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chlorine atom protruding outside the film surface (as shown at
the top of Fig. 4). The same conclusion could be obtained in a
wide spatial region from the study of ordinary Penning 1oniza-
tion electron spectroscopy, which also showed'® the change in
the molecular orientation during layer-by-layer deposition of
CIAIPc on graphite. In Fig. 4 the spectrum of the CIAlPc 1sland
(circles) is a mixture of the monolayer spectrum (black dots)
and the Grafoil spectrum (Fig. 3b), indicating the diffusion of
molecules of the CIAIPc island on Grafoil. Thus the spectrum
obtained by MEEM probes the molecular diffusion in the mono-
layer, as well as the orientation of molecules at the outermost
surface layer with high spatial resolution.

Emission spectromicroscopy, using metastable atoms as
probes, provides information on the distribution of individual
orbitals exposed outside the outermost layer of the surface.
There are other electron spectroscopies (such as ultraviolet
photoelectron spectroscopy, X-ray photoelectron spectroscopy
and electron energy-loss spectroscopy) that allow detailed analy-
ses of the structure and electronic state of the surface. These
other methods, however, give information on the outermost sur-
face layer mixed with that on inner layers, because photons and
electrons used as probes penetrate below the surface. Metastable-
atom electron spectroscopy is free from such an effect and pro-
vides direct information on the outermost layer, although the
quantitative analysis of the data is rather difficult because of 1ts
complex ionization mechanism. Furthermore, metastable atoms
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FIG. 4 Bottom, metastable electron emission spectra of a CIAIPC mono-
layer (black dots) and a CIAIPcC monolayer island (circles) on Grafoil.
Both spectra were measured 3 h after vacuum deposition of the sample.
Top, schematic diagram showing the interaction between a He* meta-
stable atom and molecular orbitals of CIAIPc. The n(ring) orbitals are
distributed along the CN skeleton of the inner porphine-like ring,
whereas r(benzene) orbitals are predominantly distributed In the
benzene rings'”*®. The CI(n,) and CI(n ) orbitals are the chlorine lone-
pair orbitals distributed parallel and perpendicular to the phthalocyan-
ine ring, respectively. In the monolayer, molecules are oriented flat to
the substrate with the chlorine atom protruding outside, because He”
atoms effectively interact with the Cl(n;), Cli(n ) and r(benzene) orbitals
giving stronger bands in the spectrum, while the m(ring) and o orbitals
(shielded by the Cl and the r(benzene) orbitals) show weaker bands.
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with thermal kinetic energy are essentially non-destructive (in
fact, LEEM gave no sign of CIAIPc for monolayers on graphite
owing to electron sputtering). The present technique, therefore,
is suitable for the observation of more chemically fragile surfaces
such as organic layers and biological specimens.
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Homogeneous catalysts based
on silane dendrimers

functionalized with
arylnickel(n) complexes
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AT the interface between heterogeneous and homogeneous cata-
lysis there is great scope for the development of new materials that
combine the advantages and/or minimize disadvantages associated
with each of these classes. In particular there is a need for homo-
geneous catalysts with properties that allow their ready removal
from a product-containing solution. One approach to such
materials is to anchor homogeneous catalysts to soluble polymer
supports'; we have recently prepared such catalytic materials In
which the active centre is an organometallic species””. One dis-
advantage encountered when anchoring catalytic metal sites to
polyﬁlers is the difficulty of accurate control of the number and
location of these sites. Here we report an alternative approach—
the synthesis of polysilane dendrimers (highly branched
macromolecules®®) which are functionalized at their periphery
with metal-containing catalytically active sites. These dendrimers
show regiospecific catalytic activity for the Kharasch addition of
polyhalogenoalkanes to carbon—carbon double bonds. It should be
possible to remove the nanoscale catalytic macromolecules of this
type from the solution of products using filtration methods.

t Present address: Van't Hoff Research Institute, Inorganic Chemistry and HOmogeneous
Catalysis, Nieuwe Achtergracht 166, 1018 WV Amsterdam, The Netherlands.
§ To whom correspondence should be addressed.
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Recent advances with the incorporation of inorganic
(metal) functionalities in dendrimers have included the syn-
thesis of dendrimeric complexes with organoplatinum(iv)
units’ and ruthenium(i1) coordination centres®, as well as of

Br
I

some highly branched macromolecules with iron” and ruth- a Me,N—=Ni~—NMe,
enium organometallic centres'™''. In a previous report’, it
was intimated that a dendrimer architecture might offer a
means of better controlling the disposition of pendant metal- NH
containing catalytic sites in soluble, polymer-based catalysts. O=<o
Our target molecules in this investigation are two organo-
metallic polysilane dendrimers functionalized with four (1.
generation 0; GO-;SiMe,-ArNiBr},; M, =2.269; Fig. 1a) and
twelve (2, generation 1; G1-{SiMe>-ArNiBr},,: M,=7,032: QL
Fig. 1h) diamino arylnickel(11) complexes on their periphery. i
The peripheral organometallic site, like that in diamino aryl- MeN o NMe,
nickel(11) complexes 3 (Fig. 2), is one in which the metal Br_i“ ST _,E!” SiMEfONOJLN P{li—Er
centre 1s fixed by a metal-carbon o-bond to the ligand sys- T R Me : {
tem. This site has been shown, both in mononuclear com- — < ik
plexes such as 3 (ref. 12) and when anchored in soluble Me-Si-Me
siloxane polymers”, to be particularly effective for homogene- o
ous catalysis of the Kharasch addition reaction of polyhalog-
enoalkanes to an olefinic C=C double bond:
CXsY  + >c=c< e xzvc-<|:—<|:—x o
i)} HN
Here X denotes a halogen, and Y denotes either H, halogen, (@\
CF; or other electronegative group. The alkenes used were.
for example, methyl methacrylate, 1-octene and styrene. An MSg==is=NMe;
attractive property of catalysts such as 3 is that they selec- o
tively produce the 1:1 adduct: that is, oligomeric or polym-
crii products are essentially absent. | y 1, GO-{SiMeg—ArNiBr}4
['he divergent synthetic route to the catalytic dendrimers
1 and 2, outlined in Fig. 3, begins with the silane
SI(CH>,CH=CH,), (generation 0; G0) and the silane den-
drimer Si :CH:CH:CH:‘SI(CH:CHZ‘.CH:)‘; }'4 (gﬁ'ﬂeration 1 :
Br
b M&zN—-—r!Ji-—NMez
MGZN\ :/Br
Br NMe, Nt\
/:Ni/ NH b~/NMEE
Me,N O=<0 Oy N
;'1 é Z,H Me,N _Br
i /NMEE 4 0 / l\
Me;N Me~Si~\e }—g

FIG. 1 Schematic structures of the
functionalized dendrimer catalysts.
a, 1, GO-{SiMe,-ArNiBr!,; b, 2, G1-
| SiMe,-ArNiBr! ;.
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G1) for which syntheses have been reported earlier by us'™"

and by others'”. These silanes were converted with HS1ClMe, to
the corresponding SiMe,Cl derivatives in which the number of
Si-Cl functional groups is restricted to four (GO-{SiMe.Cl},)
and twelve (G1-{SiMe,Cl},,), respectively. In the next stage a
diamino aryl bromide, the precursor entity for the organometal-
lic site, was connected to the periphery of GO-{SiMe.Cl}, and
Gl-{SiMe-Cl},, by a 1,4-butanediol linker. To achieve this the
4-amino-substituted 2,6-bis[(dimethylamino)methyl]-1-bromo-
benzene. 4b (ref. 2) was first reacted with triphosgene to afford
the isocyanate derivative 4c¢ as its dihydrogenchloride salt'®. This
was subsequently converted with excess 1,4-butanediol (45 "C,
3h) to the alcohol 4d. Reaction of one mol-equivalent of
GO-{SiMe,Cl}, with four mol-equivalents of 4d in the presence
of triethylamine afforded the dendrimer system 3
(G0-{SiMe--ArBr},, Fig. 3) with a peripheral aryl bromide unit
that was isolated in 81% yield after washing the reaction mixture
with aqueous base and removing all volatiles in vacuo. In a
similar way, starting from GI-{SiMe,Cl},, and 4d, the aryl
bromide substituted dendrimer 6 (Gl-{SiMe,-ArBr},,, Fig. 3)
was obtained 1n 67% yield.

We found. based on earlier studies’, that dendrimer S reacts
with excess zerovalent nickel complex Ni(PPhs), in tetrahydro-
furan (THF) for 4 h at 60-70 °C to produce the desired oxidative
addition product 1, GO-{SiMe,-ArNiBr},, (Fig. 1a). The crude
product was separated from excess Ni(PPh;), and free PPh; by
several precipitations from benzene and THF solutions with
either hexane or ether to give 1 as an orange solid in 58% yield.
In a similar way 2, Gl-{SiMe,-ArNiBr |, (Fig. 1) was obtained
from 6 (GIl-{SiMe,-ArBr},,) in 60% yield.

The new metal-containing dendrimers 1 (GO0-{SiMe;-
ArNiBr},) and 2 (Gl-{SiMe,-ArNiBr},,) have been unambigu-
ously characterized by elemental microanalyses and 'H and "°C
NMR spectroscopy. Like the mononuclear nickel complexes 3.
the functionalized dendrimers 1 and 2 both contain nickel(ir)
centres that are particularly sensitive to oxidation; the Ni(111)
state. which is otherwise virtually unknown for organometallic
species, is stabilized here by the special characteristics of the
N.C.N'-coordinating diamino aryl ligand'"*'® and it is this aspect
that leads to catalytic activity'”*’. A practical consequence is
that analytically pure samples of 1 and 2 give solution NMR
spectra that tend to suffer from line-broadening when traces of
paramagnetic Ni(111) centres are present; obtaining a "C NMR
spectrum of the quality shown in Fig. 4 for complex 1 (CD,Cls,
75 MHz) requires particular care involving sample preparation
under an inert (dinitrogen) atmosphere. An unexpected feature
of this spectrum is that two sets of signals for the CH-NMe,
unit are resolved. Although the synthetic route i1s designed to
produce metal sites with only Ni-Br functions, we are identifying
here some sites with a Ni-Cl function; in separately prepared
batches of 1 and 2, generally ~20-30% of sites are N1-Cl (deter-
mined by '*C NMR). This phenomenon of chloride ion being
carried forward in the synthetic scheme by the strongly coordi-
nating amine functions of our dendrimer systems 5 and 6 1s not
detrimental in the current study; the Ni-Br and Ni-Cl functions
in such arylnickel environments have very similar chemistry"".
In CD;OD, a polar solvent in which halide exchange occurs
easily, the 'H and '*C NMR spectra of 1 give a single resonance
pattern for the -CsH.(CH,NMe)»-2,6 groupings consistent with
the presence of only one type of metal site.

Fast-atom-bombardment (FAB) mass spectrometric analysis
of 1 (methanol solution added to a monothioglycerol or mNBA
(m-nitrobenzyl alcohol) matrix affords spectra containing many
ion clusters all having complex isotope patterns that, at this
stage, are not suitable for assuring the fidelity of the proposed
structure. We assume that the complexity results from the oxida-
tion sensitivity of 1 in solution in combination with interactions
with the matrices used and the presence of bromide and chloride
in the sample. We are searching for the most appropriate pro-
cedures and techniques for acquiring representative mass spec-
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TABLE 1 Catalytic activity of mononuclear complex 3a and the
dendrimers 1, 2

Initial reaction

Number of Con- rateT (turnovers
Ni sites  Reaction version™ per Ni site

Complex (mol x 10°°) time (h) (%) per h)

3a 10.06 0.25 24 234
10.06 2 80 —

1, GO-/SiMe,-ArNiBr | 4 10.01 0.25 1 190
10.01 2 74 1=

2, G1-|SiMe,-ArNiBr |- 9.4 0.25 14 167
94 2 63 —

#

Reaction conditions: to a solution of methyl methacrylate (2.8 g, 28.0 mmol),
CCl, (10.0 ml, 104 mmol) and n-dodecane as internal gas chromatography (GC)
standard (2.0 ml) in CH,Cl, (12 ml) at 25 "C, a solution was added of catalytic
complex (33.2 mg 3a; 56.8 mg 1; 55.2 mg 2) in CH,Cl, (2 ml).

* Selectivity for the formation of the 1:1 adduct of methyl methacrylate with
CCl, is 100%. Conversion calculated from formation of the 1:1 adduct as deter-
mined by GC analysis.

T During the first 15 min.

tral data of multinuclear dendrimeric species 1 and 2, as well as
of mononuclear complexes 3, so that in future research mass
spectrometry can be used as a tool for identifying and charac-
terizing such dendrimeric organometallic molecules.

The dendrimers 1 and 2 have been successfully employed as
homogeneous catalysts for the Kharasch addition reaction.
Under standard reaction conditions (room temperature, CH,Cl,
as solvent) using methyl methacrylate as substrate with CCly as
reagent, the catalytic activity of these two dendrimers as shown
by kinetic data (Table 1) is 20% and 30% less, respectively, than
that of the monomeric organometallic complex 3a (initial rate
+234 turnovers per metal site per hour). This similarity in reac-
tivity magnitude was expected; molecular models of the two
dendrimers show the nickel sites to be well separated from one
another at the end of long flexible branches and consequently
the accessibility of the catalytically active nickel centre should
be similar to that in 3a. In separate kinetic studies using deriva-
tives of 3a we have established that the electron-withdrawing
para-substituent -NHC(O)Oalkyl has a small positive effect on
the catalytic activity compared to H, (unsubstituted 3a)”. In
the dendrimeric catalytic system all characteristics found for the
monomeric model are retained. That is, there is clean regio-
specific formation of the 1: 1 addition product without polymeri-
zation of the alkene or production of C,Cls from CCl; radical
dimerization.

Thus the new dendrimers 1 (GO0-{SiMe,-ArNiBr},) and 2 (GI-
{SiMe,-ArNiBr},,), represent nanoscopic catalysts with physical
characteristics such as size, solubility and dispersity of catalytic
sites that—unlike those in related systems with conventional
polymers’—are very precisely defined, so affording these mol-
ecules advantageous properties for physical separation and cata-
lyst recycling. The divergent synthesis employed for zero- and

MesN '_"""rl\h"‘_'NMeg MeoN Br NMe,
Br 4a, R=H
3a, R=H A rr::Hé-o
3b, R = NH, 4c, Hi=iN=us

4d, R = NHCO,(CH,),OH

FIG. 2 Mononuclear arylnickel() complexes 3 and aryl bromides 4.
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BrMgCiHs HSICl,
SIiCl, SiN)tl : Si’e\/\SiCIS)
GO GO-{SiCl,},
HSiMe,Cl
Y
ss{’\/\SIMeEC|)4
G0-{SiMe,Cl)4
4d
Y
O NMEQ
Me
!
Sj Sli,o\/\/\o/lkr}l Br Si
Me H

NM92 4
5, GO-{SiMe,-ArBr},

Ni(PPh,),

Y
1, GO-{SiMe,-ArNiBr},4

FIG. 3 Divergent synthesis of various functionalized silane dendrimers.
Specific reaction conditions: 4d, with CH,Cl,, NEts, 20 min reflux: Ni
(PPh3)s, with THF, 60-70 °C, 4h. Selected physical data for 1,
GO-{SiMe,-ArNiBr},: "H NMR (300 MHz, CD,Cl,); chemical shift § 6.82
(brs, 4 H, NH), 6.71 (s, 8 H, aryl), 4.10 (t, J=6.4 Hz, 8 H, CO,CH.), 3.61
(s, 16 H, CH,N), 3.59 (t, J=6.0 Hz, 8 H, CH,0Si), 2.63 and 2.68 (2 x s,
48 H, NMe), 1.68 (m, 8 H, CH,CH,0Si), 1.57 (m, 8 H, CO,CH>CH.), 1.39
(m, 8 H, SiCH,CH,), 0.66 (t, J=8.1 Hz, 8 H, 0Si(Me),CH-), 0.60 (t, J=
8.1 Hz, 8 H, Si(CH,)s), 0.07 (s, 24 H, 0Si(CHz),). **C NMR (75 MHz,
CD,Cl,); 6 154 16 (4 C, NHCO,), 147.03 (8 C, aryl), 144.75 (4 C, aryl)
136.07 (4 C, aryl) 110.01 (8 C, aryl), 73.67 and 73.97 (8 C, CH.N),
65.24 (4 C, CO,CH,), 62.39 (4 C, CH,0Si), 51.39 and 52.25 (16 C,
NMe,), 29.45 (4 C, CH,CH,0Si) 26.01 (4 C, CO,CH,CH,), 21.52 (4 C,
CH,Si0), 18.28 (4 C, SiCH,CH,), 17.51 (4 C, Si (CH,).),—1.94 (8 C,
SiMe,). (J, homo- or heteronuclear spin-spin coupling constant; s,
singlet; t, triplet; m, multiplet and br, broad.) Infrared; v, .., 3,280 (NH),
1,724 (C=0), 1,530 (NH), 1,225 (C-0) cm *. Elemental microanalysis:
calculated for CggH156BraN,5Nis0,2Sis; C, 46.58; H, 6.93: N, 7.41 Ni

s g SiMiN }3 4

HSiMe,?CI
‘6\/\ '{\/\SIMeQCI} )
G1- {SIMEQCI
4d

O NMEQ
Yoo Al
Si Si” b il il « N Br
Me H
NMeg =

3/4
6, G1'{SiM82'ArBr}12

Ni(PPhs),

2, G1-{SiMe,-ArNiBr},,

10.34,; found; C, 46.76; H, 7.20; N 7.37 Ni, 10.40%. Selected physical
data for 2, G1-{SiMe,-ArNiBr} ;5 '"H NMR (300 MHz, CD,Cl5); 6 6.98 (br
s, 12 H, NH), 6.68 (s, 24 H, aryl), 4.10 (t, J=6.3 Hz, 24 H, CO,CH.),
3.66 (brs, 48 H, CH,N), 3.59 (t, J=6.0 Hz, 24 H, CH,0Si), 2.71 (s, 48 H,
NMe,), 1.67 (m, 24 H, CH,CH,0Si), 1.59 (m, 24 H, CO,CH,CH,), 1.38
(m, 32 H, SiCH,CH,), 0.67 (t, J=8.0 Hz, 24 H, 0Si(Me),CH-), 0.60 (t,
J=8.1 Hz, 40 H, Si(CH,)4), 0.08 (s, 72 H, 0Si(CHs),). *>*C NMR (75 MHz,
CD2Cl3); 6 154.29 (12 C, NHCO,), 148.2 (br, 36 C, aryl), 136.3 (br, 12 C,
aryl), 109.6 (24 C, aryl), 73.2 (br, 24 C, CH,N), 65.20 (12 C, CO,CH.),
62.44 (12 C, CH,0H), 52.35 (br, 48 C, NMe,), 29.48 (12 C, CH,CH,0Si),
26.03 (12C, CO,CH,CH,), 21.57 (12C, CH,Si0), 19.06 (4 C,
CH,SICH,CH,CH,SICH,), 18.35 (12C+8C, OSiCH,CH, + CH,SiCH--
CH2CH,SICH,), 17.59 (12 C, Si(CH,CH,CH,Si),),—1.78 (24 C, SiMe,).
Infrared; vmax 3,280 (NH), 1,725 (C=0), 1,530 (NH), 1,225 (C-0) cm .
Elemental microanalysis: calculated for Co76Hag2Br1oNi1oN26036Si,+: C,
47.15; H, 7.05; N, 7.17; Ni, 10.01: found; C, 47.08; H, 7.10; N, 7.12:
Ni, 10.10%.

FIG. 4 75 MHz "°C NMR spectrum of dendrimer 1 in CD,Cl, at 300 K:
solvent peaks indicated by asterisk.

first-generation aryl bromide dendrimers 5 and 6 is not com-
plicated and these compounds are now being employed as start-
ing materials for the synthesis of other metal- -containing
materials with preselected (catalytic) properties that may find
application in two-phase or membrane reactors.
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THE ice cores recovered from central Greenland by the GRIP'”
and GISP2? projects record 22 interstadial (warm) events during
the part of the last glaciation spanning 20-105 kyr before present.
The ice core from Vostok, east Antarctica, records nine interstadi-
als during this period*”. Here we explore links between Greenland
and Antarctic climate during the last glaciation using a high-reso-
lution chronology derived by correlating oxygen isotope data for
trapped O, in the GISP2 and Vostok cores. We find that interstadi-
als occurred in east Antarctica whenever those in Greenland lasted
longer than 2,000 years. Our results suggest that partial deglacia-
tion and changes in ocean circulation are partly responsible for
the climate teleconnection between Greenland and Antarctica. Ice
older than 115 kyr in the GISP2 core shows rapid variations in
the 8'0 of O, that have no counterpart in the Vostok record. The
age—depth relationship, and thus the climate record, in this part
of the GISP2, core appears to be significantly disturbed.

The oxygen isotope ratio (8'°O) of O, in the modern atmos-
phere (8'%0,m) is ~23.5%0 heavier than mean ocean water®,
mainly due to fractionation of the oxygen isotopes during photo-
synthesis, respiration and hydrological processes’ °. (See Fig. 1
legend for a definition of §'*0). The §'°O of sea water (&' "Oxy)
has varied with fluctuations in the volume of continential ice'”.
During the past 135 kyr, 5'%0..... has followed &'°O,,, variations
because photosynthesis transmits variations in 6 "Os, to O, in
air'"'2. Although &§'®0O of O, varies with time, it is constant
throughout the atmosphere at any one time because the turnover
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time of O, (~1.2 x 10 yr)” is much longer than the mixing time
of the atmosphere (~1 yr). Hence 6'°O of O, can be used to
intercorrelate ice cores, and to correlate ice cores with the deep-
sea sediment oxygen-isotope stratigraphy'"'*.

Sowers et al.'' measured §'*0,,,, in the Vostok ice core and
used the results to establish a chronology for trapped gases in
that ice core which is consistent with the SPECMAP chronology
(Fig. 1). We present a new record of §'°O,,, from the GISP2
core (based on the analysis of 201 samples between 100 and
3,050 m depth) and use the results to establish a chronology
which is consistent with that of Vostok'' as well as the deep-sea
sediment record (Fig. 1). Because &'°O,.n is relatively constant
between 25 and 49 kyr ago, we consider the correlations between
Vostok, SPECMAP and GISP2 to be inadequate during this
period, and focus our discussion on ice which 1s older than
49 kyr.

We derive an age-depth relationship for the GISP2 core by
correcting for the fact that gases are trapped 70-90 m below the
surface, making the gas younger than the surrounding ice'™'".
Our ice-core chronologies are not necessarily the most accurate,
but they provide the most precise relative ages for comparing
GISP2 and Vostok climate records with one another as well as
with deep-sea records in the range 50-105 kyr. We estimate the
uncertainty in relative ice ages at GISP2 and Vostok as <3 kyr,
half of which comes from uncertainties in correlating gas records
and half from uncertainties in differences between gas and ice
ages at Vostok. We also note that our absolute chronology 1s in
excellent agreement with that derived for the GRIP core by
Dansgaard et al.” based on a flow model and assigned ages for
two depths 1n the core.

In Fig. 1, we plot 8D of Vostok ice (6Dic)™'"> and 6O of
GISP2 ice (6'%0,..)’ against SPECMAP age. The isotopic com-
position of hydrogen and oxygen in precipitation reflect con-
densation temperatures, with heavier values corresponding to
warmer temperatures. There are 22 distinct interstadial events
recorded in the GISP2 (and GRIP) record between 20 and
105 kyr ago (refs 1-3). These well documented events range in
duration from ~0.4 to 12 kyr (from first warming to final cool-
ing). Eight of the nine long (>2 kyr from glacial baseline to
glacial baseline) interstadial events at GISP2 can be clearly rec-
ognized in the Vostok record as increases in 6D of at least 15%o,
corresponding to warmings of 2 °C or more'®"". The correlation
of events 8 and 12 to Vostok events dated at 39 and 46 kyr 1s
uncertain because the Vostok chronology is poorly defined in
this period. Small warming events, largely buried in the noise at
Vostok, may correspond to the shorter Greenland interstadials,
but these events cannot be intercorrelated with confidence.

The nature of the correlated long interstadial events differs
between Greenland and Antarctica. In Greenland, interstadial
events (from cold baseline to cold baseline) are characterized by
very rapid warming, moderate cooling during the interstadial,
and then very rapid cooling at its end. At Vostok, related events
are characterized by slow warmings and slow coolings. Interstad-
ial events 21 and 23 appear to coincide between GISP2 and
Vostok. but we cannot say whether Greenland or Antarctica
warmed first. Other events may be in phase or out of phase given
present resolution. We are impressed by the observations that
climate change is more rapid, and events more numerous, in
Greenland than in Antarctica. We infer that, during the last
glacial period, interstadials began in the Northern Hemisphere
and subsequently spread to Antarctica if they lasted long
enough. However, this inference cannot yet be proven. Further-
more, the nature of interstadial forcing and response may vary
from one event to the next.

A number of factors may be responsible for the interstadial
events observed in Greenland and Antarctica, and their approxi-
mate synchrony. Insolation is the first factor, especially because
orbital frequencies have been identified in both the Vostok and
Greenland temperature records™>'®. Interstadials 21 and 23 fall
within marine isotope substages 5a and 5c, respectively, and
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