© 1979 National Research Council of Canada/Conseil national de recherches du Canada
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TasBLE 1. Kinetically controlled product distribution for the
reaction of 2,4-dinitrobenzenesulphenyl chloride with a series
of 1,3-disubstituted allenes in CH,Cl,

" /'C'—‘CEC/R
TN
g1 H
B
(a) Symmetric allenes
R =R’ E:Z
CH; 64:36
C,Hs 80:20
iC3H, 92: 8
—(CH)e— 100: O
—(CH2)10— 86:13

(b) Unsymmetric allenes

E:Z
R R’ a:p o B
CH; C,H; 53:47 66:34 86:14
CH, iCsH, 52:48 65:35 95: 5
CH; tC,Ho 42:58 69:31 100: 0

We wish to present experimental evidence which
has a direct bearing upon this question.
Results

The addition of 2,4-dinitrobenzenesulphenyl chlo-
ride (DNBSC) to eight alkyl 1,3-disubstituted allenes,
1-8, at ambient temperature in methylene chloride
solution has been investigated. The kinetically con-
trolled product distributions are given in Table 1.

RCH=C=CHR’
R = CH;, R’" = CH;
R = CHj;, R = C;H;
R = CH;, R’ = iC3H;
R = CHj;, R = rC,Hy
R = C,Hs, R" = C,Hs
R = iC3H,;, R" = iC3H,
R,R" = —(CH,)s—
R,R" = —(CH3)10—

[-"-JES IR - N 7, T “SR S B S Y

Although no variations in product ratios were
observed during the course of the reaction, slow
isomerizations were found to occur over a period of
weeks. Analysis of 'H and '*C nmr spectra of the
respective adducts suggests that these compounds
are all formed via regiospecific attack of the arylthio
moiety on the central allenic carbon giving mixtures
of the isomeric £ and Z alkenes.

For example, DNBSC reacts with 2,3-pentadiene,
1, to give a 64:36 mixture of two adducts, 9 and 10.
The corresponding reaction with an unsymmetric
allene, such as 2,3-hexadiene, yields four adducts.
Spectral parameters are summarized in Tables 2-4.

The original assignments of 9 and 10, by Jacobs
and Kammerer (1), as 4-chloro-2-penten-3-yl and
3-chloro-2-penten-4-yl 2’,4’-dinitrophenyl sulphides
(see structures 9’ and 11, configuration undefined)

/CHClCH3 /CH(SAr)CH3
CH;CH=C_ CH;CH=C
SAr Cl
9’ 11

as assigned by Jacobs

were based on the chemical shifts of the vinyl
protons (H; of Table 2) and the methine protons (H,
of Table 2) using CICH,C(SAr)=—=CH,, the product
of the reaction of DNBSC with propadiene, as the
model system. An examination of the literature
suggests that the isomeric 3,4-dichloro-2-pentenes
may be better models. Byrd and Caserio (3) have
reported the following 'H nmr parameters: E isomer
& H; 5.74, H, 5.10; Z isomer 6 H; 5.93, H, 4.67. A
comparison of these values with those of Jacobs and
Kammerer (1) and with those given in Table 2
indicates that our alternative assignments as £- and
Z-4-chloro-2-penten-3-yl 2’,4’-dinitrophenyl sulphide
are also consistent with the available data.

CH; CHCICH;  H_ _CHCICH,
C=C Cc=C
w Nsar cny” Nsar
9 10

These regiochemical assignments are substantiated
by the !*C nmr chemical shifts of the methine
carbons (C;, Table 3). Thus Jacobs and Kammerer
(1) assigned the major adduct 9 as that having a
chlorine bonded to the methine carbon whereas the
minor component of structure 11 would have the
arylthio group bonded to the methine carbon. One
would therefore expect the methine carbon of the
major adduct to resonate at lower field because of
the known dependence of **C chemical shifts on the
relative electronegativities of the substituents (CI
2.99; S 2.48). In contrast we observed resonances at
d 54.8 and 61.5. This, of course, might be interpreted
in terms of a reversal of the initial assignments but
model systems' such as E-2-(RS)-, 5-(RS)-, and
E-2-(RS)-, 5-(SR)-5-chloro-3-hexen-2-yl 4’-chloro-
phenyl sulphide exhibit CH(SAr) carbon resonances
at 8 45.4, 45.3, and CHCICH; carbon resonances

1G. H. Schmid, S. Yeroshalmi, and D. G. Garratt. Un-
published results.
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TaABLE 3. Observed carbon-13 magnetic resonance parameters for the products of addition of 2,4-dinitrobenzenesulphenyl chloride to 1,3-disubstituted allenes

Cl\3 /C5\6
8 4
/C\9 . 2/C—C C
4
C C—CH= N
s—()—No,
NO,
/CHCIR' Chemical shift assignments
RCH=
\SAr Aromatics
Con- Other
R R’ figuration C; C, Cs C, Cs Cs C, Cg Cy Cs Cono, C. Cyno,y Co C,  carbons
CH; CH; E 146.8 132.8 54.8 23.7 15.7 132.8 144.3 126.7 147.5 121.2 129.5
Z 142.0 131.9 61.5 24.5 15.7 132.0 143.4 126.9 144.7 121.7 128.6
CHs C,Hs E 154.0 144.5 61.7 30.5 11.4 13.2 23.3 144.5 126.5 147.7 121.2 129.7
. . V4 149.5 68.1 30.9 11.2 12.9 23.7 126.8 121.7 129.0
iC3H,; iC3H, E 158.5 67.5 34.3 22.0 20.4 29.4 144.5 126.5 147.9 121.5 129.7
V4 155.3 72.7 33.8 21.8 20.9 30.2 126.6 121.2 129.3
—(CH2)6— E 152.1 144.2 60.0 36.8 27.7 23.6 25.5 26.7 30.1 130.2 144 .5 126.3 147.7 121.3 130.4 2.2
26.0
—(CH32)10— E 153.9 144.6 59.3 36.8 27.8 27.0 27.2 27.4 28.5 144.6 126.6 147.5 121.3 130.0 %gg
4 150.0 66.0 37.0 29.3 26.8 27.1 28.3 29.5 126.8 121.7 129.4 ’
CH; C,H; E 147.2 61.5 30.5 11.4 15.9 126.5 121.4 129.5
. 4 142.9 68.3 30.9 11.4 15.9 126.9 120.8 128.9
CH; iC3H, E 146.7 67.0 33.7 20.3 15.9 126.7 121.3 129.1
20.0
z 142.7 73.4 33.3 20.7 15.9 126.9 121.6 128.7
21.3
CH; tC,Hqy E 148.0 69.8 38.4 27.5 17.1 126.6 121.2 128.7
V4 144.3 75.7 37.6 27.2 16.2 127.1 121.7 129.6
C,Hs CH; E 153.5 55.1 24.2 13.2 23.3 126.6 121.8 129.9
. z 148.7 61.5 24.9 13.2 23.7 127.2 121.3 128.7
iC;H; CHj; E 158.5 55.3 24 .4 22.3 34.4 126.7 121.7 129.3
22.0
z 155.2 61.0 24.8 21.7 34.3 127.0 121.9 128.7
21.3
tC4Hy CH; E 161.1 148.4 55.3 24.0 30.6 35.2 131.4 144.3 126.5 148.7 121.2 129.0

ol

6L61 ‘LS TOA "WHHD [ 'NVD
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at d 56.9, 56.8, therefore suggesting that both 9 and 10
have allylic chlorines. An examination of one bond
coupling constants (J; 3, Table 4) confirms this. Thus
J3, 5 for 9 and 10 is, respectively, 151.6 and 150.6.
These values are in the range expected for a carbon
directly bonded to a halogen, e.g., CH,Cl 'J =
148.65, CH;Br 'J = 150.5, CH;I 'J = 150.3 vs.
(CH,),S 'J = 138.5 (4).

Further indication of the correctness of our assign-
ments is found in the mass spectra of 9 and 10 which
exhibit o cleavage with loss of a CHCICH; radial
fragment from the molecular ion. No fragments were
observed which could be rationalized in terms of the
loss of a radical or formation of a cationic species of
the formula CH(SAr)CH;, as would have been
anticipated from an adduct of structure 11.

The assignment of configuration for 9 and 10 as
E and Z, respectively, follows from several criteria
based on 'H and '*C chemical shifts and coupling
constants. From Table 2 it is seen that for trisub-
stituted alkenes of this type the chemical shift of the
proton Hj is shielded in the £ isomer relative to that
of the corresponding Z isomer and that H, is
deshielded in the E isomer relative to that of the
corresponding Z isomer. This trend is seen in the
reported values of numerous other 3,4-disubstituted-
2-pentenes (3, 5).

In accord with the available data for similarly
substituted systems the allylic proton-proton cou-
pling constant *Jyc—ccn (cis) is observed to be
slightly larger than *Jyc—ccy (trans) thus allowing 10
to be assigned the Z configuration in agreement with
the proton chemical shift data (6). One must take
care in the interpretation of *Jy y values, however,
since they are quite small and change their stereo-
chemical proportionality depending upon the nature
of the remaining substituents used to define the
alkene system (7).

Of more diagnostic value are vicinal carbon-
proton coupling constants of the form *Jcc—cy. The
values for *Jec—cy (cis) and *Joc—cy (trans) are norm-
ally widely different, the ranges just overlapping, with
the 7rans coupling being larger than the corresponding
cis interaction (8). An examination of Table 4 indi-
cates that J; (=3Jce—cn) is in accord with our con-
figurational assignments and thus reinforces our
initial analysis.

These assignments are furthermore confirmed by
the observed '3C chemical shifts. The stereochemical
dependence of '3C chemical shifts is well documented
(9). One of the most useful trends of this sort is the
v-gauche interaction, whereby the presence of a
v substituent oriented cis to the carbon under obser-
vation leads to a shielding relative to the corre-
sponding system with the substituent oriented trans.
Based on this criterion one expects the methine

TaBLE 4. Carbon-13-proton coupling constants (in Hz)

CHCIR’
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NoTE: Couplings marked with a * refer to the next carbon on the chain. Thus J4 4 should read Js s and Jy ¢ as Jg g etc. Owing to problems of overlapping signals it was not possible to measure all coupling

interactions between carbon and hydrogen.
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carbon bonded to chlorine (C; of Table 3) to be
shielded in the £ isomer relative to the Z isomer. For
example, C; of 9 resonates at & 54.8 whereas C; of
10 resonates at 61.5. Little difference in chemical
shifts would be expected for C, (see Table 3) in these
isomers, since C, is always experiencing a cis-y
interaction.

Discussion

From our data is it clear that the regiochemistry
of the reaction of 2,4-dinitrobenzenesulphenyl chlo-
ride with 1,3-disubstituted allenes corresponds to
exclusive attack by sulphur on the central allenic
carbon. In all cases the E isomer is found to be
formed preferentially, in contrast to related studies
of the halogenation and mercuration of acyclic
1,3-disubstituted allenes (see for example refs. Sa—c
and 10). The ratio of E to Z alkene is found to
increase as the bulk of the substituent group
(CH; < C,H; < iC3;H, < tC,4H,) cis to the aryl-
thio group increases. It is interesting to note, however,
that the alkyl substituent on the double bond which
is attacked does not affect this ratio to any degree.
Furthermore we observe very little regioselectivity
with respect to which of the mutually perpendicular
7 bonds of the allene system is attacked, suggesting
the presence of an effective mechanism for the
transmission of the inductive electron donation of
the alkyl groups to the remote double bond.?

The reaction of sulphenyl halides with alkenes is
generally considered to follow an Adg2 mechanism
(11) similar to the one first proposed by Kharasch
and Buess (12) as shown in Scheme 2. The first step
is believed to be rate-determining formation of a
thiiranium ion which subsequently undergoes nucleo-
philic attack by the halide ion in a fast step.

The mechanistic path for the analogous addition
to allene is less clear. The observation of second-
order kinetics for the reaction of DNBSC with
phenylpropadiene (13) and for the reactions of
benzene- and 4-chlorobenzenesulphenyl chlorides
with propadiene and its six methyl-substituted
derivatives (14) is in accord with the Adg2 mech-
anism.

The reaction of DNBSC with partially resolved
2,2-dimethyl-3,4-hexadien-1-o0l has been reported (15)
to give an optically active cyclic adduct 12, consistent
with the formation, during addition, of an unsym-
metric intermediate such as the alkylidenethiiranium
ion 13 or an alkylideneepisulphurane 14 (see Scheme

2Kinetic evidence for the transmission of substituent effects
across both double bonds of allenes has recently been reported
for the reaction of 4-chlorobenzenesulphenyl chloride and
benzenesulphenyl chloride with the methyl-substituted allenes.
See ref. 14.

+

\\ Ar A\

IC:|3C1 — f\E/Ar

c c~

/] 7T o

4 N\
\C/ \\C/SAr
g + ArSCl ][ C|
/N VAN
ci

N\ /4

F
\\lc ..,S/A B \\cl\s/“
:, &
//C \Cl //C \Cl
SCHEME 2

3) (16). The extent to which the reaction is truly
stereospecific has, however, yet to be determined.
The available data, therefore, although consistent
with the proposed intermediates do not rule out the
presence of alternative species, such as allylic carbo-
nium ions, on the reaction coordinate.

As can be seen from Scheme 1, a complicating
factor in these studies is the presence of up to four
competing reaction pathways, corresponding to the
four independent modes of approach to the allenic
system. Reducing the problem to one of only two
competing pathways is, however, readily accom-
plished by examining the cases of symmetric allenes.
In Scheme 4 a generalized reaction path for the
additions is given. If one ignores for the time being
the probable occurrence of a cyclic intermediate, such
as 13’ or 14’, the most likely species would be a
nonplanar allylic carbonium ion 15. One would
anticipate however that 15 will undergo rapid bond
rotation to give the resonance stabilized allylic ion,
16.

If the activation energy for product formation is
very small compared with the barrier height for
interconversion among the allylic ions or for that
matter between any of the proposed cyclic species,
the ratio of products is equal to the ratio of the
population of the starting states.

An examination of Scheme 4 indicates that such a
scenario is equivalent to stating that the ratio of
products corresponds to the percentage of attack on
each face of the m system, or in other words reflects
the direction of approach of the electrophile towards
the allenic system. The same argument holds if one
considers the nonplanar allylic ions or the alkylidene-
thiiranium ions, etc. Within the context of this
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Cl NO,
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mechanism one would expect to observe ‘steric
approach control’ where the steric interactions in the
transition state are of the long range type between
attacking reagent (DNBSC) and the substrate mole-
cule (allene), which is in its ground state geometry
17).

Alternatively, if the activation energy of the
reaction is large compared with the barrier to inter-
conversion between intermediates of opposite con-
figuration (for example, E- and Z-alkylidene-
thiiranium ions or Z,Z- and E,Z-allylic ions), the
proportion of the products will in no way reflect the
relative populations of the ground state configura-
tions ‘but will depend only on the activation energies
of the processes leading to these products. Stated
somewhat differently this implies that the ratio of
two products formed from one starting material
depends only on the difference in the free energy
levels of the two transition states (18).

The available data appear to be in accord with the
first scenario, our product distributions reflecting
steric approach control. If the latter situation were
of importance one would anticipate a predominance
of the Z isomer under conditions where optical
activity is conserved. For example, were the barrier
to interconversion of the E- and Z-alkylidenethiiran-
ium ions low, as a result of a fast reversible elimina-

tion-addition sequence, the activation energies for
product formation would reflect the propensity for
nucleophilic attack on the back side of the three-
membered rings. Steric factors in such a case would
be expected to favour attack on the less hindered
Z-alkylidenethiiranium ion. The activation energy
for attack on the ion of Z configuration should,
therefore, be lower than the activation energy for
attack on the E configuration leading to the pref-
erential formation, stereospecifically, of Z alkenes.
This is, however, the opposite to what we observed
under conditions of kinetic control.

The presence of only one adduct from the reaction
of DNBSC with 1,2-cyclononadiene, 7, can now be
rationalized in terms of steric hindrance to approach
at one face of each double bond (Scheme 5). Studies
using Dreiding models clearly indicate that attack
on 7 to give the Z isomer would involve attack on the
most hindered face of each double bond (i.e., from
the inside of the ring). Similar results have been
previously reported by Moore and Bertelson (16).
The formation of both E and Z alkenes from 1,2-
cyclotridecadiene, 8, is indicative of the greater con-
formational flexibility of the 13 carbon ring system
compared to rings of 9 or 10 carbons. Comparing
the E'to Z ratios for addition to 1,2-cyclotridecadiene,
8 (£:Z = 86:13) and 3,4-heptadiene, 5 (E:Z =
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80:20) further indicate that the steric constraints
imposed on 8 by its cyclic structure are no larger
than those of the acyclic allene 5.

Experimental

Proton and carbon-13 nmr spectra were run on Varian
Associates HA-100 and FT80 spectrometers, respectively.
Determination of carbon-proton coupling constants was
based on first-order analysis of the fully coupled natural
abundance !3C spectra.

2,4-Dinitrobenzenesulphenyl Chloride
This was prepared by the method of Kharasch and co-
workers (19).

Allenes

2,3-Pentadiene was commercially available from Chemical
Samples Co.; 2,3-hexadiene, 3,4-heptadiene, 5-methyl-2,3-
hexadiene, 5,5-dimethyl-2,3-hexadiene, 2,6-dimethyl-3,4-hep-

Cl
SAr

SCHEME 5

tadiene, 1,2-cyclononadiene, and 1,2-cyclotridecadiene were
prepared by the methods of Doering and LaFlamme (20),
Skattebol (21), and Moore and Ward (22).

The Reaction of 2,4-Dinitrobenzenesulphenyl Chloride with
Allenes

General Procedure

To a solution of 2,4-dinitrobenzenesulphenyl chloride (1.40
mmol) in 10 ml of anhydrous methylene chloride was added
an equivalent (1.40 mmol) of the respective allene. The
mixture was stirred at room temperature for a period of
approximately 6 days until no further reaction was observed.
After the solvent was evaporated, the residual oil which
corresponded to a quantitative yield, was analyzed by 'H and
13C nmr and mass spectroscopy. No variation in product
distribution was observed during the course of the reactions.
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J. A. RipMeesTER and R. K. Boyp. Can. J. Chem. 57, 128 (1979).

Molecular motion in solid sym-triazine was investigated using continuous wave and pulsed
'H nmr methods between 290 and 350 K. In addition, the potential energy profile of the sym-
triazine molecule as a function of orientation in the crystal lattice was calculated. From the
nmr results, only one motional process was identified, in-plane reorientation of sym-triazine
molecules with an activation energy of 15 kcal/mol. This is in agreement with the potential
energy calculation which also shows that the reorientation takes place between equivalent
sites.

J. A. RipMmEESTER et R. K. Boyp. Can. J. Chem. 57, 128 (1979).

Opérant entre 290 et 350 K et faisant appel a des méthodes de rmn du 'H pulsées et en
fonction continue, on a étudié les mouvements moléculaires de la sym-triazéne solide. De plus,
on a calculé le profil du potentiel d’énergie de la molécule de sym-triazine en fonction de son
orientation dans le réseau cristallin. Sur la base des données rmn, on a pu identifier un seul
processus de mouvement, une réorientation dans le plan des molécules sym-triazine avec une
énergie d’activation de 15 kcal/mol. Ce résultat est en accord avec le calcul d’énergie potentielle

qui montre aussi que la réorientation se produit entre deux sites équivalents.

Introduction

At ambient temperature and pressure, symi-triazine
consists of transparent, easily sublimable crystals.
These characteristics are some of the criteria used
by Timmermans (1) to denote the class of ‘plastic
crystals.” Since general molecular reorientation and
self-diffusion are other characteristics of plastic
crystals, it was thought to be of interest to further
investigate molecular motion in sym-triazine. Pre-
viously (2), threefold, in-plane reorientation was
identified in both the high and low temperature
phases of sym-triazine using '*N nuclear quadrupole
resonance, and motional rates were studied as far as
the fade-out temperature near 280 K.

We have measured 'H nmr linewidths and second
moments between ~200 K and the melting point at
359 K and static and rotating frame 'H spin-lattice
relaxation times between ~280 and 340 K. In
addition, the potential energy profile for the rotation
of a sym-triazine molecule at its lattice site was
calculated using an atom—atom approximation to the
intermolecular forces.

Experimental

sym-Triazine was purchased from Aldrich Chemical Co. and
was vacuum sublimed several times before use. Samples for

'NRCC No. 17065.

[Traduit par le journal]

the nmr measurements were prepared by sealing in Pyrex tubes
small quantities of sym-triazine after outgassing by freeze—
pump-thaw cycles. 'H nmr lineshapes were recorded at a
frequency of ~56 MHz using a marginal oscillator spectro-
meter with field modulation and lock-in detection. Second
moments were calculated from the lineshape by a numerical
integration procedure. 'H spin-lattice relaxation times were
measured at a frequency of 10 MHz using a Bruker SXP pulse
nmr spectrometer; rotating frame relaxation times were made
using a 90° pulse followed immediately by a variable length
spin-locking pulse of amplitude 14 G.

The model used to estimate the potential energy profile for
in-plane rotation of a sym-triazine molecule at its lattice site
was identical in all essential respects to that used earlier (3)
for the case of pyrazine. The charge distribution within the
molecule was taken from published calculations (4). In
addition, the nitrogen atom with its lone pair was simulated
by an isoelectronic C—H group, with a bond length of 0.7 A
and a bond dipole moment of 2.2 D (3). Two sets of para-
meters for the C—C, C—H, and H—H potential energy
functions were used; the first (5) is characterised by ‘hard’
repulsive contributions for H-atom interactions and the
second (6) by ‘softer’ repulsions.

Results and Discussion

The potential energy profiles for the rotation of a
sym-triazine molecule at its lattice site, calculated
using the ‘hard’ and ‘soft’ repulsion parameters and
the X-ray structure (7) of solid sym-triazine are
shown in Fig. 1. They are qualitatively similar and
show that the motion of the sym-triazine molecule
consists of in-plane jumps of 120° between indis-

0008-4042/79/010128-03$01.00/0
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F1aG. 1. Potential energy profile for the sym-triazine molecule
on rotation in its molecular plane (circles, ‘hard’ repulsion
parameters; squares, ‘soft’ repulsion parameters).

tinguishable orientations of the molecule with
respect to the crystal lattice. The calculated activa-
tion energy for the thermally activated motion (twice
the difference between potential minima and maxima
(8, 9)) is 18 kcal/mol for the ‘soft’ repulsion para-
meters and 21 kcal/mol for the ‘hard’ repulsion
model.

"H nmr spectra, obtained between 200 and 340 K,
were structureless, broad lines. Second moments
calculated from suitably digitized lineshapes are
shown in Fig. 2; motional narrowing is evident
between 250 and 315 K. The limiting low and high

SECOND MOMENT (G 2)
N

200 250 300 350
T(K)

F1G. 2. 'H second moments for solid sym-triazine shown as a
function of temperature.

temperature second moment values were 3.5 + 0.1
and 0.72 + 0.03 G2, respectively. Theoretical second
moments were calculated for two models. The first
of these was a static model; Van Vleck’s (10) equa-
tion was used to calculate the lattice sums using
proton coordinates derived from a neutron diffrac-
tion study (11). Interactions of protons with other
nuclei were neglected. The second model was a
dynamic one, where the sym-triazine molecules were
allowed to jump between the three potential wells
evident from the potential energy profiles. Further
details of calculations of this nature, made using the
equations derived by Michel et al. (12), are given
elsewhere (13); it suffices to give the results here. The
theoretical second moments were 3.25 and 0.77 G2
for the static and dynamic models, respectively, in
good agreement with the limiting low and high
temperature experimental second moments of 3.5 +
0.1 and 0.72 + 0.3 G%

Figure 3 shows the static (7;) and rotating frame
(Ty,) spin-lattice relaxation times as a function of
inverse temperature. 7, decreases monotonically
with increasing temperature, 7, has a minimum of
0.72 ms at 314 K. Spin-lattice relaxation, in this
instance, is brought about by modulation of both
intra- and inter-proton dipolar interaction by means

1021 sec —TRIAZINE

10'4

T, Tip (s)

T,(10MHz)

1004

A A
A A
TiplH1=14G)
10734
1000/7 (K)
104 T T T r , — —
2.9 3.0 3.1 3.2 33 34 35

FIG. 3. Static and rotating frame (7, and T, respectively)
'H relaxation times of solid sym-triazine plotted as a function
of inverse temperature (solid lines are calculated, see text).
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of the threefold reorientations of sym-triazine
molecules. The appropriate equations are (14);

-1 _ 2, T, 4r,
L= 37 AM; I + o’t? TTE do*t.?
L2 [ 250 «

1 _£.2 . c c
U 37 AM, |1 + o’t” " 1 + 40’

. L5t, |

I+ 40,71 f

where v is the proton gyromagnetic ratio, o is the
radiofrequency used, and AM, is the portion of the
second moment modulated by the motion. The
motional correlation time T, is assumed to follow
Arrhenius behaviour according to 1. =T, exp
(AE/RT) where AFE is an activation energy. The solid
lines in Fig. 2 were calculated with the following
choice of parameters; AM, = 2.84 G?, 1, = 6.62 x
1077 exp (7550/T), indicating a reorientational
activation energy of 15.0 kcal/mol. This AM, value,
2.84 G2, is in good agreement with the value obtained
by subtracting the limiting high temperature second
moment from the limiting low temperature second
moment, namely 2.75 G2

The activation energies indicated by the energy
profile calculations are also in general agreement
with the experimental value. The result obtained for
the ‘soft’ repulsion model seems preferable in two
respects. First, the calculated minimum in the
potential profile is closer to the experimentally
determined (7) crystallographic orientation than is
the case for the ‘hard’ repulsion model; secondly,
the calculated activation energy, (~ 18 kcal mol™ ")
for the thermally activated motion is closer to the
experimental value (15kcal mol™!) than the the-
oretical value (~21 kcal mol~ ') obtained using large
repulsive parameters.

The two. profiles (Fig. 1) do, however, agree on
the main qualitative feature of the motion, viz. that
it consists of in-plane jumps of 120°, between indis-
tinguishable orientations of the molecule with respect
to the crystal lattice. This is consistent with the
observation of an ordered lattice of sym-triazine
molecules by diffraction studies (7, 11). There should
therefore by no thermal anomaly directly associated
with the onset of this motion, since no disorder is
thereby produced. The thermal transition previously
observed (15) to occur between about 170 and 215 K
involved a large-scale change in the crystal structure.

The qualitative feature of the crystal structure of
sym-triazine, which accounts for in-plane motion by
120° jumps, is the same as that shown previously
(16) to account for the difference in crystal packing
between sym-triazine and benzene. In neither case

CAN. J. CHEM. VOL. 57, 1979

are the electrostatic contributions of much im-
portance; rather, any attempt to replace a nitrogen
atom with its lone pair by a C—H group, e.g., sub-
stituting a benzene molecule for a triazine, in the
sym-triazine lattice, results in short H---H and
H---lone pair distances, with consequent large re-
pulsive contributions to the total intermolecular
potential energy. This is the basic reason (16) why
benzene packs in the ‘herring-bone’ pattern, rather
than in the ‘parallel-stack’ structure of sym-triazine;
similarly, rotation of one sym-triazine molecule, by
60° in its plane, replaces all N lone pair groups by
C—H groups. The discrepancy in the corresponding
effective bond lengths (~0.7 A as opposed to >1.0
A) is sufficient, within the tight packing of the sym-
triazine structure, to introduce large H—H repulsive
interactions which dominate the potential energy of
the rotated molecule.

Previously (2), threefold molecular reorientation
of sym-triazine molecules has been identified at tem-
peratures below ~270 K using '*N nqr measure-
ments. In these studies (2), the activation energy for
the motion was found to be 14 kcal/mol from spin-
lattice relaxation measurements between 200 and
250 K and 15 kcal/mol from the exchange broaden-
ing contribution to spin-spin relaxation between
~250 and 275 K. Thus the '*N nqr values are in
good agreement with the 'H nmr value obtained
between 290 and 350 K.

In concluding, we can state that all methods, in-
cluding the diffraction (7, 11), '*N nqr (2) and 'H
nmr measurements, as well as the potential calcula-
tions are consistent with a model where sym-triazine
molecules reorientate in the plane of the molecule
about the molecular threefold axis.
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JouN M. McInTosH. Can. J. Chem. 57, 131 (1979).

The complete carbon-13 nmr spectra of 16 alkylated 2,5-dihydrothiophenes and 10 suifones
derived from them are reported. No significant interactions between C-2 substituents and C-5
are noted and stereochemical determinations based on this y effect are not possible. On
oxidation to the sulfones, C-2 and C-5 are dramatically deshielded but C-3 and C-4 are shielded.
A possible explanation for this effect is presented.

JouN M. McIntosH. Can. J. Chem. 57, 131 (1979).

On rapporte les spectres rmn du '3C complets de 16 dihydro-2,5 thiophénes alkylés et de 10
sulfones qui en dérivent. On ne note aucune interaction importante entre les substituants en
C-2 et en C-5; des déterminations de stéréochimie basées sur cet effet v ne sont donc pas
possibles. L’oxydation en sulfones provoque un déblindage important en C-2 et en C-5; les
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C-3 et C-4 sont blindés. On propose une explication possible de cet effet.

Recently, we have been concerned with the prepa-
ration of substituted 2,5-dihydrothiophenes (1) and
the utilization of these as precursors of conjugated
dienes for use in the Diels-Alder reaction. Central
to this problem is the question of the stereochemistry
of 1. Since the conversion to dienes ([1]) is known to
be completely stereospecific, the stereochemistry of 1
controls both that of 3 and of the Diels-Alder
products. We have previously determined the stereo-
chemical composition of 1 by analysis of 3 (2) but a

W ers—J\Rz - R, ? R,

0O,
I 2

/

Rl_//_\\_Rz —> Diels-Alder products
3

direct method for this determination would be
preferable. The **C nmr chemical shifts of organic
compounds are well known to be extremely sensitive
to steric effects (3) and therefore we have investigated
the carbon spectra of a series of 1 and 2 to ascertain
if predictable trends could be detected which would
allow differentiation of stereoisomers.

Experimental

The compounds used were prepared as previously outlined
(ref. 1 and references therein and refs. 4 and 5). **C nmr
spectra were obtained as approximately 2 M solutions in
CDCI; in 5-mm tubes on a Bruker CXP-100 instrument
operating in the FT mode at 22.64 MHz and are reported in
ppm downfield from TMS as internal standard. A flip angle

[Traduit par le journal]

of 36° was used and 3K-5K transients were collected for the
noise-decoupled spectra. Single frequency off-resonance
spectra required ca. 60K transients. In all cases the spectral
width was 6000 Hz, quadrature detection was employed, and
8K data points were collected. Assignments of specific
absorptions were made on the basis of off-resonance experi-
ments, trends appearing within each series, and relative peak
intensities. Where ambiguities exist, the absorptions are
bracketed.

Results and Discussion

The spectra of 1 and 2 which bear only alkyl
substitution are tabulated in Table 1. The stereo-
chemistry of all these compounds was known from
previous studies (2). Table 2 lists the spectra of some
1 and 2 which bear a carbomethoxy group at C-3.

Inspection of Table 1 (compounds 15-23) reveals
several trends. Carbon atoms attached directly to
divalent sulfur absorb in the range of 39-60 ppm,
depending on the degree of substitution. The o effect
of a methyl group at C-2 falls in the range of 8-11
ppm, whether or not there is a substituent at C-3.
(Compare 15, 16, 18, 20 and 21, 22, 23.) This value
Is in good agreement with the usual range of values
in comparable hydrocarbons. The specific shifts are
surprisingly close to similarly substituted cases which
have considerably different molecular geometries
(e.g., 4 (6), 5(7)).

508 S
44.9
26 103
N 55.1
127.0
4

Neither the degree of substitution nor the relative
stereochemistry at C-2 affects the chemical shift of
C-5 significantly but the olefinic carbons are affected

0008-4042/79/010131-04%01.00/0
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TasLE 1. 13C spectra of alkylated 2,5-dihydrothiophenes and related suifones

Chemical shifts®®

Compound
(Ref)  Structure  C-2 c3 C-4 c-5 R-2 R-3 R-5 Other
15 (10) ‘= 39.1 128.8 128.8 39.1 — — _ _
(10) SQz
16 = 57.9  (134.2)  (131.7)  49.4 31.8CH, — 25.1 —
A 11.8 CH,
17 A d 571 132.3 132.3 57.1 31.8(CH,) — 31.8(CH,) _
s 12.0(CHs) 12.0(CHs)
18 X om0 1413 129.1 477 254 148  28.8 —
cis-19 = 51.2 _ 127.0 55.4 23.6 15.0 32.0(CH,) _
\Is_1 12.0(CH3)
rans19 [ 510 _ 1270 55.0 227 15.0  31.4(CHj) —
s 11.8(CH>)
20 /(;i 60.3(s) 144.8(s) 128.0(d) 45.4(d)  30.8 12.4 24.8 _
31.9
26.2
. j— J— —_ (29.8)
21 O\—sj 37.5 118.6 145.0 53.3 W(I
38.7
aom 8
22 C Tl 48.3@)  125.5(d) 143.7(s) 54.9(d) 25.4(t)  — _ :
S ( ) ( ) ( ) ! (.’.7.9)<I
39.7
141.3 54.3 33.6 @90 X
23 — 582 130.7 . . . - — : C(
O:sj\ 33.0 (27.3) e
10 G sss 0 1232 1232 sss _ _ _ =
0,
25 = 66.1 (130.1)  (128.2)  60.2 22.6(CH;) — 13.3
1‘%\/ 11.6(CHs)
26 = 66.6 128.4 128.4 66.6 22.3(CH,) — 22.3(CH,)
\/£%\/ 11.5(CH,) 11.5(CH,)
239
25.9)
= . 64. _ _ _
27 O\? 56.2 113.2 140.5 4.1 =Y
02 31.4
(24.1) ne
—_— 24.1
28 A 62.5 127.3 136.2 62.9 25.5 — — (:/(
0, (23.8) o

aRelative to internal TMS; values in parentheses may be interchanged.

in a manner analogous to the carbocyclic relatives
(ref. 3, p. 78). Thus, the original aim of direct
stereochemical analysis cannot be achieved.

For discussion purposes the chemical shifts of
compounds 6-14 (3, 8, 9) are given in Fig. 1. From
these data the following conclusions can be drawn.
In both the saturated and unsaturated series, the o
effect of divalent sulfur is deshielding (ca. —6 ppm),
whereas the B-effect is deshielding in the saturated
case (Ad¢,s = —5.8) but shielding in the unsaturated
one (Ad¢_,g = +1.8). This can be most conveniently
rationalized on the basis of the differing molecular

geometries of these ring systems. Compounds 9 and
10 have been shown (10, 11) to possess an essentially
planar ring system whereas 6 and 7 are similar in
shape to 8 (12). Appreciable cis-1,3-hydrogen vy
interactions in 8 cause a shielding of the carbon
atoms. When sulfur which lacks the hydrogens and
has a considerably larger covalent radius than carbon
is introduced, these 1,3 interactions are reduced,
leading to the observed deshielding at C-3. Oxidation
of 6 to 7 reintroduces these y interactions resulting
in little difference in the shifts of C-3 in 7 and 8
(Adcos0, = 0.4). In the unsaturated series, distortion
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TABLE 2. 13C spectra of alkylated 3-carbomethoxy-2,5-dihydrothiophenes and related sulfones

Chemical shifts®

Compound
(Ref.) Structure C-2 C-3 C-4 C-5 COOMe CO Other
COOMe
29 SZ=’$ (37.2) 135.6 140.8  (39.0) 51.8 164.2 _
S
COOMe 41.4(d)
30 % 60.0(d) 137.7(s) 141.0(d) 37.0()  51.6(q)  164.1(s) O/
S (26.4) 32.5
(26.0)
COOMe (143.7)
31 @Ph 57.1 139.1  (141.3)  38.7 52.0 164.0 ,no@ﬂ“
127.8
COOMe
32 : /\—js 40.1 131.8 149.5 66.1 51.7 164.8 M(j;_S
23.7
COOMe
33 OCXH‘ 55.5 134.4 149.8 65.1 51.4 164.0  phenyl—143.0,128.4,
127.5,127.0
2180\
25.0 40.3
COOMe
34 (a)""l:i/\ 52.3(d)  130.1(s) 157.5(s) 60.4(s)  S51.3(q)  166.7(s) 40.3(t),21.0(t),
oS 13.8(q)(CH,—CH,—CH3),
31.7(q), 31.6(q)
(CH3 a,b), 12.7(q)
(=C—CHs)
COOMe
35 = 57.8(t)  129.7(s) 134.0(d) 55.0(t)  52.4(q@)  162.7(s) —
S
0O,
COOMe
36 = 69.9(d)  134.7(s) 133.8(d) 56.8(t)  52.4(q)  163.4(s) 39.8(d),30.0,29.2,
s 26.6,26.1
(07
COOMe 306
37 S 53.8(t)  126.6(s) 144.1(d) 68.8(s)  52.4(q)  163.2(s)
& 248757
COOMe
38 CQ/(\ 70.9(d)  131.9(s) 144.7(d) 68.5(s)  52.3(q)  163.2(s) phenyl—135.6,129.4,
Y 128.8,128.7
329
(24.7), =
23.2@.3
(22.9)
COOMe -
39 (a),,,,,I——/(\/\ 63.9 125.2 152.8 66.1 51.8 164.5  32.9,(19.3),13.7
s (CH,—CH,—CHj3;),

by O

(21.0,) 23.2(CH3b)
13.7(=C—CH3)

aRelative to internal TMS; values in parentheses may be interchanged.

of the valence angle at C-3 by introduction of the
large sulfur atom could account for the shielding at
C-3 in 9 and further shielding is caused by intro-
duction of a vy effect upon oxidation to 10. The
difference in magnitude of the shielding effect in the
two series introduced by oxidation to the sulfones
(Adg50, = +6.2 for the saturated system and +5.6
for the unsaturated one) can best be attributed to the
differing ring geometries which result in reduced

steric interactions in the planar system 10. In the
present work (Table 1) the same effects can be seen
(compare 15-23 with 24-28) where the shieldings
(Ads_.50,) of C-3 and C-4 range from 3.5 to 5.5 ppm
depending on the substitution pattern.

Whereas the effect of the introduction of S—O
bonds on C-3 is different in the saturated and
unsaturated systems, the data in Table 1 show that
the same is not true for substituents at C-2. Previous
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314 25.2 25.6
[Sjsl.z [S].su U
O,

6 7 8
1288 1232 130.6
[5]39.1 [Sjss,s @32.6

0, 23.1
9 10 11
~ ~ Mzo.o w254
33,7{ S 7S AN S
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Fi1G. 1. The chemical shifts of compounds 6-14.

TaBLE 3. Chemical shift differences of 3-carbomethoxy-2,5-
dihydrothiophenes and their sulfones

A55_.502“
Compounds C-2 C-3 C-4 C-5
29-35 —20.6 —16
_18.8 +5.9 +6.8 _17.8
30-36 -9.9 +3.0 +7.2 —19.8
32-37 —13.7 +5.2 +5.4 —-2.7
33-38 —15.4 +2.5 +5.1 —3.4

aA negative value indicates a deshielding effect.

work on the sulfoxides 13 and 14 (6) has shown that
the C-2 methyl substituent c¢is to oxygen is strongly
shielded (Adg_.go = I1) but the effect on the trans-
methyl group is smaller but still significant (Adg_ 5o =
8.3). In the present work, all substituents at C-2 and
C-5 are eclipsed with an S—O bond and this is
reflected in shieldings of 8-12 ppm for methyl
substituents (compare 16-25, 17-26, 23-28) and
7.5-9.5 for methylene groups (compare 16-25, 17-26,
21-27, 23-28).

Turning to the data shown in Table 2, the same
type of trends can be distinguished. Again the
shielding of C-3 and C-4 are significant (Ads_ g0, =

2.5 to 7.2), the larger effect being uniformly at C-4.
Also, although the effects of oxidation on C-2 and
C-5 are approximately equal in 29 and 35, the
deshielding is affected dramatically by the degree
and type of substitution. The data in Table 3
illustrate this point. No clear trend can be established
from the available data. The chemical shift of the
carbonyl group appears very insensitive to substitu-
tion at C-2.

In conclusion, the use of '*C nmr to determine the
stereochemical composition of 2,5-dihydrothiophenes
does not appear to be feasible, presumably due to
the planar ring which minimizes across-the-ring
steric interactions. However, the chemical shift
trends outlined may be useful in future structure
déterminations of sulfur heterocycles.
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RAYMOND M. MORRISON, ROBERT C. THOMPSON, and JAMES TROTTER. Can. J. Chem. 57,
135 (1979).

Crystals of tetrakis(4-methylpyridine)cobalt(I) hexafluorophosphate, C,,H;sCoF;,N,P;,
are tetragonal, space group I4,/acd, a = 18.434(7), ¢ = 18.818(6) A, Z = 8. The structure
was solved by direct and Fourier methods. The positional and anisotropic thermal parameters
were refined by full-matrix least-squares methods to R = 0.072 for 346 observed reflexions.
The structure consists of discrete [Co(4-mepy),]?* and PFs~ ions. The structure of the cation
is a distorted tetrahedron of 4-methylpyridine ligands around cobalt (crystal symmetry S,)
and that of the anion is a distorted octahedron of fluorines around phosphorus (crystal sym-
metry C,).

RAYMOND M. MoRRIsON, ROBERT C. THOMPSON et JAMES TROTTER. Can. J. Chem. 57, 135
(1979).

Les cristaux de I’hexafluorophosphate du tétrakis(méthyl-4 pyridine) cobalt(Il), C;,H;s-
CoF,N,P,, sont tétragonaux, groupe d’espace I4,/acd, a = 18.434(7), ¢ = 18.818(6) A,
Z = 8. On a résolu la structure par des méthodes directes et de Fourier. On a affiné les para-
meétres thermiques anisotrope et de position par la méthode des moindres carrés (matrice com-
pléte) jusqu’a une valeur de R = 0.072 pour les 346 réflexions observées. La structure comporte
des ions [Co(Me-4Py),]?* et PF¢ séparés. La structure du cation implique un tétraédre déformé
comportant des ligands méthyl-4 pyridine autour du cobalt (symétrie cristalline S,) alors que
celle de I'anion implique un octaédre déformé comportant des fluors autour du phosphore

(symétrie cristalline C,).

Introduction

As a part of a study involving the synthesis and
characterization of transition metal complexes con-
taining anions of strong acids (1-4), we have syn-
thesized a series of compounds, CoL,A, (L =
pyridine or 4-methylpyridine, A = PF~ or AsFg7).
On the basis of spectral and magnetic data (3, 4), it
was postulated that these compounds had structures
involving tetrahedral coordination of neutral ligands
around cobalt and non-coordinated anions. In order
to confirm the structural assignments for this group
of compounds and to determine more precisely the
stereochemistry about cobalt and the arrangement
of ions, we have now completed a single crystal X-ray
diffraction study of Co(4-mepy),(PFs),.

[Traduit par le journal]

Experimental

Co(4-mepy)4(PFg), was prepared as described previously (3).
A saturated, filtered solution of the complex in a 1:1 mixture
of dichloromethane and chloroform was allowed to evaporate
slowly in an inert atmosphere chamber. After 1-2 weeks, the
deep red-purple solution gave large elongated tetragonal
crystals of the same color. The crystals were hygroscopic and
were stored in the inert atmosphere chamber; however, the
sealing of the crystals in Lindemann capillaries was done
quickly in air and no apparent decomposition of the crystals
was observed. The preliminary Weissenberg and precession
photographs indicated a tetragonal space group and the
systematic absences (hkl:h + k + [ = 2n + 1; hkO:h(k) =
2n + 1; Okl:ltk) =2n+ 1; hhl:l=2n+ 1, 2h + [ # 4n)
gave the space group as I4,/acd (D39, No. 142) (5).

The crystal chosen for data collection was mounted on a
Datex-automated GE XRD-6 three-circle diffractometer
equipped with a Mo-K, (A = 0.7107 A) X-ray source with the

0008-4042/79/020135-04$01.00/0
©1979 National Research Council of Canada/Conseil national de recherches du Canada
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¢ axis and the ¢ axis coincident. The unit cell parameters were
determined by least-squares refinement on 12 manually
centered reflections. Crystal data are: C,4H2sCoF1,N4P,
tetragonal, space group I4,/acd, a = 18.434DA, c=
18.818(6) A, V = 6395 A3, Z = 8, pearea = 1.50gcm™3, u =
7.60 cm™1.

Intensities were collected for 20 < 40°, the scan range was
1.80 + 0.8 (tan ) with a speed of 2°/min, and the background
was counted at the beginning and the end of each scan for 10 s.
The strongest reflections were remeasured using a lesser
current and extra zirconium filters and a second crystal
(instrumental difficulties caused a delay of several months
between the initial data collection and the remeasurement of
the strong reflections; the second crystal was similar to the
first, in size, shape, and orientation). The reflection 3 3 2, the
intensity of which fluctuated randomly for the two crystals
throughout data collection, was measured at intervals of 40
reflections and was used to scale the reflection data of the two
crystals. The total number of independent reflections collected
was 749. Lorentz and polarization factors were applied and
standard deviations were calculated from c?(/) =S + B +
(0.045)% where S is the scan count and B is the background
count. No absorption correction was made, since the absorp-
tion coefficient is low. A total of 347 reflections was considered
observed with 7 > 3o(I) above the background.

Structure Determination
Although attempts to solve the structure with Patterson
methods were unsuccessful, direct methods gave the solution.
A total of 131 reflections with E > 1.4 and the computer
programs TANS were used in the sign determining process.
The starting set consisted of eight reflections, one for origin
definition, five from X, relationships and two symbolic phases.
Of the four sets generated, the one set which determined the
phases of all reflections was used. The resulting E map gave
cobalt at 8a (1/2,1/4,1/8, symmetry S,) and phosphorus at 16e
(0.10,0,1/4, symmetry C,). Successive difference Fourier maps
gave the position of the other ten non-hydrogen atoms; the
resulting R value was 0.123 with isotropic temperature factors.
For the next three cycles of least-squares refinement, all
atoms were given anisotropic temperature factors (symmetry
constrained (6, 7) in the case of cobalt and phosphorus), a
weighting scheme (F, < F*, w= 1.0; F, > F*, w = F*/F,;
F* = average F, = 80) was employed, and the anomalous
scattering (8) of cobalt and phosphorus was included. The
values of R and R,, were 0.072 and 0.092 for 346 reflections
(one reflection 4 —11 5 was considered, poorly measured and
is omitted, F, = 27.0; F. = 2.0). A subsequent cycle of least
squares gave a maximum parameter shift of 0.024c. The
hydrogen atom positions were not determined. The observed
and calculated structure factors have been placed in the
Depository of Unpublished Data.! The final positional and
thermal parameters are given in Tables 1 and 2.

Results and Discussion

The structure consists of distinct [Co(4-mepy),]**
cations and PFg~ anions. The closest contact be-
tween the cations and anions is 3.28(3) A for
F(2)...C(6), which is just less than the van der Waals
contact distance of 3.35 A for a fluoride and a methyl
group (9). The closest contact between cobalt and the
anions is 4.21(2) A to F(1), which is well out of the

1Complete set of data is available, at a nominal charge,
from the Depository of Unpublished Data, CISTI, National
Research Council of Canada, Ottawa, Ont., Canada K1A 0S2.

TasLE 1. Final positional parameters (fractional x 10%)
with estimated standard deviations in parentheses

Atom x y z

Co 5000 2500 1250

P 1011( 6) 0 2500

N 4185( 7) 2280(10) 1929( 8)
C1 4077(10) 2706( 9) 2531(11)
C2 3567(11) 2511(14) 3046(11)
C3 3193( 9) 1859(11) 2964(10)
C4 3286(11) 1454(10) 2356(12)
Cs5 3790(11) 1658(11) 1847(12)
Cé6 2657(11) 1656(11) 3543(10)
Fl1 397(11) 549( 9) 2650(12)
F2 1584( 9) 561(11) 2660(11)
F3 1008(12) 232(16) 1766(12)

range for interaction. Figure 1 shows a stereoview of
the packing of the nearest anions about the cation.
The Co...P distance is 5.499(4) A and the P...Co...P
angles are 100.54(2)° and 129.35(4)°. The other
Co..AP distances in the lattice are all greater than
8.0 A.

Figure 2 shows a stereoview of the cation. The
cobalt atom has crystallographic S, symmetry. The
distortion of the cation from tetrahedral symmetry is
shown by the compression along the S, axis and the
orientation of the rings. The compression is shown by
the N—Co—N angle of 101.2(9)° for one S, opera-
tion and 113.8(5)° for two successive S, operations.
Tetrahedral symmetry would require both angles to
be 109.47°. The atoms of the 4-methylpyridine moiety
are planar within experimental error but the cobalt
atom lies 0.28 A out of this plane; the angle between
the S, axis and the plane of the ring is 28°; tetrahedral
symmetry (T,) would require the angle to be 0° or 45°.

The bond lengths and angles are shown in Table 3.
The values for the atoms of the ring are similar to
those of pyridine derived from a microwave study
(10) and 4-methylpyridine in other structures (ref. 11,
for example). The values for the hexafluorophosphate
anions are similar to those normally found for this
anion. The thermal parameters indicate large thermal
motion, as has been observed by other authors
(11-18). As noted (17), this anion would be expected
to have large temperature factors and show con-
siderable apparent distortion due to it having nearly
spherical symmetry.

Compounds of the type CoL,A,, where L is
pyridine or a substituted pyridine and A is an
anionic ligand such as perchlorate, tetrafluoroborate,
trifluoroacetate, methylsulfate, or trifluoromethyl-
sulfate (19-23) have pseudo-octahedral structures
with trans-coordinated anions. Because of its very
weak ligating ability, the PF4~ anion is not co-
ordinated to cobalt in Co(4-mepy),(PF),, the co-
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TaBLE 2. Final thermal parameters and their estimated standard deviations. Anisotropic thermal param-

eters (U;; x 103 A2)*

Atom Uiy U,z Uss U2 Uss U,s

Co 82( 2) 82 77( 3) 0 0 0

P 157( 9) 77( 6) 76( 7) 0 0 —2( 6)
N 75(11) 99(12) 72(10) =709 —6(9) 11( 9)
C1 95(15) 83(14) 85(14) 17(11) —14(14) —-27(13)
C2 84(13) 111(16) 89(16) —-20(15) 19(12) 3(14)
C3 67(13) 76(14) 85(17) —8(12) —-6(12) 13(13)
C4 96(19) 83(15) 88(16) 1(12) 5(14) —32(14)
Cs 74(14) 81(15) 100(16) 1(12) 19(13) —-11(12)
Cé6 116(17) 118(18) 92(15) —33(13) 34(13) 16(12)
Fl1 217(20) 135(12) 328(25) 39(12) 75(18) —-5(14)
F2 189(19) 232(16) 283(25) —102(14) —41(16) —36(18)
F3 292(27) 434(37) 143(17) —18(24) —24(17) 131(20)

*The anisotropic thermal parameters employed in the refinement are U;; in the expression: f = fOexp (—2n2 X; X U;j hihja; *a;*).

]

FIG. 1. Stereoview showing the packing of the anions about a cation. The atoms of anion and cation are drawn for

20%, and 507, probabilities, respectively.

F1G. 2. Stereoview of the [Co(4-mepy)4]}** cation. All atoms drawn for 507, probability.

ordination sphere of cobalt being filled in this complexes, tetrakis(thiourea)mercury(Il) tetrakis(iso-
compound by a pseudo-tetrahedral array of the four thiocyanato)cobaltate(II) (24), potassium tetrakis-
4-methylpyridine ligands. The CoN, chromophore (isothiocyanato)cobaltate(Il) trihydrate (25), tris-
found here has been observed previously, for ex- (ethylenediamine)cobalt(III) tetrakis(isothiocyanato)-
ample, with the anionic ligand, NCS™, in the cobaltate(Il) nitrate (26), and 1,4-diphenyl-3-phenyl-
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TaABLE 3. Bond lengths and angles
(estimated standard deviations in

parentheses)

Bond Distance (A)
Co—N 2.01(1)
N—ClI 1.39(2)
N—CS5 1.37(2)
Cl—C2 1.40(2)
C2—C3 1.40(3)
C3—C4 1.38(2)
C4—C5 1.39(2)
P—F1 1.54(2)
P—F2 1.51(2)
P—F3 1.45(2)

Bonds Angle (deg)
N—Co—N’ 113.8(5)
N—Co—N" 101.2(9)
F3—P—F2 89(1)
F3—P—F1 89(1)
F2—P—F1 92(1)
N—C1—C2 121(2)
C1—C2—C3 119(2)
C2—C3—C4 120(2)
C2—C3—C6 117(2)
C4—C3—Co6 123(2)
C3—C4—C5 121(2)
C4—C5—N 121(2)
C5—N—C1 119(2)

amino-1,2,4-triazolium tetrakis(isothiocyanato)co-
baltate(II) (27). The Co—N distances found in these
compounds are 2.01(2), 1.949(7)-1.967(7),1.928(12)-
1.966(15), and 1.952(5), respectively, compared to the
value 2.01(1) A found here for the Co(4-mepy),**
species. Examples of complexes containing anionic
bidentate ligands which also give CoN, chromo-
phores are Dbis(N-tert-butylpyrrole-2-carboxyaldi-
mino)cobalt(IT) (28) and bis(dihydrobis(1-pyrazolyl)-
borato)cobalt(II) (29); the Co—N distances in these
compounds are 1.981(7)-2.066(8) and (average)
1.967(12) A, respectively.

Acknowledgements

This research was supported by grants from the
National Research Council of Canada and from the
Natural, Applied, and Health Sciences Grants Com-
mittee of U.B.C. R.M.M. thanks the University
Awards Committee for a MacMillan Family Fellow-
ship and Dr. S. Rettig for many helpful discussions.

We thank the University of British Columbia Com-
puting Centre for assistance.

1.

2.

20.
21.
22
23.
24.
25.
26.
27.
28.

C. S. ALLEYNE and R. C. THoMPsoN. Can. J. Chem. 52,
3218 (1974).

A. L. ARDUINI, M. GARNETT, R. C. THoMPsON, and T. C.
WonNG. Can. J. Chem. 53, 3812 (1975).

R. M. MorrisoN and R. C. THomMpPsoN. Inorg. Nucl. Chem.
Lett. 12,937 (1976).

R. M. MorrisoN and R. C. THoMpPsoN. Can. J. Chem. 56,
985 (1978).

. International tables for X-ray crystallography. Vol. 1. Bir-

mingham, Kynoch Press. 1952.

H. A. LEvy. Acta Crystallogr. 9, 679 (1956).

W.J. A. PETERSE and J. H. PALM. Acta Crystallogr. 20, 147
(1966).

International tables for X-ray crystallography. Vol. III.
Birmingham, Kynoch Press. 1962.

L. PAuLING. The nature of the chemical bond. 3rd ed.
Cornell University Press. 1960. p. 260.

. B.Bak, L. HANSEN, and J. RASTRUP-ANDERSEN. J. Chem.

Phys. 22,2013 (1954).

. G. ALLEGRA, E. BENEDETTI, C. PEDONE, and S. L. HoLT.

Inorg. Chem. 10, 667 (1971).

. B.R.Davisand J. A. IBERs. Inorg. Chem. 9, 2768 (1970).
. B. W. Davies and N. C. PAYNE. Can. J. Chem. 51, 3477

(1973).

. C. K. ProuT, T. S. CAMERON, and A. R. GENT. Acta

Crystallogr. B28, 32 (1972).

. F. C. MArcH and G. FERGUsON. Can. J. Chem. 49, 3590

(1971).

. M. NoLTE, E. SINGLETON, and M. LAING. J. Chem. Soc.

Dalton, 1979 (1976).

. K. ProuTt, M. C. CoUuLDWELL, and R. A. FORDER. Acta

Crystallogr. B33, 218 (1977).

. K. Prour, S. R. CRITCHLEY, E. CANNILLO, and V. TAz-

zoLl1. Acta Crystallogr. B33, 456 (1977).

. D. H. BRowN, R. A. NUTTAL, J. MCAvVOY, and D. W. A.

SHARP. J. Chem. Soc. A, 892 (1966).

D. W. HERLOCKER and M. R. ROSENTHAL. Inorg. Chim.
Acta, 4, 501 (1970).

A. B. P. LEVER and D. OGpEN. J. Chem. Soc. A, 2041
(1967).

A. R. ByingToN and W. E. BuLL. Inorg. Chim. Acta, 21,
239 (1977).

N. C.Jounson, J. T. Turk, and W. E. BuLL. Inorg. Chim.
Acta, 25, 235 (1977).

A. Korczynski and A. Pora1-KosHiTs. Rocz. Chem. 39,
1567 (1965).

M. G. B. DRew and A. HAMID BIN OTHMAN. Acta Crys-
tallogr. B31, 613 (1975).

W. J. ROHRBAUGH and R. A. JacoBsoN. Acta Crystallogr.
B33, 3254 (1977).

S. CerRINI, M. COLAPIETRO, R. SPAGNA, and L. ZaM-
BONELLI. J. Chem. Soc. A, 1375 (1971).

C. H. WEI. Inorg. Chem. 11, 1100 (1972).

L. J. GUGGENBERGER, C. T. PREWITT, P. MEAKIN, S.
TROFIMENKO, and J. P. JEssoN. Inorg. Chem. 12, 508
(1973).



Can. J. Chem. Downloaded from www.nrcresearchpress.com by 210.87.254.105 on 09/05/12
For personal use only.

139

Complexes of the methyl tris(3,5-dimethylpyrazol-1-yl) gallate ligand, MeGa(N,CsH;); ™,
and its hydroxy derivative, MeGa(N,CsH;),(OH)™. Crystal and molecular structure of
[MeGa(N,C;sH,),(OH)]Mo(CO),(n*-C,H,)
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KENNETH R. BREAKELL, STEVEN J. RETTIG, ALAN STORR, and JAMES TROTTER. Can. J.
Chem. 57, 139 (1979).

The synthesis and coordinating properties of the tridentate tris-chelating ligand, methyl
tris(3,5-dimethylpyrazol-1-yl)gallate, MeGa(N,CsH-);~, are described. Carbonyl and nitrosyl
carbonyl compounds of manganese, molybdenum, and tungsten incorporating this ligand are
detailed. The ready conversion of the above ligand to the less sterically demanding tris-
chelating ‘hydroxy’ ligand [MeGa(N,CsH-,),(OH)]~ occurs in attempted syntheses of the
‘n3-allyl’ complexes, [MeGa(N,CsH,);IM(CO),‘n3-allyl’, (where M = Mo or W, ‘n3-allyl’
= 1n3-C;Hs, n3-C4H,). The tridentate chelating nature of this ‘hydroxy’ ligand is conclusively
demonstrated in the crystal structure determination of the complex, [MeGa(N,CsH),(OH)]-
Mo(CO),(n*-C,H,). Crystals of this complex are monoclinic, a = 14.020(4), b = 10.110(1),
c = 15.493(7) A, B = 111.58(3)°, Z = 4, space group P2,/n. The structure was solved by
Patterson and Fourier syntheses and was refined by full-matrix least-squares procedures to a
final R of 0.40 and R,, of 0.043 for 3374 reflections with I > 3.5c(l).

KEeENNETH R. BREAKELL, STEVEN J. RETTIG, ALAN STORR et JAMES TROTTER. Can. J. Chem.
57,139 (1979).

On décrit la synthése et les propriétés coordinantes du ligand tridentate tris-chélatant, méthyl
tris(diméthyl-3,5 pyrazolyl-1)gallate, MeGa(IN,CsH-);~. On donne des détails concernant des
composés carbonyl- et nitrosylcarbonyl du manganése, du molybdéne et du tungsténe incor-
porant ce ligand. Le ligand ci-haut se transforme facilement en ligand ‘‘hydroxy” tris-chélatant
stériquement moins empéché: [MeGa(N,CsH,),(OH)]~ lorsque I’on essaye de synthétiser les
complexes “n3-allyle”, [MeGa(N,CsH,);]M(CO), “n3-allyle” (ou M = Mo ou W, “n3-allyle”
= n3C3Hs, n3-C,H,). On a démontré d’une fagon concluante la nature chélatante tridentate
de ce ligand ‘“hydroxy” a laide d’une détermination de la structure cristalline du complexe
[MeGa(N,CsH,),(OH)]Mo(CO),(n3-C4H,). Les cristaux de ce complexe sont monocliniques,
a = 14.020(4), b = 10.110(1), ¢ = 15.493(7) A, B = 111.58(3)°, Z = 4, groupe d’espace
P2,/n. On a résolu la structure par des synthéses de Patterson et de Fourier et on I’a affinée par
la méthode des moindres carrés (matrice compléte) jusqu’a une valeur finale de R de 0.40 et de
R,, de 0.043 pour 3374 réflexions avec I > 3.50([).

[Traduit par le journal]

Introduction

Numerous examples of the coordination chemistry
of tris(pyrazol-1-yl) borate ions, RB(N,C,H;);",
where R = H or alkyl, have been described (1). A
recent paper (2) discussed a similar gallium ligand,
MeGa(N,C;H;); 7, and contrasted its coordinating
ability with that of its boron analogues. A more
electron-rich transition metal centre was created in
the gallium complexes, with a greater degree of
steric protection afforded the chelated metal. The
introduction of methyl groups in the 3 or 3,5 posi-
tions of the pyrazolyl rings in the boron ligands led
to some anomalous reactions in complex ions of the
type RB(N,Cs;H;);Mo(CO),~ (3). The present
paper describes the synthesis of the very sterically
demanding gallium ligand, MeGa(N,CsN,);~ (in-
corporating three 3,5-dimethylpyrazolyl moieties),
its coordinating ability in transition metal complexes,

and its unusual propensity to convert to the less
stericallydemanding ligand, MeGa(N,CsH,),(OH) ™,
in some of its reactions. The tris-chelating nature of
the latter system is confirmed conclusively in the
X-ray crystal structure determination of the com-
pound [MeGa(N,CsH,),(OH)]Mo(CO),(n*-C,H,).

Experimental

Starting Materials

Air-sensitive materials were handled in a glove-box under
an atmosphere of oxygen-free dry nitrogen or in a nitrogen-
blanketed apparatus. Tetrahydrofuran (THF) was dried by
refluxing over lithium aluminum hydride and was used
immediately following distillation. Benzene was dried by re-
fluxing over molten potassium prior to distillation. Sodium
hydride (Alfa) and 3,5-dimethylpyrazole were used as supplied.
Methyl gallium dichloride was prepared by a standard pro-
cedure (4) from gallium trichloride (5) and tetramethylsilane.
Molybdenum and tungsten hexacarbonyls were used as sup-
plied (Strem). Manganese pentacarbonyl bromide was pre-

0008-4042/79/020139-08%01.00/0
©1979 National Research Council of Canada/Conseil national de recherches du Canada
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TaBLE 1. Analytical and selected ir data

Analysis (%)

Vou (cm™1)

Vno (cm™1)

-1

Vco (cm

Calcd

Found

Nujol

CH2C12

CH,Cl, Cyclohexane Nujol

Nujol

N

Compound

1650

1655

2007
1914

2010
1905
1990
1880

18.0 39.2 4.4 17.8

4.4

39.3

[MeGa(N,CsH,);]Mo(CQ),NO

1634

1640
1620

1995
1891

3.8 14.8 33.8 3.8

34.1

[MeGa(N,CsH-);]W(CO),NO

2022
1910
1910
1815

16.4 4.8 4.8 16.5

4.9

44.7

[MeGa(N,CsH-);]Mn(CO);

1940
1850

3630

11.2

5.1

40.9

11.5

5.0

41.2

[MeGa(N,CsH-)(OH)IMo(CO),(n3-C.H)

1795
1905
1790
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3550

1930
1837

9.4 34.8 4.3 9.5

4.2

35.0

[MeGa(N,CsH-).(OH)]W(CO),(n*-C,H,)

3600

1940
1850

1922
11.6 1825

4.8 11.4 39.6 4.7

40.3

[MeGa(N2CsH7):(OH)IMo(CO),(n*-CsH5s)

pared from dimanganese decacarbonyl (Strem) by a standard
route (6). Allyl bromide and 2-methylallyl chloride were dis-
tilled under nitrogen prior to use, and isoamyl nitrite was used
as purchased (MCB).

Preparative Details
Sodium Methyl Tris(3,5-dimethylpyrazol-1-yl)gallate
Na*[MeGa(N,CsH,)s1~

MeGaCl, + 3Na+(N2C5H7)‘T—HtE>
r.t.

Na*[MeGa(N,CsH,);]1~ + 2NaCl

Methyl gallium dichloride (4.51 g, 29.0 mmol) in THF
solution was treated with a 3-molar equivalent of sodium
3,5-dimethylpyrazolide (10.25 g, 86.9 mmol) in the same
solvent. The mixture was stirred for 2 days and the white
precipitate (NaCl) was then filtered off and washed with
THF. The filtrate and the washings were made up to a stan-
dard volume and aliquots of the resulting solution were
employed in subsequent reactions.

Preparation of Na*[MeGa(N,CsH,)31M(CO);~ Salts

M = Mo, W

Na*MeGa(N,CsH;);~ + M(CO)s —
Na+[MeGa(N2C5H7)3]M(CO)3_ + 3CO

In a typical reaction equimolar amounts of the gallium
ligand solution and a THF slurry of the appropriate hexa-
carbonyl were mixed in a sealed bulb. The mixture was warmed
for several days at ~80°C and the CO evolved then measured
to confirm the completion of the reaction. The air-sensitive
clear yellow solution of the tricarbonyl salt was then made up
to standard volume and aliquots used in subsequent reactions.

Preparation of [MeGa(N,CsH;)31Mo(CO),NO

To a THF solution of Na*[MeGa(N,CsH-);]Mo(CO);~
was added an excess amount of isoamyl nitrite, and the re-
sulting mixture was warmed briefly. Gas evolution was
observed and from the product solution an orange-red
material was obtained. This was recrystallized from benzene
yielding well-formed orange-red crystals of the desired pro-
duct. Analytical and ir data are reported in Table 1.

Preparation of [MeGa(N,CsH;)3;1W(CO),NO

This compound was prepared in an identical manner to that
described above using Na*[MeGa(N,CsH,);]W(CO);~ as
starting material and refluxing with an excess amount of
isoamyl nitrate.

Preparation of [MeGa(N,CsH;)31Mn(CO);

THF
Na*MeGa(N,CsH,);~ + Mn(CO)sBr ———
[MeGa(N,CsH,);]Mn(CO); + NaBr + 2CO

Equimolar amounts of the gallium ligand (1.78 g, 4.52
mmol) and manganese pentacarbonyl bromide (1.24 g, 4.52
mmol) were refluxed in THF solution until gas evolution had
ceased. The solid isolated from the filtrate from the reaction
mixture was recrystallized from benzene to yield an off-white
crystalline material which pulverized to a chalky, white pow-
der. Analytical and ir data are reported in Table 1.

Attempted Preparation of [MeGa(N,CsH;)31Mo(CO) »-

( na-C4H7)

To an aliquot of Na*[MeGa(N,CsH)3:]Mo(CO);~ solu-

tion an excess of 2- methylallyl chloride was added.

THF

Na*[MeGa(N,CsH7)3]Mo(CO)s ™ + excess CoH,Cl o

NaCl + CO + [MeGa(N,CsH);]Mo(CO),(n*-C.H-)
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As expected, CO evolution was observed and the reaction
was deemed complete at the cessation of this evolution. The
solid isolated from the filtrate from the reaction was re-
crystallized from benzene to give well-formed yellow crystals.
The product was not the expected compound but the hydroxy
derivative [MeGa(N,CsH,),(OH)]Mo(CO),(n3-C4H,) (see
Table 1).

Attempted Preparation of [MeGa(N,CsH,)31W(CO),-

(M3-C4H7)

Following the same procedure as described in the above
reaction on intractable dark orange glue was obtained as
product. An alternate route was therefore followed using
(MeCN);W(CO); as starting material (7).

THF
[1] (MeCN)3;W(CO); + excess C4H,Cl —r—E—>

(MeCN),W(CO0),(n*-C,H,)(Cl) + MeCN + CO
[2] (MeCN),W(CO),(n*-C4H,)(CD THF
+ Na*tMeGa(N,CsH;);~ —>
[MeGa(N,CsH,);]W(CO),(n3-C4H,) + 2MeCN + NaCl

An excess of 2-methylallyl chloride was added to a slurry of
(MeCN);W(CO); (1.125 g, 2.88 mmol) in THF at room
temperature. The color of the mixture changed from yellow to
red and the product was a clear solution. The gallium ligand
(1.13 g, 2.88 mmol) in THF was added with a concomitant
change of color to orange and the formation of a white preci-
pitate. The isolated filtrate yielded a solid which gave well
formed yellow crystals from benzene solution. These were not
the expected compound but again a hydroxy derivative
[MeGa(N,CsH,),(OH)]W(CO),(n3-C,H>) (see Table 1).

Attempted Preparation of [MeGa(N,CsH,)31Mo(CO),-

( na-C3H s)

Attempts to prepare this complex from Na*[MeGa-
(N2CsH-)3;1Mo(CO); ~ and excess C3HsBr were unsuccessful,
an intractable sticky dark yellow material resulting from the
reaction. However, employing (MeCN);Mo(CO); (0.872 g,
2.88 mmol) as starting material and reacting with excess
C;3H;Br followed by an equivalent of Na*MeGa(N,CsH,);~
(1.13 g, 2.88 mmol) ligand, a yellow solid was obtained from
the resulting THF solution. This gave well formed yellow
crystals from benzene solution. Again the product was a
hydroxy compound, [MeGa(N,CsH,),(OH)]Mo(CO),(n3-
C3Hs) (see Table 1), rather than the expected complex.

Spectra

Mass spectra were recorded on a Varian MAT CH4 Mass
spectrometer at 70 eV with an ion source temperature of
100-180°C. Infrared spectra were recorded on a Perkin Elmer
457 spectrophotometer either as Nujol mulls or as solution
spectra in cyclohexane or methylene chloride solvents. Proton
nmr spectra were recorded in C¢Dyg solution on Varian XL-100
and Bruker WP-90 console 270 spectrometers. F.T. techniques
were employed in recording the spectra of complexes of low
solubility.

X-ray Crystallographic Analysis of
[MeGa(N,CsH;),(OH)IMo(CO) »(n3-CsH7)

The crystal was mounted in a general orientation and had
dimensions of ca. 0.36 x 0.48 x 0.53 mm. Unit-cell param-
eters were refined by least-squares on 2 sin 6/A values for 24
reflections measured on a diffractometer with graphite mono-
chromatized MoK, radiation (A = 0.71073 A). Crystal data
(at 21°C) are:

C17H25G8M0N403 fw = 499.07
Monoclinic, a = 14.020(4), b = 10.110(1), ¢ = 15.493(7) A,

B =111.58(3)°, ¥ = 2042(1) A3, Z = 4, p. = 1.623 gcm™3,
F(000) = 1008, p(MoK,) = 20.2 cm™~!. Absent reflections:
hOl, h + 1 # 2n and 0kO, k # 2n define uniquely the space
group P2, /n (alternate setting of P2,/c, C5, No. 14).

Intensities were measured with graphite monochromatized
MoK, radiation on an Enraf-Nonius CAD-4 diffractometer.
A variable speed ® scan over a range of r = (0.80 + 0.45
tan 0) degrees in @ was employed. The scan was extended at
both ends by r/4 for background measurement. Data were
measured to 20 = 60°. Crystal orientation was monitored
every 150 reflections and the intensities of the 3 check reflec-
tions, measured every hour of X-ray exposure throughout the
data collection, remained constant to within +1.5%. After
data reduction, an absorption correction was applied using the
Gaussian integration method (8, 9). Transmission factors
ranged from 0.429 to 0.510. Of the 5906 independent reflec-
tions measured, 3374 (57.1%) had intensities greater than
3.56(I) above background where c*(I) = S + B + (0.045)?
with § = scan count and B = normalized background count.

The positions of the Mo and Ga atoms were determined
from the three-dimensional Patterson function and those of
the O, N, and C atoms from a subsequent difference map. After
full-matrix least-squares refinement of all non-hydrogen atoms
with anisotropic thermal parameters to R = 0.059, a dif-
ference map gave the positions of all 25 hydrogen atoms which
were included in subsequent cycles of refinement with iso-
tropic thermal parameters.

The scattering factors of ref. 10 were used for non-hydrogen
atoms and those of ref. 11 for hydrogen atoms. Anomalous
scattering factors from ref. 12 were used for the Mo and Ga
atoms. The weighting scheme 1/c%(F) where o(F) is derived
from the previously defined o(I) gave uniform average values
of w(|F,| — |F;[)* over ranges of |F,| and was employed in the
final stages of refinement. An isotropic type I extinction cor-
rection (Lorentzian distribution) was applied (13-15); the final
value of g was 1.0(1) x 10*. Convergence was reached at
R = 0.040 and R, = 0.043 for 3374 reflections with I >
3.50(I). For all 5906 reflections R = 0.091 and R,, = 0.050.
On the final cycle of refinement the mean and maximum
parameter shifts corresponded to 0.09 and 0.56c respectively.
The mean error in an observation of unit weight was 0.9591.
A final difference map showed maximum fluctuations of
—2.0 to 0.8 e A~ near the heavy atoms and was essentially
featureless elsewhere. The final positional and thermal
parameters appear in Tables 2 and 3 respectively.! Measured
and calculated structure factors have been placed in the
Depository of Unpublished Data.!

The ellipsoids of thermal motion are shown in Fig. 1. The
thermal motion has been analysed in terms of the rigid-body
modes of translation, libration, and screw motion (16) using
the computer program MGTLS. The rms standard error in the
temperature factors, oU;; (derived from the least-squares
analysis) is 0.0031 A2, Analysis of the entire molecule (rms
AU;; = 0.0057 A?) gave physically reasonable rigid-body
parameters. The bond lengths have been corrected for libra-
tion (17) using shape parameters g2 of 0.08 for all atoms in-
volved. Corrected bond lengths appear in Table 4 along with
the uncorrected values. Corrected bond angles do not differ by
more than 0.15° from the uncorrected values in Table 5.
Torsion angles in the three chelate rings are given in Table 6.

Results and Discussion

The integrity of the tris-chelating ligand MeGa-

!The structure factor table and Table 3 (thermal parameters)
are available, at a nominal charge, from the Depository of
Unpublished Data, CISTI, National Research Council of
Canada, Ottawa, Ont., Canada K1A 0S2.
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TaBLE 2. Final positional parameters (fractional: O, N, and

C x 10*, Mo and Ga x 10°, H x 10%) with estimated

standard deviations in parentheses. Equivalent positions:
+(x,p,2z;1/2 —x,12+y,1/2 - 2)

Atom x y z
Mo 36859( 3) 52436( 4) 21617( 3)
Ga 48897( 4) 24369( 5) 21024( 4)
o) 4430( 3) 3371( 4) 2914( 3)
0(2) 2415( 4) 7585( 4) 1039( 4)
0(3) 1611( 3) 5362( 4) 2450( 4)
N@) 3600( 3) 2616( 4) 1041( 3)
N(2) 3033( 3) 3729( 4) 1047( 3)
NQ@3) 5608( 3) 3960( 4) 1879( 3)
N®4) 5000( 3) 5087( 4) 1638( 3)
Cc) 3075( 4) 1854( 5) 305( 3)
C(2) 2163( 4) 2485( 6) —181( 4)
C(3) 2157( 4) 3637( 5) 293( 3)
C(4) 6405( 4) 4098( 5) 1588( 4)
C(5) 6310( 5) 5288( 7) 1159( 5)
C(6) 5425( 4) 5875( 5) 1178( 4)
C(7) 5615( 6) 760( 7) 2376( 6)
C(8) 3935( 6) 5811( 7) 3688( 5)
C(©9) 4750( 4) 6263( 5) 3455( 4)
C(10) 4491( 6) 7260( 6) 2780( 5)
(e/¢}))] 2933( 4) 6700( 5) 1432( 4)
C(12) 2405( 4) 5247( 5) 2364( 4)
C(13) 3477( 6) 554( 6) 141( 6)
C(14) 1318( 6) 4635(10) 56( 6)
Cc(15) 7200( 6) 3038(10) 1754( 8)
C(16) 4962( 7) 7166( 7) 764( 6)
c17) 5826( 5) 5723( 7) 3873( 5)
H(0) 413( 4) 298( 6) 305( 4)
HQ) 165( 4) 214( 5) —67( 4)
H(®) 665( 5) 557( 6) 95( 4)
H(7a) 537( 5) 17( 6) 256( 5)
H(7b) 629( 6) 91( 7) 280( 5)
H(7c) 582( 6) 59( 7) 199( 5)
H(8a) 403( 4) 502( 5) 405( 4)
H(8b) 339( 5) 638( 6) 365( 4)
H(10a) 404( 4) 791( 5) 269( 3)
H(10b) 493( 4) 758( 6) 250( 4)
H(13a) 320( 5) 31( 6) —46( 5)
H(13b) 421( 5) 51( 6) 36( 4)
H(13c) 326( 5) —7( 6) 34( 5)
H(14a) 74( 5) 424( 7) —42( 5)
H(14b) 145( 6) 541( 7) —12( 5)
H(l4c) 112( 6) 473( 8) 52( 6)
H(15a) 774( 7) 330( 9) 162( 6)
H(15b) 692( 5) 242( 6) 135( 5)
H(15¢) 743( 7) 283(10) 249( 8)
H(l6a) 528( 6) 785( 8) 113( 6)
H(16b) 424( 7) 720( 9) 60( 6)
H(16c) 493( 6) 728( 7) 16( 6)
H(17a) 622( 4) 630( 5) 439( 4)
H(17b) 624( 4) 582( 6) 345( 4)
H(17c) 579( 5) 477( 7) 406( 5)

(N,CsH,); ™ has been proven by the isolation of the
two nitrosyl complexes and the tricarbonyl man-
ganese compound. In all three of these compounds
the sterically demanding gallium ligand has the
required space to occupy the three facial positions
demanded by its geometry in the octahedral com-

plexes. Attempted introduction of larger substituents
into the MeGa(N,C;H,);M(CO);~ ions (M = Mo
or W) does not yield the expected complexes but,
instead, the observed hydroxy species, or intractable
products. The origin of the ‘OH’ group in these com-
plexes is puzzling since all solvents were dried and
the ‘yields’ of ‘OH’ products were high and uncon-
taminated with the expected tris-chelate complexes.
It is tempting to speculate abstraction of the ‘OH’
from the THF solvent but further studies will be
necessary to establish this as its origin.

Infrared Spectra

Selected vibrations from the infrared spectra of the
complexes are recorded in Table 1. It is noteworthy
that the bands for the tungsten compounds are
somewhat lower than the bands for the correspon-
ding molybdenum compounds, a phenomenon which
is becoming well documented (2, 3, 18, 19). Compa-
rison of the v¢o frequencies for the present ‘n3-allyl’
complexes with the v, frequencies of similar com-
plexes (Table 7) bearing different uninegative 6-elec-
tron ligands indicates that the [MeGa(N,CsH-),-
(OH)]~ ligand creates a more electron-rich transition
metal centre with consequent lowering of the v¢o
frequencies. The bond length data discussed below
are consistent with these observations.

Mass Spectra

The six complexes listed in Table 1 were all suffi-
ciently volatile and stable to give readily observable
parent ion signals in their mass spectra. The results
indicate the same monomeric nature for the products
in the gas phase as is suggested by other evidence for
the compounds in solution, and as has been demon-
strated conclusively for the complex, [MeGa-
(N,CsH,),(OH)]Mo(CO),(n3-C,H,), in the solid
state by X-ray structural determination. In all six
spectra the expected fragmentation patterns were
observed (2) and the intensity ratios of the individual
peaks in multi-peak signals agree closely with
theoretical predictions based on the percentage
isotope compositions of the contributing metal
atoms.

YH Nuclear Magnetic Resonance Spectra

Nitrosyl Complexes

The 'H nmr spectra for the two nitrosyl com-
pounds are reported in Table 8. In these complexes
the three 3,5-dimethylpyrazolyl groups occupy two
sets of positions and the H* proton and the Me® and
Me? groups give two signals each in the predicted 2: 1
intensity ratio.

Hydroxy Complexes

The main features recorded in these three spectra
(Table 8) are explicable in terms of an octahedral
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FiG. 1. Stereoview of [MeGa(N,CsH-),(OH)]Mo(CO),(n3-C,H). 507 thermal ellipsoids are shown. Hydrogen atoms

have been omitted for the sake of clarity.

TaBLE 4. Bond lengths (A) with estimated standard deviations in parentheses

(a) Non-hydrogen atoms

Length Length
Bond Uncorrected  Corrected Bond Uncorrected Corrected
Mo —O(1) 2.267(4) 2.272 N(1)—C(1) 1.345(6) 1.346
Mo —N(2) 2.237(4) 2.242 N(2)—C@3) 1.351(6) 1.353
Mo —N(®4) 2.276 (4) 2.283 N(@3)—C4) 1.355(6) 1.356
Mo —C(8) 2.332(6) 2.334 N(4)—C(6) 1.345(6) 1.347
Mo —C(9) 2.260(5) 2.263 C(1)—C(2) 1.379(7) 1.381
Mo —C(10) 2.357(6) 2.359 C(1)—C13) 1.490(8) 1.492
Mo —C(11) 1.917(5) 1.920 C(2)—C(@3) 1.376(7) 1.378
Mo —C(12) 1.931(6) 1.933 C(3)—C(14) 1.489(8) 1.490
Ga —O(1) 1.866(4) 1.871 C(4)—C(5) 1.35909) 1.361
Ga —N(1) 1.956(4) 1.962 C(4)—C(15) 1.50009) 1.500
Ga —NQ@Q) 1.939(4) 1.943 C(5)—C(6) 1.381(8) 1.382
Ga —C(7) 1.941(6) 1.941 C(6)—C(16) 1.497(9) 1.500
0(2)—C11) 1.174(6) 1.174 C(8)—C(9) 1.398(8) 1.399
03)—C(12) 1.177(6) 1.177 C(9)—C(10) 1.405(8) 1.408
N(1)—N(Q?) 1.379(5) 1.382 C(9)—C((17) 1.505(8) 1.507
N@3)—N@4) 1.389(5) 1.392
(b) Bonds involving hydrogen atoms
Length
Bond Value Mean

O—H 0.65(6)

C(sp>)—H 0.74-0.98(5-6) 0.89(8)

C(sp®)—H 0.76-1.13(6-11) 0.9209)

structure for the complexes in C¢Dg solution similar
to that demonstrated for [MeGa(N,CsH,),(OH)]-
Mo(CO),(n*-C,H,) in the solid state (see Fig. 1).
Thus, the two 3,5-dimethylpyrazolyl groups are dif-
ferent and give two sets of signals for the H*, Me*,
and Me® protons in all three spectra in the ratio of
1:1. The signals due to the protons on the n*-2-
methylallyl and n*-allyl groups have been assigned
following assignments for comparable complexes
(21, 22) and also using assignments given in ref. 23.

In addition to the expected couplings the Hg,
protons display further splittings in all three spectra.
The origin of these additional couplings may be
partly the result of H,~H,,; geminal coupling
although this is usually quite small (<1 Hz (24)).
All three spectra clearly indicate that the ‘n*-allyl’
groups are not undergoing rapid rotation about the
M...‘n3-allyl’ axis in solution, a process which
would make both syn protons equivalent and both
anti protons equivalent.
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TaBLE 5. Bond angles (deg) with estimated standard deviations in parentheses

(a) Non-hydrogen atoms

Bonds Angle (deg) Bonds Angle (deg)
0(1) —Mo —N(2) 78.8(1) Ga —N(3) —C(4) 133.4(4)
0(1) —Mo —N(4) 81.1(1) N@4) —N@3) —C(4) 108.9(4)
0(1) —Mo —C(9) 84.0(2) Mo —N(4) —N(3) 117.3(3)
0(1) —Mo —C(11) 173.3Q2) Mo —N(4) —C(6) 136.2(3)
0(1) —Mo —C(12) 101.3(2) N@3) —N(4) —C(6) 106.2(4)
NQ) —Mo —N(4) 80.3(1) N(1) —C(1) —C(2) 107.7(5)
NQ) —Mo —C(9) 161.1Q2) N(1) —C(1) —C(13) 121.9(5)
N(Q2) —Mo —C(11) 95.1(2) C(2) —C(1) —C(13) 130.4(5)
NQ2) —Mo —C(12) 89.2(2) C(1) —C(2) —C(3) 106.8(5)
N(@4) —Mo —C(9) 89.4(2) N(2) —C3) —C(2) 109.6(4)
N(@4) —Mo —C(11) 100.7(2) N(2) —C(3) —C(14) 123.4(5)
N@4) —Mo —C(12) 168.7(2) C(2) —C(3) —C(14) 127.0(5)
C(9) —Mo —C(11) 102.5(2) N@3) —C(@) —C(5) 108.1(5)
C(9) —Mo —C(12) 101.8(2) N(@3) —C(4) —C(15) 121.3(6)
C(11)—Mo ~—C(12) 75.7(2) C(5) —C(4) —C(15) 130.6(6)
0(1) —Ga —N(1) 94.5(2) C@) —C(5) —C(6) 107.1(5)
0(1) —Ga —N(@3) 92.9(2) N@) —C(6) —C(5) 109.6(5)
o) —Ga —C(7) 125.2(3) N(@4) —C(6) —C(16) 122.4(5)
N(1) —Ga —N(3) 99.0(2) C(5) —C(6) —C(16) 128.0(6)
N(1) —Ga —C(7) 120.9(3) Mo —C(8) —C(9) 69.5(3)
N@3) —Ga —C(7) 117.8(3) Mo —C(9) —C(8) 75.1(3)
Mo —O(1)—Ga 106.5(2) Mo —C(9) —C(10) 76.1(3)
Ga —N(1)—N(Q2) 115.2(3) Mo —C(9) —C(17) 116.6(4)
Ga —N(1)—C() 134.9(3) C(8) —C(9) —C(10) 114.3(6)
N(2) —N(1)—C(1) 109.7(4) C(8) —C(9) —C(17) 123.8(6)
Mo —N(2)—N(1) 119.4(3) C(10)—C(9) —C(17) 121.9(6)
Mo —N(@2)—C(3) 134.3(3) Mo —C(10)—C(9) 68.5(3)
N(1) —N(Q2)—C(3) 106.2(4) Mo —C(11)—0(2) 173.5(5)
Ga —N(3)—N(@4) 113.0(3) Mo —C(12)—0(3) 173.7(5)

(b) Angles involving hydrogen atoms

Angle (deg)

Bonds Value Mean
M—O—H 111(6), 113(6)
C—C(pz)—H 125-128(3-6) 127(1)
C—C(allyl)—H 118-128(3-4) 1234)
H—C(allyl)—H 105(5), 118(5)
C—C(methyl)—H 104-118(3-6) 111(4)
H—C(methyl)—H 90-118(5-7) 108(8)

TABLE 6. Intra-annular torsion angles (deg) (groups correspond X-ray Crystallographic Analysis of

to the three unique chelate rings)

Bond Observed Bond Observed
Mo —0O(1) 44.9(Q2) Mo —O(1) —37.0(2)
O(1)—Ga —47.9Q2) O(1)—Ga 51.4Q2)
Ga —N(1) 28.4(3) Ga —N(@3) —-50.6(3)
N(1)—N(Q?) 5.2(3) N(3)—N(@4) 26.9(3)
N(2)—Mo —30.2(2) N(4)—Mo 6.0(2)
Mo —N(2) 52.5(2)

N(2)—N(1) 5.2(3)
N(1)—Ga —65.2(3)
Ga —N(Q@3) 44.4(3)
N(@3)—N@4) 26.9(3)
N(4)—Mo —74.0(3)

[MeGa(N,CsH,),(OH)IMo(CO),(W-CyH,)

The crystallographic analysis of dicarbonyl-
[methylbis(3,5-dimethylpyrazol-1-yl)hydroxygallato-
(N(2),N(2)',0)](n>-2-methylallyl)molybdenum con-
firms the tridentate chelating nature of the
MeGa(N,CsH,),(OH)~ ligand. Molecular models
indicate that the steric crowding inherent in the
[MeGa(N,CsH-);]Mo(CO),(n*-C,H;) molecule is
drastically reduced in the hydroxy complex [MeGa-
(N,C5sH,),(OH)]Mo(CO),(n*-C,H,) (Fig. 1). The
Ga. .. Mo distance of 3.329(1) A in the present study
is considerably shorter than the distance of 3.67 A
found for [MeGa(N,C;H;);]Mo(CO),(n3-C;Hs) (2).
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TABLE 7. Metal carbonyl stretching frequencies*

Compound Vco (cm™1) Reference
(n5-CsHs)Mo(CO),(n3-C3Hs) 1970, 1963, 1903, 1889 20
[HB(N,C3H3)3]1M0(CO),(n3-C;Hs) 1959, 1874 18
[MeGa(N,C;3H3)3]Mo(CO),(n3-C3H5s) 1948, 1860 2
[MeGa(N,C3H3)3]Mo(CO).(n3*-C.H>) 1949, 1863 2
[MeGa(N,CsH-),(OH)IMo(CO),(n3-CsHs) 1940, 1850 This work
[MeGa(N,CsH5),(OH)]Mo(CO),(n3-C,H,) 1940, 1850 This work
[MeGa(N,CsH-),(OH)]W(CO),(n3-C,H,) 1930, 1837 This work

*Cyclohexane solutions.

TasLE 8. 'H nmr data for the allyl and nitrosyl complexes in C4Ds solvent*

Nitrosyl compounds

Allyl compounds

M = Mo M=W M = Mo

Tppm M = Mo M=W R = Me R = Me R =H
H* 4.38s(2) 4.43s(2) 4.41s(1) 4.46s(1) 4.43s(1)
4.56s(1) 4.61s(1) 4.54s(1) 4.57s(1) 4.53s(1)

Me3, Me?® 7.34s(6), 8.08s(6)
7.59s(3), 8.18s(3)

7.275(6), 8. 11s(6)
7.525(3), 8.24s(3)
Hiyn

Hunri

R
OH
Ga—Me 9.75s(3) 9.78s(3)

6.85s(3), 8.19s(3)
7.64s(3), 8.28s(3)

6.83s(3), 8.24s(3)
7.63s(3), 8.34s(3)

6.82s(3), 8.18s(3)
7.58s(3), 8.28s(3)

6.66d(1)% 6.86d(1)t 6.31dd(1)t
7.25dd()} 7.36dd(1)i 7.00m(1)§
8.47s(1) 8.06s(1) 8.20d(1)|
8.72s(1) 8.31s(1) 8.70d(1)
8.44s(3) 8.31s(3) 6.48tt(1)"]
10.18s(1) 9.83s(1) 10.56s(1)
10.09s(3) 10.125(3) 10.10s(3)

*1(TMS) = 10 ppm, ©(CcHe) = 2.84 ppm, s = singlet, d = doublet, t = triplet, m = multiplet, dd = doublet of doublets, tt = triplet of triplets.

Relative intensity of signals in parentheses.

+J = 4.5 Hz.

1J = 4.5 Hz, 2 Hz.

8§
J
J

5 Hz for major doublet, fine structure on doublet.
Hz.
5 Hz and 8 Hz.

I

4.
8
4.

=

The hydroxy bridge effectively creates much more
space in positions trans to the 3,5-dimethylpyrazolyl
groups in octahedral complexes. The Mo atom has
distorted octahedral coordination geometry with the
n*-C,H, group occupying an octahedral coordina-
tion site trans to a ‘pyrazolyl’ nitrogen atom and
acting as a m-donating ligand (Mo—C = 2.334(6),
2.263(5), and 2.359(6) A). The Mo—N distances
(2.283(4) and 2.242(4) A)) are significantly different,
the bond trans to the n*-C,H, group being shorter
(as expected). There is a small (1.7c) difference

between the two M—C(O) distances (1.920(5) and
1.933(6) A), the shorter being trans to the OH
bridge. The Mo—O bond length of 2.272(4) A is
rather long (for steric reasons).

Steric effects are the dominant factor in the bond
length inequalities mentioned above as well as in the
following notable features of the present structure.
The ‘pyrazolyl’ ring trans to the ‘allyl’ group is
planar (x* = 2.25) with both methyl carbon atoms
and both metal atoms significantly displaced from
the mean plane (Mo, 0.0499(4), Ga, —0.0993(6),
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C(13), —0.063(8), and C(14), —0.03509)A). The
other ‘pyrazolyl’ group, cis to the 2-methylallyl, is
severely distorted. The five-membered ring is signi-
ficantly non-planar (x* = 16.8) and both metal atoms
are considerably displaced from the mean plane
(Mo, —0.2097(4), Ga, 0.6670(5) A) while only one of
the methyl carbons is out of plane (C(16), 0.071(8) A).
The torsion angle Ga[N(3)—N(4)]Mo, ideally zero, is
26.9(3)°, Ga[N(1)—N(2)]Mo is 5.2(3)".

Relative to the structure of 1, [MeGa(N,C;H;);]-
Mo(CO),(n3-C;H;), there are several notable dif-
ferences. Both Mo—N distances lie between those
in 1 (cis, 2.328(3) and 2.309(3), trans, 2.232(3) A).
Substitution of allyl by 2-methylallyl increases the
central Mo—C(allyl) distance from 2.228(5) to
2.263(5) A without changing the two other Mo—C-
(allyl) distances. All of the Mo—*‘allyl’ distances in the
present structure are in good agreement with those
found for the related boron complex [HB(N,C3H3);]-
Mo(CO),(n3-C,H-) (24). The Mo—C(O) bonds are
about 2o shorter than those in 1 (1.936(5) and
1.948(5) A) and significantly shorter than those in the
boron complex (1.958(5) and 1.959(5) A), at the same
time the C—O distances are longer (mean values
1.176(2), 1.162(2), and 1.151(1) A, respectively, for
the present structure, 1, and the boron complex).
These data are consistent with the vy ir values
(Table 7 and ref. 2) and suggest that a more electron-
rich Mo centre is created by the hydroxy ligand with
consequent increased back bonding from the metal
to the antibonding orbitals of the carbonyl groups.
The M—C—O groupings are significantly more bent
(173.5(5) and 173.7(5)°) than in 1 (177.2(5) and
176.5(5)°) and the OC—Mo—CO angle is reduced
from 81.2(2)° to 75.7(2)°.

The coordination about the gallium atom is dis-
torted tetrahedral. The two Ga—N bond lengths
are significantly different (1.962(4) and 1.943(4) A),
the longer one being associated with the trans
‘pyrazolyl’ group which has the shorter Mo—N
bond. Both Ga—N bonds are significantly longer
than their counterparts in 1 (1.938(4), 1.922(4), and
1.917(3) A). Other bond lengths in the molecule are
as expected.

The trivalent oxygen atom has pyramidal coordin-
ation (mean angle at O(l) is 110.5°). The four
carbon atoms of the n*-C,H, group are coplanar
(x*> = 1.3) but three of the four methylene hydrogen
atoms are significantly displaced from the mean plane

VOL. 57, 1979

(H(8a), 0.18(5); H(8b), —0.40(6); H(10a), —0.39(5);
H(10b), 0.11(6); Mo, 2.0126(4) A). The crystal
structure consists of discrete molecules, the shortest
non-bonded distance between molecules being
Ga...O3) [t — x,y — 1,1 — z],3.222(4) A.

Acknowledgements

We thank the National Research Council of
Canada for financial support, Dr. S. Chan for nmr
spectra, Mr. J. Nip for mass spectra, Mr. P. Borda
for C, H, N analyses, and the University of British
Columbia Computing Centre for assistance.

1. S. TRoFIMENKO. Chem. Rev. 72, 497 (1972).
2. K.R.BREAKELL, S. J. RETTIG, D. L. SINGBEIL, A. STORR,
and J. TROTTER. Can. J. Chem. 56, 2099 (1978).
S. TROFIMENKO. Inorg. Chem. 10, 504 (1971).
4. H. ScHMIDBAUER and W. FINDEIss. Angew. Chem. Int.
Ed. 3, 696 (1964).
5. N. N. GReeNnwooD and K. WADE. J. Chem. Soc. 1527
(1956).
6. R. B. KING. Organometallic synthesis. Vol. 1. Academic
Press, New York. 1965. p. 174.
7. D.P. TATE, W. R. KNIPPLE, and J. M. AuGL. Inorg. Chem.
1,433 (1962).
8. P. CopPENS, L. LEISEROWITZ, and D. RABINOVICH. Acta
Crystallogr. 18, 1035 (1965).
9. W. R. BusIiNG and H. A. LEvY. Acta Crystallogr. 22, 457
(1967).
10. D. T. CroMER and J. B. MANN. Acta Crystallogr. Sect. A,
24,321 (1968).
11. R. F. STEWART, E. R. DaviDpsoN, and W. T. SiMpsoN. J.
Chem. Phys. 42, 3175 (1965).
12. D. T. CrRoOMER and D. LIBERMAN. J. Chem. Phys. 53, 1891
(1970).
13. P.J. BEckER and P. CoPPENS. Acta Crystallogr. Sect. A,
30, 129 (1974); 30, 148 (1974); 31, 417 (1975).
14. P. CoppENns and W. C. HAMILTON. Acta Crystallogr. Sect.
A, 26,74 (1970).
15. F.R. THORNLEY and R. J. NELMES. Acta Crystallogr. Sect.
A, 30,748 (1974).
16. V. ScHoMAKER and K. N. TRUEBLOOD. Acta Crystallogr.
Sect. B, 24, 63 (1969).
17. D.W.J. CRUICKSHANK. Acta Crystallogr. 9, 747 (1956); 9,
754 (1956); 14, 896 (1961).
18. S. TROFIMENKO. J. Am. Chem. Soc. 91, 588 (1969).
19. K. S.CHoNG and A. STORR. Can. J. Chem. This issue.
20. R. B. KING. Inorg. Chem. 5, 2242 (1966).
21. A. DavipsoN and W. C. RoDpE. Inorg. Chem. 6, 2124
(1967).
22. J. W. FALLER and M. J. INcorvia. Inorg. Chem. 7, 840
(1968).
23. M. L. MaDDOX, S. L. STAFFORD, and H. D. KAgsz. Adv.
Organomet. Chem. 3, 71 (1965).
24. E.M.HoLT,S.L.HoLT,and K.J. WaTsoN. J. Chem. Soc.
Dalton Trans. 2444 (1973).

(5



147

Densities and kinematic viscosities of tetra-n-butylammonium
iodide — nickel(II) chloride melts
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NuruL IsLam, ABDUL MAROOF, and IsMAIL KocHr. Can. J. Chem. 57, 147 (1979).

Densities and kinematic viscosities of molten mixtures of nickel(II) chloride in tetra-n-
butylammonium iodide have been measured as functions of temperature and composition.
The data on the kinematic viscosity have been analyzed using both Arrhenius and non-
Arrhenius type equations. The heat of activation, the entropy of activation, and the free
energy of activation for viscous flow have been computed. At higher concentrations a slight
tendency towards non-Arrhenius viscous behaviour is observed. The free energy of activation
helps in describing the overall composition dependence of kinematic viscosity.

NuRrUL IsLaM, ABDUL MAROOF et IsMaIL KocHI. Can. J. Chem. 57, 147 (1979).

On a mesuré, en fonction de la température et de la composition, les densités et les viscosités
cinématiques de mélanges fondus du chlorure de nickel(IT) dans de I’iodure de tétra-n-butylam-
monium. On a analysé les données de viscosimétrie cinématique en faisant appel a des équa-
tions de type Arrhénius et & d’autres qui ne le sont pas. On a calculé la chaleur d’activation,
I’entropie d’activation et I’énergie libre d’activation pour un écoulement visqueux. A des con-
centrations élevées, on a observé une tendance faible vers un comportement visqueux qui n’est
pas du type Arrhénius. L’énergie libre d’activation permet de décrire la relation entre la com-
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position globale et la viscosité cinématique.

Introduction

There are two well known types of viscosity—
temperature behaviour of liquids or molten salt
systems, namely, Arrhenius and non-Arrhenius. In
the higher temperature ranges the behaviour usually
is Arrhenius and tends to non-Arrhenius as the
temperature is lowered. There are established
analytical expressions (1-5) to explain separately
both of these types of behaviour. However, in a
certain region of temperature both Arrhenius and
non-Arrhenius behaviours may be expected to exist
so that neither the Arrhenius nor the non-Arrhenius
equation for the analysis of viscosity versus tem-
perature data may apply. The non-Arrhenius viscous
behaviour has also been found to increase with the
supercooling of the system. Thus, at a particular
temperature region in a binary molten mixture, the
Arrhenius viscosity may change into non-Arrhenius
as the solute concentration increases provided that
the added solute causes an increase in the super-
cooling of the molten system. In order to further
understanding of such anticipated shifts in Arrhenius
or non-Arrhenius behaviour with respect to tempera-
ture as well as composition regions, measurements
are reported in this paper of the viscosities of binary
melts of nickel chloride and tetrabutylammonium
iodide (TBAI).

!Present address: Department of Chemistry, North-
Eastern Hill University, Shillong 793003, India.

[Traduit par le journal]

Experimental

Tetra-n-butylammonium iodide (Fluka, AG) was used as
solvent in the molten state. Anhydrous nickel chloride was
prepared (6) from its recrystallized hexahydrate using purified
thionyl chloride (Riedel). Preparation of samples and the
measurements were made in a glycerol bath thermostatted to
+0.1°C. During the preparation of samples the transference of
salt was done in an inert atmosphere. The extent of solubility
of NiCl, in tetraalkylammonium halide solvent was reported
(7) as up to ~ 33 mol%,. Densities were measured in a calibrated
dilatometer of ~ 3.0 ml capacity with graduated stem of 0.01
ml divisions. Cannon-Ubbelohde viscometers of viscometer
constants 0.0355 and 0.0286 cSt/s were used for viscosity
measurements in the range 388418 K. Accuracies of density
and viscosity measurements were estimated to be +0.3%, and
+0.1%, respectively.

Results and Discussion

The mean molecular weight and the mean molar
volume of the TBAI + NiCl, melt decrease with
increasing [NiCl,] whereas a gradual increase has
been observed in the case of the density, p. The
densities of these binary molten mixtures also show
a linear dependence on temperature (Table 1).

The kinematic viscosities, v, of the molten mix-
tures under study obtained from the products of the
viscometer constant and the times of fall are listed in
Table 2 as functions of temperature and composition.
Plots of the logarithms of the kinematic viscosities
versus inverse temperature (Fig. 1) were found to be
almost linear. However, the solutions of 23.99 and
30.12 molY, appear to have a tendency for slight

0008-4042/79/020147-04%$01.00/0
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TaBLE 1. Computed parameters of density equation
[p (g/cm3®) = a — bt (°C)] for TBAI + NiCl, melts

Standard
deviation in

Mol%; a b x 103 density
4.62 1.2463 0.6754 0.00013
9.83 1.2619 0.7004 0.00008
14.17 1.2709 0.6616 0.00004
19.31 1.2832 0.6743 0.00020
23.99 1.2841 0.6753 0.00030
30.12 1.2914 0.6461 0.00030

TaBLE 2. Kinematic viscosities (cm?/s) of TBAI + NiCl,
melts

v at moly] =

(K) 4.62 9.83 14.17 19.31 23.99 30.12

418 0.144 0.164 0.175 0.159 0.154 0.180
413  0.167 0.213 0.215 0.201 0.178 0.211
408 0.210 0.239 0.253 0.227 0.217 0.236
403  0.228 0.266 0.275 0.273 0.228 0.273
398 0.269 0.285 0.304 0.283 0.265 0.319
393 0.302 0.344 0.359 0.344 0.321 0.378
388 0.355 0.412 0.445 0.412 0.403 0.450

Mol °h
= |1 62 -
=l n 9le3 1=
- 1 14.17 =~ >
IV 19.31

0.23_870.24

A A
023 026 025 026
1027

FiG. 1. Arrhenius plots for the kinematic viscosities of
TBAI + NiCl, melts.
deviations from linearity particularly at lower tem-
peratures. Similar plots have also been obtained with
respect to absolute viscosities. The linearity of the
Arrhenius plots in the case of mixtures of lower con-
centrations (4.62, 9.83, 14.17, and 19.13 molY;) may
be visualized as due to two factors, namely, (i) the
higher temperature range of the data, and (ii) less

association of the type {[(C,Hy),N*1,[NiCl,I1,27 ]},
to form cluster-like structures in the molten system.
The latter factor may also be considered as the cause
for the solidification of molten mixtures of lower
concentration encountered on cooling; the occur-
rence of such associations permitted supercooling of
the two mixtures of higher concentration and
probably caused deviations from Arrhenius behav-
iour (Fig. 1).

Assuming that the temperature dependence of
viscosity is Arrhenius in all the molten mixtures
(within the experimental temperature range), an
attempt has been made to describe the viscosity data
through the Eyring’s expression (2). Recently
Eyring’s expression has been preferred over Andrade
(1) equation owing to the fact that the activation free
energy term in the exponential part enables an inter-
pretation of the composition dependence of viscosity
in liquid mixtures (8). However, in the present case,
in order to account for the kinematic viscosity instead
of absolute viscosity, 1, Eyring’s expression has been
modified to

(1] v=n/p
= (hN]M) exp [AG*/RT]
= A exp [AH*/RT)]

where 4 is Planck’s constant; N, Avogadro’s number;
M, the mean molecular weight; AG*, the free energy
of activation; AH*, the heat of activation; R, the gas
constant; 7, the absolute temperature; and 4 =
(hNJM) exp [—AS*/R]; AS* is the entropy of
activation. The data on kinematic viscosity have been
fitted to [l] by least-squares and the computed
values of the parameters 4 and AH* are given in
Table 3. From the values of 4 the entropies of
activation were computed using the expression

2] AS* = R[ln (hN/M) — In 4]

The values of AS* so obtained are also included in
Table 3.

It is apparent from Table 3 that the values of AS™
are positive, unlike the case during conductance flow

TasLE 3. Computed parameters of eq. [1] for TBAI + NiCl,

melts
Standard

AH* deviation AS*
Mol?%; In 4 (cal/mol) inv (eu)
4.62 —13.67 9771.1 0.0062 4.50
9.83 —12.83 9217.6 0.0119 2.90
14.17 —13.13 9492.5 0.0125 3.56
19.31 —13.59 9812.2 0.0111 4.55
23.99 —14.05 10113.9 0.0131 5.53
30.12 —13.71 9967.2 0.0064 4.95
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where negative values have usually been reported
(9, 10). Positive values for AS* during viscous flow
were also reported (11) in the case of associated
liquids. Such positive values of AS* indicate that the
flowing species attain higher entropy after activation.
It may, therefore, be visualized that the viscous flow
involves simpler flowing entities and that breaking of
some bonds appears to take place before the initia-
tion of flow in order to produce these flowing entities
from the associated species.

An attempt has been made to account for a
slightly non-Arrhenius viscous behaviour by least-
squares fitting the kinematic viscosity data to an
equation of the form

3] v = AT"exp [B/(T — T,)]

where A’, n, B, and T, are empirical constants. This
equation has been reported (12) to describe the
temperature dependence of the kinematic viscosities
of organic liquids and was approximated from an
expression based on the significant liquid structure
theory.

The least-squares fitted values of the parameters of
[3] are given in Table 4 along with the standard
deviations in v. It may, however, be noted that even
though the linear plots of log (v/T") versus 1/(T — T,)
support the suitability of [3], too much significance
should not be given to the computed parameters un-
less the deviation from Arrhenius behaviour is large.

The nature of composition dependence of kine-
matic viscosities of the present systems may be
understood from Fig. 2. From 4.62 to 14.17 mol%, an
increase of ~20% in kinematic viscosity has been
observed. It decreases by about 129, from 14.17 to
23.99 mol?%, and then increases by ~ 159 from 23.99
to 30.12 mol%,. Accordingly, the kinematic viscosity
isotherms show maxima at 14.17 mol?%, and minima
at 23.99 molY%;.

On the other hand, it is worthwhile to note the
apparently invariant nature of AH* and AG* with
concentration from Tables 3 and 5, respectively, as
well as from the almost parallelism of the plots of
log v versus 1/T (Fig. 1). This implies that the compo-
sition dependence of kinematic viscosity is mainly

TaBLE 4. Computed parameters of eq. [2] for TBAI + NiCl,

melts
Standard
deviation
Mol%; A’ n B To inv
4.62 0.2238 —0.7026 649.3 249.2  0.0089
9.83 0.2344 —0.6537 624.5 247.8 0.0113
14.17 0.2292 —0.6597 637.4 248.7 0.0107
19.31 0.2241 —0.6851 650.7 249.5 0.0114
23.99 0.2181 —-0.7111 658.9 251.3  0.0096
30.12 0.2195 —0.6782 652.8 250.9 0.0019

111
03} —40.4
)
-~
£
v
a
0.2} 40.3
1
Ny
\;\Q)
0.1 1
0.0 0.2 0.4

Mole fraction of Ni%*

Fic. 2. Kinematic viscosity vs. composition isotherms for
TBAI + NiCl, melts.

determined by that of the pre-exponential factor of
[1] which in turn is related to the entropy of activa-
tion through [2]. Therefore, it may be visualized that
the variation of v with concentration is essentially
guided by the entropy change involved in the break-
ing of associated species.

Furthermore, the variation of v with concentration
described above may also be viewed quantitatively
through [1]. Equation [1], after accounting for the
linear concentration dependence of log (hN/M)
(Fig. 3a), takes on the form

[4] logv =logd, + Qc + AG*/2.303RT
or
[5] logv =log 4, + (AG* + Q’c)/2.303RT

where Q is the slope of the plot of log (hN/M) versus
composition; ¢, concentration in mole fraction;
Q' = 2.303RTQ; and 4, is the value of (hN/M) for
the pure solvent. The suitability of [5] to describe the
concentration dependence of v of the system under
study is apparent from the linearity of the log v
versus (AG* + Q’.) isotherms drawn at 418 and
388 K (Fig. 3b). Similar isotherms may also be ob-
tained at other experimental temperatures. Now, by
considering AG* as a composition independent factor
[4] may be expressed as

(6] logv =A" + Qc
where A’ = log A, + AG*/2.303RT. However, the
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TasLE 5. Free energies of activation (cal/mol) for TBAI + NiCl, melts

CAN. J. CHEM. VOL. 57, 1979

AG* at mol7], =
T
(K) 4.62 9.83 14.17 19.31 23.99 30.12
418 7902.3 8003.8 8004.8 7910.8 7800.8 7896.5
413 7911.4 8018.3 8022.5 7894 .0 7828.4 7921.2
408 7933.9 8032.8 8040.4 7956.4 7856.0 7946 .0
403 7956.4 8047.4 8058.1 7979.2 7883.6 7970.9
398 7979.0 8061.9 8076.0 8001.9 7911.4 7995.5
393 8001.5 8076.4 8093.7 8024.7 7939.1 8020.3
388 8023.9 8090.9 8111.6 8047 .4 7966.7 8045.2
Mole fraction of NiZ* pate, along with the changes in the pre-exponential
0 0-1 0-2 03 a,c factor, in describing the overall dependence of

T T T

wl

-

wn
T

log (hN/M)
@l
)
w
\

it SR S

L A L

79 8.0 81 82 b
*

(8G + Gc)

F1G. 3. (a) Plot of log (AN/M) vs. mole fraction of Ni?*;
(b) plot of log v vs. (AG* + Q’.); and (c) plot of log v vs. mole
fraction of Ni?* for TBAI + NiCl, melts.

plots of log v versus ¢ are non-linear (Fig. 3¢) which
shows the inadequacy of [6] in describing the com-
position dependence of kinematic viscosity. This
suggests that such a dependence of v cannot be
attributed to the changes in the pre-exponential
factor alone. Therefore, although the change in AG*
with concentration is smaller, it appears to partici-

kinematic viscosity on concentration.
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Electrical conductance and thermal behaviour of some manganese(II) carboxylates
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SAMUEL OLUYEMI ADEOSUN. Can. J. Chem. 57, 151 (1979).

Data are presented on the heats of phase transitions and electrical conductances of the
even chain length manganese(II) carboxylates from octanoate to octadecanoate inclusive. The
total entropy change for the transition crystal — isotropic liquid is small indicating a high
degree of aggregation in the isotropic liquid. This behaviour is similar to that of the cadmium
carboxylates.

Plots of log specific conductivity against inverse temperature show curvature. Attempts to
fit the data to the Vogel-Tammann-Fulcher equation

k = Aexp [—CI(T — Ty)]

showed non-random deviations. Instead, the data were interpreted in terms of a simple dis-
sociation equilibrium for which the enthalpy change is ~ 240 kJ mol~'.

SAMUEL OLUYEMI ADEOSUN. Can. J. Chem. 57, 151 (1979).

On rapporte des mesures de la chaleur de transition de phase et de la conductance électrique
pour les composés du manganése(Il) avec les carboxylates a chaine paire, depuis I’octanoate
jusqu’a I’octadécanoate inclusivement. La transition cristal — liquide isotope ne produit qu’une
faible variation totale d’entropie, ce qui dénote une formation importante d’agrégats dans le
liquide isotope. On a noté un phénoméne semblable pour les carboxylates de cadmium.

Quand on porte le logarithme de la conductivité spécifique en fonction de I'inverse de la tem-
pérature, on observe une courbure. On a tenté d’ajuster a ces données ’équation de Vogel-
Tammann-Fulcher,

k = Aexp [~ CUT — To)]

mais les écarts n’étaient pas aléatoires. Les données ont plutdt été interprétées en fonction d’un
équilibre de dissociation simple faisant intervenir une variation d’entalpie de ~ 240 kJ mol~"'.
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Introduction

The electrical conductances of several molten
metal carboxylates have been reported (1-4). The
conductance behaviour of these compounds depends
crucially on the nature of the metal ion. For example
the Arrhenius plots for conductance of sodium and
zinc carboxylates (2, 3) are linear while those of lead
and cadmium (3, 4) show curvature. The curvature
observed for the lead and cadmium soaps have been
interpreted in terms of a simple dissociation equi-
librium which is near completion at high tempera-
tures.

Differential thermal analysis studies, coupled with
optical observations on a hot-stage microscope,
reveal that many metal carboxylates form meso-
phases (5-12). Mesophase formation in some divalent
metal carboxylates has also been studied by Spegt,
Luzzati, and co-workers (13-16) using X-ray dif-
fraction technique. The number and type of meso-
phases formed by these soaps also vary with the
nature of the metal ion as well as the carboxylate
chain length. For example, it has been reported that
lead(II) carboxylates form mesophases (11). The
phase sequence for the dodecanoate and lower

[Traduit par le journal]

chain length soaps is crystal = Ggmecticy —
V 2 (cubic isomorphousy —> liquid while for tetradecanoate
and longer chain length soaps, the V, phase is
absent and the G phase melts directly into the
liquid phase. On the other hand, zinc soaps do not
form mesophases but undergo solid — solid phase
transitions only (12).

So far, no data have been reported in the literature
on the electrical and thermal properties of any
transition metal carboxylate and it would be of
interest to see how the physical properties of transi-
tion metal soaps compare with those of the main
group metals already studied. We have, therefore,
examined the electrical and thermal properties of
the even chain length manganese(Il) carboxylates
from octanoate to octadecanoate inclusive.

Experimental

Materials

The fatty acids were B.D.H. samples and were stated to have
minimum 997 purity by glc assay. They were used without
further purification. The manganese(II) chloride used was an
Analar B.D.H. product.

Preparation of the Soaps
The soaps were prepared by matathesis in alcohol solution

0008-4042/79/020151-06$01.00/0
© 1979 National Research Council of Canada/Conseil national de recherches du Canada
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(1). The potassium soap was first prepared by the reaction of
potassium metal with the stoichiometric amount of the acid in
ethanol. The manganese soap was then obtained by the
reaction of a stoichiometric amount of manganese(II) chloride
in a minimum amount of water with the potassium soap in
ethanol. The product was filtered, washed with water and
acetone, and dried in a vacuum oven. The product was
recrystallised from hot benzene. Infrared spectra showed that
the soaps were dry and free of excess acid. The melting points
and elemental analysis results for the soaps are shown in
Table 1.

Lawrence (17) had earlier reported the preparation of
manganese(IT) octadecanoate for which he reported a melting
point of 473 K. This value is much higher than the value of
392 K observed in the present study. However, we have shown
that many of the products reported by some earlier workers
are probably basic carboxylates. For example, we showed (4)
that the samples of cadmium hexanoate and octanoate having
extremely high melting points reported by Spegt and Skoulios
(18) were basic carboxylates. It is therefore very likely that the
manganese octadecanoate reported by Lawrence is a basic
carboxylate. We believe that our samples are pure as indicated
by the elemental analysis data in Table 1. It should be noted
that Lawrence did not report elemental analysis data for his
product.

Physical Measurements

Conductivities were measured in a cell with blackened
platinum electrodes. The cell was joined to a socket which
could be fitted with a vacuum tap. The cell was filled with the
material, evacuated, and immersed in a furnace. The tempera-
ture of the furnace was controlled by a Pye-Ether Mini
temperature controller, type 19-90B. Conductance measure-
ments were made from about 10 K above the melting point of
the material to just below its decomposition point using a
Wayne-Kerr B224 conductivity bridge. Conductivities were
measured upon heating the sample and upon cooling. The
values obtained in both cases agree within experimental error.
Duplicate runs also agree within experimental error. The cell
constant was measured between each run using 0.01 Demal
KCl solution.

DTA measurements were made on a Mettler TA 2000
Analyser which was calibrated with pure indium metal. The
materials were premelted and about 20 mg samples were
weighed into the standard aluminium crucibles of the analyser
using a Kahn Electrobalance. The samples were then scanned
at a heating rate of 1 K min—!. Measurements were made in
duplicate on at least three separate samples. Peak areas were
determined by cutting and weighing the chart paper. Specific
heats were determined by the method of base line displacement
and optical observations were made on a polarising hot-stage
microscope.

Results and Discussion

Quantitative DTA

The manganese(II) carboxylates show two DTA
peaks except the octadecanoate which show three
peaks. This observation is consistent with the fact
that, in general, increase in carbon chain length in a
homologous series of metal carboxylates results in
an increase in the number of polymorphic phases
present (19). The first polymorphic phase is described
as phase I in Table 2 while the second polymorphic
phase observed in manganese octadecanoate has
been described as phase 11I.

On heating, the crystal first changed into a highly

TABLE 1. Melting points and elemental analyses

Carbon 7%C %H

chain mp

length (K) Theory Found Theory Found
8 376-377 56.30 56.14 8.80 8.71
10 379-380 60.45 60.45 9.57 9.41
12 387-388 63.58 62.89 10.15 9.97
14 385 66.01 66.24 10.60 10.48
16 388-389 67.96 68.15 10.97 10.89
18 392 69.57 69.85 11.27  11.44

viscous phase which later passed into the isotropic
liquid phase. However, visual observation under a
hot-stage polarising microscope did not help in
characterising the structures of the mesophases. No
definite visible sign of changes in texture were
observed at the phase transition temperatures when
viewed under a hot-stage microscope.

The thermodynamic data for the phase changes
are summarised in Table 2 together with their
standard errors. A noteworthy feature of the quanti-
tative results is the increase in the total enthalpy and
entropy changes with increasing chain length of the
soaps. Figure 1 shows a plot of AS,,,, (i.e. the total
entropy change accompanying the transition, crys-
tal — isotropic liquid) against chain length of the
soap. Although the plot is not accurately linear, it
can be seen that AS,, is strongly chain length
dependent, increasing with increasing chain length.
This is consistent with the idea that the major step in
the fusion process is the disordering of the hydro-
carbon chains. The values of AS,,,,, for the man-
ganese carboxylates are significantly smaller than
those of the corresponding lead and zinc carboxylates
but close to those of the cadmium soaps. For
example, the value of AS,,,, for manganese octa-
decanoate is 152 + 4 J mol~* K~! while those of
lead, zinc, and cadmium octadecanoates are, respec-
tively, 311 + 10,256 + 8,and 177 + 5J mol ' K~!
(11, 12). This probably suggests that the isotropic
liquid phases of manganese and cadmium carboxy-
lates are more ordered than those of the lead and
zinc carboxylates. We have earlier proposed that the
cadmium carboxylates consist of cylindrical micelles
in the liquid phase (12) while those of lead consist of
spherical micelles (11). This is consistent with the
extremely high values of the viscosities of the
cadmium soaps (4) when compared to those of the
lead compounds (20). It is, therefore, tempting to
speculate that the liquid phase of the manganese
carboxylates may also consist of cylindrical micelles
similar to those of the cadmium carboxylates.

The values of the heat capacities of the manganese
carboxylates in the solid phase are presented in
Fig. 2. The values increase linearly with temperature
suggesting that some subtle structural changes occur
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FiG. 1. Total entropy change for the process, crystal —
liquid.

in the solid phase with increasing temperature. The
heat capacity values in the liquid phase are also
summarised in Table 3. The values are constant over
the temperature range studied. The values of the heat
capacities of the cadmium soaps have been included
in Table 3 for comparison. It can be seen that the
two sets of heat capacity data are not significantly
different.

Electrical Conductance

The conductance data are presented in Fig. 3
where values of log k are plotted against inverse
temperature for all the compounds studied. Results
of duplicate runs are also included in the plots. The
specific conductances of the manganese carboxylates
are bigger than those of zinc salts but smaller than
the corresponding salts of lead and cadmium. For
example, at 433 K the value of x for manganese
octadecanoate is 1.258 x 10”*Sm~™! while the
values for lead, zinc, and cadmium octadecanoates
are respectively, 1.201 x 1072, 2.511 x 107>, and
2,513 x 1072Sm™ 1.

One notable feature of the plots is that they show
curvature. Similar curvature of Arrhenius plots has
been observed in certain molten salt mixtures (21)
and it has been suggested that such curvature may
arise if the liquid is close to its ideal glass transition
temperature. Cleaver et al. (22) observed non-linear

TABLE 2. Thermodynamic data for phase changes*

Phase I — phase II Phase II — liquid

Phase I — liquid

Crystal — phase I

Carbon

chain

AS

AH

T(K)

AH AS T(K) AH

T(K)

T (K) AH AS

length

119.0+2.4

1 197+1.2 392.2  46.6+0.9

7.5+1

378.6

— N NN —
— N NN

HH H A H |
R
v I~ v— 00 —
— 6N v— 00 O\

)
N0

o —
N <t — \O "
A O — = —

Yeraaae
QO =~ =
H A A

N —

*Units of AH and AS are kJ mol-! and J mol-! K~-! respectively. Error in T is within +0.2 K.
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FiG. 2. Molar heat capacities of the solid manganese
carboxylates.

Arrhenius plots for the conductance and viscosity of
fused sodium polysulphides and fitted their data to
the Vogel-Tammann-Fulcher equation:

(1] k = Aexp [-CUT — To)]

where 4, C, and T, are constants. Angell (21) has
interpreted T, as the temperature at which there is
zero configurational entropy in the liquid phase and
this has been identified with the ideal glass transition
temperature.

We attempted to fit the conductance data of the
manganese carboxylates to eq. [1] by using a com-
puter program which systematically varied T, to
find a minimum in the standard deviation of fits of
log x against 1/(T — T,). In all cases, the standard
deviations were non-random which suggests that our
results cannot be adequately interpreted in terms of
the glass-forming theory. Similar attempts to fit the
conductance data of lead and cadmium carboxylates
(which also show non-linear Arrhenius plots) to
eq. [1] have been unsuccessful (3, 4). Instead, a
simple dissociation theory has been proposed to
explain the conductance behaviour of lead and
cadmium carboxylates (3, 4). Following the model

TaBLE 3. Specific heats of the liquid soaps

Carbon  Temperature C,(Jmol~* K1)

chain range

length (K) Manganese Cadmium*
8 413-453 595425 —
10 413-458 724+ 15 —
12 413-468 848+ 20 909+ 51
14 413-463 1145+ 15 1220+ 30
16 413-463 1320+ 15 1400+ 15
18 413-463 1475430 1500+ 15

*Values are from ref. 12.

proposed for these bivalent metal carboxylates, it is
proposed that manganese carboxylate dissociates
according to the scheme

MnA, == Mn?* + 2A-

where the MnA, and A~ ions may be aggregated in
the melt. Assuming that the major current carrier is
the Mn?* ion rather than the more bulky species,
and that it moves by a simple activated process then
the following expressions (3) can be obtained at low
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Fic. 3. Semilogarithmic plots of specific conductivity
against inverse temperature for molten manganese carboxy-
lates: O, Cs; +, Cio; [, Ci2; @, Cia; @, Ci6; B, Cys.
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degrees of dissociation for the specific and equivalent
conductance (A).

~ AH* + AHJ3
[2] logx =log Q@ — ———5apT
~ AH* + AHj3
[3] logh + =5=53rT
_og Ned , AS* + AS]3
=gy 2.303RT

where AH¥, AS¥, AH, and AS are the enthalpies
and entropies of activation for movement of the
Mn?* ion and for the dissociation, respectively, and

_ NeA 1 +

where V,, is the molar volume of the soap. At low
degrees of dissociation, a plot of log k against 1/T
should be linear with slope of (AH* + AH/3)/2.303R,
according to eq. [2]. Table 4 shows values of AH* +
AH/3 calculated from such plots. It can be seen that
these values are reasonably constant within limits of
experimental error and suggest that the major current
carrier must be the same in all the carboxylates
studied; most certainly the Mn?™" ion.

It is possible to have a rough idea of how the
combined entropy term varies with chain length. The
first term on the right hand side of eq. [3] is unlikely
to be strongly chain length dependent. Thus a plot
of the left hand side expression in eq. [3] against
chain length will demonstrate the dependence of the
combined entropy term, i.e., AST + AS/3 on the
chain length of the carboxylate. Values of A can be
obtained from the specific conductance data (k) but
this requires knowledge of the molar volumes (¥,,)
of the manganese carboxylates. We attempted to
measure V,, values for the manganese soaps by the
same pycnometric technique used for the lead and
zinc carboxylates (3). Unfortunately this method
was not suitable for the manganese soaps because of
the abnormally high viscosities of these compounds
which made complete elimination of air bubbles in
the melt extremely difficult. However, the molar
volumes of corresponding carboxylates of lead, zinc,

TABLE 4. Low temperature limit-
ing slopes for conductance

Carbon chain AH* 4+ AH/3

length (kJ mol~—1)
8 98+3
10 102+ 4
12 100+ 6
14 98+3
16 99+4
18 98+4

and cadmium differ by at most 0.5%, from each other
(3, 4). For example, values of 7, at 500 K for lead,
zinc, and cadmium carboxylates are, respectively,
738.81 x 107, 738.24 x 1076, and 737.00 x 107
m?3. It is, therefore, reasonable to assume that the
molar volumes of the manganese soaps will not be
significantly different from those of the other bivalent
metal soaps. We have, therefore, computed values of
A for the manganese carboxylates using the molar
volume data of the corresponding lead soaps.
Figure 4 shows a plot of log A + (AH*™ + AH/3)/
2.303RT against chain length. The slope of the plot
shows that the entropy term decreases by 1.96 J K1
per carbon atom. This value can be compared with
those for zinc (1.86) and cadmium (1.60) carboxylates.

According to the dissociation theory, the metal
carboxylate is completely dissociated in the high
temperature region. In this region, the plot of
log k against 1/T should tend to a second linear
portion with slope corresponding to AH*. Unfor-
tunately this region was not reached before the
manganese soaps started to decompose. However, it
has been shown that the value of AH¥ for Pb?" ion,
calculated in this manner, is in good agreement with
that found for molten lead halides (3). The activation
energy for conductance of manganese(Il) chloride is
19.6 kJ mol™* (23) which suggests that AH* for

6-0—

2.303 RT
@
<]
T

A+ ARY s AH/3

@
o]
T

log'o

45—

| | Il | | 1
8 10 12 14 16 18
Carbon chain length

FiG. 4. The dependence of the entropy-containing term,
log A + (AH* + AH/3)/2.303RT on carbon chain length of
the manganese carboxylates.
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Mn?* ion must be close to this value. Using this
value of AH¥, the value of AH for the manganese
carboxylates can be shown to be about 240 kJ mol ™.
This value is much higher than that obtained for the
lead carboxylates (~ 88 kJ mol ') and slightly bigger
than that of cadmium carboxylates (~ 190 kJ mol~1),
suggesting that the manganese-carboxylate bond is
extremely strong.

Taken together with the DTA data, these results
suggest that the structure of the manganese car-
boxylates in the melt is similar to that of the cadmium
soaps for which cylindrical micelles have been postu-
lated (12). Viscosity data (4) on the cadmium soaps
show that the contribution of the methyl and head
groups to the activation energy for viscous flow
(~71 kJ mol™1) is much bigger than that for the lead
soaps (~15kImol™?) (20) which implies that a
considerable amount of work must be done against
coulombic and dipolar forces in the cadmium car-
boxylates to cause the movement of the unit of flow.
It would, therefore, be useful to measure the visco-
sities of the manganese carboxylates. Unfortunately
we were unable to obtain reliable viscosity data due
to operational difficulties similar to those encountered
with the molar volume measurements. However,
visual observation suggests that the manganese car-
boxylate melts must have abnormally high viscosities.
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The crystal and molecular structure of 6,7-bis(methoxycarbonyloxy)-
1,2,3,4-tetrahydroisoquinoline-[1,2-c]-oxazol-2-one-[3,4-b]-1-chloro-3-

methoxycarbonyloxy-6,7-methylenedioxyindane
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WINNIE WONG-NG and S. C. NYBURG. Can. J. Chem. 57, 157 (1979).

A synthetic intermediate expected to be a spirobenzylisoquinoline bromo-derivative proved,
on X-ray crystal structure analysis, to be the title compound, a chloro-derivative with the
isoquinoline nitrogen ring-closed. Crystals belong to the monoclinic system, space group
P2,/c, a = 13.68(2), b = 10.81(2), ¢ = 22.12(4) A, B = 129.2(4)°, Z = 4 molecules per cell.
Intensity data were collected by diffractometer and the structure refined to a conventional R
of 0.051.

WINNIE WONG-NG et S. C. NYBURG. Can. J. Chem. 57, 157 (1979).

On croyait qu’un intermédiaire de synthése était un dérivé bromé d’une spirobenzyliso-
quinoléine; une analyse de la structure cristalline par rayons-X a permis de prouver que I’inter-
médiaire est plutdt le composé mentionné dans le titre, un dérivé chloré dans lequel ’azote de
I’isoquinoléine fait partie d’un cycle fermé. Les cristaux appartiennent au systéme monoclini-
que, groupe d’espace P2,/c, a = 13.68(2), b = 10.81(2), ¢ = 22.12(4) A, B = 129.2(4)°. Z = 4
molécules par maille. On a recueillie les données d’intensité 4 ’aide d’un diffractométre et on a

affiné la structure jusqu’a une valeur de R conventionnelle de 0.051.

Introduction

One of the steps involved in the Pictet-Spengler
route to spirobenzylisoquinoline alkaloids has typi-
cally been as follows:

(0]
HO (0] Br
O )
HO NH;CI 3

O

A, EtOH;
Cl-OOCHj;, pyridine

=
CHy—0—CZ_

o)
@ | . __OCH
o
CH;—O——C\O Br
Oro
o

1

Since the local conformation is of interest a
crystal structure analysis of the assumed material 1
was undertaken.

[Traduit par le journal]

Experimental

Colourless crystals were kindly supplied by Professor S.
McLean and from one of these a single fragment was cut ca.
0.31 x 0.18 x 0.48 mm. This was used for X-ray analysis.

Approximate cell dimensions and the systematic absences
were established photographically. Refined cell dimensions
were obtained from fourteen diffractometer-centered reflec-
tions. (The crystal proved to have neither the structure nor
empirical formula of 1. Full crystallographic data are given
later.)

Intensity data were collected on a computer-automated four
circle Picker diffractometer using Ni-filtered CuKa radiation
and pulse height analyser in 6-20 scan mode at 2° min~! in
the range O < sin® < 0.87. The scan range, adjusted for
dispersion, was 2°, and a total of 3851 independent reflections
was recorded with a standard at every 30 measurements. The
standard intensity did not vary significantly. The standard
deviation in raw intensity, o(/) was taken as [a(peak +
background) + al? + 0.02/] where a = attenuation factor;
thus o(F,) was taken as [(c(/)/Lp) + 0.02F,*]'/2/2F, where
Lp is the Lorentz-polarization factor and 0.02F,* makes
some allowance for instrument instability. Absorption correc-
tions were not made. The 2894 reflections having F, > 2 o(F,)
were taken as significant and used for structure analysis.

The 289 largest E values (> 1.5) were used in direct method
routines MULTAN (1) and TANFOR!. Neither yielded intel-
ligible results. All reflections with / odd are very weak implying
heavy atoms at y = 1, 3. (Omitting / odd reflections and pha-
sing only on E’s with / even was not helpful; no chemical sense
could be made of the peaks having false P2;/m symmetry.)
The / odd and / even reflections were then separately normal-
ised and, using MULTAN, and E map was obtained which
was chemically intelligible but did not correspond to formula
1. Attempts at refinement yielded consistently high R values.

M. Drew. Local computer programme. Unpublished.

0008-4042/79/020157-03$01.00/0
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Not until the putative bromine site was allowed to have vari-
able occupancy was it clearly established to be chlorine. The
molecular weights of the most promising chemical structure
C25H20NO,;Cl (577.61) and of the putative C,,H,,NO;;Br
(578.06) were too close for the measured density to be decisive.
However, the mass spectrographic pattern of isotopic abun-
dance confirmed that the former of the two empirical formulas
was correct. Crystal data are as follows.

C,sH;oNO,;Cl fw = 577.61
Monoclinic, P2,/c,a = 13.68(2), b = 10.81(2), c = 22.12(4) A,
B =129.2(4)°, V = 2534(28) A3, Z =14, p, = 1.51, p.=
1.50 gem™3, 25°C, CuKa, A = 1.5418 A, u(CuKa) = 14.91
cm™!.

Refinement by full matrix anisotropic least-squares ORFLS?
(using dispersion corrections f’ = 0.348, f’/ = 0.702 for

TABLE 1
(a) Atomic fractional coordinates (x 10%) for non-hydrogen
atoms

Atoms x y z

CL —542(1) 2251(1) 2447(1)
c —1729(3) 2228(3) 1386(2)
C(2) —2374(3) 1001(3) 1108(3)
C(3) —3095(4) 409(3) 1252(2)
0@4) —3403(3) 772(3) 1706(2)
C(5) —4295(4) —133(4) 1564(3)
O(6) —4266(3) —1150(3) 1163(2)
6) —3616(4) —738(3) 929(2)
C(8) —3428(4) —1336(3) 459(3)
C(9) —2717(4) —739(3) 300(2)
C(10) —2211(3) 418(3) 625(2)
C(11) —1462(3) 1178(3) 494(2)
0(12) —2180(2) 1272(2) —328(1)
C(13) —1666(4) 1793(3) —623(2)
0O(14) —-697(3) 2331(3) —274(2)
0(15) —2486(3) 1587(2) —1382(2)
C(16) —2077(7) 1994(6) —1816(3)
O(17) —273(2) 655(2) 823(2)
C(18) 668(4) 1465(3) 1323(2)
0(19) 1748(3) 1272(3) 1609(2)
N(20) 201(3) 2427(3) 1459(2)
CcQ2n 916(4) 3570(4) 1810(2)
C(22) 483(4) 4498(4) 1166(3)
C(23) —924(3) 4584(3) 597(2)
C(24) —1496(3) 5670(3) 158(2)
C(25) —2776(3) 5765(3) —369(2)
0(26) —3329(2) 6887(2) —767(1)
C27) —3714(3) 6941(3) —1497(2)
0O(28) —3555(3) 6146(2) —1797(1)
0(29) —4268(3) 8012(3) —1783(2)
C(30) —4660(5) 8300(5) —2554(3)
C(31) —3553(3) 4806(3) —494(2)
0(32) —4833(2) 5001(2) —1064(1)
C(33) —5652(3) 4539(3) —995(2)
0(34) —5426(3) 3881(3) —486(2)
0(35) —6779(2) 4960(3) —1593(2)
C(36) —7834(4) 4399(5) —1704(3)
C(37) —3025(3) 3711(3) —82(2)
C(398) —1705(3) 3608(3) 468(2)
C(39) —1154(3) 2430(3) 954(2)

2R. D. Ellison. XFLS-3. An extensively modified version of
ORFLS. Report ORNL. TM. 305. Oak Ridge National
Laboratory (1962). Unpublished.

TABLE 1 (Concluded)

(b) Atomic fractional coordinates ( x 10%) for hydrogen atoms

Atoms X y z

H(1) —227(5) 288(5) 129(3)
H(21a) 78(5) 387(5) 215(3)
H(21b) 191(5) 340(5) 214(4)
H(22a) 86(5) 529(5) 136(3)
H(22b) 78(5) 408(5) 89(3)
H(24) —90(5) 642(5) 30(3)
H(@37) —365(5) 301(5) —19(3)
H©) —393(5) 818(4) —259(3)
H(30a) —530(5) 755(5) —296(3)
H(30b) —525(5) 882(5) —276(3)
H(30c) —252(5) — 108(5) -23)
H(8) —379(5) —210(5) 29(3)
H(5a) —526(5) 35(5%) 120(3)
H(5b) —410(5) —44(5) 202(3)
H(36a) —=779(5) 357(5) —178(3)
H(36b) —868(5) 493(5) —223(3)
H(36c) —764(5) 455(5) —116(3)
H(16a) —262(5) 166(6) —219(3)
H(16b) —103(5) 175(5) —151(3)
H(16c) —219(5) 290(5) —190(3)

FiG. 1. ORTEP plot of the molecule showing 20%, proba-
bility thermal ellipsoids. All hydrogen atoms except H(1) are
omitted.

chlorine) was uneventful. All hydrogen atom positions were
allowed to vary but their isotropic temperature factors were
fixed at B = 6 A2 The final unweighted R value was 0.051.

Final atomic coordinates are listed in Table 1. Observed and
calculated structure factors and thermal parameters have been
placed in the Depository of Unpublished Data.?

Discussion
The molecule has configuration 2. An ORTEP

3Complete set of data may be obtained, at a nominal charge,
from the Depository of Unpublished Data, CISTI, National
Research Council of Canada, Ottawa, Ont., Canada K1A 0S2.
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F1G. 2. Bond lengths (A) and bond angles (deg).

plot with all hydrogen atoms except H(1) omitted is
given in Fig. 1, and bond lengths and angles in Fig. 2.
The two striking differences in structure compared
with the expected 1 are the replacement of bromine
by chlorine and, instead of acetylation of N(20), its
closure to form an oxazolone ring. (There is evidence,
however, that a compound of type 1 is actually
formed in the reaction but remains in solution.*)

0
=
CH3—O—C<
o}
O o
N
cH,—o0—c O H . \g
A N Cl O
0 C—O—CH,
7
0_0
2

The chlorine atom lies syn to C(39)—N(20), C(39)
itself being significantly out of the plane of ring F

“S. McLean. Private communication.

(0.090(4) A) indicating some strain at C(38). C(5) is
0.183(5) A out of the plane of ring B and the rest of
ring A.

The two methoxycarbonyloxy groups at C(25) and
C(31) lie at different angles to their adjacent planes,
namely, 57.1(5)° and 84.4(3)°, respectively. In both
cases there are hydrogen atoms close to the ketoxy
oxygen atoms: O(Q28)—H(5) [x, + —y, z — 1],
2.34(6) A, O(34)—H(37) (intramolecular), 2.29(7) A
and O(34)—H(8) [Xx — 1, ¥, ], 2.36(6) A. The bond
lengths in the three methoxycarbonyloxy groups are
self-consistent, the C—O bonds adjacent to the
central carbon atom being relatively short and the
outer C—O bonds relatively long in each case.
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The preparation and characterisation of 1,1,2,2-tetramethyl-1,2-diacyloxyditin(IV)
compounds
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TsOMAS BIRCHALL and JAMES P. JoHNsON. Can. J. Chem. 57, 160 (1979).

Reaction of hexamethylditin with haloacetic acids results in the production of 1,1,2,2-
tetramethyl-1,2-diacyloxyditin(IV) compounds in good yield. Infrared, Raman, 'H and *3C
nmr, and 1°Sn Mossbauer data have been interpreted in terms of a tetramethylditin species
asymmetrically bridged by two acyloxy groups to give each tin a five-coordinate environment.

THoMAS BIRCHALL et JAMES P. JouNsoN. Can. J. Chem. 57, 160 (1979).

La réaction de I’hexaméthylétain avec les acides haloacétiques conduit 4 la formation de
composés tétraméthyl-1,1,2,2 diacyloxy-1,2 étain(IV) avec de bons rendements. On interpréte
les données de Iinfrarouge, de Raman de la rmn du 'H et *3C et de Mdssbauer du *'°Sn en
termes d’espéces tétraméthyldiétain pontées d’une fagon asymétrique par deux groupes acyloxy
fournissant a chaque étain un environnement penta-coordonné.

Introduction

Solvolysis of tetramethyl tin by strong acids leads
to production of the [(CH;);Sn*] and [(CH,),Sn?*]
ions which are strongly solvated in the reaction
media (1). Isolation of (CH;);SnX and (CH,),SnX,
can be accomplished under appropriate conditions
(2, 3). Several spectroscopic studies have been
carried out, where X = [RCOO~], in order to
establish the mode of coordination of the acetate to
the central tin and hence the geometry about the tin
atom (4-10). The five coordinate nature of tin in
R3Sn(0,CR) has been definitely established by X-ray
crystallography, and the Sn—O axial bond lengths
were found to be significantly different (11, 12).

In attempting solvolyses of hexamethylditin, we
obtained nmr evidence for the presence of tetra-
methylditin species in solution. We now present
details of the preparation and spectroscopic analyses
for a number of ditin haloacetates. Compounds of
this kind have been prepared before by the reaction
of R,SnH, (R = C¢Hj, nBu) with carboxylic acids
(13, 14). In the case of the R,Sn, X, systems there is
uncertainty about the nature of the structures of
these compounds in solution and in the solid state
(15, 16). Our data are consistent with a five coor-
dinate tin environment in solution and the solid
state.

Experimental

Preparation

In a typical preparation 0.283 mol of trichloroacetic acid
and 10 mL of chloroform were introduced under dry nitrogen
into a two necked 100 mL flask containing a stirring bar. The
flask was cooled in an acetone-ice bath. Hexamethylditin,
0.024 mol, was added via a 10 mL syringe through a rubber

[Traduit par le journal]

septum cap onto the stirred cold acid-chloroform mixture.
An immediate slow but steady gas evolution occurred. After
~12 h the gas evolution had ceased and 90 mL of distilled
water were added to the pale orange mixture which was allowed
to warm to room temperature. The colour was discharged and
the mixture was filtered through a fine glass frit under suction.
The white solid was washed with 140 mL distilled water to give
12.963 g of product. Further work up of the filtrate yielded a
further 1.173 g for a total yield of vacuum dried product of
95.1%.

A similar procedure was used for the preparation of the
other compounds, all of which are white solids. No ditin
species were obtained from the reactions with the —CBrj,
—CHj3;, —CH,I, or —CH acids. Analytical data are sum-
marized in Table 1. Carbon and hydrogen were determined by
Chemalytics Ltd. while Sn was determined gravimetrically by
standard procedures (17).

Infrared spectra were recorded, as Nujol mulls, on a Perkin-
Elmer 283 and a Nicolet 7000 F.T.I.R.; Raman spectra were
recorded with a Spectro-Physics He/Ne (6328 A) or an Ar ion
(5145 A) laser using a Spex 1400 spectrophotometer system;
'Hmr spectra were obtained using a Varian H.A. 100, or
E.M. 390 or a Bruker W.H. 90. This latter instrument was also
used to obtain 3Cmr spectra. Mossbauer spectra (11°Sn) were
recorded using an Elscint AME 40 drive system operating in
the constant acceleration mode with automatic folding of the
triangular waveform. The transmitted radiation, through a
Pd filter, was detected by a Kr-CO, (1 atm) proportional
counter and fed to a Tracor-Northern multi-channel analyzer
operating in the up-down multi-scaling mode. Samples were
finely ground powders, intimately mixed with Apiezon N
Grease, and sandwiched in a copper holder between thin
aluminum foils. These samples contained ~ 10 mg natural
tin/cm~2 and were rigidly held in a Liquid Transfer Cryotip
system manufactured by Air Products and Chemicals Inc. The
source was Ca''?SnO; obtained from Amersham-Searle, and
was maintained at room temperature. Temperatures were
monitored by means of a calibrated iron-doped gold chromel
thermocouple and a Hewlett-Packard 419A DC null voltage
detector. Spectra were computor fitted using a programme
written by Stone (18) and modified by D. G. Grundy of the
Department of Geology, McMaster University. The instru-

0008-4042/79/020160-07$01.00/0
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TaBLE 1. Analytical data for (CH;)4Sn,(0O,CR),

161

Melting %Sn 7C
Yield pointf
R % (°C) Calcd. Found Calcd. Found Calcd. Found
CF; 89 140(d) 45.34 44.74 18.35 18.37 2.31 2.27
CHF, 12 131(d) 48.69 47.50* 19.71 19.51 2.89 2.43
CCl; 87 150(d) 38.15 37.99* 15.44 14.90 1.94 1.68
CHCl, 80 125(d) 42.90 42.72 17.36 17.55 2.55 2.39
CH,Cl 61 158(d) 48.99 48.83* 19.83 20.06 3.33 3.10
*Single analysis.
t(d), decomposes at melting point.
ment was calibrated using a >’Co/Rh source and a standard 0] .
iron foil. All isomer shifts were measured relative to SnO, Vi O§ _R
as zero. R—C\ (':
Results and Discussion 0 CH; o o
CH;_| | _-CH,
Hexamethylditin can react with substituted acetic CH3;—Sn—Sn—CHj, CH /S:"—S"\CH
acids, with gaseous evolution, according to either CH, o } o 3
[1] and/or [2]. \C R T
/ -
[1] (CHs)ssﬂzRCO—’OH (CH3)3Sn(0,CR) 0/ R O\\
1 4 5
E%%(Cﬂs)zsmozcmz R R
2 A PN
RCOOH 0*" 0 O (0]
[2] (CHj)6Sn: —CH, [(CH3),Sn(0,CR)]. CHy._ In |n/CH3 CHj_ |n S|n/CH3
3 Hy" | | “CH; CHy” | | CH;
Ox .0 (6) (0]
@Ii» (CH,):5n(0,CR), oo N
| |
Both pathways, if carried out under the most vigor- R R
ous conditions, ultimately result in species 2. These 6 7

reactions can be monitored very conveniently by 'H
nmr and such a study allows one to chose the cor-
rect conditions so that the yield of 3 can be optimised.

The nature of 3 is of interest since a number of
structures are possible (Fig. 1). The tin atoms could be
four-coordinate, with monodentate acetate, as in 4,
or be five-coordinate as in 5-7. In 5 the acetate
groups bridge (CH;),Sn—Sn—(CH,), units inter-
molecularly to give a polymeric structure. On the
other hand, intramolecular bridging acetates could
bond in a symmetric fashion, as indicated in 6, or
asymmetrically to give two C—O and two Sn—O dis-
tances as in 7.

Infrared and Raman Spectra

The application of vibrational spectroscopy to
structural elucidation is often fraught with difficulty,
particularly when the molecules contain as many
atoms as those discussed here. However, judicious
use of infrared and Raman spectroscopies and simple
group theoretical treatments can provide valuable

F1G. 1. Possible structures for (CH3),Sn,(0,CR),.

structural information. In our initial investigations
the presence of a tin-tin bond was established by
nmr and is discussed below. Examination of the solid
state Raman spectra of these compounds shows the
presence of a strong vibration at ~205 cm™ ', which
is absent, or very weak, in the infrared spectra. The
Raman spectrum of the —CCl; derivative in CHCl,
also shows this strong band, which is polarized, and
is assigned to the tin-tin stretch. The vibrational
spectra are summarized in Table 2.

In order to simplify the assignment of the spectra
we decided to treat the C,Sn, moiety separately from
the acyloxy unit. Twelve normal modes are expected
from the C,Sn,. How these vibrational modes will be
distributed between ir and Raman active modes will
be determined by the overall symmetry of the mole-
cule. Previous workers (7, 8) have established that
the carbon-tin symmetric and asymmetric stretches
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TABLE 2

*
Infra-Red and Raman Data for (CH3)4Sn2(02CR)2

91

CFy CHF cCl, CHCT,, CH,C1 ASSIGNMENT
IR R IR R IR R IR R IR R
41(33)  LATTICE MODE
100(25) 98&29; 1o4§15; 101519; SnCH, bend
137(81) 149(30) 148 w 146(47 140 m 145(52 143 m 142(47 SnCHy def .
150 m(b) 171(18) 167 w 166(15)
190 w(b) 181 m 182(12) 205 m 200(6)
204(64) 211(32) 212 w (p)207(35) 210 w 204(32) 214(31) v sym. Sn-Sn (Ag)
265 w 267(1) 280 w(b) 275 w  225(8) 283(7) 262 m 279(14) 292 m 303(2) » sym Sn-0
310 w 307(1) 315 w(b) 355w 303(3) 343(10) 350 m 347(1) 360 w 4
440 m 380 w(b) 434(2) Y $n-0
506(2) 490 m(b) 450 m 475(3) 456 m 453(5) 490 m 479(2) as
523 m 527 m 523 m 530 m 535 m v sym. SnZC (Au) A
528(100) 531(100) (p)530(100) 535(100) 538(100) v sym. Sn2C (Ag) >
546(40) 548(44) 548(50) 546(47) 544(52) v, Sn,C," " (Bg z
552 m 555 m 553 m 552 m 550 m vis snyC,  (Bu) -
599(1) 615 m(b) 630 m 575 w A
686 s 685 (4) 680 s 680 m 5 €0, =
727(s)  726(1) 750(11) 705 s(b)  705(1) 708(1) g
770m(b) 750 s o) v C-Cl 3
m 770 m(b .
793 m 785 m(b) 780 s(b) 770 s(b) 771(7) 785 m(b)  782(7) Sn-CHg rocking e
810 s 813(2) 840 s 835(5) 832 s 827(4) 5 CO o
848 s 2 3
845 s 844(9) 950 m 932(8) 960 w 961(6) 950 m 947(7) 935 m 933(5) v C-C o
1142 s(b) noo 1) 1090s(b) 1110s(b) v C-F 3
n 1192 30g 1190 w 1192(25) 1192 w 1196(26 1180 w n77(6) 1187(23) 5(CHy)
1200 s(b) 1207 3) 1200(20 1200 w  (p)1200(37) 1200 w 1197(36 1195 w 00(47 Sn-CH, sym. def.
1211(6) 1235 s 1223(1) 1240(1) 1250 s 1214(2) oC-H 8f R
1330 s 1330(2) 1350 s(b)  1335(3) 1385 s 1378(3) 1390 s(b) 1389(2) sym €O
1443 m  1443(6) 1340 m 1335(2) 1379 (6) v syl 2
1443(2) ég) 1401(1) 1409(2) SnCH, as. def.
1650 s(b) 1619(1) 1605 s(b) 1615 s(b) 160] 2) 1608 s 1543(1) 1583 s(b) v, c8
2370(1) 2380 w2440 w 236751} oH
2782(1) 2480 w 2780 w 2779(1 v i3
2939(13) 2927(23) (p)2927(22) 2920 w 2928(16) 2926(18) v sym CH
2982(10) 3001(11) 2955(13) v _y of "R group
3017(5) 3009(12) 3009(12) 3020 s 3009(32) 3002(11) Vas-CH3
*

I.r. spectra were recorded as nujol mulls:

Raman spectra were obtained from solid samples.
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TABLE 3. Symmetric and asymmetric stretches (ir) of the —CO, group for (CHj;).Sn,(0,CR),,
(C¢H5)4Sn2(0,CR),, and (CH3)3Sn(0,CR)

(CH3)3Sn(0,CR)}
(CH3)4Sn,(0,CR), (C6H5)4Sn,(0,CR), -
solid* solidt Solid Solution
R Vas Vs Vas Vs Vas Vs Vas Vs
CF; 1650 1443 1625 — 1680 1435 1720 1400
CCl; 1615 1350 1610 1350 1655 1342 1702 1290
CHF, 1605 1330 —_ — 1630 1460 e —
CHCl, 1605 1380 1585 1385 1610 1380 1700 1324
CH,Cl 1585 1390 1560 1395 1610 1380 1690 1335

*v,s and v have the same values in CHClj;.
tReference 15, v,, and v, have the same values in CHCl;.
iReference 5.

occur in the 520-550 cm ™' region of the spectrum.
Two bands are present in this region in both the ir
and Raman spectra of the molecules reported here.
These can be assigned to the symmetric and asym-
metric stretches associated with the —SnC, group.
That these stretches in the ir are not identical to those
in the Raman is apparent on close examination of
Table 2. In all cases the symmetric stretch is at lower
frequency in the ir than in the Raman, while the
reverse is true for the asymmetric stretch. There is
then mutual exclusion of bands in the ir and Raman,
indicating the presence of an inversion centre in the
molecule as a whole and a point group symmetry of
C,, is assigned. Five of the modes associated with the
C,Sn, moiety have been assigned on this basis in
Table 2.

Comparison of these spectra in the acyloxy
region with (C¢Hs),Sn,(0O,CR), and (CH;);Sn-
(O,CR) allows identification of the v,CO, and
v,sCO, modes. The relevant bands are compared in
Table 3. Agreement between the three series of com-
pounds is good for the solid state spectra suggesting
that the acyloxy ligands are similarly bonded in all
three types of molecules. In solution (CH,);Sn-
(O,CR) has been shown to be largely monomeric
(7, 8) but with some degree of association, while
X-ray crystallography has shown that ¢,Sn,-
(0,CCH3), (19) and (CH;);Sn(O,CR) (11, 12) have
bridging acyloxy groups which complete five-coor-
dination about the tin atoms. The vibrational spectra
of the ditin compounds strongly suggest that the
acyloxy groups bridge the two tin atoms intra-
molecularly in these methyl derivatives, as has been
established for the phenyl compound (19). The fact
that, for the methyl and phenyl (15) compounds,
neither v,CO, nor v,,CO, changes on going from
the solid state to solution suggests that their struc-
tures are the same in the two phases. The difference
between v,,CO, and v,CO, should reflect the dif-
ference in C—O bond strengths and hence the

asymmetry of the acyloxy bridge. Examination of the
data in Table 3 suggests that the most asymmetric
situation should occur in the —CCl; and —CHF,
cases, while the more symmetrically bonded cases
should be —CH,Cl and —CF;. The asymmetry in
the C—O bonds should be reflected in the Sn—O
distances.

Mossbauer Spectra

Tin-119 Mossbauer spectroscopy has proved
extremely valuable in structural studies of organo-tin
systems (20). We present such data for all of the
compounds discussed in Table 4. No significant room
temperature absorptions were observed for these
compounds. All spectra appear as simple doublets
(Fig. 2) having line widths of about 1 mm s~ !. The
isomer shifts are slightly greater than those found for
(CH3)3;Sn(0O,CR) (7, 9) systems but are very similar
to the shifts for the (C4Hjs),Sn,(0,CR), series (16).
However, while the earlier workers (7,9) report
changes in isomer shift with different R groups, we
find no such variation. This indicates that the s
electron density at the tin nucleus does not change
through our series of compounds.

Changes in the quadrupole splitting values do
occur and, although these changes are small, the
trend is to decreasing values as R becomes less elec-
tron withdrawing. A similar trend has been com-

TABLE 4. 11°Sn Mossbauer data for (CH3)4Sn,(0,CR), at 77K

Isomer  Quadrupole splitting* Line width*
shift*

R 6 Ameasured Acalc:ulated rl l—‘2
CF,3 1.63 3.99 3.95 0.83 0.85
CHF, 1.53 3.81 3.81 0.92 0.92
CCl, 1.61 3.87 3.87 0.89 0.94
CHCI, 1.59 3.84 3.81 0.84 0.84
CH,ClI 1.63 3.63 t 1.03 1.10

*mms~1! * 0.03. .
+This compound was used to derive a partial quadrupole splitting of
—0.807 mm s~ for the (CH3),Sn(O,CR), fragment.
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mented upon in relation to the difference between
the asymmetric and symmetric vibrations of the CO,
group. The quadrupole splitting values are large,
~3.6-4.0 mm s~ !, and only slightly smaller than the
corresponding values for the analogous (CgHs)a-
Sn,(0O,CR), compounds (16). Such values are just
those that would be predicted by the point charge
model for a five-coordinate tin (21): the sign, which
was not determined here, should be negative. This
means that there is more electron density in the xy
plane than there is along the z axis, which presum-
ably contains the O—Sn—O atoms. Herber’s cri-
terion that A/8 > 2.1, for five-coordination (22) is
also satisfied for these compounds. Calculation of the
quadrupole splittings for these compounds using the
approach of Bancroft ez al. (23) gives excellent agree-
ment with experiment, if five coordination is as-
sumed. Finally, since (C¢Hs),Sn,(O,CCH,;), has
been shown to be monomeric and have five-coor-
dinate tin atoms, we believe that tetramethyl deriva-
tives reported here have the same basic structure.

It has been found that for (CH;);SnO,CCH; and
(CH,)3Sn0,CCF,, there is an increase in the quad-
rupole splitting of 0.54 mm s~ ! from the former to
the latter and the Sn—O distances are 2.205(3),
2.391(4), and 2.18(1) and 2.46(2) A, respectively (12).
The trifluoroacetate has somewhat more asymmetric
bonds to the tin and in addition there is a slight in-
crease in the average Sn—O distance, 2.32 A for the
—CF, compared to 2.298 A for the —CH, com-

PERCENT ABSORPTION

S N A [ A F S S —
-3 -2 -1 0 1 2 3 4 5 6 7

VELOCITY (mm/s)

FIG. 2. 119Sn Mossbauer spectrum of (CH3).Sn»(0,CCF3),
at 77 K.

pound. Although these differences are small they are
paralleled by the trends in the quadrupole splitting.
On the basis of the trends we observe in the quad-
rupole splittings for the (CH;),Sn,(O,CR), series
we expect a similar increase in the average Sn—O
distance from the monochloracetate to the trifluor-
acetate. We are presently trying to obtain crystallo-
graphic evidence for such changes.

Nuclear Magnetic Resonance Spectra

Nuclear magnetic resonance spectra (‘H and *3C)
have been recorded and the data are summarized in
Table 5. The chemical shifts of the *H and !*>C nuclei
follow the generally accepted trends and will not be
commented upon further. All of the compounds
show ''71199n satellite peaks associated with the
methyl groups confirming that the methyl groups are
indeed bonded to tin. Furthermore, these satel-
lites occur in two groups, those arising from
J117,119gq—c—1y and those from J117, 1105y sn—c—1H:
the '3C spectra also show the same pattern. The
coupling to the far tin indicates that the tin—tin bond
is intact in solution. The tin—carbon and tin-hydro-
gen coupling constants vary slightly as the acyloxy
groups are changed but there does not appear to be
any systematic variation. Since Jg, ¢ is dependent
upon the s character in the tin—-carbon bond, the
constant values for J 17,1195, 13¢ are consistent with
the Mossbauer results where it was found that the
isomer shift, which also depends on s character,
remains unchanged throughout the series.

The magnitude of Ji17, 1195, c—1 has been used
to infer the coordination of the tin in (CH,);Sn-
(O,CR) (4, 5, 9). Coupling constants in the range
55-60 Hz have been taken as an indication that the
trimethyl tin acetate was monomeric and hence that
the tin was four-coordinate in solution. However,
other molecules containing the (CH;);Sn moiety in
which the tin must be four-coordinate, e.g.,
(CH3);M—Sn(CH3); (M = C, Si, Ge, or Sn), have
Ji1ogn—c—1y ranging from 47-49 Hz. Recently,
Mathiasch (24, 25) has reported nmr data for
(CH3)4Sn,X, (X = Cl, Br, I, H) which have four-
coordinate tin atoms and the two-bond tin-hydrogen
coupling constants range from 52.2-53.5 Hz, con-
siderably lower than the coupling constants for the
supposedly four-coordinate tin in (CH;);SnO,CR. It
should be noted also that Jiieg, 13 for (CHjy),-
Sn,X, (23) range from 257 to 281 Hz and are much
lower than the corresponding values (344 to 349 Hz)
for the acyloxy compounds (Table 5). It would seem
preferable to infer the geometry about the tin in the
acyloxyditin compounds by comparing their nmr
data with the ditin compounds of Mathiasch (24).
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TaBLE 5. Nuclear magnetic resonance data for (CH3)4Sn;(O,CR); in CDCl;

(a) Chemical shift (ppm)

Value for R =
Parameter CF; CHF,* CCl; CHCl, CH,Cl
'H (TMS = 0)
dcu, 0.82 0.75 0.82 0.73 0.70
Or — 5.65 — 5.75 3.88
13C (TMS = 0)
dcu, —-1.2 — -0.9 —-1.4 -1.7
dco 166.7 — 171.2 174.8 178.2
Or 113.5 — 90.7 65.4 42.0
19F (CFCl; = 0)
dcr, 76.76
*Not sufficiently soluble for 13C spectra to be recorded.
(b) Coupling constant (Hz)
Value for R =
Parameter CF; CHF, CCl; CHCI, CH,Cl
J117sn-c—-1n 57.5 58.5 59.0 58.4 57.9
J119sn_c— 1y 60.2 61.0 61.7 60.8 60.5
J117/119sn-sn-C-1H 13.2 13.5 13.9 13.5 13.2
Jisc_1u 133.8 — 133.8 133.4 132.9
Ji117sn-13c 331.5 — 328.7 333.9 340.5%
Ji19g,_13¢ 347.6 344.2 349.3 o
J117/119sn-sn—13¢C 75.5 — 78.7 79.4 77.2
Ji9p_13c 284.5 — — — —
J19g _c_1n — 55.5 — — —
J19g_co13¢ 37.7 — — — —
Ji3c_ 1y — — — 180.2 150.0
*Satellite doublets not resolved.
Because coupling constants for (CH;),Sn,(O,CR), Acknowledgement

are increased considerably over those for (CHj),-
Sn,X,, we conclude that the five-coordination
established in the solid state, for the acyloxy com-
pounds, is maintained in solution. Simons and
Graham (4) have shown that the addition of excess
pyridine to solutions of (CH;);SnO,CR results in an
increase in J 1195, 1y from ~59 to 68 Hz, and this
was taken as an indication of a change from four- to
five-coordination about the tin. Addition of excess
pyridine to solutions of (CHj;),Sn,(O,CR), pro-
duces no significant change in J1 195, c—1y (60.2 to
62.1 Hz). We take this as further confirmation of the
five-coordinate tin environment in solution.

Conclusions

We have described a new preparative route to a
series of tetramethyldiacyloxyditin(IV) compounds
and examined these by a variety of spectroscopic
methods. The compounds have been shown to have
a planar tetramethylditin moiety in which the acyloxy
ligand bridges both tin atoms: each tin is then five-
coordinate. This structure persists in solution.

The National Research Council of Canada is
thanked for financial support.
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KENNETH S. CHONG and ALAN SToRR. Can. J. Chem. 57, 167 (1979).

The coordinating properties of the tridentate tris-chelating ligand, [Me,Ga(OCH,CH,NH,)-
(N,C:H3)]™, and its three methyl substituted derivatives (methyl substitution on the amino
nitrogen and the 3,5 positions of the pyrazolyl ring) have been studied in a series of molyb-
denum, tungsten, and manganese carbonyl compounds. Mixed allyl carbonyl and nitrosyl
carbonyl compounds of both molybdenum and tungsten have been characterized, and a series
of tricarbonyl manganese compounds studied. All the complexes are monomeric octahedral
species having the tris-chelating ligands in fac coordination. Steric factors influence the arrange-
ment of the three remaining groups in the mixed octahedral complexes (i.e. allyl carbonyl and
nitrosyl carbonyl derivatives) and particular site preferences are inferred from spectroscopic
measurements.

KENNETH S. CHONG et ALAN STORR. Can. J. Chem. 57, 167 (1979).

On a étudié les propriétés de coordination du ligand tridentate tris-chélatant [MeGa(OCH ,-
CH,NH,)(N,C3H3;)]~ et de trois de ses dérivés méthylés (substitution du méthyle sur I’azote
de I’amine et sur les positions 3 et 5 du cycle pyrazolyle) avec une série de composés carbonylés
du molybdéne, du tungsténe et du manganése. On a caractérisé des composés mixtes allylcar-
bonyle et nitrosylcarbonyle du molybdéne et du tungsténe et on a étudié une série de composés
du manganeése tricarbonyle. Tous les complexes sont des especes octaédriques monomeres
portant les ligands tris-chélatants en coordination fac. Des facteurs stériques influencent la
disposition des trois autres groupes dans les complexes octaédriques mixtes (comme dans les
dérivés allylcarbonyle et nitrosylcarbonyle) et ’on a déduit des préférences particuliéres des

sites & partir de mesures spectroscopiques.

Introduction

A series of four anionic tridentate chelating ligands
of the type 1 has been synthesized.

R R
oy
Me\ - I~ R = Hor Me
Ga R’ = Hor Me
MC/ \O fERZz

/
1

Previous reports dealt with octahedral complexes
of the first row transition elements (Mn — Zn) incor-
porating the ligand 1 where R = H and R’ = H (1)
and binuclear transition metal complexes (Co — Zn)
using the ligand 1 where R = H and R’ = Me (2).
The present account expands the study of these two
ligands and introduces two additional ligands where
R =Me,R"=H,and R = Me, R’ = Me in 1.
The coordinating properties of the four ligands
have been investigated in a series of carbonyl, allyl
carbonyl, and nitrosyl carbonyl compounds of
molybdenum, tungsten, and manganese. The ligands
are thought to occupy three fac positions in the octa-
hedral complexes with the remaining positions oc-

[Traduit par le journal]

cupied either by three carbonyl ligands or by two
carbonyl ligands plus a nitrosyl or a ‘n>-allyl’ ligand.
The uninegative ligands, 1, act as six electron donors
and, as such, are compared with other six electron
donors (viz. n°>-CsHs~, HB(N,C;3H;); ~, and MeGa-
(N,C;3H;);7) in similar carbonyl compounds. The
effects of substitution of methyl for hydrogen on the
3,5 positions of the pyrazolyl moiety, on the amino
nitrogen, and on the 2 position of the n-allyl group,
are discussed.

Experimental

Starting Materials

Air sensitive materials were handled in a glove box under an
atmosphere of oxygen-free, dry, nitrogen or in a nitrogen-
blanketed apparatus. Tetrahydrofuran (THF) was dried by
refluxing over lithium aluminum hydride and was used imme-
diately following distillation. Benzene was dried by refluxing
over molten potassium followed by distillation. Pyrazole and
3,5-dimethylpyrazole (K and K Laboratories) and sodium
hydride (Alfa Inorganic) were used as supplied. Ethanolamine
and N,N-dimethylethanolamine were refluxed over anhydrous
CaSO, and distilled prior to use. Allyl bromide and 2-methallyl
chloride were distilled under nitrogen prior to use. Molyb-
denum and tungsten hexacarbonyls were used as supplied
(Strem). Manganese pentacarbonyl bromide was prepared
from dimanganese decacarbonyl (Strem) by a standard route
(3). Isoamyl nitrite (MCB) and Diazald (Aldrich) were used

0008-4042/79/020167-07$01.00/0
© 1979 National Research Council of Canada/Conseil national de recherches du Canada
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M(CO)s + Na*L~

M=
Mo or W THF

Reflux

Na*[LM(CO);]~ + 3CO

excess CH,=CH—CH,Br
THF
r.t.

excess CH,=C(Me)—CH,—Cl

THF (i) excess isoamyl nitrite THF, r.t.
warming (if) Diazald (1:1) THF, r.t.

LM(CO),m3*-C3H; + NaCl + CO  LM(CO),m*-C,H; + NaCl + CO LM(CO),NO + CO + side products
SCHEME 1

as purchased and gallium trimethyl was prepared as described
previously (4).

Preparative Details

Ligand Synthesis

All four ligands were prepared s THF solutions by the same
general route described previously for 1 where R = H,
R’ = H (1), and where R = H, R’ = Me (2). These THF
solutions of the ligands were employed in all subsequent reac-
tions since isolation of the solid sodium salts of the ligands
was impracticable. The THF solutions from the ligand syn-
theses were made up to standard volumes and accurately mea-
sured aliquots used in the preparations described below.

Preparations of Molybdenum and Tungsten Carbonyl
Complexes

The general method employed for the preparation of these
compounds (Scheme 1) was to react 1:1 molar ratios of the
metal hexacarbonyls and the ligand sodium salts in THF to
produce extremely air-sensitive yellow solutions of the sodium
salts of the LM(CO);~ ions. These solutions were then reacted
with an excess of the appropriate ‘allyl’ halide, isoamylnitrite,
or an equimolar amount of Diazald to produce the desired
product. The crude materials isolated from THF solution were
recrystallized from benzene solvent to give yields of approxi-
mately 50%, for the ‘allyl’ compounds and the same approxi-
mate yield for the nitrosyl compounds if prepared using
Diazald, but much lower yields of approximately 15%, using
isoamylnitrite. Analytical and selected ir data for the pure
compounds are presented in Table 1. For a given ligand the
stability of the compounds towards air was found to be
nitrosyl > n3-allyl > n3-2-methallyl and W > Mo. Even in
solution the tungsten nitrosyl compounds remained unchanged
after exposure to air for several days. The production of the
I.Mo(CO);~ ions in solution required refluxing the reactant
mixture for 24-48 h depending on the nature of the ligand.
For the LW(CO);~ ions even longer reaction times were neces-
sary with reflux times of 70-100 h, not uncommon for reac-
tions involving the more sterically demanding ligands. The
second stage of the preparations were much more facile and
frequently occurred at ambient temperatures (Scheme 1).
The lower reactivity of W(CO)s compared with that of
Mo(CO)s is further illustrated in our inability to prepare the
tricarbonyl anion of tungsten incorporating the most sterically
demanding ligand 1, where R = Me and R’ = Me. The
tungsten compound listed in Table 1 and bearing this ligand
and a m3-C;Hs group was prepared via an alternate route

utilizing (MeCN);W(CO); (5) as a starting material:

THF
[11 (MeCN);W(CO); + excess C3HsBr T—»

(MeCN), W(CO),(n3-C3Hs)Br + MeCN + CO

[21 (MeCN),W(CO),(n>-C;Hs)Br + Na*L~ —TrHtF’

LW(CO),(n3-C;Hs) + NaBr + 2MeCN

where L~ = 1 (R = Me and R’ = Me). Attempts to prepare
the analogous tungsten compound having a ‘n3-C,H’ ligand
via the same route did not produce the desired complex.

Manganese Carbonyl Complexes

The four manganese tricarbonyl compounds were prepared
directly from pentacarbonyl manganese bromide and the
ligand salts in THF. The reaction mixtures were refluxed for
~16 h, the precipitated sodium bromide removed, and the
crude products isolated from the THF solutions recrystallized
from benzene solvent.

THF
Mn(CO)sBr + NatL~ ?LMH(CO);; + NaBr + 2CO

Analytical and selected ir data are collected in Table 1 for
these complexes. The compounds were considerably more air-
sensitive than the molybdenum and tungsten compounds, with
crystalline samples being noticeably oxidized after several
hours’ exposure to air

Spectra

Mass spectra were recorded on a Varian MAT CH4 mass
spectrometer at 70 eV with an ion source temperature of
100-180°C. Infrared spectra were recorded on a Perkin-Elmer
457 spectrophotometer and 'H nmr spectra on a Varian
XL-100 spectrometer. For complexes of low solubility 'H
nmr spectra were obtained using FT techniques.

Results and Discussion

Analysis of mass spectral, ir, and 'H nmr data
(see below) for the complexes listed in Table 1, points
to a monomeric octahedral structure for the whole
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TABLE 1. Analytical data for complexes

R\©YR

M N—N
e\ / \M
/ \ //
Me NR2'
\____/
Calculated (%) Found (%) Veo (cm™Y)F

M R R’ X C H N C H N Cyclohexane CH,Cl,
Mo H H C;3Hs 34.3 4.8 10.0 34.4 4.8 9.9 1938, 1850 1928, 1832

1938vs, 1851vs
Mo H H C,H, 36.0 5.1 9.7 36.2 5.0 9.6 1956s, 1842s } 1930, 1835

1966m, 1864m
Mo Me H Ci;Hs 37.5 5.4 9.4 37.6 5.5 9.4 1935, 1847
Mo Me H C.H, 39.0 5.7 9.1 39.2 5.6 9.3 1933, 1840
Mo H Me C;H; 37.5 5.4 9.4 37.8 5.6 9.4 1934, 1848
Mo H Me C4H, 39.0 5.7 9.1 38.9 5.6 9.3 1929, 1841
Mo Me Me C3;Hs 40.4 5.9 8.8 40.2 6.1 9.1 1931, 1843
Mo Me Me C.H, 41.7 6.2 8.6 41.6 6.2 8.8 1928, 1838
W H H C3;H;s 28.4 4.0 8.3 28.5 3.9 8.3 T 1916, 1816

1928m, 1836m
W H H C.H, 29.9 4.2 8.1 29.8 4.1 8.1 1945w, 1854w 1918, 1817
W Me H C;H; 31.4 4.5 7.8 31.5 4.5 7.7 1929, 1835 1916, 1813
W Me H C.H, 32.8 4.8 7.6 32.9 5.0 7.4 1927, 1832 1913, 1813
W H Me C3Hs 31.4 4.5 7.8 31.4 4.5 8.0 1926, 1835 1916, 1814
W H Me C.H, 32.8 4.8 7.6 32.7 4.8 7.9 1922, 1831 1909, 1809
W  Me Me C;3H; 34.1 5.0 7.5 33.8 4.9 7.3 1924, 1832 1911, 1810
Mo H H NO 26.4 3.7 13.7 27.0 3.6 13.6 ¥ 2020, 1920, (1645*)
Mo H Me NO 30.2 4.4 12.8 30.6 4.4 12.6 T 2020, 1920, (1647*)
Mo Me H NO 30.2 4.4 12.8 30.4 4.3 12.8 T 2018, 1918, (1640%*)
Mo Me Me NO 33.6 5.0 12.1 33.5 4.8 12.2 i 2015, 1917, (1644*)
W H H NO 21.8 3.0 11.3 22.2 3.0 11.5 b 2001, 1898, (1627*)
W H Me NO 25.2 3.6 10.7 25.9 3.7 10.3 b 1998, 1894, (1626*)
W Me H NO 25.2 3.6 10.7 25.6 3.6 10.6 b 2000, 1898, (1625%)
W Me Me NO 28.2 4.2 10.1 28.4 4.1 9.8 i 1997, 1895, (1622%)
Mn H H CO 32.8 4.1 11.5 32.7 4.1 11.7 2032, 1937, 1911
Mn H Me CcO 36.6 4.9 10.7 36.6 5.0 10.7 2027, 1936, 1908
Mn Me H CO 36.6 4.9 10.7 36.7 4.7 10.7 2030, 1936, 1907
Mn Me Me CO 39.9 5.5 10.0 39.8 5.5 9.9 2024, 1934, 1902

*vno band.

tReported veo bands and vno bands were all very strong. Relative vco band intensities are given for the two compounds displaying isomers in cyclohexane

solution. vs = very strong, s = strong, m = medium, w = weak.
fInsoluble.

range of compounds studied. Further, it is proposed
that the tridentate ligands are fac ligands in all the
complexes. A schematic representation of a typical

molybdenum complex, [MeGa(N,C;H;)(OCH,-
CH,NH,)]Mo(CO),n3*-C3Hs;, is shown in 2.
CHZ
Hie “ X\, A
\Ga/ 1!4/
/ \ 0\
N—N CO

=5
2

Infrared Spectra

LMn(CO); Complexes

Three strong bands in the vq region (see Table 1)
for all four LMn(CO); complexes indicate that the
unsymmetrical ligand L occupies three facial positions
in the octahedral structures, with the three CO
groups occupying the remaining set of facial posi-
tions. A mer arrangement for L in these complexes
would lead to two weak v, bands and one strong
Vco band in the ir spectra of the complexes (6).

LM(CO),X Complexes (M = Mo or W;
X = n’-C3H; or n’-C,H,)
The v region of the ir spectra of these fifteen



Can. J. Chem. Downloaded from www.nrcresearchpress.com by 210.87.254.40 on 09/05/12
For personal use only.

170 CAN. J. CHEM.

complexes (see Table 1) showed, with two exceptions,
two sharp strong bands of equal intensity, indicating
a cis arrangement of the CO ligands in the com-
plexes (6). This does not distinguish between a mer
or fac arrangement for the ligand L about the central
metal atom (1). However, molecular models indicate
that the fac arrangement allows greater steric free-
dom to the X groups, particularly in the position
trans to the pyrazolyl nitrogen (see 2). The position
trans to the amino nitrogen is slightly more crowded
with the position opposite the oxygen atom least
favored sterically. Evidence for the fac arrangement
of L in the LM(CO); "~ ions is found in the ir spectra
for these ions in THF solution. Two equally strong
Vco bands are apparent with the one at lower fre-
quency being much broader (unresolved e mode)
than the higher frequency band (a; mode). A fac
arrangement of the unsymmetrical ligand would be
expected to give three strong v, bands whereas a
mer arrangement would give two weak bands and
one strong band in the vg region of the spectrum (6).
In the two complexes where more than two vco
bands occur in the ir spectra in cyclohexane solution
(M =Mo or W; L where R=H,R"=H; X=
n3-C,H,) the presence of more than one isomer is
indicated. It is noteworthy that in CH,Cl, solution
these same complexes show but two v, bands, an
observation which suggests that the different isomers
in cyclohexane solution may be due to different fixed
orientations of the ‘n*-C,H,” group located in the
same octahedral position, rather than two different
positional isomers for the octahedral complexes. The
effect of solvent on isomer distribution in this type
of complex has been documented previously (7, 8).
Comparison of the v, frequencies for the ‘n*-allyl’
complexes incorporating the ligand 1 with the veo
frequencies of similar complexes bearing different
uninegative 6-electron ligands indicates that the novel
ligands described herein create a more electron-rich
transition metal centre. The pertinent v, values for
the (ligand)Mo(CO),n>-C;H; series of compounds
are listed in Table 2. The lower v values observed
in the new complexes indicate an increased d,-m*
back-bonding from the molybdenum atom to the
carbon monoxide ligands when compared with the
previously described systems. This presumably
results from a more electron-rich transition metal
centre which may be created by either an increased
o donation to the Mo atom from the new ligands, or
may arise from reduced backbonding from the Mo
atom to the L ligand acceptor orbitals. A combina-
tion of the two effects may well be responsible. The
substitution of methyl groups for hydrogen atoms on
the pyrazolyl (3,5 positions) and ethanolamino

VOL. 57, 1979

TaBLE 2. Carbonyl stretching frequencies for some
LMo(CO),n3-C3H;5 complexes (cyclohexane solution)

L veo (cm™ 1) Reference
n3-CsHs 1970, 1963, 1903, 1889 9
HB(N,C;H3); 1959 1874 10
MeGa(N,C;H3); 1948 1860 7
I,R=H;R"=H 1938 1850 This work

1, R = Me; R" = Me 1931 1843  This work

(nitrogen atom) moieties results in a slight decrease
in the voo values. This may reflect the inductive
effect of these methyl groups with consequent in-
crease in the o-donor characteristics of the ligand
system, although reduced back-bonding to L because
of enhanced steric crowding and less favorable d —n
orbital overlaps could also be an important factor.
As previously observed for similar complexes (7,
10, 11) the v, bands in the tungsten compounds are
approximately 10-20 cm™~! lower than those for the
corresponding molybdenum compounds.

LM(CO),NO Complexes (M = Mo or W)

The four molybdenum and four tungsten com-
plexes reported in Table 1 displayed the expected
Vco and vyo vibrations in their ir spectra (CH,Cl,
solutions). Two v, bands are observed of approxi-
mately equal intensity but with the lower frequency
band (asymmetric stretch) being much the broader
of the two. Again a cis arrangement of the two CO
ligands is suggested. One broad band is observed for
the vy stretching vibration in all the complexes. The
Vco and vyo bands are 20 cm ™! lower in the W com-
pounds than in the corresponding Mo derivatives,
but within a particular series, changing the nature of
L has little effect on the positions of the bands.

The presence. of isomers so clearly demonstrated
by the 'H nmr spectra of these complexes in C4Dyg
solutions (see below) is not revealed by their ir spectra
in CH,Cl, solutions. Perhaps the different isomers
give closely similar ir band positions and are there-
fore not detectable as separate entities by ir methods.
It is, however, noteworthy that although of equal
intensity the two v¢o bands are very different in band
width. The lower frequency v¢o, band is approxi-
mately three times broader (half-height band width)
than the higher frequency vco band. This phenom-
enon is not observed in the ‘n3-allyl’ complexes dis-
cussed above where the two v bands are of equal
intensity and sharpness.

YH Nuclear Magnetic Resonance Spectra
LM(CO),X Complexes (M = Mo or W;
X =n’-C3H; or n°-C,H;)
Selected 'H nmr data for these compounds in
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TasLE 3. 'H nmr data for complexes in C¢Ds solution*

T (ppm)

M R R’ R” R R’ R"” H* Ga—Me
Mo H H H 2.53br, (2.9) 3.90t 10.03s, 10.39s
Mo H H Me 2.34d, 2.75d 8.35s 3.80t 9.92s, 10.34s
Mo Me H H 7.68s, 8.03s 4.33s 10.02s, 10.40s
Mo Me H Me 7.62s 8.01s 8.33s 4.27s 9.93s, 10.39s
Mo H Me H 2.67d, 2.91d 7.08s, 8.51s 3.97t 10.14s, 10.36s
Mo H Me Me 2.75d, (2.9) 7.07s, 8.44s 8.65s 3.95t 10.05s, 10.35s
(br)  (br) (br)  (br)
Mo Me Me H 7.67s, 8.03s 7.05s, 8.29s 4.34s 10.06s, 10.33s
Mo Me Me Me 7.22s, 8.08s 7.07s, 8.24s 8.60s 4.33s 9.98s, 10.34s
W H H H 2.53br, 2.95d 4.00t 10.05s, 10.44s

(br)

W H H Me 2.36d, 2.89d 8.65s 3.93t 9.94s, 10.44s
2.38d, 2.92d (br) 4.01t 10.24s, 10.41s
W Me H H 7.70s, 8.10s 4.39s 10.05s, 10.47s
w Me H Me 7.60s, 8.09s 8.13s 4.34s 9.97s, 10.49s
w H Me H 2.63d, 2.98d 6.97s, 8.58s 4.06t 10.15s, 10.39s
w H Me Me 2.71d, 2.94d 6.93s, 8.43s 8.52s 4.03t 10.01s, 10.37s
w Me Me H 7.67s, 8.09s 6.94s, 8.35s 4.38s 10.07s, 10.36s
*All t values relative to 1(C¢Hg) = 2.84 ppm, 1(TMS) = 10.00 ppm. Jyccu =~ 2 Hz (pyrazolyl ring). s = singlet, d = doublet, t = triplet, br

= broad.

C¢D¢ solutions are listed in Table 3. In all of the
molybdenum derivatives the spectra suggest the
presence of one isomer for the octahedral complexes
in solution. This would indicate either a fixed con-
formation for the ‘n3-allyl’ groupings or a fast rota-
tion of these groupings about the Mo ‘n3-allyl’
axis. The former is most likely the correct interpreta-
tion but planned variable temperature 'H nmr
studies, above and below room temperature, should
lead to a definitive answer. In one molybdenum com-
pound (where R’ = Me, R"”” = Me and R = H, see
Table 2) the N—Me and Ga— Me signals were quite
broad indicating the possibility of slow fluxionality
for these groups in this complex. In the same com-
plex, however, the R’’ = Me signal and the pyrazolyl
proton signals were quite sharp. The structure de-
picted in 2 is suggested for these complexes, with the
‘n3-allyl’ groups being in the sterically preferred
position opposite the pyrazolyl moiety. The alternate
arrangement most likely to occur would place the
‘n*-allyl’ groups opposite the amino nitrogen in the
octahedral complexes, and indeed this arrangement
may be preferred where the amino group is substi-

tuted and the pyrazolyl group unsubstituted. (See
discussion below on ‘nitrosyl’ isomers.)

The spectra of the tungsten ‘n°-allyl’ complexes
are very similar to their molybdenum counter-
parts with the exception of the compound where
R =R"=H and R"” = Me. For this particular
complex two sets of signals for the pyrazolyl protons
and the Ga—Me protons plus a broad R"" = Me
signal indicate the presence of two distinguishable
isomers in the C¢Dg solution. As discussed in the ir
section, it is probable that these two isomers corre-
spond to different orientations of the n3-C,H, group
in the complex rather than to different positional
isomers.

LM(CO),NO Complexes (M = Mo or W)

Selected 'H nmr data for these complexes in C¢Dg
solution are reported in Table 4. In all cases the
presence of two isomers is suggested by the appear-
ance of two sets of signals in the spectra. In contrast
to the ‘orientation isomers’ postulated to explain the
presence of two isomers in one of the tungsten
‘n°-allyl’ derivatives described above, the isomers
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TasLE 4. 'H nmr data for complexes in C¢Dg solvent*

R
N

H4
R
o

Me P NO
\G \M/

Me—" A — Ng e
__/

(0}

NR, CO

Approxi- Predicted

T (ppm) mate position
isomer of NO
M R R’ R R’ H* Ga—Me ratio substitution}
Mo H H 2.34dt, 2.76d7, 3.81t} 9.99s, 10.32s 2 A
2.76d+t, 2.88dt 4.01tt 9.91s, 10.25s 1 B
Mo Me 2.31d+, 2.75d¥, 7.84s, 8.34s 3.83tt 10.01s, 10.23s 1 A
2.71dt, 2.87d+ 7.91s, 8.50s 4.02t1 9.91s, 10.19s 1 B
Mo Me H 7.64s, 8.00s 4.26s 9.93s, 10.27s 5 A
7.95s, 8.06s 4.43s 9.82s, 10.21s 1 B
Mo Me Me 7.60s, 7.99s 7.84s, 8.21s 4.25s 10.06s, 10.19s 3 A
7.79s, 8.10s 8.05s, 8.35s 4.43s 9.88s, 10.14s 1 B
\%% H 2.29dt, 2.85dt, 3.88tf 9.99s, 10.38s 2 A
2.72dt, 2.98d+ 4.10tt 9.90s, 10.30s 1 B
W H Me 2.28dt, 2.84dT, 7.72s, 8.31s 3.897 9.98s, 10.25s 1 A
2.71d%, 2.98df 7.72s, 8.47s 4.101 9.86s, 10.20s 1 B
\%% Me H 7.62s, 8.04s 4.28s 9.94s, 10.32s 5 A
7.93s, 8.11s 4.48s 9.80s, 10.24s 1 B
w Me Me 7.59s, 8.05s 7.67s, 8.20s 4.28s 10.03s, 10.28s 3 A
7.67s, 8.11s 7.87s, 8.34s 4.48s 9.86s, 10.18s 1 B
*t(TMS) = 10.00 ppm, 1(C¢Hg) = 2.84 ppm, s = singlet, d = doublet, t = triplet.

+J = 2 Hz.

1A = position opposite ‘pyrazolyl’ nitrogen. B = position opposite ‘amino’ nitrogen.

arising in the nitrosyl compounds must necessarily
be positional isomers. The fact that only two sets of
signals are observed in the spectra indicates that only
two positions of the octahedral anions LM(CO);~
are susceptible to NO substitution. Accepting that
the ligand L is fac, the most favored positions for
substitution, sterically, are first the position opposite
the pyrazolyl nitrogen, and second the position
opposite the amino nitrogen. The expected preference
for substitution in the position opposite the pyrazolyl
moiety is substantiated by the observed ratios for
the two isomers in the solutions. Thus considering
the ratios in Table 4 and using 2 it is straightforward
to assign the two groups of proton signals to their
respective positional isomers. It is noteworthy that
only when the ‘pyrazolyl’ moiety is unsubstituted and
the ‘amino’ nitrogen fully substituted do the two
positions become equally favorably towards NO
substitution. Conversely, when the ‘pyrazolyl’ moiety
is substituted in the 3,5 positions, and the ‘amino’
nitrogen unsubstituted, NO substitution in the posi-
tion opposite the ‘pyrazolyl’ nitrogen is favored over
NO substitution in the position opposite the ‘amino’
nitrogen to the extent of 5:1. Attempts at separation
of the two isomers for selected complexes by column

chromatography have so far proved unsuccessful. If
future attempts are more rewarding crystallographic
structural studies will be carried out on the separated
isomers to confirm the above predictions listed in
Table 4.

Mass Spectra

The 27 complexes listed in Table 1 were all suf-
ficiently volatile and stable to give readily observable
parent ion signals in their mass spectra, which corre-
sponded to monomer species in the vapour phase.
The appearance of signals due to other ions in all of
the spectra indicated fragmentation patterns which are
predictable for the various complexes. The intensity
ratios of the individual peaks in all multi-peak signals
agreed closely with theoretical predictions based on
the percentage isotope compositions of the contribut-
ing metal atoms. In all 27 spectra signals due to the

five-membered ring ions, M—‘pyrazolyl’_Ga—(')+,
were observed indicating a facile loss of the
‘—CH,—CH,—NR,’ moiety from the octahedral
complexes, and the intrinsic stability of the five-
membered ring system.

Currently under investigation are ligands incor-
porating amino thiols, in place of amino alcohols in
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the present systems, and also ligands of higher 3.

denticity created by reacting suitable HX precursors

with the Me;Ga(N,C;H;)™ ion. 5. D.P.TATE, W. R. KNIPPLE, and J. M. AUGL. Inorg. Chem.
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A. WaALLACE Corpks, PAuL F. ScHUBERT, and RicHARD T. OakLEy. Can. J. Chem. 57,
174 (1979).

The crystal structure of 1,4-diphenyl-2,2,3,3",5,5,6,6’-octamethylcyclo-1,4-diphospha-
2,3,5,6-tetrasilahexane, (PhPSi,Me,),, has been determined by single crystal X-ray diffrac-
tion. The crystals are monoclinic, space group P2/c, with a = 9.866(1), b = 11.921(1), and
c=11.3242) A, B = 104.31(1)°, Z = 2, and pearea = 1.15 g/cm?. The structure was solved by
direct methods and was refined by full-matrix least-squares procedures to a final R of 0.060
and R, of 0.078, for 1173 reflections with intensities greater than 3c. The (PhPSi:Me,),
molecule lies on a crystallographic centre of symmetry, and the six-membered P,Si, ring has
a chair conformation with equatorial phenyl groups. The endocyclic angles at P (104.4(1)°)
and Si (104.9(2)°) are intermediate between those found in cyclic hexaphosphine and hexa-
silane molecules, and the Si—Si and P—Si distances of 2.345(3) and 2.252(4) A, respectively,
correspond to single bond lengths, with no appreciable evidence for secondary pm — dn
bonding between phosphorus and silicon. The Si—C (1.867(8) A) and P—C (1.828(7) A) bond
lengths are also normal. The variations in the Si—P—C (101.6(2)°, 108.6(2)°), P—Si—C (range
106.2(3)-120.0(3)°), and Si—Si—C (range 105.8(3)-113.7(3)°) angles indicate that the positions
of the exocyclic methyl and phenyl groups are influenced by both intra- and intermolecular
steric forces.

A. WALLACE CoRDES, PAUL F. SCHUBERT et RICHARD T. OAKLEY. Can. J. Chem. 57, 174
(1979).

Faisant appel a la diffraction des rayons X par des monocristaux, on a déterminé la structure
cristalline du diphényl-1,4 octaméthyl-2,2",3,3",5,5",6,6" cyclodiphospha-1,4 tétrasilahexane-
2,3,5,6, (PhPSi,Me,),. Les cristaux sont monocliniques, groupe d’espace P2;/c avec a =
9.886(1), b = 11.921(1) et ¢ = 11.324(2) A, B = 104.31(1), Z = 2 et Pearea = 1.15 g/cm®. On a
résolu la structure par des méthodes directes et on I’a affinée par la méthode des moindres
carrés (matrice compléte) jusqu’a une valeur finale R de 0.060 et R, de 0.078 pour les 1173
réflexions avec des intensités plus grandes que 3c. La molécule (PhPSi,Me,), se trouve au
centre de symétrie et le cycle a six chainons P,Si, adopte une conformation chaise avec les
groupes phényles en position équatoriale. Les angles endocycliques au niveau du P (104.4(1)°)
et du Si (104.9(2)°) sont intermédiaires entre ceux trouvés dans des molécules d’hexaphosphines
et d’hexasilanes cycliques et les distances Si—Si et P—Si qui sont respectivement 2.345(3) et
2.252(4) A correspondent 4 des longueurs de liaisons simples et I’on ne trouve aucune indication
a leffet qu’il existe une liaison secondaire pn — dn entre le phosphore et le silicium. Les
longueurs des liaisons Si—C (1.867(8) A) et P—C (1.828(7) A) sont aussi normales. Les varia-
tions dans les angles Si—P—C (101.6(2)°, 108.6(2)°), P—Si—C (allant de 106.2(3)-120.0(3)°)
et Si—Si—C (allant de 105.8(3) a 113.7(3)°) indiquent que les positions des groupes méthyles
et phényles exocycliques sont influencées & la fois par des forces stériques intra- et intermolé-
culaires.

[Traduit par le journal]

Introduction

The molecular structures of a variety of homo-
cyclic polysilanes (R,Si), (I, 2) and polyphosphines
(RP), (3-7) have been described, but to the present
time there have been no reports concerning the
structural characteristics of mixed phosphorus-
silicon ring systems. We are currently investigating

1Present address: Department of Chemistry, University of
Calgary, Calgary, Alta., Canada T2N 1N4.

the physical and chemical properties of such com-
pounds (8), and as a part of this work we have
determined the crystal and molecular structure of
1,4-diphenyl-2,2",3,3",5,5',6,6" - octamethylcyclo-1,4~
diphospha-2,3,5,6-tetrasilahexane (1), the first such
characterization of a compound containing an un-
coordinated silylphosphine moiety.?

2NOTE ADDED IN PROOF: Since the submission of this article

the structures of P4(SiMe,); and P;(SiMe;); have been re-
ported (20).

0008-4042/79/020174-06$01.00/0
©1979 National Research Council of Canada/Conseil national de recherches du Canada
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Experimental

Crystals suitable for X-ray work were obtained by slow
cooling of a warm, saturated benzene/hexane (1:1) solution.
The approximately cubic crystal used for all data collection
had external faces roughly parallel to, and on the same side of
the centre of, the 100, —100,011, 0 —1—1,17 —10, —7 —38,
and 230 faces at face-to-centre distances of 0.15, 0.15, 0.26,
0.26, 0.27, 0.24, and 0.25 mm, respectively. The crystal was
sealed in a glass capillary under an atmosphere of nitrogen and
mounted with the 001 reflection parallel to the ¢ axis of the
diffractometer. A least-squares refinement of 15 values of
2 sin 0/A for 20 values between 50 and 87° (A\CuK, = 1.5418 A)
gave cell constants (at 22°C) of

C20H34P2Si4 fW = 44878
a = 9.866(1), b = 11.921(1), ¢ = 11.324(1) A, B = 104.31(1)°,
V = 1290.5 A3, and peqieq (for Z = 2) = 1.15gcm™3.

The experimental density was not measured because of the
extreme air sensitivity of the compound. Systematic absences
uniquely indicated the space group P2;/c; two molecules per
unit cell in this space group require a centrosymmetric mole-
cule.

Intensities were measured using Ni-filtered radiation on a
manual GE-XRD-5 diffractometer. A 6-20 scan (20, =
120°) at 2° min~—! over 2° was used, with 10 s background
counts taken at the end of the scan. Four reflections measured
periodically indicated a 109 loss in intensity (of instrumental
origins) on the third day of the six days of data collection; a
simple correction was made for this situation. The p value was
32.16 cm~* for the crystal used; an absorption correction with
summation points every 0.0075 cm gave a range of correction
factors (for 1) of 0.47 to 0.68. Of the 2042 reflections mea-
sured, 1173 had intensities greater than 3o, where c*(I) =
scan + 9 background counts + (0.057)2. Seven of these reflec-
tions were excluded from the refinement data because of
evidence for extinction.

The structure was solved by direct methods, and refined by
Fourier and full-matrix least-squares procedures. The neutral
atom scattering factors of ref. 9 were used for the refinement;
anomalous dispersion corrections were made for phosphorus
and silicon (10). All of the hydrogen atoms were located on
difference maps. Positional parameters of all but two of the
hydrogen atoms were refined in the least-squares treatment;
two of the phenyl hydrogen atoms were constrained to cal-
culated positions because of the unreasonable positions that
they assumed when included in the least-squares matrix. The
weighting scheme w = 1/(2Fuin + F, + 2F,2/Fua,) for the
full-matrix refinement (163 parameters, reflection/parameter
ratio 7/1) gave a final R = 0.060, R,, = 0.078, a standard de-
viation of an observation of unit weight = 0.41, and no
dependence of AF/c(F) on either F or sin 6. On the final cycle
of refinement all the non-hydrogen positional shifts were less
than 0.09c. A final difference Fourier gave a maximum peak of
0.45 ¢/A3, which is equal to 7% of the peak value for carbon
on a regular Fourier map. Measured and calculated structure

factors for the observed data have been placed in the Deposi-
tory of Unpublished Data.?

Results and Discussion

The crystal structure of the title compound con-
sists of discrete molecules of (PhPSi,Me,),. Figure 1
is an ORTEP drawing which shows a general view
of the molecule and gives the crystallographic
numbering scheme. Atomic coordinates are given in
Table 1, and the anisotropic thermal parameters of
the non-hydrogen atoms deposited in Table 2. The
derived bond distance and valence angle information
is presented in Tables 3 and 4. The six-membered
P,Si, ring exists in a chair conformation with a
crystallographically imposed centre of symmetry,
with no evidence of disorder.

Many of the structural features observed in
(PhPSi,Me,), are related to those found in the
homocyclic molecules (SiMe,)s (1) and (PhP), (3)*
and, for purposes of comparison, the valence,
dihedral and torsion angles of the three molecules are
listed in Table 5,° along with those expected for an
idealized cyclohexane chair. All three molecules
have chair conformations and, as in (PhP)s, the
phenyl groups on phosphorus in (PhPSi,Me,),
occupy equatorial positions. The degree of puckering
of the chairs is significantly different and, as expected,
is dependent on the size of the internal ring angles.
Thus, in (SiMe,)s, where the endocyclic angle
(111.9(5)°) is close to the tetrahedral value, the
dihedral (131.8(2)°) and skeletal torsion (53.5(3)°)
angles vary only slightly from those of the ‘ideal’
C¢H,, conformation. In (PhP)¢, the smaller ring
angle leads to a more folded chair, with smaller
dihedral (96.8(1)°) and larger torsion (85.0(1)°)
angles. The geometry of the P,Si, ring in (PhPSi,-
Me,), then represents a compromise between those
of the two homocyclic molecules; the valence,
dihedral and torsion angles are all intermediate
between the values found in the Sig and Pg rings. The
cross-ring distances Si(2)—Si(3) (3.550(3) A), P(1)—
Si(2) (3.641(2) A), and P(1)—Si(3") (3.654(2) A) are
all slightly shorter than the sum of the van der Waals
radii (4.20 and 3.90 A for Si—Si and P—Si inter-
actions, respectively) (11), and the equalization of the

3A copy of the observed and calculated structure factor
table is available, at a nominal charge, upon request, from the
Depository of Unpublished Data, CISTI, National Research
Council of Canada, Ottawa, Ont., Canada K1A 0S2.

“The two forms of (PhP)s are nearly identical. The struc-
tural parameters of the trigonal modification, which include
anisotropic thermal refinement, will be used throughout this
discussion.

SHere and elsewhere in this paper, integers quoted in
parentheses refer to estimated standard deviations for single-
valued parameters, and indicate ranges of results for the aver-
ages of chemically equivalent parameters.
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FiG. 1. An ORTEP drawing of the (PhPSi,Me,), molecule, showing the atom numbering scheme used. Non-hydrogen
thermal ellipsoids are drawn at the 509 probability level; hydrogen atoms have been given an isotropic B of 1.0 in this
drawing in order to clarify the figure.

TaBLE 1. Final atomic coordinates for non-hydrogen

(% 10%) and hydrogen atoms (x 10%)

Atom X y z
P(1) 1698(2) 4457(1) 6486(1)
Si(2) 1984(2) 4814(1) 4607(2)
Si(3) 121(2) 5741(1) 6735(2)
C@4) 361(9) 7249(6) 6386(8)
C(5) 38(11) 5637(8) 8361(7)
C(6) 3392(9) 3856(8) 4376(8)
C(7) 2514(9) 6283(7) 4357(8)
C(8) 3411(7) 4845(5) 7447(6)
C©9) 3808(8) 5921(6) 7895(7)
C(10) 5120(9) 6114(9) 8649(8)
C11) 6073(8) 5296(10) 8959(8)
C(12) 5733(9) 4230(9) 8539(8)
C(13) 4401(9) 3999(7) 7802(7)
H@14) 313(10) 647(8) 762(9)
H(15) 543(11) 688(8) 896(9)
H(16)* 697 545 946
H{7)* 640 365 878
H(@18) 416(10) 333(9) 756(9)
H(19) 105(11) 747(9) 676(10)
H(20) —26(11) 777(9) 670(9)
HQ21) 36(10) 756(8) 554(10)
H(Q22) 77(11) 577(8) 900(10)
H(23) —71(10) 615(8) 858(9)
H(24) —34(10) 498(8) 853(9)
H(25) 328(10) 647(8) 51109)
H(26) 192(11) 674(9) 427(10)
H(27) 286(11) 635(9) 380(11)
H(28) 412(11) 395(9) 496(10)
H(29) 355(10) 384(9) 368(10)
H(30) 306(10) 308(9) 443(9)

“H(16) and H(17) were constrained to the positions given (see
text). All hoydrogen atoms were assigned isotropic thermal factors

of p =5

endocyclic angles is probably necessary so as to in-
crease an otherwise overly close Si(2)—Si(3) contact,
and thereby minimize the repulsive interactions
between the axial methyl groups (vide infra).

The differences in some of the chemically equiva-
lent Si—Si—C and P—Si—C angles and the bent
orientation of the phenyl group suggest that the
methyl and phenyl group positions are strongly
influenced by inter- and intramolecular steric forces.
The angle of the phenyl group with respect to the P,Si,
ring is the most apparentdistortion (Si(2)—P(1)—C(8)
is 101.6(2)° and Si(3)—P(1)—C(8) is 108.6(2)°) and
appears to be the result of the packing pattern as
shown in the xz projection of Fig. 2. Although
none of the intermolecular contacts are less than the
sum of the corresponding van der Waals’ separa-
tions (11), the three nearest C—C contacts (C,,—C, ,,
C,0—Cy;, C;;—C,,), the shortest C—H contact
(C10—Cys), and one of the H—H intermolecular
contacts (H;s—H,g) are all involved in the phenyl-
phenyl packing and are indicated by dotted lines in
Fig. 2. One of the axial (the C(4)) methyl groups also
experiences a close intramolecular contact with the
phenyl ring; the H(14)—H(19) distance is slightly less
than the expected van der Waals’ separation (2.40 A)
(11). The less pronounced rotation of the phenyl ring
about the P—C bond than is found in (PhP)¢ (com-
pare the P—P—C—C and Si—P—C—C torsion
angles in Table 5) probably occurs to alleviate this
phenyl-methyl repulsion. The equatorial C(5) methyl
group appears to be slightly perturbed by a neigh-
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TABLE 2. Anisotropic thermal parameters ( x 10%) for non-hydrogen atoms®

Bis B2z Baa Bi2 Bia B2s
97(2) 46(1) 56(2) —-2(1) 10(1) 0o(1)
84(2) 55(1) 53(2) 5(1) 11(1) —=2(1)
96(2) 51(1) 49(2) —-2(1) 12(1) —-7(1)
146(11) 52(5) 103(9) 2(6) 24(8) —4(6)
169(13) 97(7) 66(8) 11(8) 21(8) —9(6)
123(10) 109(8) 72(8) 33(8) 17(7) —11(6)
122(10) 73(6) 88(8) —13(6) 24(7) 12(6)

96(8) 69(5) 55(6) 5(5) 9(5) 16(4)
125(10) 68(6) 83(8) —16(6) —-12(7) 7(5)
150(12) 117(8) 82(8) —47(9) —26(8) 14(7)
101(10) 171(12) 80(8) —23(9) =37 18(8)
112(11) 162(12) 97(9) 59(9) 1(8) 28(8)
138(10) 89(7) 88(8) 32(8) 31(8) 6(6)

aEstimated standard deviations are given in parentheses. Anisotropic thermal parameters are of the
form exp —(h2Byy + k2Paz + 12Bss + 2hkByo + 2hIBys + 2kIB23).

TABLE 3

(a) Bond lengths (A) between non-hydrogen atoms with esd’s in parentheses

Bond Distance Bond Distance Bond Distance
P(1)—Si(2) 2.256(2) Si(2)—C(6) 1.866(9) C(8)—C(9) 1.40(1)
P(1)—Si(3) 2.249(2) Si(2)—C(7) 1.869(8) C(9)—C(10) 1.38(1)
P(1)—C(8) 1.828(7) Si(3)—C@4) 1.868(8) C(10)—C(11) 1.34(1)
Si(2)—Si(3") 2.345(3) Si(3)—C(5) 1.866(9) C(11)—C(12) 1.37(2)

C(12)—C(13) 1.40(1)
C(13)—C(8) 1.39(1)

(b) Non-bonded distances (A) between atoms of P,Si, ring, with
esd’s in parentheses’

Bond Distance Bond Distance
P(1)—P(1") 4.489(2) Si(2)—Si(3) 3.550(3)
Si(2)—Si(2") 4.247(3) P(1)—Si(2") 3.641(2)
Si(3)—Si(3") 4.262(3) P(1)—Si(3) 3.654(2)

2Primed atom numbers designate atoms related by —x, 1 — y, 1 — z to those

with the unprimed number on Table 1.

TABLE 4. Bond angles (deg) between non-hydrogen atoms with esd’s in

parentheses”

Bonds Angle Bonds Angle
Si(2)—P(1)—Si(3) 104.4(1) C(4)—Si(3)—C(5) 108.1(4)
Si(3")—Si(2)—P(1) 105.1(1) C(6)—Si(2)—C(7) 107.9(4)
Si(2")—Si(3)—P(1) 104.8(1) P(1)—C(8)—C(9) 125.6(3)
Si(2)—P(1)—C(8) 101.6(2) P(1)—C(8)—C(13) 117.9(5)
Si(3)—P(1)—C(8) 108.6(2) C(8)—C(9)—C(10) 120.8(6)

P(1)—Si(2)—C(6) 106.7(3) C(9)—C(10)—C(11) 122.0(9)
P(1)—Si(2)—C(7) 115.1(3) C(10)—C(11)—C(12) 119.3(6)
P(1)—Si(3)—C(4) 120.0(3) C(11)—C(12)—C(13) 120.3(6)
P(1)—Si(3)—C(5) 106.2(3) C(12)—C(13)—C(8) 121.2(7)
Si(2")—Si(3)—C@4) 105.8(3) C(13)—C(8)—C(9) 116.4(7)
Si(2")—Si(3)—C(5) 111.9(3)
Si(3)—Si(2)—C(6) 107.9(3)
Si(3)—Si(2)—C(7) 113.7(3)

aPrimed atom numbers designate atoms related by —x, 1 — y, 1 — z to those with the

unprimed number on Table 1.
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FiG. 2. The packing in the xz projection. Close intermolecular contacts (see text) are shown by the dotted lines. Only

the molecules centered at y = 0.5 are shown.

TaBLE 5. Ring parameters (deg) of (PPhSi,Me,),, PsPhg, SiscMe;,, and CsH ;"

Value
Parameter P¢Phg (PPhSi,Mey), SigMe; » ‘Ideal’ C4H,»
(A) Bond angles of ring atoms 94.6(1) 104.4(1)° 111.9(5) 109.5
104.9(2)¢
(B) Dihedral angles
Chair back/chair seat 96.8(1) 114.8(1)¢ 131.8(2) 125.3
114.3(1)¢
Phenyl group/XPX of ring 89.9(3) 79.7(2)
(C) Torsion angles
3 ring bonds 85.0(1) 70.0(1)" 53.5(3) 60
70.7(1)°
2 ring and 1 equatorial bond 175(1) 177.3(2)" 173.3(7) 180
175.2(5)!
2 ring and 1 axial bond 56.6(5)¢ 63(2) 60
1 ring and 2 equatorial bonds 76.4(3) 63.3(6) 67(1) 60
61.0(4)¢
1 ring, 1 axial, and 1 equatorial bond 58(1)7 51(2) 60
58(1)¢
1 ring and 2 axial bonds 176.1(4)¢ 169(2) 180
1 ring, P—C(phenyl), and C—C(phenyl) bonds 42.7(1) 23.0(H)™
53.3(1)" 86.3(1)"

alntegers in parentheses give either esd’s for single-valued parameters or indicate ranges of results for those angles which are averages of several

chemically equivalent parameters.
bAt P.

cAt Si.
4SiPSi/SiSiSiSi.
¢PSiSi/PSiPSi.
ISiPSiSi.
9PSiSiP.
1SiSiPC.
PSiSIC.
ICPSIC.
kCSiSiC.
'P—P—C—C.
mSi—P—C—C.

bouring phenyl ring (H(23) to H(16) at x — 1, y, z
is 2.48 A).

In contrast to (SiMe,)s, where the Si—Si—C
angles are nearly equal, the Si—Si—C and P—Si—C
angles in (PhPSi,Me,), vary significantly (by 8 and

14°, respectively), probably as a result of both inter-
and intramolecular interactions. The largest of these,
the two P—Si—C(axial) angles, are caused by cross-
ring axial-axial repulsions. The C—C distance for
this contact is 3.679(3) A, which is considerably
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shorter than the 4.21 A found in (SiMe,)s and the
van der Waals’ distance (4.17 A) for two methyl
groups (11). In spite of these distortions, the mean
C—Si—C angle (108.0(2)°) is similar to that in
(SiMe,), (108.1(5)°), and the nearly equivalent Si—C
bonds are only marginally shorter than in (SiMe,)s,
where the axial (1.880(8) A) and equatorial (1.897(12)
A) bonds are of unequal length. The P—C bond
(1.828(7) A) is slightly shorter than in (PhP),
(1.843(7) A), the contraction probably being caused
by the different geometries at phosphorus; the mean
angle at phosphorus in (PhPSi,Me,), (104(4)°) is
greater than in (PhP)e (97(3)°), and the c-bonds are
expected to have a greater s-character associated
with them. The phenyl ring is planar within experi-
mental error (x> = 4.7), and the values of the mean
C—C bond (1.38(4) A) and C—C—C valence angle
(120(2)°) are as expected.

The silicon-silicon distance of 2.345(3) A cor-
responds to a normal single bond, the value being
similar to those observed in (SiMe,)s (2.338(6) A)
(1), (0OSi,Me,), (2.35A) (12), and silicon metal
(2.352 A) (13). The phosphorus-silicon bond length
(2.252(4) A) is close to the value obtained from
vapour phase electron studies on (H;Si),P(Me;_,)
(n =1, 3) (2.245-2.249 A) (14), but significantly
shorter than in the recently determined structures of
the cation (Me,P(SiMe;),)* (2.292(5) A) (15) and
the molybdenum complex (CO),Mo(PPhH(Si,Me,)-
PPhH) (2.266(1) A) (16), where the lone pair on
phosphorus is coordinated directly to a competing
acceptor centre. Although the shorter bonds in the
free phosphines can be construed as the result of
pr—dn conjugation between phosphorus and silicon,
as has been suggested to be the cause of the increased
ionization potentials (17) and low inversion barriers
(18) of such compounds, the effect is small, and must
be viewed with caution. The shortening of the P—Si
bond in (PhPSi,Me,); by 0.035 A from the normal
single bond distance® is entirely consistent with the
contraction expected from bond polarity contribu-
tions (19). However, similar effects should also be
present in the complexed molecules, and changes in
o-hybridization between the 3- and 4-coordinate
phosphorus atoms would be expected to shorten the
bonds to the latter. The observed differences are thus
hard to rationalize on a simple electronic basis, but
in the absence of more detailed information from a
wider selection of such compounds, it seems prema-

SEstimated by summing the covalent radii of phosphorus in
(PhP)¢ and silicon in (SiMe,)e.

ture to speculate too deeply as to their cause. How-
ever, the results of the present work do confirm that
the structural effects of P — Si n-bonding are small.
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BriaN R. JaMes and DEVINDER MAHAJAN. Can. J. Chem. 57, 180 (1979).

Rhodium(I)-bis(ditertiaryphosphine) complexes of the general formula Rh(P"P),Cl
(P"P = Ph,P(CH,),PPh,, n = 1-4, and (+)-diop (diop = 2,3-O-isopropylidene 2,3-di-
hydroxy-1,4-bis(diphenylphosphino)butane) have been prepared by treating [Rh(cyclo-
octene),Cl], with the appropriate ditertiaryphosphine. The n = 1 and n = 4 and diop species
are five-coordinate in the solid state and in non-polar solvents, while the n = 2 and 3 species
contain ionic chloride. The cationic complexes Rh(P™ P),*X~ were prepared from the
Rh(P™"P),Cl species by adding AgX (X = SbFs, PFs, BF,). Reaction of the chloro complexes
with borohydride has yielded the hydrides, HRh(P""P),, for the » = 2 and 3 diphosphines,
and for (+)-diop. 'H and 3'P nmr, as well as visible spectral data, are presented: a solvent-
dependent deshielding of ortho protons of the phenyl groups is observed in some of the com-
plexes, and the ligand CH, protons are coupled to the rhodium in the Rh(Ph,PCH,PPh;,),*
cation; the P atom in this bis(diphenylphosphino) ligand shows an usual high field shift on
coordination to rhodium.

Preliminary kinetic data for catalytic hydrogenation of methylenesuccinic acid show that
the cationic and hydrido complexes are more active than the corresponding chloro complexes,
and that activity generally increases with increasing chain length of the diphosphine.

BRrIAN R. JAMES et DEVINDER MAHAJAN. Can. J. Chem. 57, 180 (1979).

On a préparé des complexes de bis(phosphines ditertiaires)rhodium(I) de formule générale
Rh(P™"P),Cl (P" P = Ph,P(CH,), PPh,, n = 1-4 et (+)-diop (diop = O-isopropylidéne-2,3
dihydroxy-2,3 bis(diphénylphosphino)-1,4 butane) en faisant réagir le [Rh(cycloocténe),Cl],
avec la phosphineditertiaire appropriée. Les especes ou n = 1, n = 4 et diop sont penta-
coordonnées a I’état solide et dans des solvants non-polaires alors que les espéces ou n = 2 et
n = 3 contiennent du chlorure ionique. On a préparé les complexes cationiques Rh(P™ P),* X~
a partir des espéces Rh(P™P),Cl auxquelles on a ajouté du AgX (X = SbFs, PFg, BF,). La
réaction des complexes chlorés avec le borohydrure conduit aux hydrures, HRh(P™ P),, pour
les diphosphines ot # = 2 et 3 et pour le (+)-diop. On présente les spectres rmn *H et 3P de
méme que les spectres dans le visible: dans quelques-un des complexes, on observe un dé-
blindage des protons ortho des groupes phényles qui dépend du solvent et, dans le cation
Rh(Ph,PCH,PPh,),*, les protons du CH, du ligand sont couplés au rhodium; ’atome de P
de ce ligand bis(diphénylphosphino) subit un déplacement usuel vers les hauts champs par
coordination avec le rhodium.

Des données cinétiques préliminaires concernant ’hydrogénation catalytique de I’acide
méthylénesuccinique montrent que les complexes cationiques et hybrido sont plus actifs que
les complexes chloro correspondants et que généralement I’activité augmente avec une aug-
mentation de la longueur de la chaine de la diphosphine.

[Traduit par le journal]

Introduction

Although the bis(ditertiaryphosphine) Ph,P-
(CH,),PPh, complexes of iridium(l) and iridium(111)
have been studied fairly extensively (1-4), few details
have been reported for the rhodium analogues. The
Rh(dpe),X complexes,! X = H, Cl, ClO,, are well-

known (5), and in terms of activation of small gas

!Ligand abbreviations used for Ph,P(CH,),PPh,: n =1,
bis(diphenylphosphino)methane or dpm; » = 2, 1,2-bis-
(diphenylphosphino)ethane or dpe; » = 3, 1,3-bis(diphenyl-
phosphino)propane or dpp; »n = 4, 1,4-bis(diphenylphos-
phino)butane or dpb. P™ P signifies generally a chelating
diphosphine.

molecules and catalytic activity, the crystal structure
of the cationic dioxygen complex Rh(dpe),0,*PF¢~
has been reported (6). The Rh(dpe),Cl complex is a
1:1 electrolyte in polar solvents (2, 5), and is in-
effective as a catalyst for hydrogenation of olefinic
substrates under mild conditions (2, 7). The
Rh(dpe), " cation is unreactive toward H, (8, 9).

Our interest in these bis(diphenylphosphino)
systems increased after our finding that an isolated
HRh[(+)-diop], complex was an efficient catalyst
for asymmetric hydrogenation of certain prochiral
olefinic carboxylic acids under mild conditions (10,
11). The illustrated diop ligand can be considered,

0008-4042/79/020180-08$01.00/0
©1979 National Research Council of Canada/Conseil national de recherches du Canada
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for example, as a derivative of the dpb ligand, and
this led us to look at the bis[PPh,(CH,),PPh,]
systems, including the hydrido, chloro, and cationic
complexes, with a view to learning more of reac-
tivity patterns generally as a function of n. Such data
have appeared on the use of 1:1 rhodium(I)/
Ph,P(CH,),PPh, hydrogenation catalysts formed in
situ from rhodium(I) precursors (12), and, depending
on the media, the catalysts may be neutral or
cationic (13).

The synthesis and characterization of various
bis(diphenylphosphino) complexes are reported in
this paper along with some preliminary data con-
cerning their catalytic activity for hydrogenation of
the prochiral substrate, methylenesuccinic acid. We
(11) and Kagan’s group (14) have reported earlier on
the characterization of the cationic complexes
Rh(diop),* and H,Rh(diop),*, and Slack and Baird
(15) reported on some in situ dpp and diop systems
while our work was in progress. The luminescence of
the Rh[PPh,(CH,),PPh,],* cations (n = 1-3) has
been discussed but no other details on the complexes
were given (16, 17).

Experimental

All solutions were handled under an argon atmosphere
using Schlenk techniques. Spectral grade solvents were stored
over molecular sieves (BDH, type 5A) and were vacuum-
degassed before use for synthetic procedures. Spectra were
recorded on a Perkin-Elmer 202 or Cary 14 (for uv/vis), a Perkin-
Elmer 457 (for ir, solid samples being run as Nujol mulls be-
tween CsI plates), a Varian T-60 (for 'H nmr), and a Varian
XL-100 in the Fourier transform mode (for ‘H nmr, and
31P nmr at 40.5 MHz using a P,Og capillary as external stan-
dard). Conductivity measurements were made either in nitro-
methane or in N,N’-dimethylacetamide (DMA) at 25°C using
a Thomas Serfass conductivity bridge and cell. Microanalyses
were performed by Mr. P. Borda of this department.

Rhodium(III) trichloride trihydrate was obtained from
Johnson, Matthey Limited, silver salts from Alfa Inorganics
and Cationics Inc., and the dpm, dpe, dpp, and (+)-diop
ligands were Strem products. A literature method (18) was
used to prepare dpb. All the diphosphines were recrystallized
from hot ethanol before use.

The rate data were measured on a constant pressure gas-
uptake apparatus described previously (19). The solvents for
gas-uptake experiments were distilled before use; toluene and
DMA were refluxed with CaH,, and alcohols were refluxed
with magnesium metal/iodine to remove traces of water and
were stored under argon.

Preparation of Complexes
The cyclooctene dimer [RhCI(CgH;4),], was prepared by a

literature procedure (20); yields of 909 are obtained on leaving
the reaction mixture for 10 days.

Rh(dpe),Cl and Rh(dpp),Cl

A benzene solution (10 mL) of the phosphine (1.1 mmol,
~0.45 g) was added to a red, benzene solution (10 mL) of
[RhCI(CgH4)2]2 (0.25 mmol, 0.18 g). The precipitated yellow
complex was washed with warm benzene and dried in vacuo.
The complexes have been prepared previously by other
methods (5, 16).

Rh(dpm),Cl

To a benzene solution (5 mL) of [RhCI(CgH,4),]. (0.30
mmol, 0.215 g) was added dpm (1.32 mmol, 0.50 g) in benzene
(5 mL), and the resulting solution was freeze-dried. The residue
obtained was recrystallized from CH,Cl,/ether to give orange
needles.

Rh(dpb),Cl and Rh[( + )-diop],C!

A benzene solution (15 mL) of [RhCI(CgH;4)2]> (0.30 mmol,
0.215 g) and phosphine (1.32 mmol, 0.56 g dpb or 0.66 g
(+)-diop) was refluxed under Ar for 3 h. Concentration to a
5 mL volume, followed by addition of n-hexane, gave a yellow
solid that was filtered, recrystallized from CH,Cl,/ether
[Rh(dpb),Cl] or n-hexane [Rh(diob),Cl], and dried in vacuo.

Rh(PTP),*BF,~

The complexes were prepared in each case from the cor-
responding chloro complex. For example, a mixture of a
CH,Cl, solution (5 mL) of Rh(dpm),Cl (0.30 mmol, 0.27 g)
and a methanol solution (5mL) of AgBF, (0.30 mmol,
0.58 g) was stirred for 30 min. Removal of the AgCl and
evaporation to dryness left a residue that was recrystallized
from CH,Cl,/ether to give red crystals of Rh(dpm),*BF,~.
The dpb analogue was also red, while the dpe, dpp, and diop
complexes were light orange.

HRh(P™P),

The literature method (5), involving treatment of the
chloro complexes (0.50 mmol) with a 3 mole excess of sodium
borohydride in ethanol (10 mL), was used in attempts to pre-
pare the corresponding hydrides. The red dpe (5) and orange
dpp complexes were recrystallized from benzene/ethanol,
while the yellow diop complex (prepared earlier by a different
route (21)) was recrystallized from n-hexane. Use of the dpm.
ligand yielded a deep red precipitate but this decomposed even
under Ar, and we have been unable to characterize the com-
pound. Borohydride reduction of Rh(dpb),Cl yielded a mix-
ture of complexes that have not been separated; borohydride
species are almost certainly present as judged by ir bands in
the 2340-2390 cm™~! region (22). Attempts to synthesize the
HRh(dpb), complex via the routes used to synthesize the diop
analogue from RhCl;-3H,0 (10, 11, 21) were similarly un-
successful.

The yields of all the isolated complexes described in this
section were in the 75-907; range.

Results and Discussion

Cleavage of the chloride bridge in [RhCl(diene)],
complexes by a Lewis base L, including mono-
dentate phosphines, can yield both RhCl(diene)L.
and Rh(diene)L,*Cl~ species, depending on the
amount of L used and the polarity of the solvent used
(23). Reaction of the diene dimer with 2 mol of a che-
lating diphosphine is assumed to yield RhCl(diphos-
phine) (solvent) or Rh(diene)(diphosphine)*, de-
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TasLE 1. Analytical and molar conductivity (A) data for the rhodium(I) complexes

Analysis
%C %H
Decomposition A°
Complex point (°C)“ Found Calculated Found Calculated (ohm~! cm? mol~1)

Rh(dpm),Cl 97 62.03¢ 66.20 4.46 4.85 71
Rh(dpe),Cl 205-209 66.64 66.80 5.27 5.20 61
Rh(dpp).Cl 162-165 67.43 67.33 5.30 5.40 74 (49)¢
Rh(dpb),Cl 108 65.66° 67.85 5.85 5.65 49
Rh(diop),Cl 79 64.97¢ 65.58 5.96 5.64 35
Rh(dpm), *BF,~ 124 61.50" 62.65 4.55 4.59 79
Rh(dpe), *BF,~ 273-276 61.40" 63.31 4.86 4.87 78
Rh(dpp),*BF,~ 180 63.14" 63.92 5.05 5.13 81
Rh(dpb), *BF,~ 169-173 63.227 64.51 5.40 5.38 75
Rh(diop), *BF,~ 174-177 60.917 62.74 5.09 5.40 78
HRh(dpe), 167 69.70 69.33 5.50 5.44 71 ()
HRh(dpp). 143-146 69.35 69.84 5.65 5.71 51 (12)¢
HRh(diop), 128 66.70 67.64 6.28 6.00 4 (2)¢

aUncorrected, in air.

v10-3 M in CH3NO, at 25°C under Ar.
c<Complex hygroscopic.

dValue in DMA.

eSolids O,-sensitive.

fLow carbon due to presence of CH,Cl,, detected in nmr; the calculated values are uncorrected.

pending on the solvent, and the cationic complexes
are readily synthesized (12-15, 24-26). We have used
the cyclooctene precursor [RhCI(CgHy4),], to pre-
pare the Rh(P™ P),Cl complexes (Table 1) via
reaction [1].

C6H6
[1] [RhCI(CgH;4),]> + 4P P —2Rh(P™ P),Cl

+ 4CsH 4

While our studies were in progress, a report appeared
(27) describing the synthesis of a [RhCl(diop)-
(C¢Hg)l, complex via a similar reaction, but using
the bis(ethylene) dimer precursor with 2 mol of the
diphosphine.

Reaction [I] at room temperature precipitates in
analytically pure forms the dpe and dpp complexes,
and probably the dpm complex but this is very
hygroscopic and does not give satisfactory analytical
data. The preparations are simpler than the ones
reported earlier using rhodium(l) carbonyl pre-
cursors (5, 15, 28). Synthesis of the dpb and diop
complexes via reaction [1] requires a refluxing pro-
cedure; the complexes are air-sensitive and this
could explain the slightly low carbon analyses.

The Rh(P”P),"A~ complexes (A~ = BF,,
PF,~, SbFy7), readily prepared from the chloro
complexes by treatment with Ag*A~, can be re-
crystallized from CH,Cl,/ether; the carbon analyses
are somewhat low due to the presence of dichloro-
methane in the crystals (Table 1). Details are given
for only the tetrafluoroborate complexes since these
proved to have more convenient solubility properties
for our catalytic studies (see below).

The borohydride method of Sacco and Ugo (5)
was used to synthesize the HRh(P™ P), complexes
from the chloro analogues. A presumedly dpm
species decomposed spontaneously, at least at room
temperature, and we were not able to isolate the dpb
by this route or one developed by Robinson’s group
starting from rhodium trichloride (29). This latter
method, in fact, proved to be unsatisfactory for all
the hydrides, except HRh(diop), (21).

Tables 1-3 report conductivity and spectroscopic
data for the various complexes.

The molar conductivity data (Table 1) show that
dpm, dpe, and dpp chloro complexes are 1:1 elec-
trolytes in nitromethane, and the visible spectral
data in methanol correspond also to those of the
BF,™ salts (Table 2). The solid state spectra of the
dpe and dpp chloro compiexes also show absorption
maxima at wavelengths similar to the solution values,
indicating the same ionic structure in the solid state.
These complexes have always been considered as
ionic in the solid state with square planar cations (or
approximately so (17)), and this appears to be based
on electronic absorption and emission spectral data
(16, 17, 30). The dpm complex, unlike the other two,
is soluble in toluene and the visible absorption
spectrum in this solvent and the solid state differs
from that in methanol. We thus consider Rh(dpm),Cl
to be five-coordinate in the solid state and toluene.
Detection of possible Rh—Cl stretching frequencies
in the ir is prevented, due to absorption by the dpm
(and dpe, dpp) ligands in the 400-280 cm ™! region.
The dpb and diop chloro complexes also appear to be
five-coordinate in the solid state and in non-polar
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TaBLE 2. Visible and high field *H nmr spectral data for the rhodium(I) complexes®

JRh—H JP—H
Complex Medium Amax DM (e X 1073, M~1cm~1) ad (Hz) (Hz)
Rh(dpm),Cl Methanol 385 (3.8), 446 (3.5)
Toluene 406° (3.3)
Rh(dpe),Cl Methanol 406° (4.5)
Rh(dpp).Cl Methanol 410° (2.6)
Rh(dpb),Cl Methanol 435¢
Toluene 420 sh (1.6)
Rh(diop),Cl Methanol 440¢
Toluene Continuum
Rh(dpm),*BF,~ Methanol 385 (3.7), 446 (3.5)
Rh(dpe), *BF,~ Methanol 4074 (5.0)
Rh(dpp),*BF4~ Methanol 4124 (2.8)
Rh(dpb),*BF,~ Methanol 435 (3.3)
Rh(diop), *BF,~ Methanol 442 (3.6)
HRh(dpe),” Toluene 406 (8.1) 20.1 10.0 18.0
HRh(dpp),” Toluene Continuum 19.8 8.0 20.8
HRh(diop),” Toluene 355 (13.4) 21.07 6.0 17.0

*In solid state, ~410 nm.

4In solid state, ~412 nm.
eIn C¢Dg at 25°C.

7v(Rh—H) recorded in Nujol at 1900, 2100,
9Incorrectly reported as 28.4 in refs. 10, 11,

aUnder Ar at room temperature.

<Intensity increases with time.

, and 2040 cm-1 for the dpe, dpp, and diop complexes, respectively.
21.

=
5
% TABLE 3. 3'P and 'H nmr data for the rhodium(l) complexes at 25°C
5
g Complex 3(P)? Jrn-p, Hz 8(H)? aliphatic; phenyl®
% Rh(dpm),Cl +-22.80¢ 115.3 3.4m;6.5m,7.2m"
o +17.38¢ 105.3
o) Rh(dpe),Cl —57.18" 134.2 2.15m; 7.2 mb
L Rh(dpp),Cl —7.79¢ 132.3 1.8m, 2.2m; 7.1 m®
Rh(dpb),Cl See text 1.6m,2.0m; 7.3 m"
Rh(diop),Cl See text 1.10s,2.3m,3.6m; 6.7m, 7.2 m"
Rh(dpm), *BF,~ +23.501 117.0 5.1m;7.3m°(4.85m;7.4m,7.6m)’
Rh(dpe), *BF,~ —57.227 132.7 2.15m; 7.25 m®
Rh(dpp), *BF,~ —17.38f 130.5 1.85m,2.3m:7.2m®
Rh(dpb), *BF,~ —21.09" 132.0 1.7m,2.15m; 7.15m, 7.4 m®
Rh(diop), *BF,~ —9.22/:h 140.0 1.105,2.3m,3.8m;7.2m,7.4m’
HRh(dpe), —56.43¢ 142.5 2.2m;7.0m, 7.6 m"
HRh(dpp). —18.26° 141.8 1.6m,2.1m;7.1m, 7.7 m"”
HRh(diop), —22.46° 146.0 1.265,2.2m, 3.4m, 3.6 m;
7.0m,7.1m,7.5m, 7.9 m*
Free diphosphine S(H)®
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dpm
dpe
dpp
dpb
diop

aliphatic; phenyl®
2.85t;7.3m?(2.75t; 7.0 m, 7.4 m)*’
2.1t;7.2m?(2.2m:7.0m, 7.3 m)®’

1.
1.
1.

N L 3

m,
m

8s,

2.2
, 1.9
2.

m;7.2m?(1.55m,2.0m; 7.1 m, 7.3 m)”
m;7.1m?(1.45m,1.8m;7.1m,7.4m)"
3m,3.8m;7.2m°

1.28s,2.4m,4.0m; 7.0m, 7.3 m”

aMeasured in ppm (upfield positive) from 859 H3PO,. Shifts (CH,Cl, or CDCI;) for the free
ligands occur at +22.25(dpm), +12.51(dpe), +17.25(dpp), +15.95(dpb), and +22.50(diop).
bMeasured in ppm (downfield positive) from TMS in CDCl;(b) or C¢Dg(b'); s = singlet;
t = triplet, m = multiplet. .
<For phenyl region, lower shift when discernible is due to m- and p-protons, and the higher
shift due to o-protons; for HRh(diop),, the 2 lower shifts are due to m-, p-protons, and the 2
higher shifts to o-protons.
dIn CH,Cl,-acetone-dg (2:1 V/V).

eIn C

6D
7In CH,Cly-CeDg (2:1 V/V).
9In acetone-de.
hCorresponding values in CD;0D were —9.12 (Jgn_p 138.0), and in CDCl; —9.67 (Jrn-»p
140.1). In CD;0D or acetone-ds at —60°C, a complex spectrum is obtained.
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solvents; the conductivity data in nitromethane sug-
gest incomplete dissociation of chloride, and their
solubility in toluene (the corresponding fluoroborates
being insoluble) is also consistent with coordinated
chloride. Further, weak ir bands at 281 and 284 cm ™ *
for the dpb and diop complexes, respectively (not
present in the BF,” analogues), are attributed to
V(Rh—CI). The visible spectral data are solvent
dependent and, in methanol, correspond to those of
the cations, thus showing loss of ionic chloride in this
medium. The absorption maximum in the cationic
systems moves to higher wavelengths as n increases
from 2 to 4. The dpm system is different in showing
two maxima in the 380-450 nm region; ‘anomalous’
3P nmr shifts are also noted with this system (see
below). .

Measurement of the conductivity of the five-
coordinate hydrides in nitromethane gave unexpec-
tedly high values for the dpe and dpp complexes,
while the diop species exhibited normal behaviour.
All the hydrides were essentially non-conducting in
polar DMA (31). Reaction of the hydrides with the
nitromethane is indicated, and is being studied
further, although the limited solubility of the com-
plex and the extreme sensitivity of the solutions to
oxygen present difficulties. Reaction of platinum
metal hydride complexes with nitroalkanes is not
unprecedented (32).

The hydride ligand of the HRh(P”™ P), complexes
is readily detected by ir, and the high field 'H nmr, a
well resolved doublet of quintets at room tempera-
ture (Table 2, Fig. 1), is consistent with four equiva-
lIent phosphorus atoms. The same nmr pattern with
similar coupling constants (Jg,—y 7 Hz, Jp_yy 18 Hz)
has been reported for HRh[Ph,P(CH;)], at —60°C,
and this was attributed to a tetragonal pyramid struc-
ture (33), although others have considered that a
fluxional Cj, structure is more likely (34). The solid
state structure of HRh(PPh;), with the hydrogen
atom omitted is tetrahedral, and a threefold axis of
symmetry implies that the hydrogen lies on this axis
or must be randomly disordered in the crystal (35,
36). A recent structure determination of HlIr(dpe),
shows it to be approximately trigonal bipyramidal
with the hydride presumed to be at an axial site (37);
the high field "H nmr is the quintet expected of a
fluxional solution structure, and by analogy the
HRh(P™P), structures are likely to be similar.

The 3'P nmr signals (proton-decoupled for the
hydrides) appear as sharp doublets at 25°C due to
equivalent phosphorus atoms coupling to the
rhodium (Table 3). No general trends are apparent,
although the dpm ligand is different in undergoing
upfield shifts on coordination to the metal. Such
upfield shifts have been reported for both dpm and

19T 20T

FiG. 1. High field 'H nmr spectrum of HRh(dpp), in C¢Ds
at 20°C.

dpp ligands in some iridium complexes (3), and the
factors determining such shifts have been enunciated
(38, 39). The substantially larger downfield shifts
noted for the dpe complexes provide further exam-
ples of the large degree of deshielding apparent in
five-membered ring systems (39). The data for the
chloro and tetrafluoroborate complexes are con-
sistent with the dpe and dpp complexes being ionic,
and the variation of the 3*'P chemical shift for
Rh(dpm),Cl with solvent is also consistent with ionic
character in polar solvents and covalent character
in benzene. Complex *!P spectra were obtained at
25°C for the Rh(dpb),Cl and Rh(diop),Cl complexes
in both C¢Dg and CH,Cl,/acetone-d,. Complica-
tions could arise by (a) partial ionization in the polar
medium, (b) a more rigid five-coordinate structure
(cf. the distorted trigonal bipyramidal structure of
HIr(dpe), (37)), since increasing chelate ring size
leads to decreased fluxional behaviour (2, 3), (¢) the
occurrence of multinuclear species, which are
becoming increasingly evident in rhodium-diphos-
phine chemistry (40, 41). The simple doublet pattern
of Rh(diop), *BF,~ in CD,0D also gives way to a
complex spectrum at —60°C; formation of associ-
ated species seems the most likely explanation. More
detailed variable temperature nmr studies are in
progress to help clarify the complications.

Data for the 'H nmr in the phosphine region are
given in Table 3. The shift of ligand protons on
coordination is generally small except for the CH,
protons of dpm which move downfield by ~0.6 and
~2.3 ppm in the Rh(dpm),Cl and Rh(dpm),*BF,~
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complexes, respectively, the different shifts further
confirming the non-ionic character of the chloro
complex. These CH, resonances are somewhat
solvent dependent (Table 3, footnote g), and appear
as a sextet due to ‘virtual coupling’ with the rhodium
(42). The ortho protons of the phenyl groups in the
dpe and dpp complexes experience an anisotropic
deshielding compared to the meta and para protons.
The phenomenon is more apparent from data in
benzene-d,, since in CDCIl; the phenyl absorption
region is broad; for example, free dpe gives multi-
plets (3:2) at 8§ ~ 7.0 (meta,para) and 7.3 (ortho),
while in the HRh(dpe), complex these absorptions
appear at 7.0 and 7.6 ppm, respectively. Similar de-
shielding of ortho protons has been noted, for
example (43), in some iridium alkyl complexes,
IrCl,(CO)(PPh;),(alkyl), although a shielding of the
ortho protons occurs in the cis-octahedral complexes
Ir(dpe),X,", X = O, S, Se (44), and in the Rh-
(dpm),Cl complex reported here (Table 3).

The low field 'H nmr of the HRh(diop), complex
is of interest (Fig. 2) in that the aromatic protons
appear as four distinct multiplets of relative intensity
3:3:2:2 at 87.0, 7.1 (meta,para) and 87.5, 7.9
(ortho); the deshielding through coordination is again
well demonstrated, and there are now two sets of
phenyl groups. These very likely approximate an
edge-face conformation, a geometry that has been
demonstrated recently in several Ph,P” PPh, com-
plexes, including IrCI(COD)(diop) (45) and Rh-
(COD)(diphosphine)* species (46-48), where COD
= 1,5-cyclooctadiene and diphosphine = 1,2-bis-
[(anisole)(phenylphosphino)]ethane and 2,3-bis(di-
phenylphosphino)butane. The orientation of the
phenyl groups appears critical for the high efficiency
of such complexes as catalysts for asymmetric hydro-
genation of prochiral olefinic substrates (13, 46, 48).
All the complexes reported here are oxygen-sensitive
in solution; in the solid state, only the chloride and
fluoroborate complexes containing dpe and dpp are
reasonably air-stable.?

Catalytic Hydrogenation

Some preliminary kinetic data for hydrogenation
of methylenesuccinic acid to 2-methylsuccinic acid
are summarized in Table 4.

In agreement with others (2, 7), we find that
Rh(dpe), *Cl~ shows very low activity, and until our
discovery of the activity of HRh(diop), (10, 11), we
and probably other workers, because of the early
report (2), had not considered rhodium(I)-bis-
(diphosphine) chelate complexes as likely catalysts; a

2The complexes Rh(P™P),X,, X, = O, or CO, have been
isolated in each case for dpm, dpe, and dpp, except for the
dpe/CO system; details will be reported in a later paper.

meta
(@) para

ortho

T T
8.0 <—8(ppm)—7.0

FIG. 2. 'H nmr (phenyl region) of (a) diop, and (b)) HRh-
(diop), in C¢Dg at 20°C.

reason was considered to be the difficulty in providing
a vacant coordination site (49). Such complexes can
clearly lead to quite high activity (Table 4), and in
the case of HRh(diop),, the vacant site is thought to
arise by one of the diphosphine ligands becoming
monodentate (11, 50).

Initially surprising is that Rh(dpe),*BF,~ shows
about ten times the activity of Rh(dpe), " Cl~ under
corresponding conditions, and a similar difference in
behaviour is noted for the dpb complexes. Pre-
sumably chloride must coordinate and deactivate
some intermediate (e.g. an alkyl) in the catalytic
cycle. The activity of the Rh(diop), ™ cation, however,
is essentially the same whether the associated anion
be chloride or tetrafluoroborate. The cations
generally are much less active in the polar and more
strongly coordinating DMA.

The hydrides show activity comparable to that of
the corresponding fluoroborate salts. The two
species are interconvertible by the equilibria outlined
in [2] (5, 11);

[2] HRh(P"P), + H* = H,Rh(P"P),+=
H, + Rh(P"P),*

these are unimportant for the diop complex in
butanol/toluene with the methylenesuccinic acid
substrate used (11), but the dpe and dpp systems
have not been studied in sufficient detail.
Comparison of the data for the fluoroborate salts
at substrate concentrations > 0.1 M shows that
catalytic activity increases with chain length, n = 4
(and diop) >n=3>n=2>n=1. Kagan’s
group (12) reported a similar trend for rhodium(I)-
monodiphosphine systems formed in situ from
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TABLE 4. Catalytic hydrogenation of methylenesuccinic acid using the rhodium(I)

complexes®
[Rh] x 10®  [Substrate] Maximum rate ¢, x 1073?
Complex M) (M) x 10 (M s™1) (s)

Rh(dpm), *BF,~ 4.0 0.2 4.3 27
Rh(dpe),Cl 4.0 0.2 Very slow 72¢
Rh(dpe), *BF,~ 4.0 0.2 9.6 10(6°)

4.0 0.2 Very slow? 72¢

4.0 0.1 9.3 5

2.0 0.1 8.0 6

2.0 0.05 6.8 4

1.0 0.05 4.6 7
HRh(dpe), 4.0 0.1 7.97 7
Rh(dpp), *BF4~ 2.0 0.05 31.6 2

1.0 0.05 17.8 3

1.0 0.1 25.4 4
HRh(dpp). 4.0 0.1 417 3
Rh(dpb),ClI 2.0 0.1 18.294 3
Rh(dpb),*BF,~ 2.0 0.1 1309:% 0.4

2.0 0.1 1349 7
Rh(diop),Cl 1.0 0.1 — 0.6791
Rh(diop), *BF,~ 1.0 0.1 135 0.479:1
HRh(diop), 1.0 0.1 150 0.459:

aTypical _experiment‘invqlved 5 mL n-butanol, at 1 atm total pressure and 60°C.
bApproximate reaction time for 509 hydrogenation of the substrate.

<309, hydrogenation.

dn DMA.

€20% hydrogenation.

fIn n-butanol/toluene (2.1 V/V).

9At 30°C.
"In ethanol.

‘The R-(+)-2-methylsuccinic acid isolated had 48, 37, and 40%, ee for the chloro, fluoroborate,

and hydrido systems, respectively.

[RhCI(C,H,),], for the hydrogenation of a-aceta-
midocinnamic acid in benzene/ethanol at 20°C, the
n = 1 system being inactive; however, the n = 6
system had activity comparable to that for n = 3.
Although these types of data are of use in designing<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>