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Abstract: For a series of polyether/transition metal ion complexes, collisionally activated dissociation reactions that
are mediated by the flexibility of the polyether and the number of coordination sites are reported. The metal ions
are generated by a pulsed laser desorption technigue, and collision-activated dissociation methods are used to
characterize the structures of the resulting metal/polyether complexes. The CAD patterns for the different polyether/
metal ion complexes show striking variations depending on the flexibility of the ether, its number of coordination
sites, and the type of metal ion. For example, (18-crowh-€o") dissociates by loss of GHCH* or CH3zO*

radicals, each pathway in conjunction with multiple losses g0, and resulting in products incorporating one
covalent or ionic bond between the €Tmn and the crown ether. In contrast, (12-crowr-4Co") dissociates by

loss of CH=CH, or C;H40 closed shell neutrals, each pathway in conjunction with additional lossegia©Gnd
resulting in products that incorporate no covalent bonds to. Cbhe polyether/Ni complexes show dissociation
behavior that is similar to that observed for theTGmmplexes, but the polyether/€icomplexes show uniform
dissociation trends that seem to be independent of the flexibility and number of coordination sites of the ether.
These differences are rationalized based on the nature of the metal ion, and both the flexibility of the crown ether
and its number of coordinating sites, factors which affect the geometry during coordination of the metal ion. This
idea is supported by comparative dissociation reactions of metal complexes containing acyclic polyethers (glymes)
which have more flexible structures. MS/MS/MS experiments and CAD of complexes formed by model compounds
offer support for the dissociation mechanisms.

Introduction of complexation in solution have involved some of the simplest
The reactions of metal ions in the gas phase have beenmodel guest ions, mainly alkali metal ions, which serve as
gas p spherical guests with well-defined sizes and known electronic

extensively studied over the'past two'decades'm part b.ec"’lusestructuresl.“‘21 Recently there have been several reports of the
of the fundamental interest in metal ion chemistéyand in

part because of the potential analytical utility of metal ions as examination of aspects of hosguest chemistry in the gas phase,

) - . where the intrinsic nature of binding interactions can be
selective reagents that can ionize organic molecules and promote

bond cleavaae®. There have been several excellent reviews evaluated in the absence of solvent efféétd? Although the
. 9es. - - - size of the metal ion and crown ether clearly play an important
of various aspects of metal ion chemistry in the gas phake.

The transition metal ions have partially filled d orbitals, and role in influencing the binding energies and structures of the
. partially ) - resulting complexes in the gas phase, the electronic nature of
are known to promote a rich and diverse reaction chemistry

with organic molecules in the gas phasé® the metal ion is also an important factor.

Molecules that have an array of identical binding sites, such The main objective of the present work involves the
ay ot . 9 '~~~ _characterization of complexes formed from transition metal ions
as crown ethers, prove to be intriguing candidates for reactions

with metal ions because multisite coordination should be and polyethers. There have been several previous reports which
; . describe the reactions of transition metal ions with simple
promoted. In fact, this type of process has been extensively

studied in terms of molecular recognitiétrl® Many studies (15) Cram, D.Sciencel988 240, 760.
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ethers?10.12 For instance, Feions undergo oxidative addition

vakez et al.

with neutral polyethers (L). Collision-activated dissociation

to ethers, including tetrahydrofuran, isopropyl ether, and methyl (CAD), including MS/MS/MS, is used to evaluate the structures
butyl ether, followed by intramolecular rearrangements primarily of the metal/polyether complexes. The primary objective is to

throughS-hydride shifts’ In contrast, Ctl ions are generally
less reactive toward ethers, and typically abstractCét a
hydride® from the ether molecule, resulting in neutral CuH or
CuCH; species. In the most recent studythe ion chemistry
of transition metal ions with dimethyl peroxide was reported.
The metal ion inserted into the-@D bond, then promoted a

examine the fragmentation patterns of thefIM*) complexes

with respect to the identity of the metal ion and the size of the
polyether. The most unexpected result stems from the observa-
tion that the flexibility and number of coordination sites of the
crown ether promote a significant change in the types of
fragmentation pathways accessed. In addition, the CAD

variety of dissociation processes involving radical losses. There behavior of the metal complexes containing acyclic polyethers
have also been numerous studies that have described théglymes)was compared to the CAD behavior of the crown ether
reactions of transition metal-containing complexes, such as complexes because the glymes are open chain polyethers that
acetyl acetonate or cyclopentadienyl metal ion species, with have greater flexibility and should allow less restricted coor-
polyethers®=37 In these reports, the observed products include dination to the metal ions.

adducts formed between an intact metal complex and a polyether

and adducts generated by substitution of one ligand of a metalExperimental Section

complex by a polyether.

The experiments were performed in a Finnigan MAT quadrupole

There have been fewer studies of the gas-phase reactions ofon trap mass spectrometer (ITMSgquipped with a probe-mounted
metal ions with larger, more complex organic molecules and fiber optic laser desorption assemBty Metal ions were generated by

the dissociation of the resulting complexes, with little attention

pulsed laser desorption of a metal foil applied to a Teflon sample

yet devoted to the examination of polyethers. One early study support. A Nd:YAG laser operated in the Q-switch mode provided

of the reactions of Crand Fe ions with polyethers reported
that Fe ions were involved in a richer chemistry with cyclic
12-crown-4 than its acyclic analog, triethylene glycol dimethyl
ether383% The observation that the crown ether was more

the desorption pulse. Transition metal ions were desorbed with a power
density of 2x 10° W/cm?. The metal ions are stored in the ion trap
and allowed to undergo reactions with neutral polyethers (admitted
through a leak valve or on a solids probe) for-ZD0 ms. The metal/
polyether complexes are mass analyzed by operating the ion trap in

reactive than its acyclic analog was attributed to the proposal the mass selective instability mode in which an rf voltage applied to

that the cyclic ligand could more fully coordinate the metal ion
as compared to the capability of the acyclic ether for multiple

the ring electrode is used to eject ions onto an externally-located electron
multiplier detector. A helium buffer gas pressure ofZ mTorr is

attachment, and this phenomenon was termed a “gas-phaseised to assist in collisional cooling of the complexes. The CAD spectra

macrocylic effect®® Several studies have also examined

of the metal complexes were obtained by applying a small AC voltage

aspects of transition metal complexation by polyethers in (500-1000 m\;) across the end-cap electrodes af ealue of 0.3

solution9-43 For example, complexation of the silver ion with

crown ethers shows size selectivity in solution. The smaller

ring size of the 15-crown-5 makes it more rigid, and thus it

for 5—10 ms.
All polyethers were obtained from Aldrich Chemical Co. (Milwau-
kee, WI) and used without further purification.

undergoes a slower conformational change than 18-crown-6 Resyits and Discussion

upon complexation with the silver iof.

In the present study, a systematic examination of the types
of complexes formed from reactions of three monopositive
transition metal ions with a variety of crown ethers and their !
acyclic analogs in a quadrupole ion trap mass spectrometer was

undertaken. The metal ions (Y are generated by laser
desorption from a metal foil (copper, cobalt, nickel), and the
complexes are formed by subsequent-amolecule reactions

(30) Zagorevskii, D. V.; Bulatov, A. V.; Kartsev, V. G.; Yakushchenko,
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Spectrom1995 9, 837.
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28, 1562.
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267, 126.
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(37) Palii, S. P.; Zagorevskii, D. V.; Indrichan, K. M.; Gerbeleu, N. V.;
Nekrasov, Y. S.; Arion, V. BRev. Roum. Chim1991, 36, 1045.

(38) Huang, S. K.; Allison, JOrganometallics1983 2, 883.

(39) Huang, S. K.; Lee, Y. C.; Allison, J.; Popov, A.Spectrosc. Lett.
1983 16, 215.

(40) Izatt, R. M.; Terry, R. E.; Haymore, B. L.; Hansen, L. D.; Dalley,
N. K.; Avnodet, A. G.; Christensen, J.J.Am. Chem. Sod976 98, 7620.

(41) Rodriguez, L. J.; Liesegang, G. W.; White, R. D.; Farrow, M. M;
Purdie, N.; Eyring, E. MJ. Phys. Chem1977, 81, 2118.

(42) Boss, R. D.; Popov, A. Inorg. Chem.1985 24, 3660.

(43) Chen, L.; Bos, M.; Grootenhuis, P. D. J.; Christenhusz, A
Hoogendam, E.; Reinhoudt, D. N.; Van Der Linden, W.Anal. Chim.
Acta 1987 201, 117.

In order to characterize the reactions of transition metal ions
with polyethers, first the complexes were generated in the gas
phase by iorrmolecule reactions between laser-desorbed metal
ons (M%) and polyether molecules (L) to form (k= M)
complexes. Because of the energetics of laser desorption, some
of the metal ions potentially may exist in excited electronic states
due to the high energy deposition of the laser desorption event.
To probe the existence of excited states, the helium buffer gas
pressure was varied from 0.5 to 2.5 mTorr, the laser power was
varied from about 5 to 30 mJ/pulse, and the cooling time prior
to the ion-molecule reaction period was varied from 5 to 300
ms. From these systematic studies, there emerges no evidence
for the existence of excited states because there are no changes
nor irregularities observed in the reactivity patterns of the metal
ions as the experimental conditions are varied. Thus, for the
remainder of the discussion, the issue of excited states will not
be addressed.

Of the three metal ions evaluated, two exist as open-shell
species (Nf and Cd) and one exists as a closed shell species
(Cut). After desorption and isolation, each metal ion underwent
ion—molecule reactions with a selected polyether for-200
ms. Upon reaction of the metal ions with each polyether, a
variety of products are formed, but the predominant product is
the intact polyether/metal ion complex (see Figure 1). The other
products are rationalized as fragment ions from spontaneous
dissociation of internally excited (polyether metal ion)
adducts. Atlonger reaction times, the abundances of all product

(44) March, R. E.; Hughes, R. J.; Todd, J. F.Quadrupole Storage
Mass SpectrometryViley: New York, 1989.
(45) Mcintosh, A.; Donovan, T.; Brodbelt, Anal. Chem1992 64, 2079.
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Figure 1. Product spectrum for reactions of Cimns with 18-crown-6
during a 100 ms reaction interval.
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Figure 2. CAD spectrum of (18-crown-6+ Co)" ions with an
activation voltage of 500 my/, for 10 ms.

ions increased, but there was no dramatic change in the types
or distribution of products formed. Due to the moderately poor
shot-to-shot reproducibility of the laser pulse, the product
distributions vary by 550% for each metal/polyether combina-
tion for each laser desorption pulse. Thus, although the same
product ions are consistently observed, the relative percentages
of each product vary, making extraction of quantitative com-
parisons of product distributions for different metal/polyether
combinations unreliable. Collisionally activated dissociation of
specific complexes provides a more confident method of
evaluating the products.

Collision-activated dissociation of the intact metal/polyether
complexes was used to elucidate the structures of the ions, and
mechanisms were proposed to account for the observed dis-
sociation behavior. The fragment ions from the intact (polyether
+ metal ion) complexes are generally similar to those observed
as direct products in the iermolecule reaction spectra. An
example of an iormolecule reaction product spectrum for the
reactions of Ct with 18-crown-6 is shown in Figure 1, and an
example of a typical CAD spectrum for the (18-crowr-6Co™")
ions is shown in Figure 2. The main interest in this paper is
the formation and dissociation of the intact (polyethemetal
ion) adducts, so these adducts were the only products examined
in detail. The CAD results are summarized in Tables 1 and 2.
The CAD conditions were adjusted for each complex to obtain
similar activation conditions. The individual percentage of
fragment ion current due to each loss is listed, then the total
percentages for related series of neutral losses are summed in
Tables 1 and 2. Nearly all the fragment ions in the CAD spectra
incorporate the metal ion, so the evidence suggests that it is
strongly coordinated to the polyether ligand, regardless of the
size of the polyether or the electronic configuration of the metal
ion.

Table 1. CAD Spectra of Transition Metal lon/Crown Ether Complexes: Series of Neutral lfosses

18-crown-6

15-crown-5

12-crown-4
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< Scheme 1. Proposed Mechanisms for Dissociation of the
= < <) (Crown Ether+ M*) Complex
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21°|s¢c [ ll = = oxygen coordination sites. The dashed lines in the schemes
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3 T g § i% = i (+) T 2 other final products that could be proposed, and we have only
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3 0SS 5 Soo 5 x GO x 9 integrity of the polyether skeleton. We would expect that if
2 E the polyether skeleton were severely disrupted, then the dis-
> 8\: 2 sociation behavior observed for the different sizes of polyethers
% N = would not differ substantially, a point that is clearly not the
o Flr\lu E case in the present study. Some of the pathways involve
© - = formation of products which incorporate no covalent bonds to
© o, © : .
= g - 3 the metal center, whereas others involve formation of products
S|=> S £ that incorporate one covalent or ionic bond to the metal ion via
2 § g o loss of radical species and homolytic bond cleavages. As
§ 2 ol b5 discussed in detail below, the predominant pathways vary for
= =5 T = |8 each of the different metal ions, and even more interestingly
ol |=588 S.<€ £3%|8 vary for the different sizes of crown ethers.
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g Q208 Qg Qg0 |2 Cu" ion exists in a favorable-1 oxidation state. The (crown
2 S3EL3. 5TL5. <5558 ether+ Cut) complexes dissociate by three pathways, namely
XO0OO0OXxxOO0O0 |2 S . . I
6 o elimination of a series of ££1,0 units (Scheme 1A), elimination
13515 z o~ _E of C,H» in conjunction with losses of £1,0 units (Scheme
$ TEl O O z = 1B), or loss of HO in conjunction with GH4O units (a minor
=i j j j = set of processes). The mechanisms in Scheme 1 are all initiated
[ = = = with a ring opening and 1,3-hydrogen migration, resulting in
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an acyclic vinylglycol polyether/metal ion intermediate. For series of fragmentation pathways (i.e. similar to the ones
Scheme 1A, a second 1,3-hydrogen migration promotes the lossproposed for the (18-crown-6 M*) and (12-crown-4+ M)

of CH,=CHOH. For Scheme 1B, a different 1,3-hydrogen complexes where M= Ni or Co), and thus generate fragment
migration allows the loss of acetylene and results in formation ions that incorporate zero or one covalent bond to the metal
of a glycol/metal ion complex. Each of the (crown ether center.

Cu") complexes dissociate homogeneously, in the sense that |n summary, several clear trends are evident for the crown
the three sizes of crown ethers follow the same three pathways.ether complexes. When a closed-shell metal ion with a
The first pathway, loss of £140 units, is increasingly favored  favorable oxidation state is involved (i.e. Quthen all of the

as the size of the crown ether increases. It is well-known that crown ether complexes follow similar fragmentation pathways
protonated crown ethers undergo sequential elimination of which result in closed-shell products that incorporate no covalent
C2H40 units?? so this behavior is not surprising for these closed- bonds to the Ctiion. Only closed-shell neutrals are eliminated.

shell metal ion complexes. The preference for loss of one, two, The other two metal ions, Goand Nit, are open shell metal

or three GH4O units varies with the size of the crown ether,
but this variation likely reflects the stabilities of the final product

ions that promote size-selective dissociation processes of the
crown ethers. For the Coand Nit complexes involving the

ions and neutrals and does not indicate a noteworthy change intwo larger crown ethers (15-crown-5 and 18-crown-6), the
the general mecha'nism of dissociation. As shown in SphemeSproducts of the dissociation pathways may incorporate one
1A and 1B, respectively, the products presumably do not involve covalent (or ionic type) bond to the metal ion via elimination

formation of covalent bonds to the €wcenter, nor does the

Cut ion undergo any apparent change in oxidation state.
Dissociation of (Crown Ether + Co*) and (Crown Ether

+ Nit) Complexes. The monopositive Coand Nit ions are

formed in an unfavorablé- 1 oxidation state. The dissociation

behavior of the crown ether complexes involving™Gar Ni*

is quite different from the behavior of the €Ca@omplexes. Not

only does each (crown ether Co™) and (crown ethes- Nit)

of neutral radicals, whereas for the 12-crown-4/metal complexes,
no covalent bonds are formed and no radical species are lost.
The Cao and Nit metal ions may undergo a formal change of
oxidation state when neutral radicals are lost in the dissociation
reaction.

Feasibility of Stepwise Fragmentation. As shown in Table

1, many of the dissociation processes are rationalized as
involving sequential units of £H,0. However, it is unclear

complex dissociate by a unique set of pathways, but many of from the CAD patterns whether the loss ofHGO units occurs
these pathways are unlike those described above for the (crowrseparately and stepwise relative to the losses #f2CCoHa,

ether+ Cu*) complexes. For example, the (12-crowr-4o")

and (12-crown-4+ Nit) complexes dissociate by three path-
ways. One pathway involves simple elimination of multiple
units of GH40, as shown in Scheme 1A. Alternatively, the
(12-crown-4+ Cao") or (12-crown-4+ Ni*) complexes may
eliminate acetylene (Scheme 1B, a minor contribution) or

C,H30r, etc., or whether the losses of,l ;O are directly
incorporated into the neutral losses (i.e. the distinction between
the loss of [GH4 + C;H4O] vs the loss of CH=CHOCH,-
CHs). In order to probe this point in more detail, MS/MS/MS
experiments were performed on several of the polyether/metal
complexes. For example, (18-crown46 Co") was isolated

ethylene, which may occur with subsequent or prior losses of and subjected to a first stage of CAD to promote the loss of

C,H4O units. The mechanism for the process involving loss
of ethylene is proposed to involve formation of the vinyl glycol

C,H30r, then the resulting fragment ion was isolated and
subjected to CAD. The (18-crown-6 Cot — C,H30*) ion

polyether intermediate shown in Scheme 1 and then anotherdissociates by losses of one, two, or thregH4D units (net

1,3-hydrogen migration involving transfer of a hydrogen to the
terminal vinyl group and elimination of ££,4. The product ion

40% of the fragment ion current) and by loss of 28 u in
conjunction with zero, one, two, or threel;O units (60% of

would not have any covalent bonds from the polyether to the the fragmention current). This MS/MS/MS result supports the
metal center. These three types of processes involve eliminationidea that the losses of;840 units may occur as independent

of closed-shell species {840, GH,, or GHy).

In striking contrast to the CAD behavior of the (12-crown-4
+ Co") and (12-crown-4+ Ni*) complexes, the (18-crown-6
+ Co') and (18-crown-6+ Ni™) complexes dissociate by none

steps after the losses of the primary organic neutrals. An
analogous result is observed for the MS/MS/MS experiment
performed for (12-crown-4 Cot). This complex fragments
by loss of GHy4, and then the (12-crown-# Cot — C;Hy) ion

of the three processes described above. Instead, pathways whicflissociates by loss of one or twatO units. Therefore, the

involve elimination of GH3O® or C,;H3* radicals, in conjunction
with losses of GH40, are predominant. Both of the processes

are proposed to start with a 1,3-hydrogen migration and ring

opening, resulting in the vinyl glycol/metal ion intermediate

loss of GH4O can be considered as separate steps. These MS/

MS/MS experiments support the feasibility of stepwise losses.
MS/MS and MS/MS/MS results also give more insight into

the nature of the fragment ions listed in Table 1. For example,

shown in Scheme 1. A mechanism for the subsequent loss ofthe series of losses assigned agH£+ nC,H40) from the (18-

C;Hz® is proposed in Scheme 1C. A homolytic-O bond
cleavage results in the elimination of &Hz neutral. The

crown-6+ Co™ — C,H30") ion yields fragment ions that have
the same mass-to-charge ratios as the series of fragments

resulting product incorporates one new covalent bond from a assigned as losses 0€;H,O from the (18-crown-6+ Co* —

terminal polyether oxygen atom to the metal center.

The CzHgz%) ion. This result suggests that the type of product ion

product can alternatively be considered as one in which the metalidentified with the loss of @H;0* may convert to the type of

ion has attained a favorabte2 oxidation state by donation of

product ion shown in Scheme 1C by loss oHG.

an electron to the oxygen atom in order to create an ionic bond Rationalization of the Size-Dependent Collisionally Acti-
between the oxygen atom and metal ion. For the elimination vated Dissociation Behavior. There are two concepts which

of C,H30, a different homolytic GO bond cleavage results
in the elimination of a @H3O® neutral. This product ion has

must be examined in order to rationalize the observed “size-
dependent” behavior of the crown ether/metal ion complexes.

one new covalent (or ionic) bond from a polyether carbon atom As a starting point, one can assume that theGZ C—H, and

to the metal center, and likewise the metal ion may be
considered as attaining#e2 oxidation state. The (15-crown-5
+ Co") and (15-crown-5+ Ni™) complexes dissociate kyoth

C—0 bonds in all of the crown ethers have similar energies,
although the €C—0 and C-O—C bond angles in 12-crown-4
are slightly more strained due to the smaller ring size. First,
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the structures of the initial metal/crown ether complexes formed Scheme 2. Proposed Mechanisms for Dissociation of the
during the laser desorption/iermolecule reaction period may  (Glyme + M*) Complex

be substantially different for 18-crown-6 and 12-crown-4. For
instance, during the complexation process the metal ion may

«
N o
insert into the G-C or C—O bonds of 18-crown-6, whereas it [ [NV j [ o jf
may remain coordinated electrostatically to the oxygen atoms o o N

(&) 1
in 12-crown-4. These dramatically different precursor structures b \) b;,v]

could thus account for the resulting differences in the CAD
patterns. Based on the fact that the bond energies within the
A{

CHj3 CHj. CHy CHjy

o—
i

\

o

O=-==

various polyethers are similar and the dipole moments of the
polyethers are similar, the interaction energies of the metal ion/

polyether complexes probably are not sufficiently different to i i
cause G-C or C-0 bond activation for one polyether size and N 0 o
not another. Thus, the possibility that the initial polyether/metal [ mt j [
ion structures are different for the various sizes of crown ethers

o o o \ >
does not seem like the strongest rationalization of the observed béy bOQ

size-dependent CAD behavior.

Alternatively, the precursor structures may be similar for all + +
of the crown ether/metal complexes (i.e. electrostatically
coordinated complexes), but the energetics and thus kinetics of
the dissociation pathways may differ greatly for the complexes
containing 18-crown-6 vs 15-crown-5 vs 12-crown-4. The
factors which underlie the second rationalization include the
interaction energy between the metal ion and crown ether, the
geometry of the interaction between the metal ion and ether,
the conformational flexibility of the complex and likewise the
mobility of any parts of the crown ether that are not coordinate
to the metal ion, and the number and strength of the binding
interactions between the metal ion and crown ether.

CHy CH,=CHOCH,

incorporating ethylene glycol dimethyl ether (monoglyme),
diethylene glycol dimethyl ether (diglyme), triethylene glycol
dimethyl ether (triglyme), and tetraethylene glycol dimethyl
ether (tetraglyme) were generated from-gnolecule reactions
between laser-desorbed metal ions and neutral glymes, then these
d complexes were subjected to collisionally activated dissociation.
The results are summarized in Table 2. The™@Qlyme
complexes dissociate primarily by two pathways: elimination

of methanol or elimination of ¢H¢O, both in conjunction with

The larger crown ethers (18-crown-6 and 15-crown-5) have |nsqeq of GH,0 units. These pathways involve losses of closed-
more flexible skeletons, and therefore may allow more optimal g neutrals and result in no change in the oxidation state of

geometries for the type of rearrangement shown in the Schemeie i ion. A mechanism for the elimination ofs860 is
1C and for coordination of the metal ion. In contrast, 12- proposed in Scheme 2B. The loss of methanol may be
crown-4 is relatively rigid, with the four oxygen coordination  raionalized as involving extraction of a proton from an ethylene
sites situated at corners of the framework. The binding it by one terminal oxygen atom. The product ions incorporate
interactions between the 12-crown-4 molecule and the metalomy electrostatic bonds to the Cion. The diglyme, triglyme
ion will therefore be more strained, which presumably could 5 tetraglyme complexes behave similarly during dissociation,
lead to weaker coordinating bonds. The larger crown ethers ,qqcing the same types and distribution of fragments. The
glso haye more oxygen binding sites which increase the total gy ajjest monoglyme complex dissociates by several other
interaction energies of the metal/polyether complexes and pahways, as shown in Table 2, including elimination of CuH
additionally aIIow_ the metal ion to coordinate some o_f the 5ng CuOCH. In general terms, the characteristics of the glyme
oxygen atoms while other parts of the crown ether remain free gjissociation processes are similar to the characteristics of the
to “swing” in the complex. For example, the critical energies fragmentation processes noted for the crown ether/@am-
and entropic factors for the fragmentation pathways of the 18- hjaxes.
crown-6/metal com_plexes may be sufficiently lower than those = The co complexes of diglyme, triglyme, and tetraglyme each
for the corresponding 12-crown-4/metal complexes, such that gissociate by four types of pathways. The two most predomi-
the radical elimination pathways are kinetically favorable for nant routes involve elimination of GHin conjunction with
the activated 18-crown-6/metal complexes but not kinetically c¢,H,0 units (see Scheme 2A), or loss ofHGO in conjunction
competitive for the energized 12-crown-4/metal complexes. To wjth C,H,O units (as in Scheme 2B). The first series results
unravel the influence of some of these factors, the dissociationn formation of a product with one covalent bond between the
behawor of metal complexes containing glymes (i.e. polyglycol cgt+ ion and one terminal oxygen atom of the glyme and
dimethyl ether compounds), open chain analogs of crown ethers,inyolves a radical elimination. This type of process could
was examined. An acyclic polyether presumably would allow jnyolve a change in the oxidation state of the metal ion if the
more Optlmal blndlng interactions with the metal ons, perhaps new bond were an ionic one. The second major process
also allowing more mobility for some remote skeletal portion inyolves elimination of a closed-shell neutral, and presumably
of the glymes, and alleviate strain in the complexes and jnyolves a product ion that incorporates only electrostatic bonds.
transition states of the activated metal complexes. If the metal other minor pathways include loss of Glr CH,O. The
complexes containing various sizes of glymes d!ssouate ho-interesting point is that the notable methy! radical elimination
mogeneously or show size-dependent fragmentation pathwayspathways occur for the diglyme, triglyme, and tetraglyme
then the reasons for the unusual behavior of the crown etherscomp|exes_ Triglyme is the acyclic analog of 12-crown-4, yet
may be more fully elucidated. the (triglyme + Co") complex undergoes the same types of
Dissociation of Metal lon/Glyme Complexes.Glymes are radical elimination pathways that are predominant for the larger
the acyclic analogs of crown ethers, and thus they have structural(tetraglyme + Co") complex. Even the smaller diglyme
properties that are similar to the crown ethers yet with much complex follows the same methyl radical elimination pathways.
greater flexibilities because of the open chain. Metal complexes This result suggests that the increased flexibility of the acyclic
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Table 3. CAD Spectra of Model Complexes: Series of Neutral Lo¥ses
(L + Cut) (L +Coh) (L + Nit)

diethylene glycol HO + nC;H4O,n =0, 1 [30, 35= 65%)] X HO + nCH40,n =0, 1[5, 2= 7%)]
vinyl ether QHZ +nCHsO,n=0,1,2[3,6,3=12%] GHas+ nCoH4O,n=0, 1[20, 25=45%] GHas+ nC,H4O,n= 0, 1[15, 25= 40%]
C,Hz + nC;H4O,n=0, 1[10, 5= 15%] GHz2+ nC;H4sO,n=0, 1, 2 [3, 35, 2= 40%]

nC2H4O, n=1,2[12, 5= 17%] nC,H4O,n=1, 2 [3, 5= 8%)] nC,H4O,n=1, 2[5, 8= 13%]
87" [6%] C3HeO [32%]
triethylene glycol nC,H4O,n=1, 2 [60, 10= 70%)] NA NA
H>0 + nC;H40,n =0, 1 [25, 5= 30%]
tetraethylene nC;H4O,n=1, 2 [50, 20= 70%] NA NA
glycol H,0 + nC;H40,n =0, 1 [20, 10= 30%)]

aIndividual and total percentage of fragment ions in brackets, uncertaint35%.

polyethers, even for the smaller glymes, enhances their ability shown in Scheme 1B. The CAD results are summarized in
to coordinate the metal ion and promote the most favorable Table 3. The (tetraethylene glycet Cu®) and (triethylene
fragmentation pathways that result in stable products that haveglycol + Cu™) complexes dissociate in identical ways, by loss
a covalent or ionic bond to the metal ion. of a series of @H4O units and by the loss of water in

In contrast, the (monoglyme- Cot) complex does not  conjunction with GH4O units. For the relevant comparison,
eliminate CH: radical at all, and a new dissociation pathway the product ion shown in Scheme 1B consists of a glycol bound
is observed: loss of £1c0 in conjunction with zero or one  to0 @ Cu" ion, and thus the CAD pattern of this product ion
unit of G;H4O. The other three dissociation pathways, including from the crown ether complexes should presumably match that
elimination of CHO, CH,, and GHgO, are all active for the  observed for the model glycol/Cucomplexes. The product
(monoglyme+ Co") complex, as already noted for the diglyme, ion (15-crown-5+ Cu* — C;H, — 2C,H40) at m/iz 169 was
triglyme, and diglyme complexes. Thus, it is not until the isolated and collisionally activated. The (15-crown+5Cu*
complex is composed of the smallest glyme, which has only — C2Hz — 2C;,H40) ion dissociated by loss of one or tweHGZO
two oxygen binding sites, that the radical elimination pathways Units (50% of fragment ion current) and loss of water with zero,
are quenched. This last result supports the idea that theone, or two GH4O units (total of 50% of fragment ion current).
flexibility of the ether and the ability of part of the ether skeleton Based on this comparison, the fragmentation pattern of the
to swing with some mobility is the factor which determines Mmodel glycol complexes (Table 3) supports the product sequence
whether or not the radical elimination pathways are accessibleshown in Scheme 1B.
to the activated metal complexes. For monoglyme, itis likely =~ The diethylene glycol vinyl ether also proves to be an
that both oxygen atoms remain coordinated to the metal ion informative model because this type of structure is shown as
with some ring strain in the complex, so one tail of the ether an intermediate in Scheme 1. The (diethylene glycol vinyl ether
molecule is not able to rotate close to the metal center for + Cut) complex dissociates predominantly by loss eHGO
activation of homolytic G-O bond cleavage and subsequent units, GH; in conjunction with GH4O units, and to a lesser
expulsion of CH* (as proposed in Scheme 2A). This lack of extent by loss of KO in conjunction with GH4O units (Table
freedom in the mobility of the monoglyme skeleton and its small 3). These three pathways qualitatively agree with the CAD
number of oxygen coordination sites presumably parallels the behavior observed for dissociation of the (12-crowri~€u*)
same limitations of the 12-crown-4 system, which has more complex summarized in Table 1.
oxygen sites but greater rigidity. Therefore, we speculate that  The (diethylene glycol vinyl ethet Co*) complex does not
geometric restrictions play an enormous role in influencing the undergo dehydration upon CAD, but instead primarily dissoci-
dissociation pathways of the polyether/metal complexes. ates by loss of gH, or C;H, in conjunction with GH,O units.

The Nit complexes of triglyme and tetraglyme dissociate These pathways duplicate the ones observed for dissociation
predominantly ¢ 90% fragment ion intensity) by loss of a @H of the (12-crown-4+ Co™) complex. No radicals are eliminated
radical, which may occur to a minor extent in conjunction with from the (diethylene glycol vinyl ethet Co™) complex, and
elimination of one or two @H4O units (see Scheme 2). For thus this model complex does not engage in the radical
the diglyme/Ni- complex, this pathway is less favorable, and dissociation pathways noted for the metal complexes of the
the process is not observed at all for the monoglyme/Ni larger crown ethers or glymes. The CAD spectrum of the
complex. For the two smaller glyme complexes, the loss of (diethylene glycol vinyl ether- NiT™) complex dissociates by
methanol is observed as an alternative pathway. The importantloss of water, GH,, or GH, in conjunction with GH4O units.
observation is that the methyl radical dissociation process occursThree of these pathways are also dominant for dissociation of
for the diglyme, triglyme, and tetraglyme complexes, but not the (12-crown-4+ Nit) complex. However, the dehydration
for the monoglyme complex. This result reinforces the proposal pathway is not observed for any of the crown ether/metal ion
that only the smallest monoglyme lacks the flexibility to engage complexes. Since the dehydration pathway only represented
in the radical elimination pathways, unlike the CAD behavior 5% of the total fragment ion current for (diethylene glycol vinyl
of the complexes involving the crown ethers which showed ether+ Ni™), it is not surprising that this minor dissociation
much more substantial size dependences. route might not be observed for larger crown ether complexes

Collisionally Activated Dissociation of Model Com- which have somewhat different dissociation kinetics. No radical
plexes: Support for CAD Mechanisms. To offer support for losses are observed in the CAD spectrum of (diethylene glycol
some of the mechanisms shown in Schemes 1 and 2, transitiorvinyl ether + Ni*), presumably because its low number of
metal complexes containing model compounds were generatedoXygen coordination sites does not allow the optimum geometry
and subjected to collisionally activated dissociation. The models for the radical losses.
included diethylene glycol vinyl ether, tetraethylene glycol, and  In summary, the models offer support for the viability of the
triethylene glycol. The first one was chosen to represent the intermediates shown in Scheme 1, in which the crown ethers
ring-opened polyether intermediate shown in Scheme 1, whereasnay undergo ring opening with hydrogen migrations to form
the two glycols were chosen to represent the acyclic productsglycol or vinyl glycol type structures. Although positive support



9138 J. Am. Chem. Soc., Vol. 118, No. 38, 1996 vahdz et al.

of the radical elimination mechanism shown in Scheme 1 is ethers (i.e. 18-crown-6 and 15-crown-5) have an enhanced
not obtained from the diethylene glycol vinyl ether model, it is ability to promote dissociation to stable products with formation
interesting to note that this small acyclic model doesundergo of covalent bonds between the metal ion and crown oxygen
radical eliminations. Thus, this results suggests that even if atoms. The basis for the difference in fragmentation behavior
the (12-crown-4+ Ni™) or (12-crown-4+ Co") complex may be linked to the greater floppiness of the larger crown
successfully underwent ring opening to rearrange to a vinyl ethers, which improves their coordination geometries and allows
glycol intermediate, these ions would not necessarily have the more flexibility in the rearrangement mechanisms. Moreover,
appropriate flexibility and number of oxygen atoms to allow the larger crown ethers have more oxygen atoms which means
part of the polyether to swing freely and thus engage in the that some of the oxygen atoms may be coordinated to the metal

radical-type eliminations shown in Scheme 1C. center, while others are free to participate in remote rearrange-
. ment processes. The impact of the skeletal flexibility on the
Conclusions dissociation behavior of the complexes is underscored by

Our results support an example of “size-dependent” dissocia- cOmparison of the CAD patterns of the glyme/metal ion
tion behavior of polyether/metal ion complexes that depends COmplexes. For diglyme, triglyme, and tetraglyme, the metal
on the flexibility of the polyether and its number of coordination 10N complexes dissociate in similar ways, suggesting that all of
sites. The open-shell transition metal ions {Ci*) form the;e pollye.the(s are sufficiently floppy to accommodate the
complexes with 18-crown-6 that dissociate by pathways that radical elimination pathways. These pathways lead to stable
involve elimination of radical neutrals. The products are product ions in which the metal ion is covalently (or |on|cally)
stabilized by the presence of one coordinate covalent bondPonded to an oxygen atom of the polyether and may attain a
between the metal ion and the polyether or may be consideredmore favorablet-2 oxidation state.
as structures in which the metal ion has attained a more
favorable +2 oxidation state with an ionic bond from the
polyether to the metal ion. In contrast, the (12-crows-#lit)
and (12-crown-4+ Co*) complexes dissociate by losses efHz
or GHy in conjunction with GH4O units, leading to products
that involve no covalent bonds to the metal ion. The complexes
involving 15-crown-5 dissociate by an “intermediate” behavior,
because a combination of fragmentation pathways that lead to
both types of products are accessed. In general, the larger crowrJA953787F
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