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weaken as the metal-to-axial ligand bond strengthens.
This idea is supported by the Mo~Mo stretching fre-
quencies of Moy(O.CCF3); in various solvents, given
in Table VI. The frequencies decrease from the solid-
state value in a manner roughly correlated with increas-
ing donor strength of the solvent. The decrease for
pyridine is by far the largest, and since the thermal
stability of the crystalline pyridine adduct at room tem-
perature is marginal, it seems doubtful that adducts con-
taining weaker donors can be isolated under normal cir-
cumstances.

The frequency of the lowest energy electronic transi-
tion in Moy(O;CCF;), appears to follow the same pat-
tern as a function of solvent as the metal-metal stretch-
ing frequency (see Table VI). This observation has
potential importance in the assignment of this transi-
tion, but we would not care to assess its significance
without the aid of single-crystal polarized spectra. The
two higher eriergy transitions!® could not be studied
as a function of solvent due to solvent absorption.

Molecular Structure. Comparison of the structure of
Mox(0,CCF3)ipy). with the previous results for Mo,-
(OZCCF;;)Hl15 provides a quantitative measure of the
decrease in Mo-Mo bond strength upon coordination
of pyridine as an axial donor. The 2.129 (2) A Mo-Mo
bond length in the adduct is 0.039 (6) A greater than
the value of 2.090 (4) A obtained for the parent com-
pound. The difference is statistically significant but
rather small from a chemical viewpoint. This coupled
with the extremely long Mo-N bond of 2.548 (8) A,
0.43 (1) A longer than the average Mo-O distance,
clearly indicates that the two molybdenum atoms ener-
getically prefer to maintain their very strong metal-
metal interaction rather than trade any significant
amount thereof for a normal strength metal-ligand
bond, no matter how effective a donor the axial ligand

L may be. That is, the intrinsically strong Mo-Mo
bond necessitates an intrinsically weak Mo-L bond.
This “metal-metal trans effect’”” operates to some extent
in the other dinuclear carboxylates. Thus, in Cr,-
(OAc)4(H:0),® and CrsO(0Ac)s(H,0);™,% the average
Cr-OAc distances of 2.018 (2) and 1.98 (1) A are com-
parable to each other and to the Cr-OH; distance in
the trimer, 2.02 (1) A, but all are significantly shorter
than the Cr-OH, dlstance in the dimer, 2.272 (3) A
In the dlmer, the water molecule is trans to the Cr-Cr
bond; in the trimer, to the Cr-O bond. Again, the
Rh- OH2 distance of 2.310 (3) A in Rhe(0AC)«(H,0). is
substantially greater than the average Rh-OAc dis-
tance of 2.039 (2) A. Nowhere is the trans effect more
dramatically illustrated than in the molybdenum system,
however; therefore, Mo(II) appears to have an intrin-
sically greater metal-metal bonding tendency in the
carboxylate framework than do Cr(II) and Rh(II).
This has long been suggested from theoretical consider-
ations and the available X-ray data,” but never so con-
clusively demonstrated. One expects, then, that if
good crystals of unsolvated My(0.CCF3)i:, M = Cr,
Rh, could be obtained, which may not be possible,
the Cr-Cr and Rh-Rh distances would definitely be
longer than the Mo-Mo distance in Mo2(O;CCF3),,
allowing for differences in covalent radii. Moreover,
if crystalline My(O:CCF3)i(py):, M = Cr, Rh, could be
obtained, which should be possible, the metal-nitrogen
distances should definitely be shorter than in Mo.-
(0.CCF3)i(py):, again allowing for differences in co-
valent radii. The lengths found for metal-to-axial
ligand bonds in the carboxylates thus provide valuable
information about the implicit tendencies of the metals
toward mutual attraction.

(28) S. C. Chang and G. A. Jeffrey, Acta Crystallogr., Sect. B, 26,
673 (1970).
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Abstract:

The synthesis of some novel ditertiary arsine chelate complexes of chromium carbonyl are described.

Detailed analyses of the nmr spectra of some of these substances were facilitated by heteronuclear double resonance

experiments.

The vicinal 'H-!H and '*F-!H couplings indicate that while some derivatives have a most marked

conformational preference, others have several different conformations significantly populated.

It has been realized for many years that the five-mem-
bered rings of metal chelate complexes have the

(1) Preliminary communication: W. R. Cullen, L. D. Hall, and
J. E. H., Ward, Chem. Commun., 625 (1970).

(2) (a) This work is part of the material submitted by J. E. H. W,
in partial fulfillment of the requirements for the Ph.D. degree in chem-
istry, University of British Columbia. (b) This paper may be regarded
as part V of a series entitled, “The Conformations of Cyclic Compounds
in Solution;” for part IV, see L. D. Hall and R. N. Johnson, to be
published.

ligand in the gauche conformation.? The importance
of nonbonded interactions in determining the favored
conformations of such derivatives was first pointed out
by Mathieut and by Corey and Bailar,® and predic-

(3) A. M. Sargeson in “Transition Metal Chemistry,” Vol. 3, R. L.
Carlin, Ed., Marcel Dekker, New York, N. Y., 1966, p 303; J. H. Dun-
lop and R. D. Gillard, Advan. Inorg. Chem, Radxochem 9, 185 (1966).

(4) ). P. Mathieu, 4nn. Phys. (Paris), 19, 335 (1944).

(5) E.J. Corey and J. C. Bailar, J. Amer. Chem. Soc., 81, 2620 (1959).
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tions of the relative stabilities of isomers based on these
considerations have often been correct.® Recently,
more sophisticated calculations of the conformations of
chelate rings in simple® and complex®!® systems have
been attempted. Calculations by Gollogly and
Hawkins® on ethylenediamine type systems have indi-
cated that a simple five-membered chelate ring is very
flexible, having like cyclopentane!! a wide range of con-
formations of essentially equivalent energy, including
unsymmetric conformations not considered previously.?

Until quite recently experimental verification of the
validity of the various theoretical models has been con-
fined to X-ray crystallographic determinations, which
suffer from the perturbing effects of intermolecular
forces such as hydrogen bonding!? and crystal
packing.!® Fortunately nuclear magnetic resonance
spectroscopy now provides, at least in principle, an
accurate method for evaluating the conformations of
chelate rings in solution, and several groups of
workers®7.13-20 have already described attempts to ex-
ploit this obvious potential. Only a few investigations
yielded coupling constant information of conforma-
tional significance. The lack of general success can be
ascribed to a number of causes, including the use of
ligands which are basically unsuitable for nmr analysis.
Beattie!* has recently summarized the conformational
investigations on tris(ethylenediamine) metal complexes.

In the present study we have deliberately chosen to
use ligands which would give nmr spectra suitable for
complete analysis. Since previous studies from this?!

(6) F.P.Dwyer, F, L, Garvan, and A, Shulman, J, 4mer, Chem. Soc.,
81, 290 (1959); F. P. Dwyer, T. E, MacDermott, and A. M, Sargeson,
ibid., 85,2913 (1963); see also the discussion in ref 7.

(7) J. L. Sudmeier and G. L, Blackman, Inorg. Chem., 10, 2010
(1971).

(8) J. R. Gollogly and C. J, Hawkins, ibid., 8, 1168 (1969); 9, 576
(1970).

(9) D. A. Buckingham, I. E, Maxwell, A. M, Sargeson, and M. R.
Snow, J, Amer. Chem. Soc., 92, 3617 (1970),

(10) M. R. Snow, ibid., 92, 3610 (1970).

(11) J. E. Kilpatrick, K. S, Pitzer, and R. S. Spitzer, ibid., 69, 2483
(1947); K. S. Pitzer and W. E. Doneath, ibid., 81, 3213 (1959); J. B.
Hendrickson, ibid., 83, 4537 (1961).

(12) K. N. Raymond, P. W. R, Corfield, and J. A. Ibers, Inorg. Chem.,
7, 842 (1968); J. H. Enemark, M. S. Quinby, L. L. Reed, M. J. Steuck,
and K. K. Walthers, ibid., 9, 2397 (1970); M.-U.-Haque, C. N. Caugh-
lan, and K. Emerson, ibid., 9, 2421 (1970); H. J. Peresie and J. A.
Stanko, Chem. Commun., 1674 (1970).

(13) T. G. Appleton, J. R, Hall, and C. J. Hawkins, Inorg. Chem., 9,
1299 (1970).

(14) J. K. Beattie, Accounts Chem. Res., 4, 253 (1971).

(15) J. K, Beattie and Sr. H. Elsbernd, J. Amer. Chem. Soc., 92,
1946 (1970); J. K. Beattie and L. H. Novak, ibid., 93, 620 (1971); J. K.
Beattie, Inorg. Chem., 10, 426 (1971).

( ;;6; T. G. Appleton and J. R, Hall, jbid., 9, 1807 (1970); 10, 1717
1971).

(17) S. Yano, H. Ito, Y. Koike,, J. Fujita, and K. Saito, Chem.
Commun., 460 (1969, Bull. Chem. Soc., Jap., 42, 3184 (1969).

(18) L. E. Erickson, J. W. McDonald, J, K. Howie, and R, P, Clow,
J. Amer. Chem. Soc., 90, 6371 (1968).

(19) Proton chemical shifts and line shapes have been used empiri-
cally to give some insight into conformational problems: B. Bosnich
and S. B. Wild, ibid., 92, 459 (1970); S. T. Spees, L. J, Durham, and
A. M. Sargeson, Inorg. Chem., 5, 2103 (1966); L. R. Froebe and B. E.
Douglas, ibid., 9, 1513 (1970); Y. Kojima and M. Shibata, ibid., 9,
238 (1970); J. G. Brushmiller and L, G. Stadtherr, Inorg. Nucl. Chem.
Letz., 3, 525 (1967); E. A, Berends and J. G. Brushmiller, ibid., 6, 847
E}g;(l);, L. R. Froebe and J. G. Brushmiller, Inorg. Chim. Acta, 4, 481

(20) Contact shift measurements of paramagnetic nickel chelate
complexes have given conformational information: F. F.-L. Ho and
C. N. Reilley, 4nal. Chem., 41, 1835 (1969); 42, 600 (1970); F. F.-L.
Ho, L. E. Erickson, S. R. Watkins, and C. N. Reiley, Inorg. Chem., 9,
}llg?l()1970); R. F. Evilia, D. C. Young, and C. N, Reilley, ibid., 10, 433

(21) L, D. Hall, J. F, Manville, and N. S. Bhacca, Can.J. Chem., 47,1
(1969), and references cited therein.

5703

and other laboratories?®? had demonstrated that !F nmr
parameters are generally more sensitive than !H param-
eters to changes in stereochemical environment, sev-
eral specifically fluorinated ligands were included.
Serendipitously, this choice revealed a rather novel con-
formational preference for the fluorine substituents.
For additional simplicity ditertiary arsine derivatives of
chromium carbonyl were chosen for this initial study.

Experimental Section

Dimethylarsinic acid, chromium hexacarbonyl, and the various
olefins were purchased commercially and were used without further
purification. Tetramethyldiarsine was prepared by the reduction
of dimethylarsinic acid in 2 M hydrochloric acid with hypophos-
phorous acid;?® the diarsine was used without further purification.

All reactions were carried out in sealed Pyrex tubes. Air-sensi-
tive reactants and products were handled either by syringe tech-
niques in a nitrogen atmosphere or in a standard vacuum system.
A Swagelok fitting equipped with an injection gasket?* enabled the
transfer of air-sensitive, involatile liquid samples to the Carius
tubes.

Microanalyses were performed by Mr. Peter Borda of this De-
partment or by Schwarzkopf Microanalytical Laboratory, Wood-
side, N. Y. Uncorrected melting points were determined with a
Gallenkamp melting point apparatus. Mass spectra were obtained
from an AEI MS-9 instrument with direct introduction of solid
samples. All complexes produced peaks corresponding to their
parent ion, followed by the stepwise loss of four carbonyl groups.
Infrared spectra were measured in cyclohexane solution using a
Perkin-Elmer Model 457 spectrometer and were calibrated against
polystyrene and/or cyclohexane.

All nmr spectra were measured with an extensively modified
Varian HA-100 spectrometer, operating in the locked, frequency-
sweep mode. All *H chemical shifts were recorded with tetra-
methylsilane as the internal reference. For !F measurements the
instrument was tuned to 94.07 MHz and ca. 20 % of trichlorofluoro-
methane was used as the internal reference for chemical shift cali-
bration. Heteronuclear decoupling experiments, with noise
modulation, used instrumentation described elsewhere.2? Com-
puter analyses of the nmr spectra used data obtained from care-
fully calibrated charts and were performed with a IBM 360-67
computer located at the University of British Columbia and the
raocooN III Program, suitably modified by Mr. R. B. Malcolm
of this laboratory.

A. Preparation of 1,2-Bis(dimethylarsino)-1-fluoroethane (3). A
Carius tube (70-ml capacity) was evacuated, cooled in liguid nitro-
gen, and charged with tetramethyldiarsine (5.0 ml, 7.3 g, 35 mmol).
Excess vinyl fluoride (29 g, 64 mmol) was condensed into the tube
which was then sealed. The tube was irradiated for 48 hr with a
200-W Hanovia ultraviolet lamp placed at a distance of ca. 20 cm.
The tube was continuously shaken and was cooled with a stream of
air. When the reaction was completed, the tube was opened in a
vacuum system and the volatile contents were removed, leaving a
residue (7.2 g, 82%7) of the colorless, air-sensitive liquid product.

B. Preparation of 1,2-Bis(dimethylarsino)-1-fluoroethane(tetra-
carbonyl)chromium (9). A Carius tube was charged with chromium
carbonyl (1.0 g, 5 mmol), evacuated, and cooled in liquid nitrogen.
The ligand 3 (1.0 g, 3.9 mmol) was added by syringe, followed by
sodium dried benzene (5 ml). The tube was sealed, allowed to warm
to room temperature, and then heated to 140° for 14 hr. The
benzene was removed under reduced pressure and the oily residue
was triturated with 5 ml of petroleum ether (bp 40-60°). The re-
sulting yellow solid was treated with two more 5-ml portions of the
same solvent, dried under reduced pressure, and then vacuum sub-
limed (120°, 10~3 mm). This produced a pure sample of 9 (0.75
g,39%).

The above procedures are representative of those used for the
preparation of the other ligands and complexes. Table I lists the
ligands 1-6 and the complexes 7-12 synthesized. The reaction
conditions and analytical data are summarized in Table II.

(22) J. D. Roberts, Chem. Brit.,, 529 (1966), and references cited
therein,

(23) V. Auger, C. R. Acad. Sci., 142, 1151 (1906).

(24) M. C., Waldman, J. Chem, Educ., 46, 364 (1969).

(25) R. Ernst, J, Chem. Phys., 45, 3845 (1966).
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Table I. Ditertiary Arsine Ligands and Their Complexes
Synthesized for Nmr Studies®

(CH:):AsC(1)(11)C(2)(2")As(CHy),
1,1 = Si(CHys; 1’,2,and 2’ = H
SiClg; 17,2,and 2’ = H

F; 1',2,and 2’ = H

H; 1',2,and 2’ = F

Cl; 1’,2,and 2’ = H

CN; 1’,2,and 2’ = H

):AsC(3)(3)C(4)(4) As(CH5):Cr(CO),
Si(CHy)s; 3'.4,and4’ = H
SiClg; 3',4,and4’ = H

F; 2, 4and4’ = H

H; 3',4,and4’ = F

Cl; 3,4,and4’ = H

CN; 3',4,and4’' = H
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a first-order assignment and presents no problems be-
yond a decision as to which of the resonances are those
of the geminal pair of protons. This decision was
readily made by determining the relative signs of the
three coupling constants, using the spin-tickling tech-
nique.?s Irradiation of the Jowest field transition of the
H, quartet caused both of the lower field transitions of
the H,  resonance to split into doublets, thus estab-
lishing that Ji;- and Jyr5- have the same relative signs;
hence H,; and H4 must be the geminal pair of protons.
An assignment for the trichlorosilyl derivative 8 was
made similarly.

For the remaining derivatives 9-12 the lowest field
resonance was intuitively assignable to the methine
proton, this being the one which is deshielded most by
the electronegative substituents at C;.

Table II.  Analytical and Preparative Data for Ligands and Their Complexes
Re-
action Reaction
~—Calcd, ¥—— ~—Found, %-— times  temp, Yield,

Compound C H C H hr °C A Mp, °C
(CHj;)AsCHCH(Si(CHj)3) As(CH;3). 34.9 7.80 30.5 7.29 18 60
(CH3):AsCH,CH(SiCl3) As(CH3). 19.4 4.07 19.3 4.36 15 86
(CH;);AsCH,CHFAs(CHs): 28.2 5.91 25.6 6.06 48 82
(CHj),AsCF,CFHAs(CH3), 24.7 4.49 24.6 4.35 24 90
(CH;). AsCH,CHClAs(CH3). 26.5 5.55 26.1 5.69 12 94
(CH ). AsCH,CHCNASs(CHj;). 32.0 5.75 31.5 5.86 11 96
(CHj3):AsCH,CH(Si(CHj3)5) As(CH 5).Cr(CO),4 32.9 5.10 33.2 5.15 4 180 49 8687
(CH3);AsCH,CH(SiCl3) As(CH;).Cr(CO)4 22.4 2.82 22.3 2.79 5 140 74 135-138>
(CHy):AsCH,CHF As(CHj;).Cr(CO), 28.6 3.60 28.4 3.45 14 140 39 160-162
(CH;):AsCFHCF;As(CH3),Cr(CO), 26.3 2.87 26.5 2.90 6 150 65 194-195
(CHj3),AsCH;CHCIlAs(CH;):.Cr(CO),° 27.5 3.46 27.5 3.43 4 140 38 164-165
(CH3);AsCH,CHCNAs(CH ).Cr(CO).¢ 30.9 3.54 30.9 3.39 8 140 69 165-175°

« Ligands were prepared as described in experiment A and complexes as described in B.
pound isolated by chromatography on Florisil by elution with benzene.

® Compound melts with decomposition. ¢ Com-
4 Compound purified by crystallization from a pentane-acetone

mixture.
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Figure 1. 'H nmr spectrum (100 MHz) of 1,2-bis(dimethylarsino)-1-trimethylsilylethane(tetracarbonyl)chromium (7) in benzene-de solution.

A representation of the first-order assignment is given above the spectrum.

Results

The 'H nmr spectrum of the trimethylsilyl derivative
7, shown in Figure 1, is typical of those obtained for the
chelates 7and 8. The spectrum is basically amenable to

The normal 'H nmr spectrum of the monofluoro
derivative 9, shown in Figure 2, was complicated by the

(26) E.g., L. D, Hall and J. F, Manville, Carbohyd. Res., 9, 11 (1969),
and references cited therein.
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Figure 2. 'H nmr spectra (100 MHz) of 1,2-bis(dimethylarsino)-1-fluoroethane(tetracarbonyl)chromium (9) in benzene-ds solution: A, the
normal spectrum; B, the spectrum measured with simultaneous irradiation at the !9F resonance frequency (94, 077, 949 Hz). Diagrammatic

representations of the effect of the decoupling field and of the first-order assignement are also given.

additional spin coupling from the fluorine substituent
and by the fact that one of the ring proton resonances
was partially obscured by the methyl resonances and
their attendant '*C and spinning side bands. For-
tunately it was an easy matter to simplify the spectrum
by a 'H-{!%F} heteronuclear decoupling experiment and
this spectrum (Figure 2B), together with that of the !F
resonance itself, provided adequate data for a full,
iterative analysis. An expansion of the arsenic-methyl
region of this spectrum is shown in Figure 3.

Analysis of the !°F spectrum of the trifluoro deriva-
tive 10 proved to be straightforward. The determina-
tion of the signs of the *F-!°F couplings by selective
1F-{19F} double resonance experiments® was facil-
itated by the prior removal of all proton couplings from
the °F spectrum by the noise-modulated, heteronuclear
decoupling method.? Specifically it was found that
irradiation of the second highest field component of the
F. resonance caused the Jowest field component of F
to split into a doublet, thus establishing that J43» and
Ji3r have the same relative signs. When the lowest
field component of F, was irradiated, the first and third
highest field components of F;- were split. Hence the
relative signs of Ji and Jy5 are opposite and the
vicinal 'F-19F couplings have negative signs. %7

The chemical shifts and coupling constants obtained
by iterative analysis of the spectra of complexes 7-12
are summarized in Tables IIT and IV, respectively. For
reasons which are discussed later, each compound was
studied in several different solvents.

(27) W. R, Cullen, L, D, Hall, and R, N. Johnson, to be published;

L. D. Hall, R. N, Johnson, J. Adamson, and A. B. Foster, Chem. Com-
mun., 463 (1970), and references cited therein,

Figure 3. Expansion of the 'H nmr resonances of the methyl
groups of 1,2-bis(dimethylarsino)-1-fluoroethane(tetracarbonyl)-
chromium (9): A, the normal resonances; B, with simultaneous
irradiation at the !°F resonance frequency (94, 077, 949 Hz).

Discussion

It is important to note at the outset that the energy
barriers to conformational inversion of five-membered
chelate ring systems are relatively small,?® and hence
all conformations determined by the nmr method will be
subject to some degree of time averaging. Further, the
ground-state energies of conformations which are close
to one another on the pseudorotational cycle are likely

(28) J.R. Gollogly, C. J. Hawkins, and J, K, Beattie, Inorg. Chem., 10,
317 (1971).
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Table III.  First-Order Chemical Shifts (r and ¢ Values) for Complexes

Compound Solvente 3 3 4 4’ —~Methyl groups
7 CsHs 10.187 7.953 9.310 8.673 8.767 8.827 9.003
CHCl; 9.899 7.638 9.070 8.439 8.502 8.598 8.720
CH.Cl, 9.869 7.612 9.052 8.448 8.518 8.608 8.721
(CDy),CO 9.854 7.626 9.097 8.552 8.676 8.796 8.895
CH;:NO; 9.573 7.354 8.800 8.298 8.345 8.459 8.563
8 CeHs 9.718 7.964 9.183 8.633 8.695 8.967 9.215
CHCl, 9.164 7.434 8.810 8.226 8.371 8.417 8.612
CH.Cl, 9.106 7.395 8.773 8.278 8.362 8.413 8.610
(CDy),CO*
CsHsNOf
9 Ce¢H; 5.503 193.00 8.103 9.435 8.838 8.933 8.974 9.205
CHCl; 4.400 193.17 7.500 8.734 8.439 8.486 8.520 8.650
CH:Cl, 4.374 193,01 7.485 8.720 8.446 8.494 8.519 8.660
(CDy,CO 4.101 191.65 7.337 8.414 8.416 8.458 8.504 8.579
CsH:NO,. 4,203 192.44 7.374 8.529 8.390 8.436 8.486 8.581
10 Ce¢Hs, 4,265 220.84 120.17= 129.16- b
CHCl; 4.866 219.67 120.06 129,51 b
CHClL 4.917 220.85 119.88 129.26 b
CsH;:NO, 5.204 220.41 120.10 128.51 b
11 CeH, 6.492 8.930 8.544 8.883 8.938 9.082 9.111
CHCl; 7.283 9.696 9.375
CH,CL, 5.672 8.134 7.789 8.448 8.448 8.521 8.565
CH;NO, 5.522 8.042 7.711 8.425 8.425 8.477 8.528
12 CeH¢? 8.932 9.008 9.082 9.244
CHCl; 7.736 7.765 d 8.376 8.396 8.427 8.539
CH,Cl, 7.643 7.800 8.334 8.287 8.299 8.326 8.434
(CD3):.CO 6.985 7.622 8.034 8.351 8.362 8.390 8.466
C:H;NO, 7.151 7.625 8.061 8.273 8.273 8.324 8.443
@ The stereochemical assignment was made arbitrarily since the angular dependence of ¥F-1°F coupling is not well known. ? Data not

reported due to complexity of methyl resonances.

methyl resonances. ¢ Sample decomposed in solution,

to be rather similar.® As a result, the present study and
all like it are necessarily limited to an evaluation of
which section of the pseudorotational cycle®2¢ is pop-
ulated and, possibly, of the extent of that population.
A single, specific conformation cannot be assigned, al-
though it may be that in some instances one section of
the pseudorotational cycle is extensively populated.
In this paper we shall confine attention to defining the
sense of rotation about the C~C bond of the ethane
moiety. These limitations are made more pertinent by
some recent structural studies on some hydrocarbon
bridged ditertiary phosphine complexes. They reveal
puckered unsymmetrical rings including conformations
with both carbon atoms of the ethane bridging group
lying below the P-M-P plane.®

It is convenient to start the discussion with the tri-
methylsilyl derivative 7. It seemed likely that the ring
conformation of this substance would be dictated by the
steric requirements of the ‘bulky” trimethylsilyl
group.®~531 The vicinal 'H-'H coupling constants
appear to agree with this anticipation, being ca. 16 and
ca. 5 Hz in magnitude; the former value clearly indi-
cates®? a trans relationship between the two protons as
indicated in A. A similar conclusion seems obvious

(29) L. D. Hall, P, R, Steiner, and C. Pederson, Can. J. Chem., 48,
1155 (1970).

(30) U. A. Gregory, S. D. Ibekwe, B, T. Kilbourn, and D, R. Russell,
J. Chem. Soc, 4, 1118 (1971); M. A, Bush, A. D. U. Hardy, L. Manoj-
lovic-Muir, and G. A. Sim, ibid., 1003 (1971); M, C. Hall, B. T, Kil-
bourn, and K. A, Taylor, ibid., 2539 (1970).

(31) By analogy with the well-known preferences of tert-butyl groups;
see, for example, E. L. Eliel, “Stereochemistry of Carbon Compounds,”
McGraw-Hill, New York, N. Y., 1962, pp 218-224,

(32) M. Karplus, J. Chem, Phys., 30, 11 (1959); J. Amer. Chem. Soc.,

85, 2870 (1963); R. J. Abraham and W. A. Thomas, Chkem. Commun.,
431 (1965).

=In order of increasing dielectric constant.

4 Proton resonance was obscured by the
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for the related trichlorosilyl derivative 8. In both in-
stances the carbon-silicon bond projects toward the
periphery of the molecule, as if it had an “equatorial”
orientation.

The data for the monofluoro derivatives 9 indicate
unequivocally that the fluorine substituent has a trans
relationship with respect to a vicinal proton and hence
that the C-F bond has an ‘“axial” orientation as in B.

As

H_ ¢ As
~ 'd
[}

H, 11“3, As
B

Thus the two vicinal 'H-'H coupling constants are both
relatively small (ca. 3.5 Hz) while one of the vicinal
F-1H coupling constants is approximately three times
the magnitude of the other (ca. 49 and ca. 16 Hz).213%
This marked conformational preference of the fluo-
rine substituent had not been anticipated and in order to
check its generality, the trifluoro derivative 10 was syn-
thesized and studied. To our gratification its nmr
parameters indicated a major preference for two of the
C-F bonds to have the ‘“‘axial” orientation, as in C.
(33) K. L. Williamson, Y. F.-L. Hsu, F. H. Hall, S. Swager, and M.

S. Coulter, J. Amer, Chem. Soc., 90, 6717 (1968).
(34) A. M. Ihrig and S. L. Smith, ibid., 92, 759 (1970).
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Table IV, First-Order Coupling Constants (Hz) for Complexes
Compound Solvente Jssr Jaa Jsar Jars Jarar Jear

7 CeHs 5.1 15.9 —-12.7
CHCl; 5.2 16.1 —12.8
CH.Cl, 5.3 15.9 —12.8
(CD3).CO 5.0 16.1 —12.8
C:H:NO, 5.2 15.9 —12.7

8 CeHj, 4.8 15.5 —12.5
CHCl; 5.3 15.4 —12.8
CHCl, 5.2 15.5 —12.9

9 CsHs 49.6 3.6 3.4 15.7 48.7 —13.9
CHCl, 49.7 3.6 3.4 15.5 48.3 —14.0
CH.Cl, 49.7 3.6 3.4 15.8 48.8 —14.0
(CD3).CO 49.6 3.5 3.2 16.2 50.8 —14.3
CsHsNO; 49.6 3.4 3.3 15.9 49.6 —14.0

10 CeHe 49.0 5.5 15.1 —23.4 —15.8 266.9
CHCl, 49.1 5.3 14.8 —23.8 —15.9 267.9
CH.Cl, 49.6 5.3 15.0 —-23.6 —15.8 267.5
(CD3).CO 48.3 5.6 17.3 -21.6 —-15.0 264.7
CsH;NO, 48.7 5.4 16.0 —22.6 —15.6 265.8

11 CeH; 5.2 7.5 —13.2
CHCl, 4.8 7.2 —13.4
CH.Cl, 4.9 7.2 —13.6
(CD3),CO 4.8 6.5 —13.6
C¢H;NO, 5.0 6.7 —-13.5

12 CeHg?
CHCl, 5.8 11.4 —12.4
CH.Cl, 6.0 11.1 —13.1
(CD;),CO 6.1 10.2 —-12.9
CsH;NO; 6.1 10.2 —-13.0

@ In order of increasing dielectric constant,

Fe ae

\\ P

H,

1
F, 1!“3’ As

C

This conclusion is based primarily on the magnitudes of
the vicinal *F-'H coupling constants, although the
vicinal *F-19F coupling constants also appear to be in
accord.”

The chloro-11 and cyano-12 derivatives were next
examined in order to determine whether other polar
substituents exhibited the same strong preference as the
fluorine substituent. Ignoring for the present the
difference in electronegativity between the substituents
of derivatives 7, 9, 11, and 12, the vicinal ‘H-'H cou-
pling constants indicate that neither the cyano nor the
chloro substituent favors the ‘““axial’’ orientation to the
same extent as the fluoro substituent. Thus the trans
'H-'H couplings of 11 (ca. 7 Hz) and of 12 (ca. 10 Hz)
are both significantly larger than that of the fluoro de-
rivative 9 (ca. 3.5 Hz). In the 5-halo-1,3-dioxane
system?26:2%.36 the formally analogous observation has
been made that a chloro substituent has a lower pref-
erence for an ‘“‘axial” orientation than a fluoro sub-
stituent.

In an attempt to evaluate the possible influences of
dipolar interactions on the above conformational pref-
erences of derivatives 7-12, their nmr parameters were
determined in a number of solvents. It is well known
that conformers (or rotamers) having the higher dipole
moment are more favored by solvents of higher di-

(35) E. L. Eliel and M. K, Kaloustian, Chem. Commun., 290 (1970).
(36) E. L. Eliel, Accounts Chem. Res., 3, 1 (1970).

® Proton resonance was obscured by the methyl resonances.

electric constant and we had hoped that some systematic
changes might thereby be induced in the conforma-
tions and, hence, the nmr parameters of 7-12. In any
event, these experiments proved to be inconclusive and
the changes in coupling constants which were observed
are too small to justify detailed discussion.

Although we are unaware of any precedent for the
marked conformational preference of the carbon-
fluorine bond in organometallic systems, several in-
stances are known in organic heterocycles. For ex-
ample, the fluorine substituent of fluorinated carbo-
hydrates such as 13% has such a strong preference for
the axial orientation that the compound favors the all-
axial conformation shown. Similarly 5-fluoro-1,3-
dioxane? 14 and its derivatives?$:%3 also show a

F
H F H .
H H
H
AcO OAc H H
13 14

marked preference for that conformer having the fluo-
rine axially oriented.

While the precise source of these preferences is not
not known, three different rationales have been pro-
ferred: one being based?® on repulsive dipole-dipole
interactions; a second on the preference for adjacent
dipolar bonds to favor a ‘“gauche’ relationship;*® and a

(37) L. D. Hall and J. F. Manville, Can. J. Chem., 47, 19 (1969).

(38) R. U, Lemieux in “Molecular Rearrangements,” P. De Mayo,
Ed., Wiley-Interscience, New York, N. Y., 1963, p 713; S.J. Angyal in
“Conformational Analysis,” E, L, Eliel, N, L. Allinger, S. J. Angyal,
and G. A, Morrison, Ed., Wiley-Interscience, New York, N. Y., 1965.

(39) S. Wolfe, A, Rauk, L. M, Tel, and I. G. Czizmadia, J. Chem,
Soc. B, 136 (1971).
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Table V. Carbonyl Infrared Stretching
Frequencies for the Complexes®

Compound
7 2006 1915 1892 (1892)
8 2011 1923 1900 (1900)
9 2011 1923 1900 (1900)
10 2021 1931 1913 1907
11 2012 1923 1899 (1899)
12 2014 1928 1906 1903

e Measured in cm™!, cyclohexane solution.

third® on p-p orbital overlap between fluorine p or-
bitals and those of some other suitably located atom.
It is not obvious that any of these can be invoked here.
It will be noted that we have made no attempts to
calculate dihedral angles from the vicinal coupling con-
stants. This will not be warranted until such time that
the effect of the arsenic and other substituents on the
intrinsic magnitudes of the vicinal couplings are known,
As can be seen from Table III four peaks corre-
sponding to the four inequivalent arsenic-methyl groups
are exhibited in the nmr spectra of the complexes. The
monofluoro complex, Figure 3, shows coupling be-
tween the methyl groups and the fluorine atom, which is
removed when the fluorine atom is decoupled (Figure
3B). The inequality of the couplings implies some
stereospecificity in the methyl-fluorine interaction.

in the “equatorial” position as expected from the nmr
results.

The infrared spectra of the complexes in the carbonyl
stretching region have the three-to-four band pattern
typical of complexes of the type chelate-M(CO),. 44
The frequencies of those bands are listed in Table V.
Their values resemble those obtained from complexes of
similar fluorocarbon- and hydrocarbon-bridged ligands

such as (Ce¢H;):PC=CP(C¢H;),CF.CF, and (Cg¢H;),-
PCH,CH,P(C¢Hj;),.#* Thus it seems that the struc-
tures of the complexes are normal in solution. As
usual there is a rough correlation between the fre-
quencies and the ‘“‘electronegativity”” of the bridging
groups, implying that the ligands become better =
acceptors (or worse ¢ donors) as the bridge is progres-
sively substituted by electronegative groups.

The nmr parameters of the free ligands 1-6 were also
measured; the appropriate data are presented in Tables
VI and VII. The vicinal 'H~'H coupling constants of
all free ligands indicate that the favored rotamer is that
having the two dimethylarsino substituents in an anti
orientation, as in D. Thus it seems that the operation
of the conformational preference of the fluorine sub-
stituent is only effective in the chelate ring system.

Several extensions of the present study are obvious
and will be explored in due course. Thus, the ligands
1-6 and their phosphorus analogs are likely to form

Table VI. First-Order Chemical Shifts (r and ¢ Values) for Neat Ligands

Compound 1 1’ 2 2’ —Methyl groups
1 9.383 8.517 8.438 9.156 9.186 9.198 9.226
2 8.502 8.330 8.107 8.841 8.885 9.027 9.040
3 188.33 4.939 7.988 8.171 b
4 4.961 211.02 106. 59 108.36¢ b
5 5.152 7.923 7.999 b
6 7.303 8.235 8.340 8.923 8.923 8.969 9.000
e See footnote a, Table IIl. ® See footnote 5, Table III.
Since we completed these nmr studies, Trotter and  Table VIL ~ First-Order Coupling Constants (Hz)
coworkers¢!42 have investigated the solid state struc-  for Neat Ligands
tures of several fluorocarbon-bridged ditertiary phos- Compd Juw  Ju Jia Jiny Ju NoY
phine and arsine derivatives of chromium and molyb- 1 91 52 _12.9
denum carbonyls. Although the initial results indi- 2 7.0 6.8 —13.4
cated that their structures were abnormal,‘? it now 3 49.5 14.0 39.3 10.1 49 —13.2
seems that the solids are disordered and that the most 4 47,5 131 215 —16.0 -23.7 26§~?
chemically reasonable interpretation of the data re- 2 }8'; g; :%2'8
quires each molecule to have normal geometries.*? ' : '
The results confirm that bulky groups such as the tri-
fluoromethyl substituent in 15 occupies an “equatorial”’ 9
1. As(CH
P (CH, P
FiC As
AN PN N
Mo(CO), (CHy),As z
I e v
F©' o A
(CHy), D
15 stable chelate complexes with a wide variety of other

position on a puckered five-membered chelate ring, 4143
Furthermore the hydrogen atom on the bridge of 10 is

(40) W, A, Sheppard and C. M. Sharts, “Organic Fluorine Chemis-
try,” W. A. Benjamin, New York, N. Y., 1969,

(41) P. J. Roberts and J, Trotter, J. Chem. Soc. 4, 1501 (1971).

(42) W.R. Cullen, I. W, Nowel, P. J, Roberts, J. Trotter, and J. E. H,
Ward, Chem, Commun., 560 (1971).

(43) J. Trotter, personal communication.

metals which are of interest because of potentially
different geometries. Furthermore the syntheses and
study of other fluorine containing ligands would ap-
pear to be warranted since this might result in further

(44) G. R. Dobson, I. W. Stolz, and R. K. Sheline, Advan. Inorg.
Chem. Radiochem., 8, 1 (1966).

(45) W. R, Cullen, D. F, Dong, and J. A, J. Thompson, Can. J.
Chem., 47, 4671 (1969), and references cited therein.
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insight concerning the conformational properties of the

C-F bonds of organometallic substances.
Acknowledgments. It is a pleasure to thank the Na-

tional Research Council of Canada for their generous

5709

financial support of this work in the form of operating
grantsto L. D. H. and W. R, C. In addition, one of us
(L. D. H.) wishes to acknowledge the provision of funds
for the heteronuclear decoupling equipment.

Kinetic Studies of the Reduction and Hydrogenation of
Pentacyanocobaltate Complexes by Hexacyanochromate (II)"*

James H, Espenson*!? and Dale A. Holm

Contribution from the Ames Laboratory, U. S. Atomic Energy Commission,
and the Department of Chemistry, Iowa State University, Ames, Iowa 50010.

Received January 1, 1972

Abstract:

The reaction of Cr(CN)g*~ with Co(CN),Br?~ in cyanide solution occurs in two stages.

The first step

forms Cr(CN)s*, Co(CN);*, and Br~ in a second-order reaction with a rate constant of 1.14 = 0.08 X 105 M~!

sec™! (25.0°, u = 1.00 M).

The second reaction occurs between Co(CN);3~, a product of the first step, and Cr-

(CN)s4~ and is an important process in the first reaction only if the latter reagent is in excess over Co(CN);Br?-.
The reaction of Co(CN);s*~ and Cr(CN);+~ produces Co(CN);H?*~, Cr(CN)¢*~, and OH~ and occurs with a second-
order rate constant of 2.4 = 0.1 X 104 M~!sec™! (25.0°, 4 = 1.00 M). Both reactions are independent of [CN~]

(>0.2 M) and of [OH"].

The combination of the two reactions provides a means for carrying out the catalytic hy-

drogenation of «,8-unsaturated compounds without molecular hydrogen, Cr(CN)s*~ serving as a reducing agent to
liberate hydrogen from water via the intermediate hydrogenating agent Co(CN);H?*~.

he strongly reducing and highly reactive complex

Cr(CN)¢*~ is formed in solutions of Cr(II) con-
taining excess cyanide ion.2~5 In this work we wish to
report on some kinetic studies carried out on the reac-
tions of Cr(CN)s*~ with Co(CN);X*~ complexes, work
initially prompted by a desire to explore the rate pat-
terns of outer-sphere reactions between anionic com-
plexes. It became evident that a further unexpected
reaction was occurring between the two strongly
reducing species Cr(CN)e¢*~ and Co(CN);*~. This
latter reaction limited the number of different Co-
(CN);X = complexes whose reactions could usefully be
studied, but it revealed a novel aspect of the chemistry
of Cr (CN)¢*~, which resulted in the conversion of Co-
(CN);*~ to Co(CN);H?*~ which is an active hydrogena-
tion agent.

Experimental Section

Materials, Potassium hexacyanochromate(IlI) was prepared
by the air oxidation of Cr(II) in solutions containing excess cyanide
ion, precipitating KsCr(CN), by addition of ethanol. The spec-
trum of the complex was in good agreement with that reported
previously.” Salts of hexacyanochromate(Il) were not isolated
because of known difficulties with its high reactivity, Solutions of
K3Cr(CN)g in excess cyanide were prepared just prior to each ki-
netic run and reduced with amalgamated zinc. In those rate runs
where the reactant concentrations were comparable, the Cr(CN)g+~
concentrations were analyzed by injecting an aliquot into an oxygen-
free solution of ferricyanide, measuring the absorbance decrease

(1) (a) Based on the M.S. Thesis of D, A. H., Iowa State University,
Nov 1969; (b) Fellow of the Alfred P, Sloan Foundation, 1968-1970.
(15524)3)]3' N. Hume and I. M. Kolthoff, J. Amer. Chem. Soc., 65, 1897

(3) D. N, Hume and H. W. Stone, ibid., 63, 1200 (1941).

(4) A.Haim and W, K. Wilmarth, ibid., 83, 509 (1961).

(5) (a) G. Davies, N. Sutin, and K. O. Watkins, ibid., 92, 1892 (1970);
(b) L. Jefti¢ and S, W. Feldberg, J. Phys. Chem., 75, 2381 (1971).

(6) J. H. Espenson and W, R, Bushey, Inorg. Chem., 10, 2457 (1971),

(7) R.Krishnamurthy and W. B. Schaap, iid., 2, 605 (1963).

at A 420 nm (e = 967 M~! cm™!). The spectrum of Cr(CN)s+~
shows absorption maxima at A 327 nm (e 8900) and 264 (6300)
which agree favorably with the values established earlier, 327
(8700,5= 9000°>), 264 (5800%-5), and 227 (9700,% 101,000%®),

The complex K {Co(CN);Br] was prepared by a procedure based
upon the method of Adamson? Solutions of Co(CN);*~ were
prepared immediately prior to each run by injection of a Co(ClOy).
solution into an oxygen-free solution of sodium cyanide. The
method of preparation of Cs,Na{Co(CN);H] was that used by
Banks and Pratt.,? NaClO. was recrystallized three times before
use, whereas other inorganic chemicals not specifically referred to
were used as the reagent grade materials. Conductivity water was
used throughout.

The unsaturated organic substrates were purified by vacuum dis-
tillation just prior to use. Solutions of each in methanol were
prepared on the basis of the densities of each reagent.

Kinetic Studies. An Atom-Mech stopped-flow apparatus!0—!2
was used for the study of the reactions of Cr(CN)s+~ with the Co-
(CN); complexes. Studies involving Co(CN)s*~ were carried out
at A 970 nm where only this complex has an appreciable absorbance
(e ~300). Typically three or four repeat kinetic determinations
were made on each set of reactant solutions.

A Cary-14 spectrophotometer was used for the study of the
reactions!? involving «,3-unsaturated organic substrates with Co-
(CN);H 3 which was used to confirm the production of the hydrido
complex.

Results

Reaction between Cr(CN);*~ and Co(CN);Br*~. The
stoichiometry of the main reaction is represented by
the equation

Cr(CN)gt~ + Co(CN)sBré~ =
Co(CN)s*~ + Cr(CN)¢~ + Br— (1)

(8) A. W.Adamson,J. Amer. Chem, Soc., 78, 4260 (1956).

(9) R.G.S.Banksand J. M. Pratt, J, Chem. Soc. A4, 854 (1968).

(10) G. N. Dulzand N. Sutin, Inorg, Chem., 2,917 (1963); the Atom-
Mech Machine Co., Patchogue, N. Y.

(11) D.W. Carlyle and J. H. Espenson, ibid., 6, 1370 (1967).

(12) R. T. Wang and J. H. Espenson, J. Amer. Chem. Soc., 93, 1629
(1971).

(13) J. Halpern and L, Wong, ibid., 90, 6665 (1968).
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