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Gas-phase complexes Mg[HCON(CH),]; > are mass-selected and studied by ultraviolet laser photodisso-
ciation in a time-of-flight mass spectrometer. Beside the dominant evaporation photofragments, some
photoreaction products have also been detected from both complexes. Quantum mechanics calculations and
deuterium-substitution experiments are employed to facilitate the structural, energetic, and mechanistic analysis
of the photoreactions. For the most stable structures of the complexéssNigked to the carbonyl oxygen

atoms and situated trans to théN(CHs), groups. Starting from these complex structures, photoproducts are
generated through (1) H abstraction next to the carbonyl group by the photoexcité@dfgrm (CHs),NCO")

and/or (2) the subsequent CO loss (to formsNH*=CH,). For Mgt—[HCON(CH)], the further solvation

tends to hold back the photoreactions because of the even more facile evaporation channels.

Introduction by only a few kcal/mol (e.g., 2.3 kcal/mol for ¥ Cu)? and
the cis-trans isomerization involves a very low energy barrier
(1.9 kcal/mol). On the other hand, the structures of-M
(HN=CHOH) and M"(H,N—C—OH) were found to be much
less stable than M-formamide’~12 The intra-complex reac-
tions of MF—formamide (M= Cu or Ni) involve the 1,2-H
shift from C to O, followed by the formations of a series of
intermediates in which M binds to the carbene centel In

There have been considerable research activities in the
photodissociation of complexes containing alkaline earth metal
cations and small, common moleculeghe goal is to under-
stand the molecular interactions in the complexes and evolution
of these interactions under successive microsolvatibilost
recently, we have been interested in the activation of organic
e e e oslalcal o, BOL0B(CIEC el ot cases, h resuling prodcts ae btaned, i L

: bi-coordinated by two closed-shell molecules, such ag alidl

been observed in many complexes we have studied. In SOMe~( o HO and HNC/HCN. Although the €N insertion-type

cases, photoproducts are exclusive or predominant in a broadmechanism was found to be not possible for-€ormamide
range of photolysis wavelengtf&®In other cases, pronounced ;5" orabie in the case of Ni-formamide, which leads to
product specificity on the excitation wavelength has been CO loss ’

c,d i
observed®dAlthough complexes of relatively small molecules Here we report a photodissociation study of the complexes

are more amenable to the detailed spectroscopic and dynamicoe,[ween Mg and monomer/dimer of a formamide derivative
investigations, an emerging interesting issue is to extend theN N-dimethylformamide [HCON(CH):] (DMF). DMF is in- '

photodlssouatlon stud|es' tq large, 'pa.rtlcularly biologically teresting in that it is actually a more authentic mimicry of peptide
important molecules. By binding a cationic metal chromophore bonds than formamide; the N(CHs)—CO— moiety can be
tohgqtce)ifgggergo;ig:les t?;r?sfgrecglle?c?rlger; ?rgi:fc;?e;r:g zt#gé/tit\%aviewed as a building block of a N-substituted peptide. Further-
photoir gy ’ ’ more, photodissociation dynamics of free DMF has attracted
activation of molecules that lead to the rearrangement of the

nuclear framework. Furthermore, the previous photodissociation much attention during the last few decades? The ruptures
) o ’ P P .~ of the two types of &N bonds are found to be major pathways
studies of small iorrmolecule complexes provide a good basis

. in the photodissociation of DMF, whereas the breakage of the
for comparison.

F ide (HCONR is the simol ¢ id (O)C—H bonds is much less probable. It is motivating to see
Iinkgézaméheénergy tl;zg r'ﬁ;;;;@gggéﬁf;gggg fc()) rat‘hpeegtt)ln\?er how the photodissociation occurs in the complexes, in which
. ‘ . L . “th tal cati bind pref tially to th bonyl O site.
sion to the tautomers formamidic acid (FACHOH) and © meta’ cation may bind preterentiatly 1o Ihe carbony! © ste

Another consideration for the choice of DMF is to rule out the
i 6—8 _ . 3 X A
(aminohydroxy)carbene @NICOH) (4584 kcal/mol)>™ Tor ossible tautomerizations that may convert Mgormamide

tajada and co-workers have studied the association complexe 0 Mg*(HN=CHOH) or Mg"(H,NCOH)E due to the absence

Y : = M ) )
M | for:jnfamu((j'e (tM_ Cu, NI'IMII’KI\IQQ' Al, ?g) ustlng thg mﬁ.ss. of the N—H bonds. It is anticipated that the complex structures
an?yzted :;)_n |n_et|_c en(ggé(t h)_sp_ggsrlomehrytan (;O |s(|jon- play a crucial role in the photoreaction dynamics of the
activated dissociation ( ) techniqués3 In what was foun microsolvated systems.

to be the most stable structure oftMformamide, the metal
ion is attached to the carbonyl oxygen and trans to-tinH, Experiments and Calculations

group. However, the corresponding cis conformer is less stable )
Details about the cluster apparatus can be found elsewhere.

* To whom correspondence should be addressed. E-mail: chsyang@ A brief description relevant to the present experiments is given
ust.hk. here. A motor-driven rotating magnesium ra@gb(mm x 5 cm)
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pulser was used to select desired cluster cations. The mass-
selected cluster cations, once arrived at the turn-around region
1 Mg'[HCON(CH,), . of the reflectron, were irradiated with a collimated beam of a
n=l 2 P dye laser for photolysis. The parent and nascent daughter cations
were re-accelerated by the reflectron electric field and detected
by the MCP detector. The dye laser was pumped by a XeCl
excimer laser (Lambda-Physik LPX210i/LPD3002). The spectral
region of 335-450 nm was covered by the fundamental outputs
of the dye laser using-terphenyl, DMQ, BBQ, Stilbene 1, and
Coumarin 440. For the spectral region of 23070 nm, the
T K second harmonic outputs were employed using Coumarin 503
20 30 40 S0 60 70 80 90 100 110 120 and Coumarin 480. _
Time of Flight (us) Ground-state structures of the parent complexes and their
photofragments (84sN* and GHgNO™) were computed at the
Figure 1. Mass spectrum of clusters M{N,N-dimethylformamide) B3LYP/6-314+G** level using the Gaussian 98 packadgdé&ero-

(T =t 1-5). The experimental condition was optimized for larger point energy (ZPE) correction has been taken into account.
clusters.

Intensity (a.u.)

was mounted 15 mm downstream from the exit of a pulsed valve Results and Discussion

(General Valve). The sample rod was rotated and translated on  A. Photodissociation PatternsFigure 1 shows a typical mass
each laser pulse to expose fresh surfaces for laser ablationspectrum of micro-solvated magnesium cations™f#HCON-
Cluster beams of DMF were generated by the pulsed valve via (CHs)], (n = 1—5). With the increase of the solvation number
supersonic expansion of the vapor seeded in helium with an, the intensity of the cationic clusters decreases gradually. The
backing pressure 6£40 psi through a 0.5 mm diameter orifice. mass peaks of MGHCON(CH;)]1 2 can be easily selected and
The second harmonic (532 nm) of a Nd:YAG lasedQ mJ/ subject to the photolysis studies. Selected photodissocia-
pulse) was weakly focused on~al mm diameter spot of the  tion difference mass spectra of MgHCON(CH;z),] at short
magnesium disk for the generation of metal cations. The laser-(~350 nm) and long+{250 nm) wavelengths are each displayed
produced species containing metal ions and atoms traversedn Figure 2a,b. In general, the evaporation of Mg the
perpendicularly to the supersonic jet stream 20 mm from the predominant energy relaxation channel. However, some pho-
ablation sample target, forming a series of metal cations solvatedtoproducts are also detected such as3XH™=CH, and
by two title molecules. The nascent complexes and clusters then(CHz),NCO" with the latter being observed only in the long
traveled 14 cm down to the extraction region of the reflectron wavelength region by the loss of MgH. In addition, a minor
time-of-flight spectrometer (RTOFMS). peak aim/z = 27 is assigned t&MgH™. To ascertain the origin
The cation-molecule complexes were accelerated vertically of the H atom in MgH and MgH, the photodissociation
by a high voltage pulse in a two-stage extractor. After extraction, experiment was extended to M@CON(CHs),] under identical
the cluster cations were steered by a pair of horizontal platesexperimental conditions. As shown in Figure',Ba it is re-
and a pair of vertical deflection plates. All of the cluster cations markable that, with a single D substitution in HCO, no photo-
were reflected by the reflectron and finally detected by a dual- product other than the evaporation photofragment” Meps
plate microchannel plate detector (MCP). For photodissociation observed in both the long and short wavelength regions. This
experiments, a two-plate mass gate equipped with a high-voltageis a strong indication that the abstracted H atom after photo-
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Figure 2. Photodissociation difference mass spectra of mass-selected complex@dQMIN(CHs),] and Mg [DCON(CH);] in the long
(a and 8 and short (b and'bwavelength regions. The inset of a shows an expanded view of two photoproducts.
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Figure 3. Photodissociation difference mass spectra of Mg ON- 3b
(CHs)2)2 at 352 nm (a) and at 250 nm (b). +73.35 Keal/mol

dissociation of Mg[HCON(CH)] is from HCO rather than
from CHs. More discussion on the photoreaction mechanism
will follow below.

The photolysis patterns of MgHCON(CHs),]» are shown
in Figure 3. In the long wavelength region, the losses of a single
and two units of HCON(CH), both take place (Figure 3a). The
photoproduct CENHT=CH, is also observed although it is
minor. As will be described below, this peak is believed to be

from a two-photon process because the energy required for theFigure 4. Optimized structures of the complexes MECON(CH)]

cation generation is rather high-5.42 gV) according to OUr  (1Y'and Mg'THCON(CH)s]» (2), and the photoproduct8 @nd4). The
calculation. In the short wavelength region, only the evaporation pond lengths and bond angles are given in angstroms (A) and degrees
photofragment Mg appears (Figure 3b). It seems that the (°), respectively. “BDE" is abbreviation for the bond dissociation energy
photoevaporation competes strongly with the photoinduced between Mg and the molecule.
H-abstraction pathway.

B. Structure Calculations. The optimized structures df~4

0 Kcal/mol +0.91 Kceal/mol

are shown in Figure 4. The parent complexes*fHCON- ] T omeizaion 10550£CO

(CHa)2]1.2 (1 and2) are coordinated to Mgthrough the carbonyl 4] v . TS T N\

oxygen on the €H side of the HCO groups with resulting 2 g, CReen N G,
'Y +MgH +CO

symmetries ofCs (1) andCy, (2), respectively. As expected, no v 3]
local minimum is located where direct interaction betweenMg — ~—

and the nitrogen atom is involved. Moreover, with a starting F 5 | s+ nconcry,
structure of MG[HCON(CH),] in which Mg+ approaches O

hv

on the N-CHg side, the optimization lead to the structuke 14
Such aC;s structure has also been found by Armentrout and
co-workers for Na[HCON(CHg),].13 On the coordination to 0l LA,

Mg'-HCON(CH),

Mg™, the G=0 bond is lengthened to 1.269 A)(and 1.261 A
(2) from 1.224 A, whereas the HEN bond is significantly Figure 5. Energy diagram for the species involved in the photopro-
shortened to 1.316 Alj and 1.324 A ) from 1.364 A. These  cesses of MHCON(CH)z].
bond length changes result from the charge re-distribution _ _
influenced by Mg The effect of the ligand on the atomic charge t0 the two methyl groups on N. F@& 1.52 eV is required for
of Mg™ is approximately cumulative. For example, the atomic the ejection of the first ligand. Calculations have also been
charge of Mg is reduced from+1 (Mg") to +0.754 () to performed on the possible structures of the photoproducts
+0.499 @) owing to the successive electron donation from O. oObserved in the present experiment, viza, 3b and 4a, 4b.
However, the metatligand interaction is slightly timmed down ~ For the cation at/z = 44,3a(CH;—NH"=CHj) is more stable
on successive ligand addition. This can be seen from the than3b (CH3N*CHs) by as high as 73.35 kcal/mol due to an
increased bond length of Mg-O in 2 (2.006 A) compared to  optimized bonding geometry. However, the two candidate
that in1 (1.943 A). structures for the cation at/'z = 72 (4aand4b) are comparable
The bond dissociation energy (BDE) bfs calculated to be  in energy; the isocyanate catiof] is only 0.91 kcal/mol more
2.39 eV, which is larger than those of M@ormamide) (2.11 stable than the formyl imine catiodlf). The energetics relevant
eV)8 The enhanced Mg-O binding in 1 arises from the to the photodissociation experiment is illustrated in Figure 5,
stronger electron donating ability of the lone pair electrons due which will be discussed below.
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— cation (CH),NCO" atm/z = 72 or MgH'" as observed. Alter-
7 Pets " C: _ natively, the insertion of My into the G-H bond of CH; leads
s . : HNCo to the direct formation of HCON=CH,)CHs; (m/iz = 72),
i - which is only ~0.91 kcal/mol less stable than the isomer
. . 12353, (CH3):NCO". As described above, the D-substitution experiment
= E: oy :,-_ supports the former mechanism. This is reasonable given that
S [ "ila the H in HCO is much closer than that in GHAlthough one
2 _j XS&_ ® could imagine a six-membered ring transition state for the
2 ] N ] abstraction of H from CHl it is not favorable in terms of
% : ZE[H:ONC:: :] o entropy. Nevertheless, the existence of HCQRCH,)CHjs for
] - LI the cation atr/z = 72 cannot be excluded because it may come
,,:.‘ - from the isomerization of the less stable (§#CO". The
1 o ng % ikl BN energy needed for the formation of MgHis calculated to be
i . L} 4.38 eV (283 nm), whereas the formation energy of
_i:_ sen (CH3),NCO" is 4.12 eV (301 nm). The decomposition of
| *10 ® (CH3)o,NCO* to CHsNH™=CH, is exothermic by 0.22 eV.
200 240 280 320 360 400 440 480 According to the above data, the photon energies are not
Wavelength (nm) sufficient to form these photoproducts. The fact that we have
Figure 6. Action spectra for MJ[HCON(CHy)3] (@) and Mg [HCON- observed the photoproducts even in the long wavelength region
(CHs)2]2 (b). The solid line indicates the atomic transition of M@P may be due to the thermal energies of the complexes and/or

— 3?S) at 280 nm. The dashed lines denote the calculated absorptionth€ inaccuracy of the calculations. This has been pointed out
spectra employing the CIS method. Inset of b: Intensity ratio of Mg above in the analysis of the evaporation channels. In the short
to Mg*[HCON(CHs),] versus wavelength for MGHCON(CH)2]2. wavelength range, C#MH*=CH, is still observable but
(CH3),NCO* wades away (see Figure 2) presumably because
more energy now is available for bring the CO-loss channel to
completion.

For the di-solvated complex MHCON(CH),],, the energy
needed for evaporating the first solvent molecule is calculated
to be 1.52 eV. Considering that the evaporation of the second

olvent molecule needs 2.39 eV, the formation of Mgom

g+t[HCON(CHg)]2 costs~3.91 eV. In the long wavelength
region, the cation CNH™=CH, was also observed (see Figures
3a and 6b). According to our calculation, the formation energy
of this cation from the di-solvated complex+i$.42 eV (230
nm). It is likely that the CHNH™=CH, is observed in the long
wavelength range by two-photon absorption. However, this
photoproduct is absent in the short wavelength region either
because one-photon is insufficient or because the evaporation
k channel is much more competitive in the short wavelength
region. In this sense, further solvation has the effect of reducing
conducted or2, it is anticipated that, with th€,, symmetry of the propabilit_y of _the photoreactions because th_e available
the complex, the 3p3p, and 3 orbitals are associated with ~ €N€r9Y is mainly disposed by the solvent evaporation.
the ZA;, 12B,, and 2B, excited states, respectively. As such, The low photoproduct yields indicate that the photoreactions
the nearly degenerate 3gnd 3p orbitals in1 are split further are not kinetically or/and energetically favored compared to the
in 2 due to the different coordination geometries, and gy 1 dominant evaporation channel. This can also be appreciated from
(3py) state is red-shifted significantly in the di-solvated complex the marked primary kinetic isotope effect of the photoreactions.
by the interaction with ther* orbital of an additional GO. As mentioned above, when the H atom in HCO is substituted
Notice that the intensity ratio of Mgto Mgr[HCON(CHs),] by D, the photoreaction channels from MBICON(CH);] are
increases with the decreasing wavelength (see the inset of Figuréddeyond detection. This can be attributed to a higher energy
6b), indicating a stepwise process of evaporationd At 400 barrier for the abstraction of D. In terms of the ZPE differences
nm, the dominant photofragment is the mono-solvatedMg  of the C-H and C-D bonds, the increase of the D-abstraction
[HCON(CHg),], whereas Mg takes over afl. < 370 nm. The  barrier may be approximated as (H2}-n[1 — (ucr/uco)'/?.
appearance potential of Mgfrom Mg*[HCON(CHg)], is In addition, tunneling may become significant in the present
estimated to be~3.14 eV (395 nm). This is substantially  case. Because the probability of tunneling through a barrier
smaller than the corresponding value from our calculation (3.91 decreases as the mass of the particles increases, deuterium
eV) due perhaps to the internal energies of the complexes andtunnels less efficiently than hydrogen and its reactions are
or the overestimation from the calculation. slower, actually beyond detection as observed. It appears then

D. Mechanistic Implications of the Photoreactions.The both the increase in activation energy and decrease in tunnel
photoinduced evaporation and reaction pathways oftMg probability play a role in slowing down the D abstraction. On
[HCON(CH),]12 are summarized in Figure 5 along with the the other hand, the evaporation might be relatively fast such

C. Photodissociation Action Spectra.Channel-resolved
photodissociation action spectra of MglCON(CH);] (1) and
Mg [HCON(CHg),]2 (2) are shown in Figure 6. It can be seen
that the absorption spectrum dbf{Figure 6a), calculated using
CIS with the optimized ground-state structure, agrees well with
the corresponding action spectra for all of the photofragments.
The action spectra are characterized by two pronounced peak
around 255 and 350 nm. The absorption peaks result from the
splitting of the Mg" 3p orbitals in the presence of ligands. The
blue-shifted peak at255 nm is ascribed to the transition from
3s to 3p of Mg™ (3%A’ excited-state derived froi@s symmetry),
whereas the red-shifted peak-a850 nm is from the excitation
to the A" and ZA’ states associated with the nearly degenerate
3pcand 3p orbitals, respectively. Upon the addition of one more
HCON(CH)2, the only noticeable spectral change of Mg
[HCON(CHg);]2 (Figure 6b) is the appearance of an extra pea
at ~440 nm. Although spectral calculation has not been

calculated energetics. For the photoreactions in"MgON- that the abstraction of H can barely compete but the frustrated
(CHg)2], the first step is the loss of H at HCON(GH, forming D abstraction is too slow to be detected under our experimental
a neutral counterpart MgH. Upon photoexcitation, Mugay conditions. As another kinetic consideration, the chance of‘Mg

pick up the H at HCO by inserting the-¢H bond, forming the insertion into the €&H bond after photoexcitation of the
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complexes is not high because the distance betweeh drig

H of HCO in ground-state MGHCON(CHy)] is relatively large
(~3.58 A) due to the separation by the=O double bond and

a kinetic barrier is expected. Energetically, the Mgsertion
pathway (4.12 eV) is much more costly than the evaporation
process £2.39 eV).

Liu et al.

Mg [HCON(CHg),], - starts from the photoexcitation of Mg
(32P — 32S), which triggers the subsequent evaporation and
reactions. Three photoproducts, MgHCHsNH™=CH,, and
(CH3),NCO" [and/or HCON(=CH,)CH;z] have been identified
with low yields compared to the dominant evaporation photo-
fragments Mg and Mg'[HCON(CHs)]. Quantum mechanics

The photoreaction mechanism mentioned above was invokedcalculations have been performed to obtain the ground-state

for the formation of MgH from photodissociation of Mtx
(aldehyde¥?21 Here the photoproduct is also weak and domi-

structures and energetics of the complexes and the observed
photoproducts. A D-substitution experiment was used to study

nated by the nonreactive evaporation. However, at least two the photoreaction mechanism. In the ground-state structures of

differences are noticed. First, the neutral photoproduct MgH
was observed from MgDMF) but not from Mg (aldehyde)
due to the favorable immonium structure in the former case.
Second, the complex binding is stronger in MMF) (2.39

eV) than in Mg (aldehyde) (1.35 eV) due to the stronger
donating ability of the amino group and this may also play a
role in the photoreactions.

It is interesting to compare our results with the MIKE and
CID works on M"—formamide (M= Cu or Ni)?1° Some
distinct differences are noticed. First, the MIKE and CID of
M*—formamide (M= Cu or Ni) gave rise to the loss of HCO,
H20, NHs, CO, and HNC/HCN, whereas none of these can be
observed in the photodissociation of M®MF). In the cases
of M*t—formamide (M= Cu or Ni), most of the reactions (loss
of NH3, CO, H,0, and HNC/HCN) start with overcoming a
high energy barrier by H shift from C to O, forming an
intermediate M(HO—C—NHy), in which M is still linked to
O. The intermediate quickly isomerizes through a very low
energy barrier to another intermediate]@(OH)NH], in which
M* is now linked to the carbene center. For MDMF),
however, these intermediates are not formed. Instead, ditdxs
up the H in HCO. Second, the-N bond insertion mechanism
was used to explain the CO-loss process ifi-Normamide,
but this is not observed in the photodissociation of \MF).
Finally, the formation of CtiNH; (loss of HCO) was identified
from CID of Cuf—formamide. The product was thought of
being from the existence of a less stable isomer of €u
formamide, in which Ctl is attached to the N atom of NH
For Mg*(DMF), such kinds of isomers should be very unstable
due to space hindrance induced by twog&ffbups. This agrees
with the fact that MgN(CHs), was not found in our experiment.

Taken together, although the metal cations and the modes of
excitation are also different for the reactions of the complexes,

it seems that the two G4substitutions at NE of formamide
have a significant influence on the reactions of(fdrmamide).
The combination of our result with those from Tortajada’s group

the complexes MGHCON(CHs)z]12 Mg™ is linked to the
carbonyl oxygen, pointing away from the ggroups. We have
demonstrated a new photoreaction pathway in a metalated
peptide-like unit. The key step for the photoreactions is found
to be the abstraction of the carbonyl H atom by the photoexcited
Mg™*. This is followed by the formation of MgH and MgH

and the loss of CO, accounting for all of the photoproducts we
have observed. The photoreactions are slowed by the further
solvation because of the competition of the more facile solvent
evaporation channels.
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