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A simple kinetic method has been applied to measure the formation constants of aqueous copper(l) with fumaronitrile,
dimethyl fumarate, and fumaric and maleic acids. At 0.14 M ionic strength, the values of ; are (0.85 % 0.02) x
108, (6.1 £0.1) x 103, (7.3 £ 0.1) x 103, and (2.2 = 0.4) x 10° M~%, respectively. The values for the last two olefins
are compared to previous results. Values of j3; for hydrogen maleate and j3, for fumaronitrile also have been
determined. A reanalysis of much earlier work has been done, and all the results are discussed in terms of the
effect of substituents on the olefin on the f3; values. The structure of bis(fumaronitrile)copper(l) nitrate also is
reported. The nitrile is N-coordinated to copper(l), which has a distorted tetrahedral geometry, while the overall
structure consists of macrocyclic Cug(fumaronitrile)s rings which extend in three dimensions.

Introduction The interest in olefin ligands is in part related to the role
of copper(l) in the ethylene receptors that are important in
many phases of plant developménthere have been a
number of model studies of copperddlefin complexe%
designed to mimic the biological receptor, and eventual
comparison of these to the simple aqua system is of interest.
Since the early work of Andrews and co-workénshich
predates the current picture of metalefin interactions,
there has not been a consideration of the effects of substit-
uents on the olefin on the strength of the complexation. The
present and past results are considered from this perspective
with a view to the implications about the importanceoef
d’:mdn-donation to the bonding.

Formation constants of copper(l) complexes in water are
somewhat difficult to measure because of the instability of
aqueous copper(l) with respect to disproportionation and
oxidation by dioxygen. The bulk of the previous work
consists of early solubility studies of CuCl by Andrews and
co-worker$ and radiation chemistry to generate aqueous
Cu(l) combined with spectrophotometry by Meyerstein and
co-workerg and Buxton et at. These methods either are
tedious or require specialized equipment so that they have
not been adopted more generally for systematic studies. A
simple kinetic method has been developed recénrtiy
measure formation constants of aqueous Cu(l) using standar
spectophotometry. This method is applied here to the Results
complexation of fumaric and maleic acids, for comparison
to the other methods, and dimethyl fumarate and fumaroni-
trile, which are reported for the first time.

The kinetic method used is based on the variation with
olefin concentration of the rate of reduction of azidopen-
taamminecobalt(lll) by aqueous copper(l). It was found by
Parker and Espensbthat this reaction is first order in the
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Constants of Copper(h-Olefin Complexes

Scheme 1
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much larger than that of copper(l), then the rate of disap- =}

pearance of the cobalt(lll) complex is given by , . . . , o G
20 40 6.0 8.0 10.0 120 14.0 16.0 18.0 20.0

+ L [Ligand], mM
- diCo(llN] = ko Zkrﬂn[ ]n[CO(III)][CO(I)] wor. (1) Figure 1. Variation of (o/kzonsa— 1) With olefin concentration, for fumaric
dt 1+ Zﬁn[L] n ' acid ([H*] = 0.109 @) or 0.033 M @)) and dimethyl fumarate ([ =
0.109 (3) or 0.033 M ©)).
d[Co(lIN] .
B Koobsd COUIMIICU(D] ot (2) and the lack of an [H] dependence okxobsaconfirms that

complexation by the hydrogen fumarate anion is not detect-

where [Cu()]o. = [Cu'ag] + Y[Cu(L)s]. Comparison of able under these conditions. For the fumaric acid system,
egs 1 and 2 shows thkiopsqis a function of [L] and the3, 24 kinetic runs were used, covering the following range of
values, and the variation &bepsqWith [L] can be used to ~ conditions: [L], 0.56-21 mM; [Cu(D)}ot, 0.13-1.13 mM;
evaluatef,. To simplify the elaboration of the analysis, it [Co(lI)], 0.19—1.34 mM. For dimethyl fumarate, 16 kinetic
can be noted that, for a number of the systems studied herefuns were used and the analogous ranges are as follows:
ko is the dominant term in the numerator of eq 1 and 2.~ 0-5-6.0, 0.06-0.328, and 0.3340.359 mM, respectively.

Then The full data sets are tabulated in the Supporting Information.
The rate is first order in [Cu(l)}}. and [Co(lll)] and
K= ko 3) independent of [F] (0.033, 0.109, and 0.140 MXoobsd
20bsd i 1
obsd 4 4 BiL] + 52['—]2 g:c:;eases monotonicaly as [L] increases, as expected from

Sincek, is known independentl{eq 3 can be rearranged to The plots in Figure 1 show that these systems conform to
eq 4, and their linearity shows th@ is not making a

( ko _ 1) — B[] + B [L]2 ) detectable contribution. Least-squares analysis gives values
Kpobsd 1 2 for B of (7.3+ 0.15) x 10° and (6.14+ 0.1) x 10° M~ for
fumaric acid and dimethyl fumarate, respectively.

If there is no bis-complex formation, then a plot of the left  Fumaronitrile. This system introduces two new features,
hand side of eq 4 versus [L] will be linear with a slope of namely, the formation of a bis-complex and the crystal
1. If there is bis-complex formation, then the plot will show  structure of a copper®fumaronitrile complex, which is
upward curvature. In this case, dividing both sides of eq 4 described in the next section. For this system, 34 kinetic runs
by [L] gives a new function which can be plotted versus [L] were used, covering the following range of conditions: [L],
to give f; as the intercept and, as the slope. If the plot  6.67-130 mM; [Cu(l)}e, 0.082-0.475 mM; [Co(lll)],
shows downward curvature, the implication is that ki, 0.34-0.675 mM. The reaction rate is first order in [Cu(]
terms in eq 2 are contributing. For the systems describedand [Co(lll)] and independent of [ (0.033, 0.109, and
below, eq 4 is the starting point for the analysis, and the 0.140 M). The full data set is given in the Supporting
model is expanded only when necessary. In the final analysis,|Information.
the data were fitted by nonlinear least squares to the The plot in Figure 2 shows upward curvature from the
approriate model indicated by the graphical analysis. dashed line obtained by extrapolation of the results at low

For thep, determinations here, the ionic strength is 0.141 fumaronitrile concentrations. This behavior is consistent with
M, the rate of disappearance of Co(BJéNs*" was monitored  eq 4 if the,[L] 2 term is contributing. Least-squares analysis
at 516 nm, and the previously determifieclue ofky = gives values fop3; andf, of (8.54 0.2) x 1% and (2.0+
1.42x 10* M~* s ! has been used. 0.4) x 10* M2, respectively. The curve in Figure 2 is

Fumaric Acid and Dimethyl Fumarate. These systems  calculated with these parameters. The second stepwise
are described together because the results are quite similarformation constant is given bif, = B2/f1 = 2.4 Mt and is
Fumaric acid (K. = 3.08f is essentially undissociated noteably 350 times smaller that (=B).
under the experimental conditions of 0.033 and 0.109 M H Bis(fumaronitrile)copper(l) Nitrate Crystal Stucture.

: — — Full details of the structure determination with bond lengths

(8) Smith, R. M.; Martell, A. E.; Motekaitis, RNIST Critically Selected

Stability Constants of Metal Complexes Datahasersion 2; National and angles are gllven in the Supporting _Informat!on' The most
Institute of Standards and Technology: Washington, DC, 1995. notable feature is that the copper(l) is coordinated to the
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- T T ' ' T . [HT]. This is what one would expect if the anion Hlis
complexing with copper(l).

To account for complexation by both the acid:(jiand
- the anion (HL), their formation constants will be designated
P12 andpiy, respectively. The species concentrations can be
expressed in terms of the total Cu(l) ([Cu@)]= [Cu'] +
[Cu(H,L)™] + [Cu(HL)]) and the total ligand ([kL]wt. =
e [HoL] + [HLT]) and the final hydrogen ion concentration

gz [H*], which includes H from HCIO, and ionization of HL.

-~ Then the copper(l) species concentrations are given by

U] = [Cu(l)]yor, )
1+ (B IH'] + BraKa) Koy + [H) " HoL 0

5
T

(kefkposa =1
% 52 8 8
\
\
\
\

'S
=]
T
!

[N
=]
T
!

! ! 1 1 U
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[Fumaronitrife], mM

Figure 2. Variation of (ko/kaobsd — 1) with fumaronitrile concentration Cu(H.L _—
([H*] =0.140 @), 0.109 &), or 0.033 M ©)). The dashed line is predicted [Cu( 2 )'1=
for monofumaronitrile complex formation, by extrapolation from [fuma- + +1y—1,
P Y extrap [ BifH UKoy + [H'D) ' H L i [CU)]

ronitrile] < 20 mM. (6)

» , _ 1+ (BrdH '] + BraKa)(Kay + [H) 7 HoL i
N-atom of the nitrile. The structure consists of macrocyclic
Cus(fumaronitrile}; rings which extend in three dimensions  [Cu(HL)] =
to form an open structure into which the nitrate ions are 1 —1

) . KKy +[H H,L] . [Cu(l

packed. Each copper(l) is coordinated to four monodentate P al(+ atHD TH ]“’t'Er u_(l)]“’" )
fumaronitriles, while each fumaronitrile is coordinated to two 1+ (BdH] + BriKa)(Kgy + [HT]) THoL ot

copper(l) ions.

The coordination geometry is a distorted tetrahedron, as
observed in the analogous succinonitrile comglekhe
N—Cu—N bond angles range from 103.8 to 118with an d[Co(lln]
average CtN bond length of 1.97 A. The nitrile group is  — —q
not linearly coordinated to Cu; two€N—Cu angles are .+ 4
158.3, and two are 168% The NC and &C bond lengths (ko[Cu™] + ky[Cu(H,L) ] + kg, [Cu(HL)D[Co(I] (8)
have normal average values of 1.15 and 1.31 A, respectively.

The nitrate ion appears to be uncoordinated since the shortesfanI substitution for the species concentrations gives the
Cu—0 distance is 4.22 A second-order rate constant as

Maleic Acid. This acid differs from fumaric in having a Koohsd=
cis-arrangement of the carboxylate groups. One consequence, n =1,
of this is that maleic acid is a much stronger aci&{jp—= ko 1 (KighaalH '] + KisfriKa) (Kaa + [H7]) THL] ok
1.75§ because the anion is stabilized by hydrogen bonding. 1+ (BrlH T + BraKa) (Kay + [H) T H,L] o
As a result, there will be significant amounts of the anion
(HL") and the acid (kL) present under the acidity conditions  If this system follows the pattern of the others, thenkhe
of this study. Because of this dissociation, the ligand also andki: terms will be small relative t&, and the expression
may contribute significantly to the total *Hconcentration  simplifies to
and this has been taken into account during the analysis.

If all of the Cu(l) species act as reducing agents, then the
rate of disappearance of the Co(lll) complex is given by

C)

Because it can form bidentate chelates, maleic acid is a much Koohed™= ko
better complexing agent than fumaric acid and does complex " 1+ (B,IH T + B1,Ka) Koy + [H]) " [HoL] r
with copper(ll). The formation constants for the coppetfll) (10)

maleic acid system are knowand calculations indicate that
insignificant amounts £3 x 108 M) of the ligand are ~ Unfortunately, this function cannot be rearranged to permit
complexed under the moderately high acidity and low total & graphical presentation of all of the data because of the two
copper concentrations of these experiments. independent variables, [ffland [HoL] . However, several
For the kinetic study, 24 runs were used, covering the 'uns at different [HL].. happen to have Zbeen done at
following range of conditions: [bL], 0.50-83.8 mM; [Cu- reasonablyzconstant [Hiof (3.30-3.60)x 10?and (10.9-
(D]wot, 0.139-0.275 mM: [Co(lll)], 0.34-0.645 mM. Runs 11.6)x 1072 M. If eq 10 is rearranged, as was done to obtain
also were done in 3.3& 102 and 10.9x 102 M HCIO.. eq 4, then the plots in Figure 3 should be linear with a zero
The rate law is the same as for the previous systems, excepitercept and a slope gfiH'] + f1:Kay, and the slope

that kensadoes depend on [H and is smaller at the lower should be larger for larger [H if the 512 term is significant.
Clearly the results conform to the predictions and provide

(9) Blount, J. F.; Freeman, H. C.; Hemmerich, P.; Sigwart,ACta preliminary valugs fo12 and B of 2.3 x 10° and 18x
Crystallogr. 1969 B25, 1518. 10° M1, respectively.
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T T T T T T T T T mixing and was found to be constant for 10 min and
9.0 . somewhat lower than that of a blank solution containing Co-
(NH3)sNs?t, benzoic acid, and copper(ll) nitrate at the same
concentrations. The absorbance change corresponds to a
concentration of Cu(l) in the stock solution 6f0.1 mM,
similar to the 0.11 mM expected from simple compropor-
tionation of a 20 mM Cu(ll)/Cu mixture. IB; = 10> M™%,
then this concentration would be2.0 x 104 M. As a
° qualitative check, a solution containing 0.25 pvtoluene-
sulfonate, 0.045 M copper(ll) nitrate, and 0.033 M HEIO
was placed over copper metal and deoxygenated. After
several days, there was no evidence of the disappearance of
T Y Y Ty R .Y, B T R 7 R Ty R Ty the blue color of copper(ll) nor formation of the yellow color
[Maleic Acid], mM that is typical of the other olefin complexes. Blank tests
Figure 3. Variation of (o/kzopsa— 1) With maleic acid concentration for  indicate that a 25% change in the Cu(ll) concentration would
0.113: 0.004 M H* (@) and 0.0345k 0.015 M H* (O). The actual [H] be evident to the eye, so that the lack of color change requires
is slightly variable because of the ionization of maleic acid. _
that 51 < 3 x 10° M~ for p-toluenesulfonate. For both
The full data set was analyzed by least-squares fitting. It Systems, these results are consistent with the upper limits
was noted that fitting to eq 10 consistently underestimated on 1 from the kinetic studies but are not consistent with
the values okoonsaby ~25% for the higher [H] and [HaL] ot values in the range of 104 M for benzoic acid and related
This systematic deviation can be overcome, and the overallsystems®
standard error of the fit improved by a factor of 1.8 if either ~ Reanalysis of Previous ResultsMany years ago, An-
the kioB1. and/ork;;B11Ka1 terms in the numerator of eq 9  drews and co-worketgublished a series of papers on the
are retained. Fortunately, these refinements change the bestsomplexation of copper(l) by a number of olefins. They
fit values of 31> and 811 by less than the standard error on studied the solubility of CuCl(s) as a function of the
the parameter, and the results gt = (2.2 4+ 0.4) x 10° concentrations of olefin, chloride ion, and"HThe total
M~tandpB;; = (17.94 0.9) x 1ML, copper(l) in solution was determined, and the system
The above analysis also can be used to provide estimatesinalyzed with the assumptions that the species in solution
of kiz orky; of 5.6 and 2.1 M*s72, respectively. These values  were Cu(olefin}, Cu(Cl)(olefin), and Cu(Ch . The monoan-
are ~10® times smaller thark,, and a similar factor was ion was included for the maleic acid system. The method of

- S
(=3 [-3 [ [=3 k=
T 1) T 1 1
1 L 1 L

(kg = 1) (Kqy + [H'D, M
>

determinedifor the reduction rate constant for Cu(NCgH analysis for extracting the formation constants was not
but there is no clear rationale for suggesting whetagor described, but it used known valuesky, = 1.85 x 107/
ki1 or both are contributing in the maleic acid system. M? for CuCl(s) andB, = 3.5 x 1P M~2 for Cu(CI¢~ at

Aromatic System. There is somewhat conflicting infor-  0.10 M ionic strength. The current reanalysis has simply
mation in the literature on the complexation of a benzene involved expansion of the model to inclieCuClyq and
ring system by aqueous copper(l), as described more fully CuCk?" and least-squares fitting of the data of Andrews et
in Discussion. Two such ligands have been investigated hereal. to obtain best-fit values of the formation constants and
benzoic acid ang-toluenesulfonate. The latter was chosen their error limits. In general, there are only minor changes
because of its high solubility in water. The results may be from the original values. The results are tabulated in the
briefly stated becausksonsgwas found to be almost indis-  Supporting Information.
tinguishable fromk, for concentrations of 0.399.8 mM ) .
benzoic acid and 2.06 and 20.6 mpAoluenesulfonate in ~ DIScussion

3.30 x 107> M HCIO4. Therefore, no significant complex- The structures of the olefins that have been studied by
ation was detected, and only upper limits #nof <3 x various workers are shown in Chart 1. The results from this
1¢* and <0.8 M™* can be given for benzoic acid and study and the published results on the fumaric and maleic
p-toluenesulfonate, respectively. acid systems are summarized in Table 1. The results of the

Another explanation of these observations is that&gu  current study and that of Meyerstein and co-workers
and its complexes with aromatic ligands happen to have generally are in good agreement. The values of Andrews
almost the same rate constants for reduction of Co- and co-workersl are somewhat different but generally within
(NH3)sNa*". Two experiments were done to check for the 95% confidence limits, which are typically3 times
comproportionation, driven by complexation, in these sys- |arger than the standard error values given in Table 1. The
tems. A nearly saturated solution of benzoic acid (6.0 MM) numerical analysis of Andrews’ data also is more compli-
and 20 mM copper(ll) nitrate was placed over copper metal, cated because it involves a determination of the formation
deoxygenated, and allowed to stand for 24 h.imhe mL constants of both Cu(olefihyand Cu(olefin)(Cl).
aliquot of this solution was added to an equal volume of a |t js interesting to note that, if the formation constants for

deoxygenated solution containing 0.60 mM Co@)¥Nz** Cu(olefin)(Cl) are expressed g = [Cu(olefin)(Cl)]
and 6.0 M benzoic acid in a 5.0 cm spectrophotometer cell.

The absorbance at 516 nm was recorded immediately after(10) Fritz, 3. J.J. Phys. Chem198Q 84, 2241;1981, 85, 840.
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Chart 1
H H H, H H, H
\C=C/ \c= < >C =C/
H/ 1 \H H/ . H,G-OH H 3 H,C~c0o,H
H H H H COH cl
\c—c< OH \c—c< o H\c—c | C—C/
= —_ o= S=
H/ Hcé CH, H/ CéNHz H HG—CO,H H \HgG-OH
4 5 6 7
H,CO. H HOLG, H HO COH NG CN
) 2\0_ c/ ‘ \c—c/ \c=/ \c—c
TN 7N /N -
H/ CO,CHy  H 'COLH H 0 " H/ u H
CH, H CHy H CHg HG CH,
\ — / \°=°< OH >°=°< OH >°=°/
H/ \CHZ H/ HC~HC=CH, H HC~ CH; H H,0-OH
12 13 14 15
HsG, H CH3 H H H H
c= c< H\c— c/ 3 c c< 3\c— /
H/ HC—OH H/ }z& OH H sz./ HC~OH H/ C\COQH
16 17 18 19
Hy CHy Hy H Hy COH Hy H
(\c= c/ \c =c< (\C= < C\°= <
W \COZH ch/ CcoH HOZC/ H Hoz/ CO.H
20 21 22 23

Table 1. Formation Constants for Aqueous Copper(l) with the Fumaric
Acid and Derivatives, Maleic Acid, and Aromatic Systems

1073 x ﬁl, M1
olefin syst HL HL~ L2~ ref

fumaric acid 7.3:0.15 this work

7.3+15 11.6+ 2 15+3 a

9.2 (9.8+ 1.08 b
maleic acid 2.2+ 0.35 17.9+0.9 this work

2.3+0.5 115+23 28+6 a

1.1 (1.5 0.4 20 (21+ 2)¢ c
dimethyl fumarate 6.1 0.1 this work
fumaronitrile 0.85+ 0.02 this work
benzoic acid <3 x 10%f this work
p-toluenesulfonate <0.8f this work

aReference 22 Reference 1c¢ Reference 1cd Results of least-squares
analysis of the published dataFumaronitrile also ha82 = (2.0 £ 0.4) x
10° M2, f No detectable complexation from kinetic studies.

[CuCl] Yolefin] 1, then the ratigsi/Bic falls in the rather
narrow range of 1327 for 12 of the 17 acids and alcohols
studied by Andrews. This ratio is10 times smaller (24
3.4) for tiglic (20), dimethylacrylic 1), and maleic acids
(10), and 10 times larger (194) for hydrogen maleate. It
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Figure 4. Variation of logf; with the sum of the inductive parameters
(F) for the substituents on the olefin: with GlHubstituents®), hydrogen
maleate aniong), and all other substituent®j. The olefin numbering is
given in Chart 1.

metal, this trend suggests thatonation from the olefin is
more important tham-back-bonding from the copper(l). This
also is consistent with the observation above that a chloride
ligand disfavors olefin complexation. Substituent effect
correlations also have been noted for olefin complexation
by Agt,'® Ni(P(O-o-tolyl)s), and Ni(CN+tert-butyl),.'* The
trend with Ag' is the same as that found here, aadonation

is taken to dominate, but the Ni(0) systems show the opposite
trend with more electron-withdrawing substituents giving
stronger complexation, ang-back-bonding appears to be
dominant.

NMR chemical shifts of théH and*C nuclei also have
been used to assess theandsr-contributions to the bonding.
For cyclic monoolefins, the downfieleH shifts observed
by Salmon and Kochi® with copper(l) trifluoromethane-
sulfonate, and Baum et &F with (hexafluoroacetylaceto-
nate)copper(l), were interpreted as consistent with important
o-donation from the olefin. However, the same copper(l)
complex gave upfield shifts with norbornadiene ligands
having a weakly complexing f#rt-butoxyl substituent?
With analogous polyolefins, Salmon and Kochi observed
upfield *H shifts, but the nature of the species is somewhat

appears generally that the added chloride ligand disfavorsuncertain. Clearly théH shifts reflect subtle changes in the
olefin complexation; the negative charge on the olefin may ligand but are difficult to interpret in terms of the relative
enhance the effect for hydrogen maleate. However, the orginimportance of thes- andz-donation to the strength of the
of the varying magnitude in the other cases remains an openPonding.

question.
The general influence of; of substituents on the olefin

The published theoretical analyses of the importance of
m-back-bonding in the copperttethylene system are some-

can be represented as a plot of the sum of the inductivewhat equivocal. The initial study by Ziegler and R&uk

substituent constant&),'* as shown in Figure 4, where the

suggested that-back-bonding makes a significant contribu-

numbering system is given in Chart 1. There is a general tion, but later work® indicated a negligible contribution.

trend to smaller values ¢f; for more electron-withdrawing

substituents; possible reasons for some of the deviations from

More recently, Budzelaar et #l.found, in agreement with

this trend are discussed below. Within the framework of the (13) ffe;g)z, T.; Kajimoto, O.; Furukawd, Bull. Chem. Soc. Jpri968

Dewar-Chatt-Duncansot model for olefin bonding to a

(11) Hansch, C.; Leo, A,; Taft, R. WChem. Re. 1991, 91, 165. Charton,
M. Prog. Phys. Org. Chen1981, 13, 119. Swain, C. G.; Lupton, E.
C., Jr.J. Am. Chem. Sod 968 90, 4328.

(12) Dewar, M. J. SBull. Chem. Soc. Fr1951 18 C71. Chatt, J.;
Duncanson, L. AJ. Chem. Sacl1953 2939.
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(14) Tolman, C. AJ. Am. Chem. Sod 974 96, 2780.

(15) Salmon, R. G.; Kochi, J. KI. Organomet. Cheni974 64, 135, and
references therein.

(16) Baum, T. H.; Larson, C. E.; May, G. Organomet. Cheni992 425,
189.

(17) Chi, K.-M.; Hou, H.-C.; Hung, P.-TOrganometallics1995 14, 2641.

(18) Zeigler, T.; Rauk, Alnorg. Chem 1979 18, 1558.
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Ziegler and Rauk, that-back-bonding contributes about a Scheme 2

third of the total interaction energy, and Huang et'alave u*
predicted back-donation of electron density is about double . ~ Bt H, 3 H
o-donation in (X)Cu(olefin) systems (% F~, CI-, Br—, I; Cogg” + NCCHSCHCN. ——— 070N
olefin = ethylene or propylene). The overall strength of the

CN

metal-olefin interaction increases with the electronegativity . B2 ?“NCCH:CHCNV
of the halide, and this seems to indicate an important Cuaq” + 2 NCCH=CHCN ——— H~C=C"H
contribution ofo-donation to the bond strength. ne” T en

In Figure 4, the ligands are divided into two groups, with . .
the closed circles being those with at least one methyl cf’ M Ko, " ?“(NHCCH{HCN)
substituent on an olefinic carbon. The latter ligands constitute “C=C“‘ +NCCH=CHCN ~ <—— “od ¢y
the majority of those that do not fit the trend in that thgir ~ N© CN nc” CN

values are consistently too small. This effect was originally

noted by Andrews and co-workers who attributed it to steric is not an entirely viable explanation because several asym-
effects. However, the current pictdfef side-on binding of ~ metrical olefins —5) seem to fit the correlation in Figure
an olefin to a metal seems to obviate any significant steric 4.

problem between a methyl group and ancilliapCHigands. One olefin that does not have methyl substitugftishlo-
Tolmart* noted the destabilization by alkyl substitution in roallyl alcohol (7), also does not fit the correlation. Navon
the Ag", Ni(P(O-o-tolyl)s),, and Rh(acaé} systems, and the et al?® have noted that aqueous copper(l) is oxidized by
magnitude of the effect seems far beyond that expected fromtrichloroacetic acid, and an analogous reaction is possible
substituent-effect parameters. In the Ni(Rg@olyl)s), and ~ Wwith 7, but may have gone unnoticed by Andrews and co-
Rh(acac) systems, electron-donating substituents disfavorworkers. It also should be noted thatand another major
complexation so that alkyl substitution at least followed the deviant, citraconic acid2@), are the only systems for which
general trend. However, with Agand Cu, the electron- Andrews and co-workers made only the minimum number
donating alkyl substituents are expected to enhance com-of measurements (2) to characterize the system. It is
plexation, but the opposite is observed. A possible expla- remarkable that the introduction of one methyl substituent
nation may lie in the resistance, either steric or electronic, on maleic acid to give23 should reduce; by a factor of

to the bending back of the substituents on the olefin in the 10°. Precipitation of copper(l) citraconate is a possible
complex. complication.

Another explanation might invoke the observaffothat As a caution about the use of substituent effect correlations
the metal shifts away from the substituted carbon for in this area, it should be noted that thgvalues for olefin
asymmetrically substituted olefins, whether the substituent complexation by Cu(phen)n 0.3 M acetonitrile/ethanol do
is az-donor orz-acceptor. Hoffmann et &.have suggested  not show a simple correlatici. The values generally
that this can be explained by the effect of the different donor decrease with increasing substitution-6€O,H, —CO,CHs,

types on the energies and orbital coefficients of #heand —COCH;, —CN, and—CH; groups, as observed here, but
a*-orbitals, and this explanation seems to have been increase as-CN is replaced by<{Cl); and (~Cl)a.
rediscovered as part of the DFT calculati®insn the (X)- The results in Figure 4 provide some guidance for the

Cu(olefin) systems. It is not qualitatively obvious whether mode of coordination of fumaronitrilel{). The system fits
the lengthening of one bond and shortening of the other will the correlation fom?-C=C coordination, but the solid has
strengthen or weaken the overall metalefin interaction, n*-N coordination of the ligand. This also is the only ligand
relative to the symmetrical olefin. The DFT calculations that gives a detectable bis-complgis)( These observations
suggest thatAH is ~3 kcal molf! more favorable for can be rationalized if the formation constants are assigned
propylene than for ethylene bonding to CuX. The structures as shown in Scheme 2.
of two allylammoniunmr-complexes of copper@ show that The value ofK; = 2.3 M™! is somewhat smaller than the
the Cu-C bond length differences are in the normal direction K, = 23 M~ for Cu(NCCHy)?*,* as might be expected if
but small £0.02 A). In any case, asymmetrical substitution the uncoordinated nitrile group makes fumaronitrile a poorer
(19) Kelber, 3. A Harrah, L A Dennison. J. & Organomet, Chem base than acetonitrile_. If_the opposite gs;ignment is made,
1980 199, 281. Bogel, H.Stud. Biophys1983 93, 263. Merchan,  then theps for N-coordination of fumaronitrile would be-2
M.; Gonzalez-Luque, R.; Nebot-Gil, J.; Thomas@hem. Phys. Lett times larger than thg; of 4.3 x 10> M~ for acetonitrile?

(20) E%%leellggr%zH M.; Timmermans, P. J. J. A.; Markor, A.; Baerends, andf1/K; would be 370 versus 18 for a,cetommle'

E. J.J. Organomet. Cheni987 331, 397. The crystal structure also emphasizes the danger of
(21) ;Zuoezsng, H.'Y.; Padin, J; Yang, R. 7. Phys. Chem. 8999 103 inferring coordination mode from color in these systems.
(22) Cramer, RJ. Am. Chem. Sod 967 89, 4621. Solutions of copper(fyolefins are often pale yellow, espe-
(23) g/lliggzs, P.Comprehensie Organometallic Chemistywol. lll; pp cially with electron-withdrawing substituents CN, COH,

(24) Albright, T. A.; Hoffmann, R.; Thibeault, J. C.; Thorn, D. IL.. Am. COR) on the olefin, but simple copper(l) solutions of

Chem. Soc1979 101, 3801.

(25) (a) Melnyk, O. P.; Schollmeyer, D.; Volodymyr, V. O.; Filinchuk, Y. ~ (26) Navon, N.; Cohen, H.; Meyerstein, Dorg. Chem 1997, 36, 3781.
E. Acta Crystallogr 2001, C57, 151. (b) Olijnyk, V. V.; Myskiv, M. (27) Munakata, M.; Kitagawa, S.; Kosome, S.; Asaharalndrg. Chem
G. Z. Anorg. Allg. Chem1995 621, 1741. 1986 25, 2622.
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saturated nitriles are colorless. In the solid state, various saltsammineazidocobalt(lll) nitrate was prepared and characterized as
of Cu(NCCH)** are colorless. The perchlorate salt of the described previousl§.
fumaronitrile complex reported here also is colorless, al-  Stock solutions of copper(ll) nitrate were prepared by dissolving
though it is precipitated from a yellow solution. But the CU(NOs)2-3H0 in water and standardized by reaction with excess
nitrate salts of the bis-complexes of fumaronitrile and its KI and back-titration with sodium thiosulfate. Stock solut_lons of
saturated analogue, succinonitdfeare yellow, but have ' 1C/Ox HNOs and NaClQ were prepared and standardized as
L . : . described previously, while NaNGsolutions were made from
N-coordination. The aIIyIammpnlum bls-sulfqmﬁﬁels a weighed amounts of the solid. Stock solutions of fumaric acid (4.00
colorless molecular crystal, while the chloro-bridged $hd . 10-2 M), maleic acid (0.200 M), dimethylfumarate (1.8010-2
is an extended network, but also is colorless. It seems thaty)), and fumaronitrile (0.200 M) were prepared from weighed
the colors of the solids are more a property of the overall gmounts of the solids.
lattice, including the anion, than of the monomeric copper-  The solutions of the copper(plefin complexes were prepared
(D—ligand system. by comproportionation of copper(ll) and copper metal in the
The failure to detect complexation of aqueous copper(l) Presence of the olefin (L), according to the following reactions.
with the benzene rings of benzoic acid and fhtoluene-
sulfonate ion is at variance with the claim of Meyerstein
and co-worker¥ that analogous systems ha@gvalues of
~10* M. The only other equilibrium study of an aqueous
copper(ly--aromatic system is the report of Hurst and L&ne . . 5
with benzoatopentaamminecobalt(lll). These authors failed CU' e+ Clgy T 2L = 2CU(L) (i) K =Keonfis® (13)
to detect any complexation and derived an upper limjtof
< 1* M1 For comparison, the analogous hydrogen

CUf iyt CUg=2CU y Keem=6x10"7" (11)

2CU gyt 2L=2Cu(L) oy B (12)

As long asf; > 4 x 1 M1, reaction 13 will be spontaneous and
will be a convenient source for significant concentrations of the

— —-129 2
fumarate complex hag, = 4.4 x 10° M™%, Sv_averaln copper(l)y-olefin complex. These solutions were prepared daily by
arene complexes of copper(l) have been isolated from mixing appropriate volumes of the stock olefin and copper(ll)

noncoordinating solvents with ancillary trifluoromethane-  so|ytions in an Erlenmeyer flask containing some copper foil. The
sulfonate’®3 chloride or tridentate macrocyclic ligand33*  flask was fitted with a serum cap and deoxygenated-@h with
The trifluoromethanesulfonate species is thermally stable to argon. The solution starts to change from pale blue to yellow in a
120°C, although it does react in air; the benzene is readily few minutes, and the reaction is complete (on the basis of Cu(l)
replaced by other olefins, even in benzene. For the others,analysis with Co(NH)sNs*) in 23 h, except with fumaronitrile
the arene seems to be rather prone to dissociation of the aren#here 6-8 h was required.
ligand from the solid or fluxionally. For several ¢S) For the benzoic acid anp-toluenesulfonate studies, compro-
coordinating diphenylborato ligands, Ohrenburg ¢ hlave portionation did not seem _to occur, so the aqueous copper(l)_was
characterized the monomeric bis-acetonitrile complex and agenerated by reduction with aqueous chromium(ll), as described
. L . . by Espenson and Sha#.This produces metastable solutions of
tetramer with phenyl group coordination. The latter is readily

Lo . copper(l) that were mixed with a solution of appropriate concentra-
replaced by acetonitrile to yield the monomer. The-Qu tions of the arene and Co(NJiN** on a stopped-flow system.

bond lengths in the arene complexes2(2 A) tend to be Cu(O,CCHCHCO,H). A 20 mL aliquot of 0.040 M aqueous
longer than those for olefins~2.0 A). In summary, these  fumaric acid was added to 5.0 mL of 4.48 mM copper(ll) nitrate
observations suggest that benzene coordination to copper(ljn contact with copper foil. The vessel was closed with a serum
is weaker than that of acetonitrile and simple olefins, but do cap and deoxygenated with argon. Afte8 h, a fine yellow powder
not provide a conclusive indication of how benzene might began to precipitate from the yellow solution, and the mixture was

Compete with water as a ||gand stored in a refrigeratorﬁ(3 oC) Overnight. Then the mixture was
swirled, and the yellow suspension was decanted into a centrifuge
Experimental Section tube. After centrifugation, the clear solution was decanted and the

solid was washed with methanol and recentrifuged twice. The damp,
Materials. Fumaric acid (Matheson, Coeman and Bell), maleic intensely yellow solid was dried at 11 for 30 min. The dry
acid (Eastman), dimethylfumarate (Aldrich), and copper(ll) nitrate product is stable in air, but slowly turns greenish-blue if moistened
trinydrate (Allied Chemical) were used as received. Fumaronitrile with water. It is insoluble in water, but slowly dissolves in acidic

(Fluka) was purified by recrystallization from benzefidRenta- solution. The product was formulated on the basis of the elemental
analysis. Anal. Calcd for £430,Cu: C, 26.90; H, 1.693; O, 26.69.
(28) Kinoshita, Y.; Matsubara, I.; Saito, YBull. Chem. Soc. Jpri959 Found: C, 26.69; H, 1.543; O, 36.26.
32, 741. Cu(NCCHCHCN)+1.5(ClO4). A 20 mL aliquot of 0.20 M

(29) Hurst, J. K.; Lane, R. HI. Am. Chem. Sod 973 95, 1703.

(30) Solomon, R. G.: Kochi, J. kChem. Commuri972 559;J. Am. Chem. aqueous fumaronitrile was added to 5.0 mL of 8.96 mM copper-
Soc 1973 95, 1889. (1) nitrate in contact with copper foil. The vessel was closed with
(31) Dines, M. B.; Bird, P. HChem. Commuri973 12. a serum cap and deoxygenated fe6 h with argon. Then 20 mL

(32) Turner, R. W.; Amma, E. LJ. Am. Chem. Socl966 88, 1877. ;
Dattelbaum, A. M. Martin, J. Dlnorg. Chem 1999 38, 6200, of 2.46 M aqueous, deoxygenated Naglas added by syringe,

(33) Thompson, J. S.: Whitney, J. IRorg. Chem 1984 23, 2813. Straub, and a fine white suspension of the product formed immediately.
B. F.; Eisenttger, F.; Hofmann, PChem. Commuril999 2507. The suspension was decanted from the copper foil, and the product

(34) Sct(l?igrg;IVZRGR.\;/VStSHe'j?:Vc\)lillfe’ ;V-gg;”%’gﬂﬁmﬁt%%%% 3146. was collected by vacuum filtration on a 0.22n Millipore filter

(35) Ohrénberg”c_;'Lét’)le_Sa%asl'L_ M. Rheingold, A. L.: Riordan, C. G. and dried by drawing air through the sample. The formulation of
Inorg. Chem 2001, 40, 4276.

(36) Buhler, J. M.; Mowry, D. TOrg. Synth.1951, 4, 486. (37) Shaw, K.; Espenson, J. thorg. Chem 1968 7, 1619.
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the product is based on the elemental analysis. Anal. Calcd for the required volume of the copperiplefin solution was introduced

CeH3N3O,CICu: C, 25.70; H, 0.918; N, 15.00. Found: C, 26.02; via syringe, and the reaction was monitored on a Cary 219

H, 1.079; N, 14.90. spectrophotometer. For the studies with benzoic acid and Tiron, a
Cu(NCCHCHCN)(NOs3). An aqueous solution containing 30  deoxygenated solution of the arene, (Cog¥N3)(NOs),, acid, and

mL of 0.20 M fumaronitrile, 10 mL of 44.8 mM copper(ll) nitrate, ~ sodium salt was mixed with an equal volume of aqueous copper-

and 10 mL of 0.139 M HN@ in contact with copper foil was (), generated by chromium(ll) reductiéhpn aTriTech Dynamics

deoxygenated with argon and allowed to react at ambient temper-stopped-flow system. The variation of absorbance at 516 nm (or

ature for~5 h. The resulting yellow solution was placed in an ice 350 nm for benzoic acid) with time was analyzed as described

bath in a refrigerator and, on standing overnight, yielded a yellow below, to determine the second-order rate constant and the copper-

crystalline product. The product was collected by vacuum filtration (I) concentration. The full details for each run are given in the

and air-dried. A crystal was selected for the X-ray analysis. The Supporting Information.

formulation of the product is based on the elemental analysis and The reactions were done under second-order conditions ([Co-

is consistent with the X-ray structure determination. Anal. Calcd (NH3)sN3?™] > [Cu(l)]) so that the total change in absorbance and

for CgHaNsOsCu: C, 34.40; H, 1.43; N, 24.80. Found: C, 33.38; the known molar extinction coefficient of Co(NJNz?" (268 M1

H, 1.179; N, 24.16. cm1)4 could be used to determine the actual Cu(l) concentration
X-ray Structure. A yellow crystal, measuring 0.4& 0.06 x for each kinetic run. The concentration of olefin is always much

0.06 mm, was selected and mounted on a Bruker P4/RA/SMART greater than [Cu(l)]. The variation of absorbantewith time (t)

1000 CCD diffractometéf using Mo Ko radiation ¢ = 0.710 73 was fitted by nonlinear least squares to the previously devetoped

A) at —80 °C. Unit cell parameters were obtained from a least- eq 11,

squares refinement of the setting angles of 2852 reflections from

the data collection. This yielded the following unit cell informa- = /’(|o - Iw) exp{ looKoopsdt tm)}

tion: a = 5.3667(5) A,b = 22.228(2) A,c = 8.8952(8) A = *

98.7072,V =1048.90(17) K Z= 4, p = 1.748 g cm, andu =

2.086 mntt. The space group was determined tad2c (No. 15). wherelp andl., are the initial and final absorbances,is the molar

The data were corrected for absorption through use of the SADABS extinction coefficient of Co(NB)sN3?", kaonsais the second-order

procedure. The structure was solved using direct methods (SHELXS-rate constantyy, is the mixing time, andy, is the instrument blank

86)%° and refinement was completed using the program SHELXL- absorbance. Thé, was fixed on the basis of the known [Co-

9340 Hydrogen atom positions were assigned on the basis of the (NH3)sNs?'] andea. The least-squares analysis gave best-fit values

geometries of the attached carbon atoms and were given thermalof l«, Koobsa tm, @andlp. In many cases, the latter two parameters

positions 20% greater than those of the attached carbons. One setvere of minimal influence becausg(~15 s) was small compared

of fumaronitrile ligand atoms was found to be disordered in a 55: to the overall reaction time, arld(~0.02) was small compared to

45 occupancy ratio, as indicated in the list of atomic coordinates. the overall absorbance change and the values were largely controlled

The final model refined to values & (F) = 0.0266 (for 960 data by lo.

with Fo? = 20(F,?) and wWRy(F?) = 0.0682 (for all 1075 independent

data). Complete data tables are given as a CIF file with the . ) . .
Supporting Information. the Natural Sciences and Engineering Research Council of

Kinetic Methods. The standard procedure was to place ap- Canada for financial support and Dr. R. McDonald of the
propriate volumes of solutions of (Co(NJdNs)(NOs),, acid, and ~ X-ray Crystallography Service Laboratory of the University
sodium salt into a 50 mm cylindrical optical cell, close the cell Of Alberta for the crystal structure.
with a serum cap, and deoxygenate the contents with argon. Then

-1 +1, @12
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