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Tetrapropylammonium and -phosphonium ions, nPr4E
1, re-

act readily with the polymeric super-Prussian blue derivatives
[(Me3Sn)3M(CN)6] (M 5 Co, Ir), which are built up of in5nite
[+M+CN+Sn+NC]+ chains, a4ording the dimorphic supramolecu-
lar assembly [(nPr4E)(Me3Sn)2M(CN)6 ' 2H2O]. All representa-
tives of the latter type are devoid of any extended
[+M+CN+Sn+NC]+ backbones. The single-crystal X-ray struc-
tures of 1a-P (E 5 P; M 5 Co) and 3a (E 5 N; M 5 Ir) document
new examples of either modi5cation. While Me4N

1 and Et4N
1

ions do not form su7ciently insoluble, R4N
1-containing assem-

blies, nBu4N
1 and nPen4N

1 give rise to similar (i.e.,
R4N : Me3Sn 5 1 : 2) products as nPr4N

1. The slightly modi5ed
super-Prussian blue system [{Me2Sn(CH2)3SnMe2}1.5Co(CN)6],
4, reacts with nPr4NBr to yield the assembly
[(nPr4N){Me2Sn(CH2)3SnMe2}Co(CN)6 ' 2H2O], 4a, the pow-
der XRD and solid-state NMR spectra of which strongly re-
semble those of 3a (with two cis-oriented CNSn(Me3)OH2

ligands). In the absence of suitable single crystals, in particular in
the case M 5 Ir, powder XRD- and multinuclear solid-state
NMR results have been carefully examined in view of speci5c
similarities with already established structural patterns. The
unexpected dimorphism of 1a, which has been described most
recently for M 5 Co, could now also be con5rmed for M 5 Ir.
The experimental results of the present study in total indicate
that the superiority of coordinative NPSn bonds over OPSn
bonds, in combination with O+H ' ' 'N,C hydrogen bridges,
decreases, in the presence of R4E

1 ions, stepwise with the size
of R (i.e., from methyl to n-propyl) and of M (i.e., Co vs Ir).
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INTRODUCTION

While alkaline and alkaline earth metal ions may readily
be recognized by tailor-made acceptors such as coronands
and cryptands (1), possibilities of selectively recognizing tet-
raalkylammonium ions, R

4
N`, have remained more lim-

ited. Apart from several molecular receptors (2), polymeric
frameworks such as zeolites are likely to function as speci"c
hosts of distinct R

4
N` (and R

4
P`) ions, too, particularly

when these cations are adopted as templates during the
synthesis of zeolites (3). While, however, structural details
about as-prepared (i.e., noncalcined) zeolites are still scarce
(4), there is increasing evidence that polymeric metal cyan-
ides may serve as suitable R

4
E` acceptors. For instance, the

reaction of Hg(CN)2 with MCN (M"Li, Na, K) and
R

4
NCN in H

2
O a!ords precipitates of di!erent Hg/M/R

4
N

ratios, depending essentially on the size of the alkyl group
R (5). We have shown recently that coordination polymers
of the super-Prussian blue type [(Me

3
Sn)

3
M(CN)

6
]

,3
=

[MMk-CNSn(Me
3
)NCN

3
] with M"Fe and Co (6) may

undergo facile cation exchange according to

[(Me
3
Sn)

3
M(CN)

6
]#R

4
N` (H2O)
***P

[(R
4
N)(Me

3
Sn)

2
M(CN)

6
)xH

2
O]#Me

3
Sn ) aq`, [1]

a!ording with R"n-propyl (nPr), n-butyl (nBu), and
n-pentyl (nPen), respectively, again sparingly water-soluble,
although water-containing products of surprisingly versatile
structures (7,8). Coordinative H

2
OPSn and CNPSn in-

teractions as well as OH
2
2NC and eventually even weak

CH
2
2NC hydrogen bonds appear to be responsible for
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the generation of the various structural designs. Most inter-
estingly, only the nPr

4
N` ion was found to completely

abandon the otherwise preferred motif of in"nite or "nite
[M}CN}Sn}NC]

n
chains (8). To examine how signi"cantly

a subtle tuning of the basic building blocks R
4
E`,

[M(CN)6]3~, and Me
3
Sn`, respectively, may a!ect the con-

certed structure-directing in#uence of the various compar-
atively weak modes of interaction, the present study is
extended particularly toward the related building blocks
nPr

4
P` and [Ir(CN)6]3~, respectively. Moreover, the start-

ing polymer [(Me
3
Sn)

3
Co(CN)

6
] (1) was complemented by

its slightly modi"ed derivative [MMe
2
Sn(CH

2
)
3
SnMe

2
N
1.5

Co(CN)
6
] (4), wherein the tin atoms are tied pairwise to-

gether by a trimethylene bridge (9).
Instead of using throughout the lengthy formulae of the

various products expected according to Eq. [1], the follow-
ing shorthand notation will be used: The basic super-Prus-
sian blue homologues [(Me

3
Sn)

3
M(CN)

6
] with M"Co, Fe,

and Ir, as well as the derivative [MMe
2
Sn(CH

2
)
3
SnMe

2
N
1.5

Co(CN)
6
], are designated simply by 1, 2, 3, and 4, respec-

tively. Metathesis (or co-precipitation, see Eq. [2]) products
of 1}3 of the general type: [(R

4
N)(Me

3
Sn)

2
M(CN)

6
)xH

2
O]

and of 4, respectively, of the type [(R
4
E)MMe

2
Sn(CH

2
)
3

SnMe
2
NCo(CN)

6
)xH

2
O] are speci"ed by an additional let-

ter, e.g., by a for R"nPr, b for R"nBu, and c for
R"nPen. In cases where E"P (but not N), the symbol will
also include a P. For instance, 3a-P stands for
[(nPr

4
P)(Me

3
Sn)

2
Ir(CN)

6
) xH

2
O]. Although most of the

products could, in principle, be prepared both according to
Eq. [1] and by co-precipitation,

R
4
N`#2Me

3
Sn ) aq`#[M(CN)

6
]3~#xH

2
O

P[(R
4
N)(Me

3
Sn)

2
M(CN)

6
) xH

2
O]B, [2]

the two routes lead in few cases to nonequivalent products,
which will be speci"ed more clearly in the following. It is
important to point out that the notation adopted here is not
identical to that used in our previous contributions (7, 8).

EXPERIMENTAL

Materials

K
3
[Ir(CN)

6
] (IR, l(CN): 2134 cm~1), nPr

4
PBr, and

[MMe
2
Sn(CH

2
)
3
SnMeN

1.5
Co(CN)

6
] (4) were prepared ac-

cording to Refs. (10, 11, 9), respectively.
[(Me

3
Sn)

3
Ir(CN)

6
], 3 (12): A solution of 0.70 g (3.5 mmol)

of Me
3
SnCl in 10 mL of H

2
O was added under stirring to

a solution of 0.47 g (1.0 mmol) of K
3
[Ir(CN)

6
] in 10 mL of

H
2
O. After "ltration, washing of the white residue with

a small portion of cold H
2
O and drying (oil pump), 0.7 g

(yield: 90%) of analytically pure 3 was obtained. l(CN)
bands (cm~1, IR/Raman): 2156 vs/2208 w, 2179 w. De-
composition temperature 53303C.
Anal. Calcd for C
15

H
27

N
6
IrSn

3
(839.69): C 21.45, H 3.24,

N 10.70, Sn 42.41; found C 21.91, H 3.77, N 10.04, Sn
38.22%.

As in the presence of Ir, the special disintegration proced-
ure developed in our laboratory for the analysis of Sn did
not a!ord strictly clear solutions; the experimental Sn
values of 3 and its derivatives generally turned out to be
too low. Unit cell parameters of 1 and 3 for space group
C2/c from powder X-ray di!ractograms (12b): a, 16.825(5)/
17.155(3) As ; b, 12.892(4)/13.210(3) As ; c, 14.686(4)/14.858(3) As ;
b, 106.86(3)/107.64(2)3.

[(R
4
N)(Me

3
Sn)

2
M(CN)

6
)mH

2
O] systems (see Scheme 1);

(3a) 97 mg (0.1 mmol) of 3 was suspended in a solution of
26 mg (0.1 mmol) of nPr

4
NCl in 20 mL of H

2
O. After stir-

ring, "ltration, washing (by small portions of cold H
2
O),

and drying, 50 mg (yield: 50%) of a white, polycrystalline
material was obtained. l(CN) bands (IR, cm~1): 2147 vs,
2138 vs. Decomposition temperature 53053C (generation
of a yellow, solid foam).

Anal. Calcd for C
24

H
50

N
7
O

2
IrSn

2
(898.26): C 32.09,

H 5.61, N 10.91; found C 31.77, H 5.56, N 10.66%.
(3b) Procedure analogous to that employed for 3a; 3,

91 mg (0.1 mmol); nBu
4
NBr, 35 mg (0.1 mmol); yield: 57 mg

(57%). l(CN) band (IR, cm~1): 2142 vs.
Anal. Calcd for C

28
H

56
N

7
OIrSn

2
(936.38): C 35.92,

H 6.03, N 10.47; found C 35.14, H 6.21, N 10.18%.
(1a-P) Procedure analogous to that described for 3a; 1,

300 mg (0.4 mmol), nPr
4
PBr, 120 mg (0.4 mmol) in ca.

30 mL of H
2
O. Yield: 150 mg (ca. 50%); l(CN) bands

(IR/Raman, cm~1): 2152 vs, 2139 vs/2172 vs, 2153 s,
2140 m-w; decomposition temperature 2953C (blue), 3303C
(black).

Anal. Calcd for C
24

H
50

N
6
O

2
CoPSn

2
(781.99): C 36.86,

H 6.44, N 10.74, O 4.09, P 3.96, Co 7.54, Sn 30.35; found
C 36.62, H 6.22, N 10.62, O 3.60, P 3.68, Co 7.43, Sn 30.42%.

(3a-P) 3, 300 mg (0.35 mmol), nPr
4
PBr, 101 mg

(0.35 mmol) in ca. 30 mL of H
2
O; yield: 150 mg (ca. 50%).

l(CN) band (IR, cm~1): 2146 vs; decomposition temper-
ature 3403C (gray).

Anal. Calcd for C
24

H
50

N
6
O

2
PIrSn

2
(915.25): C 31.49,

H 5.51, N 9.18; found C 31.06, H 5.01, N 8.89%.
(3c (x"2)) 3, 100 mg (0.1 mmol); nPen

4
NBr, 45 mg

(0.1 mmol); 20 mL of H
2
O; yield: 50 mg (ca. 50%); de-

composition temperature 2903C (faintly yellow), 3403C
(deep yellow).

Anal. Calcd for C
32

H
66

N
7
O

2
IrSn

2
(1010.51): C 38.03,

H 6.58, N 9.70; found C 37.68, H 6.25, N 9.47%.
(4a) 4 (9), 100 mg (0.138 mmol); nPr

4
NCl, 30.61 mg

(0.138 mmol) in 100 mL of H
2
O (plus a few drops of

MeCN), reaction time: 24 h. Yield: 80 mg (75%); l (CN)
bands (IR, cm~1): 2139 vs, 2145 vs; decomposition temper-
ature ca. 2803C (blue).

Anal. Calcd for C
25

H
50

N
7
O

2
CoSn

2
(777.03): C 38.64,

H 6.486, N 12.61; found C 37.78, H 6.28, N 12.34% (corre-
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sponding values were found for 4a obtained by co-precipita-
tion). 1H NMR (200 MHz, D

2
O/NaOD, pH ca. 9): d"0.36

(s, 12 H, CH
3
Sn), 1.19 (t, 4 H CH

2
Sn), 1.97 (pentet, 2 H,

}CH
2
}), 3.16 (pentet, 8 H, a-CH

2
N), 1.70 (septet, 8 H,

b-CH
2
), 0.94 (t, 12 H, c-CH

3
); J (119Sn, 13C): 60$1 Hz.

(4b) Synthesis according to that of 1a (by co-precipitation)
(8) from aqueous solutions of K

3
[Co(CN)

6
] (73.1 mg,

0.22 mmol) in H
2
O (ca. 10 mL), and nBu

4
NCl (61.1 mg,

0.22 mmol) and (Me
2
SnBr)

2
(CH

2
)
3

(117.2 mg, 0.234 mmol)
in H

2
O (ca. 20 mL). Yield: 170 mg (ca. 93%). l (CN) band

(IR, cm~1): 2136; decomposition temperature 3003C (light
blue), 3403C (dark blue). 1H NMR (200 MHz, D

2
O/NaOD,

pH ca. 9): d (ppm) 0.37 (s, 12H, CH
3
Sn), 1.20 (t, 4H, CH

2
Sn),

1.99 (pentet, 2H, }CH
2
}), 3.20 (m, 8H, a-CH

2
N), 1.65 (m,

8H, b-CH
2
), 1.35 (m, 8H, c-CH

2
), 0.94 (t, 12H, d-CH

3
);

J(119Sn, 13C) of CH
3
Sn: 52 Hz.

Methods

Correct R
4
E/Me

3
Sn ratios of all R

4
E-containing samples

were deduced independently by inspection of the 1H NMR
spectra of solutions in D

2
O/NaOD (pH of +9}12, see the

exemplaric data for 4a and 4b listed above). NMR spectro-
meters used for liquid samples were either Varian Gemini
200 BB or Bruker AM 360. Infrared spectra were obtained
on a Perkin}Elmer IR-1720 spectrometer and Raman
spectra on a Jobin Yvon U-1000 instrument.

Single crystals suitable for X-ray crystallography were
recovered from the "ltrates obtained during the syntheses of
3a and 1a-P (vide supra). Crystal structure determinations
were performed on a Siemens axs Smart-CCD di!rac-
tometer (see also Table 2). Absorption corrections based on
symmetry equivalent re#ections using the SADABS pro-
gram were solved by direct methods and re"ned by a full-
matrix least-squares procedure against F2 with SHELXS-97
and SHELXL-97. Crystallographic data for 1a-P and 3a
have been deposited with the Cambridge Crystallographic
Data Centre.3

X-ray powder di!ractograms (XRDs) were obtained
either on a Philips PW 1050 or a Bruker D8 Advance
instrument (with CuKa source and Ni "lter). Powder dia-
grams were simulated with CERIUS2 4.0 (of MSI Inc.), for
the 2h range 53}703.

Solid-state NMR: Most of the solid-state NMR spectra
were recorded on a Varian Unity Plus 300 spectrometer
operating at frequencies of 75.4, 121.4, and 111.9 MHz for
13C, 31P, and 119Sn, respectively. Cross-polarization with
high-power proton decoupling was used for all spectra. The
13C and 31P spectra were recorded employing a Doty Sci-
enti"c probe with 7-mm o.d. rotors, but for the 119Sn
3Copies may be obtained free of charge on application to the Director,
CCDC, 12 Union Road, Cambridge CB2 1EC, UK. Fax: int. Code #44(0)
1223/336-033. E-mail: deposit@chemcrys.cam.ac.uk.
spectra a Doty Scienti"c probe with 5-mm o.d. rotors was
used. Typical spectrometer operating conditions were as
follows.

For 13C: Contact time, 1.0}8.0 ms; recycle delays,
1.5}3.0 s; number of transients, 2400}26,300 (the higher
values being necessary to obtain excellent S/N for the cyan-
ide resonances); spin rates, 4.0}9.0 kHz.

For 119Sn: Contact times, 1.0}5.0 ms; recycle delays,
2.0}5.0 s; number of transients, 2000}31,800; spin rates,
4.0}8.2 kHz.

For 31P: Contact times, 1.0 ms; recycle delays, 1.0 s; num-
ber of transients, 4}120; spin rates, 5.9}7.2 kHz.

All spectra were obtained at ambient probe temperature
(uncalibrated). Chemical shifts are reported, with the high-
frequency-positive convention, in ppm relative to the signals
for SiMe

4
, SnMe

4
, and 85% aq. H

3
PO

4
for 13C, 119Sn, and

31P, respectively. Shielding tensor components are de"ned
by Dp

ZZ
!p

*40
D5Dp

XX
!p

*40
D5Dp

YY
!p

*40
D, with anisotropy

m"p
ZZ
!p

*40
and asymmetry g"(p

YY
!p

XX
)/m. Analysis

of spinning sideband manifolds was carried out using either
an in-house computer program (13) or the STARS Varian
software.

RESULTS

Preparation and General Properties of 3, 3a, 3b, 3c, 1a-P,
3a-P, 4a, and 4b

Although the anhydrous super-Prussian blue derivative
3 (M"Ir) was obtained in reasonable yields in the same
way as its longer known homologues 1 and 2 (i.e., from
concentrated aqueous solutions; see Experimental Section),
its solubility in water turned out to be signi"cantly higher
than that of 1. Thus, a few milligrams of 3 could be redissol-
ved in at most 50 mL of pure water after violent stirring for
about 30 min, while more than 100 mL were necessary to
dissolve the corresponding equivalent of 1. The notably
better solubility of 3 is even exceeded by that of its hypo-
thetic lead-containing homologue, [(Me

3
Pb)

3
Ir(CN)

6
],

which does not precipitate from a weakly acidic aqueous
solution of Me

3
PbCl after addition of a concentrated solu-

tion of K
3
[Ir(CN)

6
] (12a). The X-ray powder di!ractogram

(XRD) of 3 resembles strongly the XRDs of 1 and 2, mani-
festing that again in"nite [} Ir}CN}Sn}NC}] chains consti-
tute a corresponding 3-D framework for 3 as known for
1 (6, 11). However, in surprising contrast to our earlier
"ndings (7, 8), according to which suspensions of 1 and 2 in
solutions containing the ion Me

4
N` or Et

4
N` remain

completely unchanged, 3 is found to redissolve completely
in solutions of the salts Me

4
NI or Et

4
NCl.

On the other hand, a suspension of 3 in aqueous solutions
of nPr

4
NCl and nPr

4
PBr, respectively, a!ords in acceptable

yields (i.e., of ca. 50%) the new, sparingly water-soluble
products 3a and 3a-P. Correspondingly, 3b could also be
obtained from 3 and nBu

4
NBr. Somewhat more surprisingly,
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3 even reacts with an aqueous solution of nPen
4
NBr to

a!ord the likewise sparingly soluble, new assembly
[(nPen

4
N)(Me

3
Sn)

2
Ir(CN)

6
)xH

2
O] (3c). From the mother

liquors resulting after "ltration, single crystals suitable for
a crystal structure analysis could so far only be obtained in
the case of 3a. As another representative containing the
nPr

4
P` ion, the new product 1a-P (M"Co) was likewise

prepared. Here, single crystals could again be obtained from
the mother liquor within a few days. The chemical composi-
tions of 1a-P, 3a, 3a-P, 3b, and 3c could be established by
combining independent results from elemental analysis and
1H NMR spectroscopy in D

2
O/NaOD solution. The latter,

quite elegant technique allows the independent determina-
tion of the respective R

4
E/Me

3
Sn ratios (7, 8). According to

its elemental analysis, 3c seems to be richer in H
2
O (m52)

than 1c and 2c (8).
In spite of its notably lower solubility in H

2
O as com-

pared with 1, its slightly modi"ed derivative 4 (9) reacts
almost quantitatively with nPr

4
NCl to 4a. In contrast, the

corresponding reaction with nBu
4
NCl (over about 20 h) had

a!orded only a product with the unsatisfactory (for pure 4b)
nBu

4
N/Co(CN)

6
ratio of ca. 0.6 (14). However, we suc-

ceeded in preparing the desired product 4a"[(nBu
4
N)

MMe
2
Sn(CH

2
)
3
SnMe

2
NCo(CN)

6
) 2H

2
O] readily by co-pre-

cipitation.
The infrared (IR) spectra of all R

4
N-containing assem-

blies display, inter alia, notably more intense l(CH) bands
than the spectra of 1 and 3. Surprisingly few l(CN) bands
are, however, found (see Experimental section), in spite of
the rather low local symmetry of the immediate surround-
ings of the M(CN)

6
fragments (vide infra). The vibrational

frequencies adopt values intermediate between those of
1 and 3 (involving M}CNPSn bridges) and of
K

3
[M(CN)

6
] (M"Co or Ir), respectively (with terminal

CN ligands only). Interestingly, all initially colorless R
4
N-

containing assemblies with M"Co(III) convert at ca.
3003C into blue products, involving presumably Co(II).
For M"Ir, less pronounced color changes toward yellow
occur.

X-ray Powder Diwractometric (XRD) Studies

All the new supramolecular assemblies studied except 4b
and 1a-P gave rise to satisfactory XRDs with numerous
pronounced and sharp re#ections. The experimental XRD
of 3a resembles strongly its simulated di!raction pattern
(Fig. 1), based upon data of the successful single-crystal
X-ray study of this compound (vide infra). This excellent
coincidence quali"es the polycrystalline (bulk) material of
3a also for a promising CP MAS solid-state NMR study in
taking here the crystallographically determined asymmetric
unit fully for granted. According to Fig. 1, the XRDs of 3a
resemble, moreover, those of 1a (8) (Fig. 1). 3a is in fact
found to be practically isostructural with 1a (vide infra).
Figure 2 reveals that the experimental XRD of 1a-P
resembles only faintly that of co-precipitated 1a, although
notably better agreement is found for the two simulated
XRDs. Although the latter "ndings re#ect the fact that 1a-P
and 1a are actually isostructural (vide infra), the experimental
XRDs of both compounds indicate some de"ciencies for the
bulk samples. We have shown earlier (8) that some &&amend-
ment'' of the simulated XRD of co-precipitated 1a is in
principle possible, provided that e.g. a preferred orientation
of the crystallites in the bulk material can be accounted for.

In Fig. 3 the experimental XRDs of 3b (R"nBu) and 3c
(R"nPen) are compared with the simulated XRDs of 2b (7)
and 2c (8). While there seems to be hardly any similarity of
the di!raction patterns of 3b and 2b and of 3c and 2c,
respectively, the pattern of 3b resembles somewhat more
that of 3a (see Fig. 1). It would, however, be premature to
draw here any more distinct conclusion. In view of the
excellent quality of the XRD of bulk 3b, this sample may be
expected to be a promising candidate for multinuclear CP
MAS solid-state NMR studies. The multinuclear solid-state
NMR spectra of diamagnetic 1b, which have already been
investigated in great detail (7), could o!er helpful guidelines
for a structure-oriented NMR study of 3b (vide infra).

In Fig. 4 the experimental XRD of co-precipitated 4a is
compared with the simulated XRDs of 3a and 1a (8). During
this simulation of the XRD of 3a, all positions of Ir atoms
were also replaced by the lighter Co atoms. In principle, all
three di!ractograms resemble each other, suggesting for 4a
a crystal structure similar to those found for 1a (8) and 3a
(vide infra). Although the trimethylene tether of 4a, which
holds its Me

2
Sn units pairwise together, must be considered

as an additional structure-directing factor, the comparat-
ively &&light'' additional CH

2
and CH

3
fragments present in

derivatives of 4 are, according to a Rietveld analysis of the
host/guest system [(Et

4
N)(Me

3
Sn)

3
Fe(CN)

6
] (15), unlikely

to generate pronounced, additional re#ections. A closer
inspection of the three XRDs depicted in Fig. 4 appears to
reveal a slightly closer similarity of 4a with (modi"ed) 3a
than with 1a, the di!ractogram of which was still simulated
for the initially evaluated space group P2

1
2
1
2 (8). However,

according to our crystallographic results for 3a (vide infra),
this space group might be abandoned in favor of P2

1
2
1
2
1
.

Finally, a comparison of the experimental XRD of 4b with
the simulated di!ractogram of 1b (7) (Fig. 5) reveals immedi-
ately that, probably owing to the presence of the trimethy-
lene tether, the rather complicated supramolecular
architecture of 1b and 2b cannot be realized in 4b. Thus, 2b
contains three chemically nonequivalent Me

3
Sn fragments

in distinct positions of the lattice (7).

Crystal Structures of 3a and 1a-P

The results of the crystallographic studies of single
crystals of 3a and 1a-P con"rm our earlier "ndings (8),



FIG. 1. Comparison of the experimental (b) and simulated (c) XRDs of 3a with the simulated XRD of 1a (a).
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according to which in the presence of R
4
E` ions with

R"n-propyl the primary building blocks Me
3
Sn`,

[M(CN)
6
]3~, and H

2
O a!ord negatively charged molecular

units of the type [M(CN)
4
(CNSnMe

3
)OH

2
)
2
]~, which as-

semble to in"nite frameworks exclusively via O}H2NC
hydrogen bonds. The resulting 2-D or 3-D frameworks
incorporate the nPr

4
E` guest ions quite speci"cally. While

3a contains, like 1a (8), anionic metal complexes with two
cis-con"gured CNSn(Me

3
)OH

2
ligands per iridium center,

1a-P represents, like (co-precipitated) 1a (8), the correspond-
ing trans-isomer with M"Co (Figs. 6 and 7).

Relevant crystal and re"nement parameters of 3a and
1a-P are collected in Table 1, and selected interatomic
distances and bond angles, respectively, of 3a and 1a-P are
listed in Tables 2 and 3. In contrast to numerous other
host/guest systems containing R

4
N` ions (4,5), the nPr

4
E`

guests of 3a and 1a-P are not disordered. The asymmetric
units of 3a and 1a-P are shown in Figs. 6a and 7a.
The MIr(CNSn(Me
3
)OH

2
)
2
N fragment of 3a is, like that of

its cobalt homologue 1a (8), V-shaped (C1}Ir}C2 angle:
88.12(19)3). However, while the methyl groups of the frag-
ment with M"Co were found to be disordered (8), a corre-
sponding disorder can strictly be ruled out for M"Ir (3a).
Only the rotational ellipsoids of the three methyl carbon
atoms of Sn2 turn out to be somewhat more expanded than
those of Sn1 (Fig. 6a), which feature might re#ect some faint
disposal for disorder. All tin-bonded methyl carbon atoms
of 3a are bent almost negligibly toward the oxygen atom,
while for 1a more pronounced bending toward the oxygen
and the nitrogen atoms, respectively, was observed. Interest-
ingly, the solid-state NMR results reported for the 119Sn
and methyl 13C nuclei of 1a (8) would be fully consistent
with the asymmetric unit of 3a, but not with that of 1a. In
view of this fact, the validity of the space group P2

1
2
1
2
1
also

for compound 1a should no longer be ruled out, in spite of
the absence of several appropriate re#ections (8).



FIG. 2. Comparison of the experimental XRDs of co-precipitated 1a (a) and 1a-P (b) with the simulated XRDs of 1a-P (c) and co-precipitated 1a (d),
respectively.
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O}H2NC hydrogen bonds corresponding to those
found for 1a (8), both as far as the O2N distances and
the actual number of these interactions (per formula unit)
are concerned (Table 2), interlink all cis-
[Ir(CN)

4
(CNSnMe

3
OH

2
)
2
]~ anions to in"nite, puckered

layers between which the nPr
4
N` guest ions are incorpor-

ated (Fig. 6b). Interestingly, the three shortest C2N distan-
ces of 3a originate from a-CH

2
groups of the guest cation

and likely re#ect C}H2NC hydrogen bonds (Table 2).
However, in length they exceed the shortest C2N contacts
of 1a (3.13}3.17 As ) (8) considerably. Nevertheless, the
nPr

4
N` cation of 3a is, in contrast to that of 1a, not

disordered.
The trans-[Co(CN)

4
(CNSnMe

3
)OH

2
)
2
]~ ions of 1a-P

and co-precipitated 1a (8) are even more similar in shape,
and also in their metrical parameters (Table 3), than the
corresponding cis-con"gured anions of 3a and 1a (vide
supra). As in the structure of co-precipitated 1a, the only
disordered non-hydrogen atom of 1a-P is O1, which be-
longs to one of the two Sn-coordinated water molecules. As



FIG. 3. Comparison of the experimental XRDs of 3b (c) and 3c (a) with
the already reported (8), simulated XRDs of 2b (d) and 2c (b).

FIG. 4. Comparison of the experimental XRD of 4a (obtained by
co-precipitation; top) with the simulated XRDs of 3a (b) and 1a (c). Curve
(b) was calculated for M"Co (see the text).
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in 3a, all four virtually terminal cyanide ligands of 1a-P are
involved in O}H2NC hydrogen bonds with O2N dis-
tances between 2.689 and 2.754 As (Table 3). Owing to three
of the four hydrogen bonds to be expected per formula unit,
well-ordered, puckered layers result. These layers are, more-
over, held together by the fourth hydrogen bond (i.e.,
O2}H2N3), a!ording thus a veritable 3-D framework
(Fig. 7b). The disorder of the oxygen atoms O1 and O3,
which is observed both for 1a-P and co-precipitated 1a,
might be essential to guarantee optimal intralayer hydrogen
bonding with all of the otherwise terminal cyanide ligands.
The nPr

4
P` guest ions are encapsulated between adjacent

layers. Less conventional are notably weaker C}H2N
hydrogen bonds that are, again, likely to be responsible for
the lack of any disorder of the organic cation, although the
shortest C2N distances found for 1a-P exceed 3.40 As
(Table 3). At least two of the a-CH

2
groups of the nPr

4
P`

ion could be weakly anchored to cyanide N atoms. A closer
comparison of the relevant C2N distances of 1a-P with
those of 1a (8) suggests that the intraframework "xation of
the nPr

4
P` ion resembles that of the nPr

4
N` ion (in co-

precipitated 1a). Up to now, very little is known about
&&unconventional'' C}H2X hydrogen bonds involving
R

4
P` instead of R

4
N` ions as a C}H source (16). According

to a recent evaluation by Desiraju et al. (17), at least
C}H2N hydrogen bonds with C2N distances of up to
3.75 As may in fact be of relevance for the generation of
supramolecular assemblies (provided that the H atom be-
longs to an aromatic hydrocarbon). On the other hand,
C}H2O hydrogen bonds as short as 3.2 As (C2O) have
most recently been suspected to foster protein folding (18).

3.4. Multinuclear (13C, 31P, 119Sn) Solid-State Magnetic
Resonance Spectra of 1a-P, 3a, 3b, 3a-P, and 4a

Important information regarding structural features can
also be deduced from the CPMAS 119Sn NMR spectra
(Fig. 8). Including sideband distributions, the 119Sn spectra
of the iridium systems containing propylammonium and
-phosphonium cations (3a and 3a-P) are very similar and
resemble, moreover, the already reported spectrum (8) of the



FIG. 5. Comparison of the experimental XRD of 4b (obtained by co-
precipitation; b) with the simulated XRDs of 1a (a) and 2b (c).
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cobalt analogue 1a. The spectrum of 1a looks also like that
of its derivative 4a, wherein tin atoms are held together
pairwise by trimethylene tethers. All these four compounds
display two centerbands (between !60 and !80 ppm),
with isotropic chemical shifts characteristic of trigonal bi-
pyramidal MCNSn(Me

3
)OH

2
N fragments (7) best attribu-

table to the two nonequivalent, cis-oriented CNSnR
3
)OH

2
ligands of a Co3` (1a, 4a) or an Ir3` (3a, 3a-P) ion. For 1a
(8) and 3a (vide supra), this arrangement has been con"rmed
by X-ray crystallography. The two centerbands of 1a were
resolved into multiplets, giving rise to two di+erent coupling
parameters DJ119Sn, 14ND and, in the case of 15N-enrich-
ment, to two di+erent DJ119Sn, 15ND values (8). In the other
cases the somewhat larger line widths (380}580 Hz) may
obscure such a "ne structure. While, from its X-ray study (8),
the Me

3
Sn groups of 1a were found to be apparently crystal-

lographically equivalent, but nevertheless disordered, those
of 3a (and probably of 3a-P, too) are de"nitely
nonequivalent, but undoubtedly devoid of any disorder. Of
course, the NMR information makes it quite clear that there
are actually nonequivalent Me

3
Sn groups in 1a also. Taking
for granted that the Me
3
Sn units of 1a are just disordered in

the two environments, the similarity of all four compounds
in their 119Sn shifts (Table 4) is somewhat surprising.

The 119Sn spectrum of the iridium compound containing
tetrabutylammonium cations (3b; Fig. 8b) di!ers notably
from that of its cobalt homologue 1b (Fig. 8a, top), which
contains up to "ve centerbands at very di!erent chemical
shifts (7). In contrast, the spectrum of 3b resembles those of
1a, 3a, and 3a-P, but with a signi"cantly smaller chemical
shift di!erence between the two tin sites. These "ndings
support the doubts about an isostructural architecture of 3b
on the one hand and of 1b and 2b on the other, which have
already been suggested in view of the XRD of 3b (vide supra).

The 119Sn spectrum of the cobalt compound containing
Pr

4
P` cations (1a-P) resembles strongly that of co-precipi-

tated 1a (8). According to single-crystal X-ray crystallogra-
phy, these two solids are in fact isostructural and involve
two nonequivalent, trans-con"gured CNSnMe

3
)OH

2
ligands. Although the 119Sn spectrum of 1a-P exceeds that
of 1a in quality, again only one centerband appears. The
isotropic chemical shift agrees with that expected for
CNSnMe

3
OH

2
fragments (1a-P: !78 ppm). The apparent

absence of a second 119Sn resonance (as required by the
asymmetric unit; see Fig. 7) may arise from an accidental
near-degeneracy. Alternatively, it may support the sugges-
tion (8) that at room temperature rapid (on the NMR time
scale) interchange of Sn1 and Sn2 (in each compound) might
take place. In the case of co-precipitated 1a, only one
15N cyanide signal was detected instead of the six expected
lines. Actually, six crystallographically nonequivalent
N atoms were found in the asymmetric units of both 1a-P
and 1a (8). Moreover, the modest quality of the XRDs of
bulk 1a-P and co-precipitated 1a (Fig. 2) might also re#ect
some NMR-relevant de"ciencies of the samples.

According to the literature (19), an unstrained trimethy-
lene bridge connecting two tin atoms requires a Sn2Sn
separation of about 6.15 As . A systematic examination
of the crystal structures of 3a and 1a-P in view of such
Sn2Sn distances reveals that the most favorable location
for the (CH

2
)
3

tether would be within each Mcis-
M(CN)

4
(CNSnMe

3
)OH

2
)
2
N fragment of 3a, according

to Fig. 9. Inter-fragment tethering would, in principle, also
be possible within the crystal lattices of 1a-P and 3a,
but only if accompanied by some more constraint. The
appearance of two 119Sn centerbands for 4a indicates
a non-negligible lack of symmetry for the tether, which
might just re#ect the inequivalence of the two cis-oriented
CNSnR

3
)OH

2
ligands. The 119Sn shielding tensor para-

meters obtained by spinning sideband analysis of the
spectra for 1a-P, 3a, 3a-P, 3b, and 4a are very consistent.
The anisotropies range between !309 and !347 ppm and
the asymmetries lie around 0.1 (except for 4a, which has
somewhat higher values), implying zero within experimental
error.



FIG. 6. Asymmetric unit (a) and supramolecular architecture (b) of 3a. Faint lines symbolize O}H2N,C hydrogen bonds, larger grayish spheres
representing tin atoms (methyl groups have been omitted). N7 is the center of a nPr

4
N` ion.
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While the 31P NMR spectra of 1a-P and 3a-P show just
one singlet each (see footnote a of Table 4), in accordance
with the asymmetric unit of the former, the 13C spectra (see
Fig. 10) are unusual in that the n-propyl resonances of the
latter sample give rise to just one broad signal at 17 ppm,
with a low-frequency shoulder, whereas for 1a-P two separ-
ate, but likewise broad, bands appear (the crystallographic
nonequivalence of the four alkyl groups not giving any
de"nitive extra splitting). Moreover, instead of the two
expected methyl carbon resonances (of the two di!erent,
rapidly rotating Me

3
Sn groups), only one extremely weak

signal appears in the spectrum of 1a-P at a chemical shift of
around 1 ppm (along with one slightly stronger peak at
6 ppm). In the 13C spectrum of nPr

4
PBr dissolved in D

2
O,

two 13C doublets (a- and b-CH
2
) and one singlet (c-CH

3
)

occur between 22 and 14 ppm (see Table 4). Nagy et al. (20)
have compared the 13C NMR spectra of nBu

4
P` and

nBu
4
N` ions present in as-prepared zeolites ZSM-11, but

corresponding solids containing nPr
4
N` or nPr

4
P` ions

have so far not been considered. The 13C NMR spectrum of
the Ir-containing homologue 3a-P of 1a-P displays two
pronounced singlets close to 2 ppm (corresponding to two
rotating Me

3
Sn groups), and there are two or three signals

between 100 and 115 ppm (cyanide carbons). In contrast to
1a-P, the 13C spectrum of the nPr

4
N`-containing homo-

logue 3a of 3a-P behaves in a more regular fashion in that
su$ciently intense resonances appear for all four di!erent
types of carbon atom present in this assembly. Again, two
methyl singlets indicate the presence of two di!erent, rap-
idly rotating Me

3
Sn groups, while in disagreement with the

asymmetric unit, only one a-CH
2

singlet and one b-CH
2

singlet appear (though in both cases the lines are broad).
However, the corresponding c-CH

3
singlet carries a weak

shoulder. A complex series of signals appears in the cyanide
carbon range.

The 13C spectrum of compound 4a, which contains
a trimethylene tether between each pair of tin atoms, dis-
plays in principle all of the resonances expected (Table 4).
The three quasi-singlets found around zero ppm (the central
one of which is about twice as intense as the two others and
may have an incipient splitting) must be ascribed to the four
nonequivalent, rigidly tin-bonded methyl groups. Accord-
ing to our earlier "ndings (9), the broad signal centered at
23.3 ppm is most likely due to the three carbon atoms of the
trimethylene tether. The remaining signal groups may then,
in close analogy to those of e.g. 3a, be readily assigned to the
a-, b-, and c-carbon atoms of the n-propyl units, with some
clear splitting of the c resonance.

The 13C spectrum of compound 3b con"rms the sugges-
tion that this assembly cannot be isostructural with 2b and
1b (vide supra) as its resonances for the tin-bonded methyl
groups di!er signi"cantly from those of 1b. In contrast, this
resonance pattern of 3b resembles strongly those of 3a and
3a-P. The remaining part of the 13C spectrum of 3b
(except that for the cyanide carbons) seems to re#ect one
comparatively &&tightly'' anchored nBu

4
N` ion with four



FIG. 7. Asymmetric unit (a) and supramolecular architecture (b) of
1a-P. For further explanations see the legend of Fig. 6.

BIMETALLIC (Ir, Co/Sn) POLYMERIC CYANIDES 333
crystallographically nonequivalent butyl groups as approx-
imately four individual signals may be detected for the a-, b-,
c-, and d-carbon atoms, respectively (counting two notably
intense signals twice). Precise assignment of the b-, c-, and
d-resonances is di$cult, however. Reports on 13C CPMAS
NMR studies of as-prepared zeolites with nPr

4
N` guests

are still rather scarce. Interestingly, the nPr
4
N` ions oc-

cluded in SAPO-40 are reported to display more signals at
373 K than at 297 K (21).

CONCLUSIONS

The solid-state NMR results (in particular for the nuclei
119Sn and 31P) complement the X-ray di!raction results in
that (a) throughout the presence of just one singular species
per bulk sample is indicated. (b) The absence of 119Sn
centerbands for d(!90 ppm (as typical for Mtrans-
Me

3
Sn(NC)

2
N fragments) strongly suggests that all samples

studied here are devoid of [}M}CN}Sn}NC}] chains. Thus,
even the nBu

4
N` ion seems to initiate a total cleavage of the

3-D framework of 3, although 1 and 2 are reported to
withstand a cleavage by this ion at least partially (7). (c)
Representatives of type 1a and 3a, respectively, with two
either cis- or trans-oriented CNSn(Me

3
)OH

2
ligands may

readily be distinguished by their 119Sn spectra. (d) The
striking similarly of the NMR spectra of 1a and 3a suggests
that the structure analysis of the former is probably based
upon an incomplete manifold of re#ections. (e) All NMR
results for 4a (including those for 13C) favor the view
that this assembly is also isostructural with 3a, involving
again two cis-oriented and (CH

2
)
3
-interlinked

CNSn(R
3
)OH

2
ligands. (f) Bulk samples displaying

unsatisfactory XRDs also tend to yield more truncated
NMR results (e.g., 1a-P and co-precipitated 1a). A reverse
situation holds e.g. for 3b.

The results described in the present contribution thus
con"rm, and generalize, our earlier "ndings (8), according to
which nPr

4
N` ions will behave as &&e$cient'' cleaving agents

of Me
3
Sn-containing super-Prussian blue systems, and are

even capable of generating two isomers of the composition
[(Pr

4
N)(Me

3
Sn)

2
M(CN)

6
) 2H

2
O] devoid of any [M}CN}

Sn}NC] chains. In contrast, assemblies of the di!erent types
[(R

4
E)

x
(Me

3
Sn)

4~x
FeII(CN)

6
) yH

2
O] with R"nPr have

been found to di!er signi"cantly in their stoichiometry for
E"N (x+1.0) and E"P (x+0.47), respectively (22).

Replacement of Co by Ir in the [M(CN)
6
]3~ building

block leads to generally isostructural, but less insoluble,
homologues, implying on the other hand the advantage that
single crystals suitable for X-ray studies are more readily
accessible. As the [Ir(CN)

6
]3~ ion seems to a!ord, unlike its

[Co(CN)
6
]3~ homologue, structurally quite similar assem-

blies with both nPr
4
E` and nBu

4
N` ions, only the combi-

nation of the building blocks [Co(CN)
6
]3~, MMe

3
SnN`, and

H
2
O (1 : 3 : 2) leads at present to the structurally most versa-

tile manifold of supramolecular assemblies. This interesting
feature may be compared with &&supramolecular recogni-
tion'' in its commonly understood meaning.

It is also remarkable that even compound 4 is readily
&&attacked'' by the nPr

4
N` ion, although 4 is notably more

insoluble than 1. As one formula unit of 4a is poorer than
4 in one-half of a MMe

2
Sn(CH

2
)
3
SnMe

2
N2` unit, aqueous

suspensions of 4 must still be assumed to equilibrate with
various solvated dissociation products, including also the
&&bidentate'' MMe

2
Sn(CH

2
)
3
SnMe

2
N2` ions (23). On the

other hand, compound 4b could only be prepared by co-
precipitation (vide supra), most probably owing to the lim-
ited MMe

2
Sn(CH

2
)
3
SnMe

2
N2` concentration in equilibrium

with 4.



TABLE 1
Crystallographic Parameters of 1a-P and 3a

1a-P 3a

Empirical formula C
24

H
50

N
6
O

2
PCoSn

2
C

24
H

50
N

7
O

2
IrSn

2
Formula weight 781.98 898.29
Crystal system Orthorhombic Orthorhombic
a (As ) 18.811 11.2369(2)
b (As ) 18.9278(2) 15.07290(10)
c (As ) 20.3692(2) 21.8015(2)
< (As 3) 7252.47(10) 3692.58(8)
Z 8 4
Space group Pbca P2

1
2
1
2
1

¹ (K) 173(2) 173(2)
j (MoKa) (As ) 0.71073 0.71073
o
#!-#

(g cm~3) 1.427 1.609
k (mm~1) 1.889 4.964
F (000) 3128 1728
Crystal size (mm) 0.6]0.5]0.4 0.7]0.5]0.3
h range of data collection (3) 1.82}29.19 1.64}29.51
Index ranges !25(h(15, !18(k(25, !24(l(27 !13(h(15, !20(k(17, !22(l(30
No. of re#cns. collected 47,583 25,512
No. of indep. re#cns. 9508 [R(int)"0.0284] 9597 [R(int)"0.0411]
No. of obsd. re#cns. [I'2p(I)] 8396 8837
No. of data/restraints/parameters 9508/0/364 9597/0/339
Goodness-of-"t on F2 1.103 0.899
R indices [I'2p(I)] R1"0.0226, wR2"0.0511 R1"0.0287, wR2"0.0668
R indices (all data) R1"0.0293, wR2"0.0539 R1"0.0321, wR2"0.0683
Largest di!. peak and hole (eAs ~3) 1.422 and !0.730 2.033 and !1.952

Note. w"l/[s2(F2)#(xP)2#yP] where P"(F2
0
#2F2

#
)/3; 1a-P (x"0.0180, y"5.2693); 3a (x"0.0275, y"0.000).

TABLE 2
Selected Interatomic Distances (As ) and Angles (3) of 3a

(Dotted Lines Refer to Potential O+H2N and C+H2N
Hydrogen Bonds, Respectively, Considering Here Only C2N
Distances < 3.80 As )

Sn1}N1 2.332(5) Sn1}C7 2.123(5)
Sn2}N2 2.347(5) Sn1}C8 2.123(6)
Sn1}O1 2.286(3) Sn1}C9 2.120(6)
Sn2}O2 2.275(3)

Sn2}C10 2.076(9)
O12N3 2.647(6) Sn2}C11 2.055(8)
O12N6 2.6689(7) Sn2}C12 2.095(8)
O22N4 2.776(5)
O22N5 2.715(6) C162N3 3.532(7)

C222N5 3.555(8)
Sn1}N1}C1 164.6(4) C132N5 3.603(8)
Sn2}N2}C2 151.4(4) C202N4 3.691(8)
N1}Sn1}O1 177.08(16)
N2}Sn2}O2 177.69(15) N1}Sn1C7 94.1(2)

N1}Sn1}C8 90.9(2)
Sn1}O12N3 108.88(17) N1}Sn1}C9 91.9(2)
Sn1}O12N6 113.67(19) N2}Sn2}C10 90.8(3)
Sn2}O22N4 128.0(2) N2}Sn2}C11 91.6(3)
Sn2}O22N5 117.53(18) N2}Sn2}C12 89.0(3)

TABLE 3
Selected Interatomic Distances (As ) and Angles (3) of 1a-P

(Dotted Lines Refer to Potential O+H2N and C+H2N
Hydrogen Bonds, Respectively, Considering Here Only C2N
Distances < 3.80 As )

Sn1}N1 2.2988(17) Sn1}C7 2.120(2)
Sn2}N2 2.3444(17) Sn1}C8 2.111(2)
Sn1}O1 2.291(10) Sn1}C9 2.109(2)
Sn1}O3 2.293(10) Sn2}C10 2.118(2)
Sn2}O2 2.2775(15) Sn2}C11 2.120(2)

Sn2}C12 2.125(2)
O12N4 2.777(9)
O12N5 2.777(9) C222N4 3.404(3)a
O32N4 2.733(10) C142N3 3.433(3)
O32N5 2.751(10) C132N5 3.435(3)a
O22N3 2.750(2) C232N4 3.500(3)
O22N6 2.698(3) C162N3 3.516(3)a

C152N3 3.540(3)
Sn1}N1}C1 167.50(17) C192N4 3.630(3)a
Sn2}N2}C2 176.56(18) C242N4 3.697(3)
N1}Sn1}O1 173.89(17) C162N6 3.708(3)a
N1}Sn1}O3 172.7(2) C242N5 3.709(3)
N2}Sn2}O2 175.34(7)

N1}Sn1}C7 91.45(9)
O1}H}H4 158(4) N1}Sn1}C8 90.65(9)
O1}H}N5 167(3) N1}Sn1}C9 91.52(9)
O3}H}N4 154(4) N2}Sn2}C10 90.46(8)
O3}H}N5 158(3) N2}Sn2}C11 90.43(8)
O2}H}N3 176(3) N2}Sn2}C12 92.07(9)
O2}H}N6 162(4)

aa-CH
2

group.
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FIG. 8. 119Sn CPMAS spectra (including spinning sideband distributions) of (a) 1a, 1a (by co-precipitation), 1a-P and 1b, and (b) 3a, 3a-P, 3b, and 4.
Centerbands are shown by asterisks. All the spectra were recorded at 111.8 MHz and ambient probe temperature using cross-polarization from protons
with #ipback. Note that the chemical shift scale of part (a) di!ers from that of part (b). Conditions: (1a) Contact time, 10.0 ms; acquisition time, 20.0 ms;
recycle delay, 5.0 s; spin rate, 7680 Hz; number of transients, 65,536. (1a (by co-precipitation)) Contact time, 1.0 ms; acquisition time, 20.0 ms; recycle delay,
5.0 s; spin rate, 9940 Hz; number of transients, 32,768. (1a-P) Contact time, 1.0 ms; acquisition time, 3.0 ms; recycle delay, 5.0 s; spin rate, 8240 Hz; number
of transients, 8856. (1b) Contact time, 1.0 ms; acquisition time, 9.9 ms; recycle delay, 2.0 s; spin rate, 12,220 Hz; number of transients, 29,500. (3a) Contact
time, 5.0 ms; acquisition time, 5.0 ms; recycle delay, 2.0 s; spin rate, 3760 Hz; number of transients, 2000. (3a-P) Contact time, 4.5 ms; acquisition time,
5.0 ms; recycle delay, 2.0 s; spin rate, 7700 Hz; number of transients, 31,744. (3b) Contact time, 5.0 ms; acquisition time, 5.0 ms; recycle delay, 2.0 s; spin rate,
5000 Hz; number of transients, 28,404. (4a) Contact time, 4.5 ms; acquisition time, 5.0 ms; recycle delay, 2.0 s; spin rate, 9220 Hz; number of transients, 384.
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TABLE 4
NMR Parameters of the Compounds 1a, 1a (Co-precipitated), 1a-P, 1b, 3a, 3a-P 3b and 4a

Sample 13C shifts 119Sn shifts
Shorthand/lit. Me}Sn R

4
N/R

4
P CN Me

3
Sng

[(nPr
4
N)(Me

3
Sn)

2
Co(CN)

6
) 2H

2
O] ca. 0.5 ca. 61 (a-CH

2
) ca. 130b !79.0

"1a (by co-precipitation) (8) 16.5 (b-CH
2
)

13.6, 12.4, 11.6,
11.0 (c-CH

3
)
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bComplex structure.
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gDJ119Sn,13CD values between 530 and 554 Hz (for co-precipitated 1a, 1a, 3a, 3a-P, and 3b).

FIG. 9. Depiction of the most reasonable location of the trimethylene
tether in compound 4a.
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The formation of precipitates consisting exclusively of
one discrete species, and never of any mixture of di!erent
assemblies, in all cases so far studied deserves particular
attention. According to all present experience,
a MM}CNPSnMe

3
N fragment may add almost equally well

another cyanide ion or a water molecule. Some signi"cant
tuning of this &&ambivalency'' seems to be initiated in the
presence of R

4
E` ions. Mainly, but probably not exclus-

ively, for steric reasons, the supramolecular architecture of
the R

4
E`-containing assembly varies signi"cantly with the

length of the alkyl group R (8). Although R
4
E` ions seem to

promote M}CN}SnMe
3
QOH

2
2CN}M bridging in fa-

vor of M}CN}Sn(Me
3
)}NC}M linkages, some examples of

R
4
E`-free coordination polymers involving the former

bonding mode are also known (24). Moreover, the extremely
H

2
O-rich coordination polymer [(Et

3
Sn)

3
Fe(CN)

6
)

20H
2
O] prepared in our laboratory (25) is likely to contain

exclusively Fe}CN}SnMe
3
}OH

2
2NC}Fe bridges

and (H
2
O)

17
clusters within the large voids of its 3-D



FIG. 10. 13C CPMAS spectra, recorded at 75.4 MHz (except for compound 3a, for which 50.3 MHz was used) and ambient probe temperature, for the
same collection of samples as that considered in Fig. 8. Flipback of the proton magnetization was employed following signal acquisition. The spectral
ranges A, B, and C are those for tin-coordinated alkyl groups, the alkyl carbons of the R

4
E` ion (except the carbons in region C), and for the a-CH

2
of the

R
4
N` group, respectively. Conditions: (1a) Contact time, 3.00 ms; acquisition time, 89.6 ms; recycle delay, 2.0 s; spin rate, 4800 Hz; number of transients,

332. (1a) (co-precipitated)) Contact time, 1.00 ms; acquisition time, 60.2 ms; recycle delay, 5.0 s; spin rate, 4000 Hz; number of transients, 11,376. (1a-P)
Contact time, 1.0 ms; acquisition time, 80.0 ms; recycle delay, 3.0 s; spin rate, 3460 Hz; number of transients, 17,064. (1b) Contact time, 9.0 ms; acquisition time,
80.0 ms; recycle delay, 1.0 s; spin rate, 4720 Hz; number of transients, 55,000. (3a) Contact time, 8.0 ms; acquisition time, 102.4 ms; recycle delay, 2.0 s; spin rate,
4000 Hz; number of transients, 40,000. (3a-P) Contact time, 5.0 ms; acquisition time, 100.0 ms; recycle delay, 2.0 s; spin rate, 4300 Hz; number of transients,
5682. (3b) Contact time, 3.0 ms; acquisition time, 100.0 ms; recycle delay, 1.5 s; spin rate, 4300 Hz; number of transients, 2444. (4a) Contact time, 5.5 ms;
acquisition time, 50.0 ms; recycle delay, 2.0 s; spin rate, 8950 Hz; number of transients, 8810. Note that the frequency scales of the parts of this "gure vary.
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framework. It should, "nally, be recalled that the appreci-
able water content of &&real'' Prussian blue is also due to the
formation of FeIII}OH

2
2NC}FeII interactions (the

N atom being here, moreover, coordinated to another
Fe(III) center) (26).
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